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Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are a large family of 2D

materials covering a broad range of electronic, optical and magnetic properties. These com-

pounds, made of a few or a single layer of the formula is MX2 (M a transition metal, X

a chalcogen atom S, Se or Te) have been known for decades in their bulk form, and it is

only since 2010 that they started to attract strong interest. In particular, semiconducting

2D TMDCs have been intensively studied, probably in reason of their unique optoelectronic

properties (e.g. strong absorption of light, exciton-dominated light emission at room temper-

ature, direct or indirect bandgap, the spin-orbit-induced polarisation of the electronic bands)

which strongly depend on the number of layers. The present manuscript is also focused on

these semiconducting materials and addresses their growth, structural and electronic prop-

erties, in some cases in a situation that is relevant pn the long term in the prospect of

optoelectronic applications where understanding the e�ect of defects/doping and the nature

of junctions is crucial. While these questions have been thoroughly investigated in the case

of 3D semiconductors, at the moment our work started this was not the case for 2D TMDCs.

The work presented here relies on both experimental and computational methods, which

are presented within the �rst chapter. There, we explain basic concepts of density functional

theory (DFT) calculations that were used to simulate the ground-state structures and their

electronic properties. We also give more practical details related to the way they were per-

formed. In this chapter, we also introduce the surface science tools that were used to study

the growth and structure of the TMDCs. This comprises a description of the ultrahigh

vacuum systems hosting the growth facilities and characterization techniques, a scanning

tunneling microscope (STM) and a re�ection high-energy electron di�raction (RHEED) ap-

paratus.

The second chapter presents, in a partial way, the state of knowledge on some of the

basic properties of 2D TMDCs put in perspective with those of graphene. A focus is given

on the variation of the electronic properties as a function of the number of layers. The

corresponding literature review is supplemented with new DFT calculations of the structure

and electronic properties of MoS2 in di�erent crystallographic structures, that will serve as

a reference for the rest of the manuscript. This second chapter also discusses the practical
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issue of the preparation of 2D TMDCs, which helps to position the work that we present in

Chapter 5.

In the third Chapter, we report our study of defects in free-standing 2D MoS2. Using

DFT simulations, we address a large number of defects, vacancies and substitutional atoms,

and discuss their structure and their impact on the electronic properties of the material.

This study allowed us to identify a new kind of defect found in experiments. These substitu-

tional defects, presumably N substitutional atoms, have strong consequences on the optical

properties of the material. We brie�y summarize the corresponding experimental results at

the end of the chapter.

In the fourth Chapter we turn to 2D junctions combining two di�erent TMDCs, MoSe2
and WSe2. Such architecture is thought to yield p-n junctions. With DFT calculations,

we analyze their structure, the modi�cation of the electronic properties in the two materials

due to the contact with the other, and whether interface electronic states form. This study

is crucial to devise on the use of these junctions in future optoelectronic devices. We also

study the in�uence of a defect, a chalcogen vacancy, in these junctions.

The �fth chapter is devoted to a practical realization of single-layer MoS2 when it is

prepared on an Au(111) substrate. We provide a detailed structural analysis based on STM,

RHEED, and synchrotron X-ray di�raction. We �rst address the growth of MoS2 using

reactive molecular beam epitaxy method. In this system (MoS2/Au(111)), MoS2 is not

free-standing but is rather strongly coupled to its substrate. Aiming at recovering quasi-

free-standing properties, we then investigated the decoupling of MoS2 from Au(111) using

the process of intercalation, here with an ultra-thin layer of Cs. We �nd that the structure

of MoS2 is indeed substantially changed after intercalation. The process is promoted by

a moderate increase in temperature and can be reversed when the temperature is further

increased.



Chapter 1

Simulation and Experimental Methods

1.1 Density Functional Theory - a brief summary

The pursued goal of simulation at the atomic level is to be able to describe and even predict

the structural and electronic properties while keeping the computational load acceptable.

This means solving the following Schrödinger equation (in atomic units):

[ ∑
nuclei

p2n
2mn

+Un−n(r) +
∑

electrons

p2e
2

+Ue−n(r) +
∑
i,i,i 6=j

1
|ri − rj]

∣∣∣∣∣Ψ = EΨ (1.1)

and then describe interactions within a system (electron-electron, electron-nuclei, nuclei-

nuclei) with su�ciently high accuracy.

Di�erent approaches are available based on di�erent levels of approximation. During

my Ph.D. works, I used Density Functional Theory (DFT), a so-called ab-initio approach

because it does not require the use of parameters. The main idea of DFT is to focus on

the electronic density n(r) and not on the wavefunctions. However, parameter-free does not

mean no approximation and the main approximations used in the DFT are described in the

following.

The ion mass is much larger than the electron one so that one can consider that the

electrons respond instantaneously to the motion of the ions, or said di�erently, for any

ionic movement, the electrons can be considered as in their ground-state. Ions can then be

treated as classical particles, and their motion calculated from classical equations of motion.

With this adiabatic approximation, the Schrödinger equation reduces to its electronic part,

describing the electron motion in an external potential created by the ions,

3



4 1.1. DENSITY FUNCTIONAL THEORY - A BRIEF SUMMARY

[ ∑
electrons

p2e
2

+Ue−n(r) +
∑
i,j,i 6=j

1
|ri − rj|

]
Ψ = EΨ

Hohenberg and Kohn showed that the external potential is a functional of the electronic

density n(r) so that E is a functional of n(r) and then that solving this equation is equivalent

to minimizing the energy as a function of the electronic density n(r). The ground state

electronic density is the one that minimizes the energy and the ground state energy is the

minimum energy.

Calculating n(r) is not straightforward and Kohn and Sham solved this di�culty by

mapping the actual system of N particles interaction on N non-interacting systems. They

used a basis of 1-electron functions to express the electronic density n. They obtained the

Kohn-Sham equations:

∣∣∣∣−12 52 +VKS(r)

∣∣∣∣ϕ(r) = εiϕi(r),
n(r) =

∑
i

|ϕi(r)|
2 ,

VKS(r) = Vext(r) + VH(r) + VXC(r),

VH =

∫
n(r ′)

|r− r ′|
dr ′,

VXC =
δEXC

δn
.

These are Schödinger-like equations with a Kohn-Sham potential VKS that contains the

electron-nuclei interaction Vext(r), the Hartree term VH(r) and an extra term that describes

electronic interactions, the exchange, and correlation VXC potential.

The main di�culty stays now in this exchange and correlation term VXC that can not be

obtained easily. Kohn and Sham proposed a rather raw approximation: they calculate the

XC energy of the real system using the XC energy of the homogeneous gas for the electronic

density n of the real system at each position r:

ELDAXC |n(r)| =

∫
εhomXC (n = n(r))n(r)dr,

this Local Density Approximation (LDA) works surprisingly well in multiple systems and is
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part of the success of the DFT approach.

However, LDA also has many drawbacks and especially, it tends to overestimate the

binding energy. The overestimation comes from the fact that LDA is based on homogeneous

system expressions while the real electronic system is non-homogeneous. Therefore, in order

to describe the electron density variations, corrections have been proposed, such as general-

ized gradient approximation (GGA), in which the EXC(n) depends not only on the electron

density n(r) at a given point (locally) but also on its gradient δn(r) (non-local). All the

calculations performed during my Ph.D. works have been obtained with the Perdew, Burke,

and Ernzerhof (PBE) expression of GGA.121

Eventually, forces are obtained from the partial derivative of the total energy as a function

of the position. From the force calculation the atomic positions in the ground-state geometry

can be deduced:

Fi = −
δE

δRi
.

Van der Waals interactions can play an important role in 2D materials. In VASP, they

can be accounted for using di�erent functionals. In most of the calculations presented in

the following I used PBE only but some tests were made using PBE0 and HSE0683 Hybrid

Functionals. It is worth noticing that the one-electron function ϕ(r) are mathematical

tools to calculate n(r), and not true wavefunction of the quasiparticles. εi are not the

quasiparticles energies either. Anyway, they are very often used to get band structures with

a quite good agreement with experiments in many systems.

VASP and technical details of the calculations

Real system

Model system for VASP calculation

Au

MoS2/Cs

Empty space

Figure 1.1: Supercell technique for an interface or a surface.

In this thesis, we used the Vienna Ab-initio Simulation Package (VASP).149 It enables us

to determine the atom positions at equilibrium, the density of state and the electronic band
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structure of a given system. In some calculations, the partial charge maps integrated in an

energy window
∫
|Ψ|

2
dE are also plotted to compare to STM images. The VASP program

uses a plane wave basis, and we used the projected-augmented-wave (PAW) formalism to

describe the electron-ion interaction. VASP requires a periodic system. Deviations to 3D-

periodic defect-free structures hence need to be considered with care.

In the case of a surface or an interface, the supercell must be large enough (empty space

and substrate) to avoid spurious interaction between images created by periodic conditions

(See Fig. 1.1). Defects are also modeled using a supercell approach where a large unit cell is

created assembling m× n× l unit cells, the defect is introduced in the center. Here again,

the supercell has to be large enough to describe an isolated defect and not a periodic array

of defects.

The main �les used for VASP calculations are given in Appendix A.

1.2 Ultra High Vacuum (UHV) system

The UHV system installed at Institute Neel includes several chambers and instruments that

allow us to perform sample preparation and in situ characterization. The following parts

give a brief introduction to this system.

1.2.1 Multi-purpose UHV system

UHV conditions are essential for surface science since chemically clean sample surfaces with-

out any unwanted adsorbates are required. The UHV system is shown in Fig. 1.2. It contains

4 chambers connected by a tunnel [which is also in UHV with a base pressure of 10−10 mbar].

Most of the time, all chambers are isolated from the tunnel by mechanical valves.

The tunnel is used to transfer the samples from one chamber to another one by magnetic

transfer rods. It is also used to introduce/remove samples. To do so, a small part of the

tunnel is �lled with Nitrogen gas and exposed to the environment during the introduction

of the samples. This part is carefully isolated from the whole system.

Samples are mounted onto molybdenum plates, that are themselves held onto 1-inch large

molybdenum blocks designed to be compatible for the transfer and also the sample holder of

each chamber (including the growth and the STM chambers). I mainly used the growth and

STM chambers. The growth chamber is also equipped with an electron gun and a phosphor

screen to perform re�ection high energy electron di�raction (RHEED).
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STM chamber

Growth chamber

Introduction chamber

Analysis chamber

PLD chamber

Figure 1.2: The UHV system is composed of 4 chambers connected by a transfer tunnel.
From left to right, the STM chamber, the Analysis chamber, the Growth chamber and the
PLD chamber.

1.2.2 Re�ection High Energy Electron Di�raction (RHEED)

The RHEED measurements are used to get information on the surface structure of crystalline

materials. Due to the grazing incident electron beam, the RHEED measurement is very

sensitive to the sample surface or any adsorbate on top of it (including crystallography

and morphology). In this thesis, we used RHEED measurements as references to check the

quality of the surface and also to analyze the surface crystallography.

Working mechanism

In RHEED104;117, a high-energy electron beam (generated by thermionic emission, typi-

cally of a few 10 keV - in our measurements in Chapter 5, we used E = 17 keV for all RHEED

patterns) strikes the sample's surface at near-grazing incidence (≈ 1o via a focusing system

based on electrostatic lenses) and re�ect on a phosphorescent screen. Figure 1.3 (a) shows

the Ewald construction allowing to predict the angular orientation of the di�racted beams.

Because of the short mean free path and glancing angle incident geometry of the electron

beam, the di�raction patterns obtained are from the near-surface region. This means that the

number of planes with a unit vector c in the direction perpendicular to the surface involved

in di�raction is small, and the reciprocal lattice has a rod-like structure perpendicular to the

surface.

The intersection between the Ewald sphere and the rods is in principle a set of points.
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However, in practice, the electron beam is not strictly monochromatic and has a �nite

divergence, so the Ewald sphere is rather a shell, and imperfections in the crystal broaden

the streaks. The result is that the RHEED pattern of an actually �at surface is usually a

set of streaks perpendicular to the sample's surface (Fig. 1.3(b)).

Ewald sphere

k’

k

k - k’

Rod

o

RHEED Screen

Diffraction
Maximum

(a) (b)

k’

k

a*

a
b

(00) (10)

(20)

(10)

(20)

Ewald sphere

Azimuth

Laue zone

Figure 1.3: (a) Ewald construction of the di�raction condition, with the sphere de�ned by the
X-ray wavevector's length as a radius, and the scattering vector an arc whose end coincides
with the intercept between the sphere and a reciprocal space rod from the truncated crystal
corresponding to the sample with its surface. (b) Three-dimensional view of the Ewald's
sphere construction, with a set of �rst-order reciprocal space rods from the sample, yielding
a series of di�raction streaks in the so-called �rst Laue zone, and a representative RHEED
pattern obtained for a clean Au(111) surface with a herringbone surface reconstruction.

Experimental setup

In our setup measurement, the RHEED system is located in the growth chamber. The

di�racted beams are visualized onto a �uorescent screen, and the pattern is acquired with

a camera, which allows post-analysis of the RHEED patterns. The sample holder allows

adjusting the angle of incidence of the electron beam and the relative orientation of the sam-

ple with respect to the direction of the beam (azimuth), so di�erent sets of crystallographic

planes can be selected to analyze the sample surface's reciprocal space.

1.2.3 Scanning Tunneling Microscope (STM)

In complement to RHEED experiments which give access to ensemble-averaged crystallo-

graphic data (the electron beam radius is about 1mm), we also have measurement by STM

that provides images in real space at the atomic scale.

The STMwas invented by Binning and Rohrer and later implemented by Binning, Rohrer,

Gerber and Weibel. The �rst implementation rapidly allowed to resolve the famous (7× 7)
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reconstructed surface of Si(111)15. After the success of the STM, many other microscopes

were invented such as the atomic force microscopes (AFM), the magnetic force microscopy

(MFM) to name a few. For all of these measurements, the data are collected from a very

sharp probe scanned over the sample's surface.

Working mechanism

Figure 1.5 shows the essential element of a STM setup. A very sharp metal tip is brought

very close to the surface of the sample. Since the distance between the tip and the sample

is of the order of 1 Å, the electron wavefunction in the tip and the sample overlaps. It

creates a tunneling channel and by applying a voltage bias between the tip and the sample,

a tunneling current is generated.

EF

EF

Figure 1.4: Schematics of the electronic wave-function in the tip and in the sample, and
vacuum tunneling barrier under the application of a tunneling bias.

The tip is usually made of tungsten or Pt/Ir alloy and is conventionally chosen to be

grounded, as a result, the voltage > 0 means the electrons are tunneling from the occupied

states of the tip to the empty states of the sample. The tunneling current is then converted

to a voltage by a current/voltage ampli�er, which then can be used in a negative feedback

loop to adjust the bias applied to the piezoelectric element that controls the tip-sample

distance (z piezo), hence the tunneling current. The negative feedback is working as follows:

if the tunneling current is larger than the chosen set-point, then the z piezo is contracted,

thereby lowering the tunneling current, and vice versa. As the tip scans over the xy plane,

the bias applied to the z piezo is measured. This constant current map can be converted

into an apparent height map since the height is directly related to the tip-sample distance

(see next paragraph) and z piezo extension. Note that the tunneling current is dependent

on the local electronic density of states, which a priori varies for instance when the chemical

nature of the surface changes.

The transmission coe�cient T, which is the ratio of the tunneling current at the distance

z and the current when the tip and surface is at contact is given by:
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I =
I(Z)

I(0)
= e−2kz (1.2)

where k =
√
2mΦ
 h

= 5.1
√
Φnm−1 is the decay constant, and m is electron free mass, Φ

is the workfunction of the tip and the sample. I(0) is constant and the typical value of Φ is

5eV leading to a value of k about 11.4 nm−1, which means that the decay is one order of

magnitude per 1Å.

The STM images can also be compared to simulation. In brief, this method consists in

calculating the partial charge density in an energy window corresponding to the measure-

ment.

x

y

z

Sample
coarse 
positioner

Figure 1.5: Basic principle of STM, when the tip scan over the sample.

STM setup

In the experimental result presented in this thesis, the STM measurements were per-

formed under UHV condition with the base pressure of 10−11 mbar at room temperature.

We used a commercial Omicron UHV-STM 1 with a W chemically-etched tip.

At �rst, the sample is mounted to the sample holder, the tip is placed close to the sample

by the coarse positioning (as seen in Fig. 1.5), this process is automatized and stops when

a tunneling current becomes measurable. As the tip travel along x and y directions with

precon�guration parameters, the constant height maps are printed to the display.
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1.3 Conclusion

During my Ph.D., I coupled DFT calculations, growth samples and perform STM experi-

ments. Coupling DFT and STM enable us to take advantage of the possibilities of the two

approaches: high accuracy (including information on the chemical nature of the atoms) but

model system for DFT and direct imaging of the real system for STM. Comparing the data to

the simulations enabled us to discriminate between di�erent kinds of defects (Chapter 3) or

to get a better understanding of TMDC junctions (Chapter 4) and TMDC/Metal interfaces

(Chapter 5).



12 1.3. CONCLUSION



Chapter 2

Transition Metal Dichalcogenides

(TMDC)

Strictly two-dimensional (2D) materials were long thought to be unstable. This had been the-

oretically predicted and strongly supported by experimental observations107. Nevertheless,

reports on TMDCs monolayer appeared back in the 80s, and even earlier for few layers MoS2,

but they did not raise strong interest at that time.68 At the beginning of this millennium, the

�eld reignited after the elaboration of graphene by Berger,13 Zhang,171 and Novoselov115 and

the exploration of its unique properties, such as an abnormal room-temperature quantum

Hall e�ect. Since 2004 and graphene, the two-dimensional material family kept on grow-

ing with hBN, silicene, phosphorene, germanene, stanene, transition metal dichalcogenides...

We focus here on TMDCs and more speci�cally on semiconducting TMDCs. The nature of

their gap (direct/indirect) can be modi�ed by varying the number of layers, or by strain.

Nowadays, these materials are at the heart of intense research activities devoted not only

to their intrinsic properties but also for practical applications one: optoelectronic proper-

ties6, catalytic e�ects152 superconductivity123 or extremely large magneto-resistance,5 etc.

In this chapter, we compare some elementary properties, such as lattice constant, polymor-

phism, electronic structure, reported in the literature, with our own calculations performed

by Density Functional Theory (DFT). We present some additional calculations on the lattice

deformation and doping of the most studied TMDCs systems.

13
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a0

a1

a2

(a)

K

M
K’

Γ 

(b)

δ1δ2

δ3

b1

b2

y
x

Figure 2.1: Graphene lattice structure (a) and its Brillouin zone (b). The triangular lattice
with two lattice vectors a1 and a2, three nearest-neighbor vectors: δi, i = 1, 2, 3 are also
indicated.

2.1 Two Dimensional Materials: Physics of Materials with

Reduced Dimensionality

2.1.1 Graphene

The study of graphene created a premise for a new direction of research addressing more

generally 2D materials. Among them, TMDCs have gained huge attention due to rich physics

and great promise for applications.

Graphene is made of carbon atoms arranged on a honeycomb lattice. The honeycomb

lattice is not a Bravais lattice: it is a triangular lattice with two atoms in the unit cell. The

two translational vector can be chosen as (Fig.2.1):

a1 = (
√
3, 0)a0

a2 = (
−
√
3

2
,
3
2
)a0,

(2.1)

where the parameter a0 = 1.42Å is the distance between two nearest-neighbors carbon

atoms. The �rst Brillouin zone (FBZ) is hexagonal with a rotation of π/6 with respect to

the original honeycomb lattice. The reciprocal space is constructed from two fundamental

vectors:
b1 =

2π
a0
√
3
(1,

1√
3
)

b2 =
4π
3a0

(0, 1).

(2.2)

Some special points are also noted in Fig. 2.1(b), these are the Γ = (0, 0), the M =
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Figure 2.2: Graphene's band structure with respect to the Fermi level. The dashed hexagon
indicates the �rst Brillouin zone.

π

a0
√
3
(1, 1√

3
) and the two inequivalent Dirac points:

K = (
4π

3
√
3a0

, 0),

K ′ = (
2π

3
√
3a0

,
2π
3a0

),

(2.3)

these two K and K ′ are inequivalent because they cannot transform one to another by any

linear combination of vectors of the reciprocal lattice.

P.R Wallace was the �rst one to describe graphene's band structure using the tight-

binding approach and �rst neighbor interactions. The highest occupied and lowest unoccu-

pied bands are shown in Fig. 2.2. They cross at the K points and have a linear and isotropic

dispersion (Dirac cones) in an energy range of about 1 eV around these points. Graphene's

very exciting electronics properties, for instance, the massless chiral Dirac fermion character

of its charge carriers, are related to this band structure and to the honeycomb lattice.150

2.1.2 TMDC: from Bulk to Monolayer

TMD has an MX2 formula with M a transition metal atom (Mo, W, etc.) and X a chalcogen

atom (S, Se, and Te). These systems are made of triple layers where one plane of M is

sandwiched between 2 planes of chalcogen. Within the plane, the TM-Chalcogen bonds
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have a strong covalent character. The triple layers are stacked on top of each other thanks

to (weak) van der Waals interactions. The thickness of this triple layers is in the range of

6-7 Å. Even if the primitive unit-cell consists of a triple-layer, these systems are still called

monolayers (or single layers - SL). Metal atoms within a triple layer are six-fold coordinated

and their bonding geometry can be either trigonal prismatic or octahedral.26

Because of the di�erence between intra- and inter-layer bonds, few layers down to SL

TMDC can be isolated, like in graphite/graphene. Within the triple plane, the 2H TMDC,

the most common polymorph, draw a honeycomb lattice (Fig. 2.3) like in graphene.

Figure 2.3: Three most common polymorphs of: TMDC 2H, 1T and 1T' phases. The in-
plane lattice vectors for the primitive unit cell a, b are shown in the top views. Purple
(Yellow) represent Metal (Chalcogen) atoms.

Di�erent polymorphs exist that correspond to di�erent local symmetry: trigonal pris-

matic (2H) where chalcogen atoms lay on top of each other and octahedral geometry where

the 3 chalcogen atoms of the top layer are rotated by 180o with respect to the 3 chalcogen

atoms of the bottom (Figs. 2.3 and 2.4). The terms H and T stand for hexagonal and

trigonal symmetry of the crystal structure, respectively. Due to the di�erences in crystal

symmetry, the H and T phases of TMDCs have substantially di�erent electronic structures

as we will show in the next paragraph. The 1T' phase is the modulation of the 1T phase in

one direction that corresponds to a 2× 1 superstructure (Fig. 2.3).

In general, group VI TMDCs take the 2H structure but there is some exception e.g.

WTe2 which adopts the 1T' phase like group VII TMDCs and some group VI TMDCs in

special conditions of stress or electron doping. Group IV (ReS2) and most of the group V

TMDCs have a 1T structure74.

Figure 2.4 shows top and perspective views of 2H and 1T phases. For both structures

the two Bravais primitive lattice can be chosen as in graphene as:
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Figure 2.4: Top and three-dimensional views of the (a) 2H and (b) 1T MoS2 lattice struc-
tures, Purple (Yellow) disks represent Mo (S) atoms. The two Bravais lattice vectors are
indicated in red. Notice that in (a) two chalcogen atoms sit on top of each other. The
Brillouin zone is shown in (c) with reciprocal lattice vectors in blue.

a1 = (a0
√
3, 0, 0),

a2 = (
−a0
√
3

2
,
3
2
a0, 0),

(2.4)

where the parameter a0 is the distance between two nearest-neighbors M-M (or X-X) atoms.

A single unit cell contains 1 M atom at (0, 0, 0) and 2 X atoms. In the case of 2H stacking, the

two X atoms are mirror re�ection with respect to the plane of M atoms, they are separated

by several Å and their coordinates as a function of (a1,a2) are (1
3
, 2
3
). For a 1T stacking,

the two X atoms stay on each side of the M atom plane, and their coordinate are (1
3
, 2
3
) and

(2
3
, 1
3
). Structural data for di�erent TMDCs are shown in Table 2.1, our results were obtained

by DFT using VASP82 and the generalized gradient approximation (PBE) for the exchange

and the correlation energy for neutral but also doped systems. The energy cuto� and the

Brillouin zone sampling were chosen to converge the total energy with values of 600 eV and

6×6×1 (6×6×6) in case of bilayer (bulk). Similar results were also found in references84;96;131.
From Table 2.1, one can see that changing the chalcogen atoms leads to a substantial increase

in the lattice constant in MX2 system. TMDCs with the same chalcogen atom have very

similar lattice vectors. This is of high importance for the formation of heterojunctions as
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described in Chapter 4.

Table 2.1: Lattice parameters of TMDC compounds from our VASP calculations, in which
d∠S−∠S (Å) is the distance between two chalcogene layers and dM−S is the distance between
metal and chalcogene atoms. Total energy per chemical formula is given for direct comparison
(E
2
for 1T' phase).

a0(Å) d∠S−∠S (Å) dM−S (Å) Total ENERGY (eV)

MoS2 (2H) 3.18 3.12 2.41 - 21.81

MoS2 (1T) 3.19 3.17 2.43 -21.02

MoS2 (1T') 6.45 × 3.19 2.71 / 3.48 2.38 / 2.48 -21.27

MoSe2 (2H) 3.32 3.34 2.54 -20.76

MoSe2 (1T) 3.27 3.46 2.56 -20.07

MoSe2 (1T') 6.58 × 3.27 2.96 / 3.77 2.5 /2.6 -20.37

MoTe2 (2H) 3.55 3.62 2.74 -18.79

MoTe2 (1T) 3.49 3.74 2.75 -18.27

MoTe2 (1T') 6.98 × 3.49 3.62 / 4.09 2.71 / 2.78 -18.70

WS2 (2H) 3.19 3.14 2.42 -25.69

WS2 (1T) 3.21 3.15 2.43 -24.89

WS2 (1T') 6.44 × 3.22 2.97 / 3.29 2.30 / 2.46 -24.99

WSe2 (2H) 3.35 3.34 2.56 -23.68

WSe2 (1T) 3.29 3.45 2.57 -22.95

WSe2 (1T') 6.58 × 3.29 2.94 / 3.82 2.54 / 2.60 -23.35

WTe2 (2H) 3.56 3.63 2.74 -21.50

WTe2 (1T) 3.52 3.69 2.75 -20.94

WTe2 (1T') 7.04 × 3.52 3.01 / 4.22 2.73 / 2.82 -21.55

In addition to these two fundamental phases, distorted phases have also been found. Back
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in 1973, to study superconductivity in TMDCs, Somoano intercalated MoS2 with alkali atoms

and showed it results in strong layer displacement137. The layered displacement, in reality,

could be explained by a combination of disordered compounds. A new phase with octahedral

coordination and a 2 × 1 supercell was observed later on124;134. The existence of a 2 × 1

superlattice was again con�rmed by Heising by electron di�raction in 199956. Since it shared

similar symmetry with the 1T phase, this phase was called 1T'. It is shown in Fig. 2.3. To

get more detail about the crystal structure and test calculation parameters, we performed

DFT calculations to retrieve the lattice con�guration of the 1T' polymorph. The relaxed

primitive cell of 1T' phase has 6 atoms and shows distortion in the 3 directions. One can

specify the two Bravais primitive lattice for the 1T' phase:

a1 = (2× a0
√
3, 0, 0),

a2 = (
−a0
√
3

2
,
3a0
2
, 0).

(2.5)

In case of the MoS2 1T' phase, the three Mo-Mo nearest distances are 2.75, 3.19 and 3.73

Å, compared to 3.19 Å in case of 1T MoS2. The Mo-S distances vary between 2.38 and 2.48

Å, compared to a uniform 2.43 Å of 1T-MoS2. The results are in very good agreement with

a previous report.124 It must also be noted that, aside from the 2× 1 super lattice structure,
a 2× 2 super lattice-1T� was found, with also a signi�cant distortion.27;28

Other groups also studied intercalation of TMDCs with alkali atoms and showed that

lithium intercalation in 2H MoS2 transforms the structure into 1T124 or 1T′ 142 depending on

the fabrication environments. The intercalation process can have di�erence e�ects, namely,

charge transfer and strain. To model and also to evaluate the relative stability of di�er-

ent phases, we calculated the total energy of di�erent TMDCs with di�erent doping levels

(neutral, +1 and -1 electron) and di�erent lattice constants (to mimic the biaxial strain).

The results for MoS2 are shown in Fig. 2.5. Positively charged systems show strong energy

variations, and we will not discuss them in the following but focus on neutral and electron

doped TMDCs. Since the lattice constant of MoS2 is 3.18 Å, the area of a primitive cell

corresponds to 8.78 × 10−16 cm2, one electron removed and added to the system will make

a hole or electron doping density of n± = 1.14 × 1015 cm−2 a very large value, typically 10

times larger than accessible with e.g. liquid ion gates. As shown in Fig. 2.5, for a speci�c

charge state, the energy E exhibits a quadratic dependence on lattice constant, and by de�-

nition, the equilibrium lattice constant corresponds to the minimum of E. The 2H phase has

the lowest energy minimum for neutral and electron doped case. In MoS2, adding electrons

could help the transition from 2H to 1T' phase since it reduces the energy di�erence.

The same results for di�erent MX2 (M: Mo and W and X: S, Se, Te) are shown in
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 MoS2 -2H Neutral
 MoS2 -2H Negative Charge
 MoS2 -2H Positive Charge

 MoS2 -1T Neutral
 MoS2 -1T Negative Charge
 MoS2 -1T Positive Charge

 MoS2 -1T' Neutral
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 MoS2 -1T' Positive Charge
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Figure 2.5: Free energy as a function of lattice constant in MoS2 with di�erent phases 2H, 1T
and 1T', for di�erent phases and 3 electron doping levels: negative (-1 e), neutral and positive
(+1 e). The charged system is calculated with a compensating homogeneous background
to keep the system neutral. As energy is lower, the system is more stable. For 1T′, the
structure is achieved by relaxing the superstructure 2×1 from the 1T phase with a small
displacement of one Mo atom with respect to the other. It's also worth to note that, the
energy and the lattice constant of 1T' phase is averaged by number of unit formula.

Fig. 2.6. A similar trend is observed for all MX2. In most neutral cases, the 2H phase

is the equilibrium state, except for WTe2, where the 1T' phase is more favorable than the

2H phase. This is in a very good agreement with the literature20. The optimized lattice
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Figure 2.6: Our calculations show the evolution of energy E vs. lattice constant at three
di�erence electron doping levels, negative (-1 e), neutral and positive(+1 e) for MoS2, MoSe2,
MoTe2, WS2, WSe2 and WTe2.

parameter changes with doping. In agreement with Ouyand et al.119 the 1T phase always

has the highest energy. In our calculation the 1T' phase has the lowest energy when doped

with electrons except for the MoS2 system where the 2H phase remains the most favorable

one. It should be noted that energies for di�erent states of charge cannot be compared for

technical reason (VASP).

As previously said, a single layer of TMDCs is made of 3 atomic layers, and within these

three layers M-X bonds are covalent. Single layer TMDC can be stacked-up to become
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bilayer, trilayer, etc. Figure 2.7 shows the stacking of 1T and 2H phases in bulk, the pre�x

digit in 1T and 2H de�nes the number of layers in the bulk unit cell. In the bulk, these layer

are stacked on top of each other, thanks to weak van der Waals (vdW) forces. 1 The weak

vdW forces allow the formation of ultra-thin layers of TMDC by micro-mechanical cleavage

technique, as demonstrated in MoS2 by Novoselov et al.115.

cc

(a) (b)

Figure 2.7: Bulk polytypes of TMDCs, (a) 1T phase and (b) 2H phase.
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Figure 2.8: Our DFT calculations show the free energy as a function of c in di�erence cases.

Standard DFT calculations do not properly take into account van der Waals interactions.
1The vdW forces help geckos to walk on a wall.
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Figure 2.8 compares the variations of the energy as a function of the interlayer distance in

bulk 1T and 2H MoS2, from calculations based on standard DFT with PBE functional121

or DFT+PBE and van der Waals correction50. A real minima is found only when van der

Waals interactions are included. In fact, not taking into account the vdW interaction could

give nonphysical results.132 In the next chapters since we are dealing with monolayers only,

vdW interactions are not included.73

Beside these most common bulk polymorphs, others may exists70 such as the 3R phase

� as it name suggests, it is a crystal with 3 layers per unit-cell, rhombohedral symmetry

and with trigonal prismatic coordination, the 1T ′′ phase - another distortion phase from 1T

phase, where modulation of M atoms are in both x and y directions. Some TMDCs can be

found in mixture of multiple polymorphs.

2.1.3 Electronic Properties

TMDCs show very exciting electronic properties, especially for SL. They also show a large

spin-orbit splitting at the valence band. For those reasons, in the past few years, many

studies on the electronic properties of TMDCs have been published both from simulation

and experiment. In the case of simulations, �rst principle calculations have been widely used

from the GW approximations127, to DFT and tight-binding simulations95;96. In the case of

experiment, multiple methods have been used to tackle di�erent facets of the electronic

properties, among them direct band gap in monolayers was �rst demonstrated by PL106

and ARPES measurements133. In this part, the electronic structure of TMDC is presented

for bulk, bilayer and SL, based on our calculations that are compared to results from the

literature. Some experimental results from literature are also described.

Simulation approach

TMDCs in the 2H phase are semiconducting while they are metallic in the 1T phase.37;106;140

Figure 2.9 shows the density of states (DOS) of MoS2 SL with di�erent polymorphs, 2H, 1T

and 1T'. A gap of 1.68 eV in SL 2H phase demonstrates its semiconducting character, there

is no gap in the 1T phase (it is metallic), and for 1T' phase we obtained a tiny gap of ≈0.05
eV. Our results are in good agreement with the literature23;88.

Bulk 2H TMDCs are indirect band gap semiconductors. When the thickness decreases

to a SL a direct band gap is found88;91;106;131 with the valence band maximum (VB) and the

conduction band (CB) minimum at the K-points of the Brillouin zone.

To get a better idea of how the electronic structure behaves in di�erent con�gurations,

we performed DFT calculations of the band structure of 2H MoS2 . Figure 2.10 shows
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Figure 2.9: Our calculations on electronic density of states of the SL 2H, 1T and 1T' phases
of MoS2 from our calculations.
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Figure 2.10: Our DFT calculations show the electronic band structure of (a) bulk, (b) bilayer
and (c) SL of MoS2. (d) First Brillouin zone and some high symmetry k�points, in which
Λ is between of Γ and K. Red (Blue) arrows visualize the direct (indirect) band gap in SL
(bi-layer and bulk) band structure.

the evolution of the band structure of 2H MoS2 with di�erent number of layers, from bulk

phase to bilayer and SL. The positions of valence band and conduction band edges show a
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progressive change upon decreasing thickness, as the indirect band gap semiconductor turns

into a direct band gap semiconductor.

According to our DFT calculations, the bandgap of MoS2 2H bulk and SL are 0.89 eV

and 1.68 eV. GGA is known to underestimate the band gap, by using Hybrid functional to

the calculations, other groups obtained a gap of about 2.1 eV131, in good agreement with

some experimental values106.

All calculations agree with a maximum of the VB located at the K points for SL and Γ

for more than one layer and a minimum of the CB at K for SL whereas the position of the

minimum of the conduction band is not so clear for more than one layer. In our calculations,

we �nd it at the ΛC point 2. Strain was proposed to play a major role for the location of

the minimum120.

Figure 2.11: (a) The calculated values of band gaps by GW calculations with respect to
the number of layers (n), and (b) band edge positions as a function of number of layers.
Reproduced from120.

In a SL, the di�erence in energy between the top of the VB ΓV and the second highest

state at KV is very small while it is much larger and with a changed ordering for 2 and more

layers. The di�erence in energy between the bottom of the conduction band at Λc and KC
is very small in the bulk and much larger in a SL.

To summarize, when decreasing the number of layers, the electronic structure experiences

two processes: (1) the band gap widens from 0.89 eV to 1.68 eV (in our calculation with simple

PBE) and (2) there is a transition between indirect to direct band gap. To understand the

origin of the indirect-direct transformation and also of the gap widening, following Padhila

et al.120, we analyze the character of the states in the vicinity of the Fermi level Fig. (2.12).

Close to EF, bands have a Mod − Sp character. States at K (CB and VB edges) have a

nearly constant energy from bulk to SL while the energy of the conduction band edge at ΛC
decreases and of the valence band at ΓV increases when layers are added (Fig. 2.11120).

2In our multilayer calculations, if the vdW is taken into account, the CBM switched from KC to Λc
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Figure 2.12: Our calculations show the orbital projected of SL and bilayer MoS2. Size of the
red dots indicate the strength of orbitals contribution. The s orbitals are not presented due
to small contribution.

The analysis of the band structure shows that one layer gives one band on each side of the

gap. They are split at KV , ΓV and ΛC for more than one layer due to interlayer interaction

while the CB edge at K-points shows no visible splitting, due to the fact that interaction is

not possible by symmetry120. States at the top of the valence band at K have a Spx,y and

Modxy,Modx2−y2 in plane character that are not much a�ected when TMDC layers are

added (due to weak interlayer interaction). These last two points explain the small variation

of the energy positions of the lowest states at KV and KC and of the gap at K when going

from bulk to SL.

On the contrary, states at ΓV have a Spz and Modz2 out of plane character. For more

than one TMDC layer, the corresponding states interact strongly and the bands are split in

bonding and anti-bonding bands. The highest occupied band has an anti-bonding character

and is pushed towards higher energies when layers are added which means that the maximum

of the valence band goes from K to Γ when going from SL to two or more layers.

The same kind of arguments holds for states at Λ where one layer gives one band that

becomes split in presence of an interlayer interaction.



CHAPTER 2. TRANSITION METAL DICHALCOGENIDES (TMDC) 27

Spin orbit coupling

All our calculations presented up to now do not take spin orbit coupling (SOC) into account.

Spin-orbit interaction or spin-orbit coupling is the interaction between the spin of the electron

and its angular motion.

In TMDC systems, the Kramer's degeneracy [E↑(~k) = E↓(~k)] in the MX2 bulk comes

from the combination of time-reversal symmetry [E↑(~k) = E↓( ~−k)] and inversion symmetry

[E↑(~k) = E↑( ~−k)], thus SOC induces no splitting.176 However, due to the absence of inversion

symmetry in an MX2 SL, spin splitting is observed except for some special symmetry ~k points

in the Brillouin zone.
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Figure 2.13: Our calculations on band structures with spin orbit coupling of (a) MoS2, (b)
WS2 and (c) WSe2 calculated by enabling the spin orbit interaction in VASP.

For instance, the bands are spin-degenerated at the Γ point due to time-reversal symmetry

alone.176 A combination of time-reversal and translational symmetry results in no splitting

at the M point, whereas the spin splitting of a general (~k) point is determined by time-

reversal and the point-group symmetry of the trigonal prismatic crystal. As shown in Fig.

2.13, the SO interaction breaks the spin degeneracy of the valence and the conduction bands

along the line Γ →M→ K→ Γ of MoS2, WS2 and WSe2. These materials exhibit a similar

behavior but di�erent magnitude of the spin splitting. The maximal spin splitting of the

VBM in our calculation at the KV -point is 148, 420 and 456 meV for the MoS2, WS2 and

WSe2, respectively.

The spin splitting at KC are tiny (less than 4 meV) in comparison with the splitting at

KV . At the ΛC, the large spin splitting is also found with the values of 70, 270 and 230 meV

for MoS2, WS2 and WSe2, respectively.

This SO splitting and the inversion symmetry breaking lead to coupled spin and valley
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physics in group IV dichalcogenides,160 for instance the valley K (-K) is associated with the

spin up (down) only. The spin valley-dependent leads to very interesting properties such as

the valley Hall e�ect.160 It is worth noticing that including the SOC in DFT calculations

demands a lot of computational e�ort, since we are working with very large unit-cell, the

SOC is not taken into account in the next chapters.

Experimental approach

Up to now, several experimental methods have been used to characterize di�erent TMDC

electronic properties, such as photoluminescence (PL), STM (STS), Raman spectroscopy.

Despite its extreme thinness, TMDC SLs absorb light strongly. That is shown in multiple

measurement of the optical band gap (which di�ers from the electronic band gap we discussed

so far, due to the binding energy of the electron-hole pairs that recombine to emit a photon).

One of the �rst studies on strong light absorption of TMDCs is the one published by Mak

et al.106. In their report, the authors measured photon emission under the excitation of a

light-source with an energy larger than the band gap energy of the material. The authors

showed a substantial absorption enhancement in MoS2 SL (Fig 2.14(a)). An intense bright

PL peak at 1.9 eV in ML MoS2 was detected at variance to the case of BL MoS2, which is

attributed to the fact that BL MoS2 is an indirect band-gap semiconductor.

Figure 2.14: Photoluminescence spectra for (a) mono and bilayer MoS2 measured in the
photon energy range from 1.3 to 2.2 eV. (b) Normalized PL spectra by the intensity of peak
A as a function of number of MoS2 layers. And (c) band-gap energy of thin layers of MoS2.
Reproduced from Ref106

The electronic band gap of TMDCs was also studied by several groups. Two very popular

methods to characterize the morphology and electronic structure are scanning tunneling

microscope (STM) and scanning tunneling spectroscopy (STS). For instance, MoS2 SL on

highly ordered pyrolytic graphite (HOPG) has an electronic band gap of 2.15 or 2.35 eV

at 77 K depending on criteria chosen to de�ne the edges of the valence and conduction

band (below/above which a certain tunneling current is measured).167 Figure 2.15(a) shows

a typical STM image of MoS2 SL. The MoS2 �ake has the triangular shape and the height of
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the �ake is 0.67 nm corresponding to a SL MoS2. Fig. 2.15(b) shows the band gap of MoS2
SL that appears when measuring the di�erential tunneling conductance as a function of the

tip-sample bias (STS measurement). The VBM is located at -1.81 V and the CBM is located

at 0.3 V. A statistical analysis on di�erent locations of the samples yields an average band

gap value of 2.15 ± 0.06 eV. Other groups studied TMDCs grown on metallic substrates.

For instance, Sørensen et al. measured MoS2 on Au substrate and the STS measurements

showed a quasi-particle band gap in this case of 1.8 eV139.

(a) (b)

Figure 2.15: (a) STM image of a triangular ML �ake with the height of 0.67 nm. (b) Typical
scanning tunneling spectra on a SL MoS2 �ake. Reproduced from167

The origin of the di�erent values of the band gap found with di�erent substrates is unclear

at this stage. Certain substrates may have a signi�cant interaction, not simply van der Waals,

with the SL MoS2, with in some cases an hybridization of some the electronic bands of the

two materials. This may result in a modi�cation of the energy of some electronic bands of

MoS2, hence of the electronic band gap if for instance the valence or conduction band is

more a�ected than the other. Similar studies for di�erent TMDCs were also performed, for

instance, MoSe2 SL on bilayer graphene showed a band gap value of 2.18 eV at 5K, and

MoTe2 a gap of 0.96 eV at 77 K.145 Beside gap-less and metallic substrates, insulators such

as hBN, SiO2 were used as a bu�er layer for practical devices.

2.2 Preparation of TMD Monolayers

Two-dimenional TMDCs are usually fabricated following two classes of approaches: the top-

down route, whereby bulk crystals are exfoliated into thin or even single-layer �akes, and

the bottom-up method where crystals are grown from molecules/atoms by chemical vapor

deposition or molecular beam epitaxy.
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2.2.1 Top-down technique

Mechanical Exfoliation

To date, the mechanical exfoliation method is the most widely used approach to prepare

thin, high quality samples. The �rst mechanical exfoliation was developed to exfoliate sin-

gle and few layers of graphene and TMDCs (MoS2, NbSe2). The idea behind mechanical

exfoliation is rather simple: due to the vdW force, the neighboring TMDC layers are weakly

bond to each other, and these forces can be overcome with a mechanical force. In brief,

adhesives (Scotch tapes) were used to peel TMDC layers from their bulk material. The

process repeated multiple time to isolate few or even single layers. Finally, the cleaved 2D

material stuck on the Scotch tape is brought into contact with a target substrate where part

of the exfoliated �akes will adhere.

a

b c d

Figure 2.16: (a) Schematic of a mechanical exfoliation process. (b-d) Optical micrographs
of single, bi-, and tri- layer of MoS2 �akes exfoliated on SiO2 with Scotch tape. Reproduced
from Dubey et al.35

Multiple substrates have been used to exfoliate the TMDC single and few layers, including

SiO2/Si,90 and Polydimethylsiloxane (PDMS)35. The mechanical exfoliation is cheap com-

pared to other approaches, however, it also contains some drawback. The size/shape/thick-

ness is di�cult to control, the size is usually below the millimeter scale, contamination cannot

always be avoided, overall making the technique so far unsuited to large-scale applications.

In addition to the exfoliation in ambient temperature/pressure, the nanomechanical cleav-

age was also performed under protective environments (glove boxes), and under the objective

lens of an optical microscope in order to have better control on the number of layers and

positioning of the �akes.102;143
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Liquid Exfoliation

Exfoliation can be done in a solution via agitation (such as shear, ultrasonication, or

thermal). This was �rst used to disperse graphene and later also applied to fabricate single

or few layers of several TMDCs, such as MoS2, WS2 etc,29;58. In these fabrication processes,

ultrasonic waves generate bubbles that collapse into high energy jets, breaking up the layered

crystallizes and producing exfoliated nanosheets.112 The solvents play an important role in

the quality of the exfoliation: for instance, for the solvents that have surface energy similar

to that of layered materials, the energy di�erence between the exfoliated and re-aggregated

states will be very small, and so will be the driving force for reaggregation.29

Liquid exfoliation can also be done with the help of guest atoms/molecule, usually small

ions (eg. Li+ 37, iodine bromide (IBr)136) are intercalated into the interlayer spacing of

the bulk TMDC thereby weakening the interlayer adhesion and reducing the energy barrier

to exfoliation. The intercalants also transfer charges to the layers and this way further

reduces interlayer binding. The TMDC �akes are further peeled o� by using ultrasonication37

or thermal shock136 and remain stable in the solution itself. These approaches by liquid

exfoliation also have some drawbacks such as the appearance of defects, and the intercalation

process may itself alter the lattice structure of the TMDCs layers.
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Figure 2.17: Schematic description of the liquid exfoliation mechanism. (a) Sonication as-
sisted exfoliation (b) Ion intercalation. Reproduced from Nicolsi et al.112

2.2.2 Bottom-up technique

Bottom-up techniques include chemical vapour deposition (CVD), thermolysis, physical va-

por transport or van der Waals epitaxy. These methods have recently showed promise to

generate high quality TMDCs layers with scalable size, controllable thickness and excellent

electronic properties. Multiple TMDC compounds have been grown using this method such

as MoS2 25;92;166, MoSe2 78, MoTe2 174, WS2 30, WSe2 63 .

One can classify bottom-up techniques into two types: a single-step and two-steps pro-

cesses. In single-step process, gases comprising the metal and chalcogen atom are simul-

taneously introduced and react on a particular substrate, while in the 2-step process, the

metal atoms are usually deposited on the substrate and TMDC growth is triggered by the

chalcogenization process.
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Synthesis via transition metal (or transition metal oxide) chalcogenisation

The TMDC layers can be synthesized by chalcogenisation of the transition metal oxide

(or MOx) at relatively high temperatures. This is the 2-step process and the method can

be understood as follows: the transition metal (or MOx oxide) is evaporated on top of a

substrate (e.g. using an e-beam evaporator), the chalcogen atoms are then introduced and

the sample is then annealed at high temperature. The reaction mechanism can be understood

as a chemical reaction. Zhan et al.166 pioneered the 2-step synthesis of MoS2. This method

when using Mo as a precursor is limited by the domain size and the thickness uniformity

of the TMDC layers. Because Mo in bulk is a high migration temperature metal, a large

density of Mo and MoS2 domains might form at "reasonable" growth temperatures. As it

turns out, the nature of the precursors plays an important role in the morphology of the

TMDC layers. The metallic oxides happen to migrate more easily than metal atoms, so the

nucleation density is lower and larger domains are obtained. Li et al.92 synthesized large

MoS2 thin layers even at wafer-scale by using MoO3 as a starting material. Other oxides

were also used25;153.

Temperature gradient

M/MOₓ

Carrier gas

Chalcogen powder

Figure 2.18: Schematic of a common method used to deposit TMDC from vapour phase.
Metal/Metal oxide are deposited on a substrate and chalcogen supplied as gaseous precursors.

To synthesize tellurides, another challenge is faced when using high growth temperatures:

MoTe2, for instance, decomposes by losing Te as a vapor. A second feature that makes MoTe2
di�erent from other TMDCs is that the energy di�erence between the 2H and the 1T' phases

is rather small, making it very di�cult to control the synthesis of the desired phase. However,

in a paper in 2015, Zhou174 report on a relation between the MoTe2 phase and the choice of

Mo precursor used in the growth. As it turns out when the authors used MoO3 the process

tended to form MoTe2 in the 2H phase while with MoO2 the 1T' phase preferentially formed.

Synthesis via thermal decomposition of thiosalts

In search of large-area, high quality TMDC layers with good electrical performance,

the decomposition of precursors containing Mo and S atoms was explored. It is now well

understood that the thermolysis of ammonium thiomolybdates [(NH4)MoS4] in an N2 envi-

ronment results in the conversion to MoS3 at 120-360oC and further conversion to MoS2 by
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annealing at higher temperature (800oC). The relevant chemical reactions are shown in Eq.

2.6, 2.7.19 One can also suggest that the conversion can be done from (NH4)MoS4 directly

to MoS2 in the presence of H2 gas. This reaction, shown in Eq. 2.8, occurs at a moderate

temperature of around 425oC.19

(NH4)2MoS4 → 2NH3 +H2S+MoS3 (2.6)

MoS3 →MoS2 + S (2.7)

(NH4)2MoS4 +H2 → 2NH3 + 2H2S+MoS2 (2.8)

Liu et al. used a two-step process to produce large-crystalline MoS2 thin sheets on a

variety of insulating substrates.98 The �eld-e�ect transistors (FETs) devices made of the

MoS2 sheets exhibit high on/o� current ratio and carrier mobility values.

Synthesis via vapor pressure reaction of transition metal (oxide) and chalcogen

precursors

In this type of bottom-up technique also called direct reaction, or one-step process,

gaseous species of transition metal (or transition metal oxide) and chalcogenides are intro-

duced simultaneously. One such study by Lee et al. allowed growing large-area of MoS2 using

S and MoO3 powders on SiO2/Si substrate.89 This method allows growing single-crystalline

MoS2 �akes directly on arbitrary substrates, however, the substrate treatment prior to the

growth must be considered with care. The substrate treatment using aromatic molecules

such as graphene oxide (r-GO), perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt

(PTAS) and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), promotes the layer

growth of MoS2.93 These graphene-like molecules act as nucleation for this one-step CVD.

Others may argue that the nucleation of the growth can occur at the edges or defects

of the substrate. This allowed producing triangular-shaped MoS2 layers with the typical

domain size much larger than 1µm. Larger domains, of 120 µm (MoS2) and 180 µm (WS2)

were also obtained.30

Another condition that a�ects the morphology of TMDC growth is the nature of the

precursors. Ganorkar46 studied CVD growth of MoS2 with two precursors, MoO3 and MoCl5
and found that while the MoO3 precursor results in a triangular-shaped MoS2, the MoCl5
results in a uniform MoS2 but without the triangles. Besides the favorite SiO2 substrate,

TMDC SL can also be synthesized not only on other insulating substrates (Si wafer or

sapphire) but also on graphite.167

Besides growth on a weakly interacting substrate, growth on a more strongly coupling

substrate (Such as Au(111)139, Ni(111)10, Ag(111),105 etc) has been studied recently using

vdW epitaxy. In an example, the Mo atoms are evaporated under an ultra-high vacuum to
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a substrate in H2S environment. This method can produce very high-quality MoS2 SL with

a low density of defects.10 The outcome is further discussed in Chapter 5.

2.3 Conclusion

Single layer TMDCs are remarkable systems, for instance in the form of a semiconductor

with a great potential for applications. Using DFT calculations we can not only understand

the structural properties, but also the electronic properties. But some key questions remain

open. First, one may wonder how the materials' properties are a�ected by di�erent type

of defects. Second, will it be possible to create a heterojunction of two di�erent TMDCs

with a similar lattice constant? And third, can we decouple the TMDC single-layer from

a growth substrate with which they strongly interact? With all the techniques (simulation

and experiment) introduced in the last two chapters, �nding the answer to those questions

is the main purpose in the three next chapters.



Chapter 3

Point Defects in Single Layer TMDs

3.1 Introduction

Defects in a crystal are unavoidable according to the second law of thermodynamics, and

in practice due to the simple fact that the materials never are elementary 100% pure. Fur-

thermore, defects can also be formed during growth, post-processing, patterning, etc. Since

they change the properties of a system and especially can alter devices' e�ciency, it is of the

highest importance to determine their nature and their origin so that one could be able to

cure them or at least minimize their e�ect. This is especially true for 2D materials where

low dimensionality reinforces the e�ect of defects. For instance, vacancies introduce states

in the bandgap of semiconducting 2D materials, shift the Fermi level and then change the

electronic properties. Substitution of atoms may appear in the fabrication method and it

also modi�es the electronic structure (signi�cantly or not, in case of Se/S substitution), and

so on. Defect at the atomic scale can also have a considerable e�ect on magnetic, and optical

properties.

But defects can also be made on purpose to tune desired electronic, optical or magnetic

properties. It is the case in electronics devices such as junctions or transistors where dopants

are nothing else than defects that are well characterized and incorporated in the system in

a controlled way. In this chapter, we deal with point defects � that is geometrical defects

that a�ect isolated atomic sites of the crystal. One usually classi�es these defects in two

di�erent kinds, intrinsic ones such as vacancies, antisites, interstitial and extrinsic defects

such as substitutional defects and dopants.

The chapter builds on a paper published in ACS Nano.35 I have optimized the geometry

and calculated the electronic structure of many defects in MoS2 and calculated partial charge

map that are compared to STM experiments to determine the nature of a defect that was

observed with a high precision in a new source of MoS2 (prepared at high temperature and

35
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pressure � HP/HT) in the experimental teams of Néel Institute.

3.1.1 Intrinsic point defects in single layer TMDCs

Point defects can have di�erent forms: vacancies such as single vacancy of chalcogen or

metal atoms, a complex vacancy that can be a combination of chalcogen and/or metal

atoms, the substitution of the transition metal atom by another element, interstitial but

also adatoms on one side or both sides of the layer. Because they alter transport properties

and device characteristics64, they have been extensively studied especially the most common

one for MoS2, the S vacancy.53;71;75;76;94;125;175 The point defects can be introduced during

the fabrication process often occurring at relatively high-temperature60, but also during

monolayer transfer. They can also be related to the substrate. Some groups even create

point defects like vacancies by electron irradiation to study them.144;147

(a)

(b)

Figure 3.1: Point defects in MoS2. (a) atomic resolution STEM images, (b) formation energy
of di�erent point defects as a function of sulfur chemical potential. Reproduced from Zhou
et al.175

The single S vacancy is a defect commonly observed in MoS2 samples.75;125;175 Their

presence has been related to intrinsic n doping in MoS2 101 or not76. From calculations49;53

they have the lowest formation energy. Figure 3.1 from175 shows the formation energy of

di�erent point defects in MoS2 as a function of the sulfur chemical potential and their STEM

images. The calculated defects are described in �gure 3.2 and correspond to sulfur single

vacancy, sulfur divacancy with two possible con�gurations (two vacancies within the same

atomic plane or one in each of the atomic planes sandwiching the Mo plane), substitutional
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of S or Mo atoms by an extrinsic atom and Mo single vacancy. The defect formation energy

is calculated using:

Ef = EdefTot − E
host
Tot ±

∑
i

niµi, (3.1)

where Ef is the defect formation energy, EdefTot and EhostTot are the total energy taken from

DFT calculations with and without the defect, respectively, ni and µi are the number and

the chemical potential of the removed/added atoms.

(a) VS

(e) VMo

(b) VS2(superimposed) (c) VS2(neighboring) (d) S subtitution

(f) Mo substitution

Figure 3.2: Geometry of di�erent types of point defects within a TMDC single-layer: vacan-
cies (a)-(c), (d) subtitutional at position of S atom, (e) Mo-vacancy and (f) subtitutional at
position of Mo atom.

Eventually, another type of intrinsic defect � outside the layer � is an adatom.71;114;175

This adatom can occupy di�erent inequivalent high symmetry positions such as the center

of the hexagon, on top of the chalcogen or metal atom, bridge sites. Mo and S adatoms

are often observed on top of CVD - MoS2 175. Noh et al.114 found that the only stable

con�guration for the S adatom on MoS2 SL is on top of the S atom site whereas the Mo

adatom can be found on top of the hexagon center or Mo atom.

It is worth to note that discriminating the point defects at the atomic level is di�cult

because of their variety due to the di�erent steps involved in material growth. Recent

results from Barja11, for instance, based on multiple measurements with a speci�c fabrication

environment suggested that the common chalcogen defects are substitutional oxygen rather

than vacancies, this was also observed by several other groups.147;170
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3.2 DFT calculations of point defects in MoS2

We studied di�erent point defects of MoS2 to optimize their geometry and calculate their

electronic structure. These defects include MoS2 common point defects: S vacancy and di-

vacancy, Mo vacancy, Se/S and Cl/S substitution together with impurities that are detected

in MoS2 samples used in Néel Institute: Fe/Mo, C/S, N/S, B/S substitutions.

3.2.1 Calculation details

Calculations are performed using a supercell technique, which has been explained in Chapter

1. A plane-wave cut-o� of 500 eV and a Monkhorst-Pack mesh of 1×1 × 1 (for the atomic

relaxation) and 6×6× 1 (for the density of states calculations) for Brillouin zone integration

are employed. The total energies are converged if the change in total energy between two

ionic steps is smaller than 10 meV. In order to eliminate the interaction between two adjacent

layer images, a vacuum layer of 15Å is added in the z direction. A 6×6×1 super-cell in lateral
dimensions is constructed to introduce the point defects. The supercell is shown in Fig. 3.3

(a). For STM simulations, a constant-height cut of the partial charge is calculated on both

sides, as depicted in Fig. 3.3(c), from now onward, the constant-height cuts on the left (same

side than the defect) is called the defect-side and on the right is called the other-side.
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Figure 3.3: Supercell used for the calculation in (a) side and (b) top view. (c) The local
density surface for simulating the STM images regarding both sides of the defect positions.
The large (purple) and small (yellow) balls indicate Mo and S atom, respectively.

3.2.2 S vacancy

Figure 3.4 shows our DOS and partial charge maps (STM images) on both sides of the MoS2
plane of a S vacancy (VS) in a MoS2 SL. As one S atom is removed from the superstructure,

three nearest neighbor Mo atoms are found to be shifted away from the vacancy by 0.1 Å in

the Mo-plane, the S atom bellow is shifted downward by only 0.03Å. The vacancy induced
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two states in or close to the gap. The �rst one is �lled, on top of the valence band (-0.15

eV), the second one is empty (+1.1 eV) and strictly localized on the vacancy.
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Figure 3.4: S vacancy in MoS2 (a) DOS (b-e) partial charge maps on both sides of the
MoS2 plane and integrated on the shaded areas. (b) and (c) (resp. (d) and (e)) correspond
to �lled states (resp. empty states). (b) and (d) are on the vacancy side and (c) and (e)
on the opposite side. Blue(Yellow) balls correspond to Mo(S) atoms, respectively, the red
square indicates the defect position.

3.2.3 S divacancy

In addition to a single S vacancy, we also characterize the possibility of a double vacancy in

MoS2 SL. Two con�gurations were considered, in the �rst one, the two missing S atoms are

�rst neighbors (then in the same plane) while in the second case they are superimposed on

both sides of the Mo layer. The superimposed con�guration is preferred by 40 meV using

formula 3.1. Furthermore, our calculations in agreement with others show that S divacancy

is less favorable than S monovacancies.

Figure 3.5 shows the DOS and the simulated STM images of the MoS2 SL with an

S-divacancy where the two removed S atoms are in the same surface. While atomic displace-

ments are similar to what was observed in the mono vacancy case, the constant height cuts

show complex patterns due to the rehybridization of orbitals. This type of defect obviously

breaks the 3-fold symmetry of the lattice and creates two sets of two peaks, one on top of
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the valence band and the other one deep inside the gap so at positions similar to what was

found for the single vacancy. Here again, states in the gap are localized on the vacancies.
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Figure 3.5: S divacancy in MoS2 where the two missing S atoms are on the same plane. (a)
DOS, (b-i) partial charge maps on both sides of MoS2 plane and integrated on the shaded
areas marked (1), (2), (3), (4) in (a). The DOS of pristine MoS2 has been shifted to match
the CBM of the defect DOS. Left (right) column of the partial charge maps correspond to
the defect (other) sides.

The second possibility of VS2 is that the two removed S atom are superimposed located

in two di�erent atomic planes, the DOS and the simulated STM images of this structure are

shown in Fig. 3.6. The removal of 2 S atoms creates 6 dangling bonds for the super-lattice

system and modi�es the top of the valence band signi�cantly. To characterize the �lled

states at the top of the valence bands, the partial charges integrated with the range of -0.2

to 0.2 eV are shown in Fig 3.6 (b-c). Another resonance at 1.15 eV is un�lled and strictly

localized on the vacancy. Obviously, due to the mirror symmetry in the z direction, the

partial charge maps on both sides of the MoS2 plane are identical. The partial charge maps
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are very similar to the one obtained for the mono-vacancy.
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Figure 3.6: S divacancy in MoS2 where two removed S atoms are superimposed. (a) DOS,
(b-e) partial charged maps on both sides of the MoS2 plane and integrated on the shaded
areas. (b) and (c) (resp. (d) and (e)) correspond to �lled states (resp. empty states). The
DOS of pristine MoS2 has been shifted to match the CBM of the defect DOS. Partial charge
density cuts are identical on both sides.
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3.2.4 Se/S substitution
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Figure 3.7: DOS of MoS2 SL where a S atom is replaced by a Se atom. (a) DOS, (b-e)
partial charged maps on both sides of the MoS2 plane and integrated on the shaded areas.
(b) and (c) (resp. (d) and (e)) are the partial charge at the vicinity of the valence band
(resp. conduction band). Partial charge density cuts are identical on both sides.

Here, we analyze the case where an S atom is replaced by a Se atom. The reason behind

these calculations is that MS2/MSe2 heterostructure has been investigated recently by several

groups.12 Since the growth usually needs multiple evaporation steps at high temperatures,

di�erent types of defects might appear, and one of them is the di�usion of S/Se at the

interface of the junction. Since S and Se atoms are in the chalcogen family, they all have 4

electrons at the outer shell, the contribution of Se/S substitution in the super-lattice should

have no signi�cant e�ect. This is indeed what we �nd, the DOS in Fig. 3.7 (a) shows that

the bandgap of the defect structure is reduced by only 30 meV and no feature appears in it.
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3.2.5 B/S substitution

In the next parts, we investigate the possibility of p-type doping replacing an S atom with

B, C, N.101 Figure 3.8 shows the DOS and the partial charge of MoS2 SL where an S atom

is replaced by a B atom. The lattice symmetry remains, the substitutional B atom is moved

0.7 Å towards the Mo-plane with respect to the original S atom. A single defect state is

found in the DOS spectrum in Fig. 3.8(a) close to the valence band that �xes the Fermi

level. Partial charge maps show that this defect like the other ones a�ects both sides of the

SL.
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Figure 3.8: B substituting S in MoS2 SL. (a) DOS, (b-c) partial charge maps (STM images)
on both sides of the MoS2 plane and integrated on the shaded areas. The DOS of pristine
MoS2 has been shifted to match the CBM of the defect DOS. Left (right) column of the
partial charge maps corresponds to the defect (other) side.
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3.2.6 C/S substitution

Figure 3.9 shows the DOS and the partial charge density cuts of MoS2 SL where a S atom

is replaced by a C atom. Similar to BS defect, the substitutional C atom moves 0.75 Å

towards the Mo-plane. A single defect state is found in the DOS (Fig. 3.8(a)) at the top of

the valence band, in agreement with reference101.
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Figure 3.9: C substituting S atom in MoS2 SL. (a) DOS, (b-c) partial charge maps on both
sides of the MoS2 plane and integrated on the shaded areas. The DOS of pristine MoS2 has
been shifted to match the CBM of the defect DOS. Left (right) column of the partial charge
maps corresponds to the defect (other) side.
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3.2.7 N/S substitution

Another candidate to induce p-type-doping in MoS2 is an N atom substituting an S atom.

The results are shown in Fig. 3.10. With no change in lattice symmetry like other point

defects, the N atom position is moved 0.7 Å towards the Mo-plane with respect to the S

atom. A sharp peak appears at the Fermi level and studying spin polarization of this state

could be interesting114. The STM features of the defect look similar on both sides, consisting

of a ring with three pairs of radial legs.
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Figure 3.10: N substituting S atom in MoS2 SL. (a) DOS, (b-c) partial charge maps on both
sides of the MoS2 plane and integrated on the shaded areas. The DOS of pristine MoS2 has
been shifted to match the CBM of the defect DOS. Left (right) column of the partial charge
maps corresponds to the defect (other) side.
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3.2.8 Cl/S substitution

To evaluate now n-type doping possibilities, we simulate MoS2 SL where an S atom is

substituted by a chlorine (Cl) atom, ClS. The ClS system is excepted to act as a source

of n-type doping for MoS2 because Cl has one more electron than S. The DOS is shown

in Fig. 3.11(a), a state is found in the gap about 0.2 eV below the CBM, similar to what

Dolui et al. have found34. No great change in lattice structure was observed, the substituted

Cl atoms remain almost at the exact position of the replaced S atom. The simulated STM

images show bright spots on the neighboring S atoms, depression is found around the defect

at about 2 lattice constants.
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Figure 3.11: Cl substituting a S atom in MoS2 SL. (a) DOS, (b-c) partial charge maps on
both sides of the MoS2 plane and integrated on the shaded area. The DOS of pristine MoS2
has been shifted to match the CBM of the defect DOS. Left (right) column of the partial
charge maps corresponds to the defect (other) side.

3.2.9 Mo vacancy

The atomic structure of a VMo is shown in Fig. 3.2(e). The DOS and simulated STM

images are shown in Fig. 3.12. Like for the S (di)vacancy, the geometry of the Mo vacancy

does not induce a signi�cant distortion of the lattice. The atoms surrounding the vacancy

are slightly moved toward the defect position. As a result of the defect formation, a Mo

atom and six Mo-S bonds are eliminated, consequently, six S dangling bonds remain in the

VMo structure. As shown in Fig. 3.12 (a), four peaks are found in the gap or close to it.
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In agreement with Noh114, the �rst two states are �lled and the other two are empty. The

partial charge maps integrated in region (1)-(4) are given in Fig. 3.12 (b-i). Images on both

sides are identical because of the symmetry of the defect.
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Figure 3.12: (a) Density of states of Mo vacancy VMo in MoS2 SL. (b-c), (d-e), (f-g), (h-i)
corresponds to partial charge maps at peak positions (1), (2), (3), (4) in (a), respectively.
DOS of pristine MoS2 has been shifted to match the CBM of the defect DOS. Left (right)
column of the partial corresponds to the same defect side (opposite).

3.2.10 Fe/Mo substitution

Next, we consider the substitution of Mo by Fe. When Fe replaces Mo, two extra electrons

are added to the supercell. It creates a peak located well above the CBM at 0.7 eV. The

substitutional defect also creates a defect state inside the bandgap (Fig. 3.13(a)). The

simulated STM images are identical from both sides because of the symmetry of the system.
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Figure 3.13: Fe substituting Mo in MoS2 SL. (a) DOS, (b-c) partial charge maps on both
sides of the MoS2 plane and integrated on the shaded areas. The DOS of pristine MoS2 has
been shifted to match the CBM of the defect DOS. Left (right) column of the partial charge
maps correspond to the defect (other) side.

3.3 Weakly Trapped, Charged, and Free excitons in Single-

Layer MoS2 in the Presence of Defects, Strain, and

Charged Impurities

Defects in di�erent MoS2 samples by mechanical exfoliation of two kinds of bulk MoS2 (a

natural source, and a source prepared at high temperature and pressure � HP/HT) on

di�erent substrates were studied by Raman, PL, and STM in Néel Institute. They found

the defect-bound state in HP/HT MoS2 having low binding energy of 20 meV that does not

appear sensitive to strain and doping, unlike charged excitons. The nature of this defect

has been solved by coupling the STM experiment results from P. Mallet - J. Y. Veuillen and

co-workers to our DFT calculations.35

STM images of HP/HT MoS2 with 5 layers show two prominent populations of point

defects, which appear as a bright feature and a depression, respectively (Figure 3.14).

Depression-like defects of the same extension (1−2 nm) or slightly larger (in the few nanome-

ter scales) have been reported previously.49;101;125;147 Among them, one appears as a depres-

sion at negative tip-sample bias as in our observations and is a characteristic defect in natural

MoS2 that is ascribed to missing S-Mo-S fragments located either in the top or in a buried

MoS2 layer.3 The second kind of defect (the bright one � green arrow) has not been observed
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Figure 3.14: STM topography (Vb = -2V, It = 0.2 nA) close-up view on some defects.
The green and pink arrows point to two kinds of defects (measurements by P. Mallet, J.-Y.
Veuillen and co-workers).

in natural MoS2 samples and is hence generated during the preparation of the HP/HT sam-

ple. It has a characteristic shape resolved with sharp STM tips, consisting of a ring with

three pairs of radial legs. The size of the ring is typically 0.7 nm. Defects featuring a

ring shape in STM have also been reported previously1 and were ascribed to alkali atoms

adsorbed on the surface. Neither the HP/HT process nor the ultra-high-vacuum chamber

where the STM measurements were performed seems to yield such adsorbates.

Impurities that are detected in the chemical analysis of raw MoS2 or present in the h-BN

capsule used in the HP/HT process were described in the previous part. The Summary

of the partial charge maps that we calculated is given in Fig 3.15 for comparison with

STM images. This includes a sulfur vacancy, a molybdenum atom substituted by an iron

atom, a sulfur atom substituted by a carbon, a nitrogen, and a boron atom. Each of these

defects are associated with electronic states inside the bandgap of MoS2 or close to the

bandgap edges (3.15).34;101;144 The spatial resolution is higher in partial charge maps than

in STM presumably due to the shape of the tip, and more realistic simulation of the actual

experimental situation would require taking into account the electronic properties of the

tip, which we do not do here. Nevertheless, the main features of the defect pointed by the

green arrow compare very well to the N substitutional defect: the sizes of the lower-intensity

central feature match and the three pairs of legs appearing in the experimental image seem

reminiscent of the three lobes found in the simulations. The new defect observed in HP/HT

MoS2 was then ascribed to an N substitutional defect.

Photoluminescence measurements performed in Néel Institute on the same samples unveil

various optically active excitonic complexes and especially a defect-bound state having low

binding energy of 20 meV that we related to the N/S defect.

To summarize our results for point defects in MoS2 SL, we found that in most cases, point
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Figure 3.15: Electronic density of states and constant-height cuts (1 Å) of the partial charge
around B/S, N/S, C/S substituted atoms , the Mo/Fe and the sulfur vacancy integrated in
the energy range shaded in the electronic density of states spectra (the �fth and sixth rows
correspond to the two lower- and higher-energy yellow-shaded ranges respectively). The
electronic density of states for defect-free MoS2 is shown as a reference. All spectra have
been shifted horizontally to match the minima of the conduction band (at zero energy) and
vertically for clarity.

defects do not signi�cantly alter the lattice structure and that the created defect states are

localized close to the defect. Coupling DFT calculations and STM imaging allowed us to

discriminate between many possibilities to unveil the nature of the observed defect.



Chapter 4

MoSe2/WSe2 in-plane junction - the

zigzag case

4.1 Introduction

In case of 3D materials, when two doped semiconductors (e.g. two TMDCs) are brought

together to form a p−n junction at thermal equilibrium, electrons (holes) from the n(p) part

di�use to the p(n) part where they recombine, leaving the charged ions (ionized dopants) un-

compensated. Due to the limited density of free carriers in a semiconductor, recombination

occurs within a region of �nite width which becomes insulating but charged and is called de-

pletion layer. This region is associated with an extended interface dipole. The corresponding

electric �eld induces a bending of valence and conduction bands of each constituent. In a

junction between intrinsic semiconductors, the bands may align with respect to the vacuum

level.

This band alignment description assumes that no interfacial or defect state exists within

the gaps. If it is not the case (the most common case) then these defect will pin the Fermi

level and play a major role in the junction operation.103

In the case of 2D systems, the picture developed for 3D systems must be revised. In

a stack between two 2D materials, the concept of a depletion region breaks down, since a

meaningful thickness cannot be de�ned for SL 2D materials. In lateral junctions between

2D materials, like the ones considered here, depletion regions are expected, yet their modi�-

cation upon applied bias may not resemble the situation in 3D systems, due to the reduced

dimensionality2. Furthermore, defects in 2D materials give rise to speci�c electronic ef-

fects, and their occurrence at the lateral interface between 2D materials (a 1D interface)

may accordingly lead to speci�c Fermi level pinning unlike in 2D interfaces (between 3D

materials).
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Answering these questions requires the understanding of the 2D interface physics at the

atomic scale, an issue which is poorly known up to now. Indeed, to our knowledge, only a few

studies at this scale have been published. In a �rst one STM/STS and photoluminescence

experiments are coupled on MoS2 islands on highly oriented pyrolytic graphite HOPG. It

demonstrates pinning of the Fermi level by edge state located within the gap and determines

the band bending and the width of the depletion layer.168 In-plane and vertical junctions

between two 2D materials can both be prepared by in-situ growth48;62. In this chapter, we

focus on 2D junctions as prototypes of what true 2D electronics could be. TMDCs with

the same chalcogen atom have very similar lattice parameters allowing the growth of sharp

in-plane junctions.

4.1.1 Methods

Calculations were performed using the VASP code which is based on density functional

theory. The electron-ion interaction is described within the PAW approach, and we use a

PBE functional. The supercell approach is used to calculate ribbons (20×1) or junctions
(20×1 or 20×4 with defects). A large empty space is introduced in the supercell ( 25 Å)

to avoid spurious interaction along the z direction. A grid of 1×5×1 k point is used, after

convergence the total energy variation is smaller than 0.01 eV.

4.1.2 From in�nite 2D materials to WSe2 zigzag ribbon

A ribbon can present di�erent edges geometries: zigzag, armchair, mixed character. They

can cut one or two bonds per atom, end on transition metal or chalcogen atoms. Here, a

WSe2 ribbon with zigzag edges is modeled, and we use a geometry where the edges only cut

one bond (because cutting 2 bonds would have a higher energy cost). A zigzag ribbon will

end on W atoms on one side and Se atoms on the other one (Figure 4.1). Relaxation occurs

at the edge. It is rather large on the transition metal side where the atoms go inward so that

the edge is made of a mixed W-Se line. The DOS show states within the gap deriving from

Se orbitals in the lower part of the gap and W orbitals in the higher part. This is coherent

with the positions of vacancy states in the gap of MoSe2: a W(Se) edge corresponds to

missing Se (W) atoms and then creates states within the gap at positions close to what was

found for chalcogen (transition metal) vacancy in Chapter 3. The Fermi level falls in one of

these states. The edge state on the W side mainly derives from W dangling bonds, which

have a larger spacial extension within the ribbon (Fig 4.1(c)) than edge states on the other

side, that remain localized on the Se atom edge.

In classical (3D) heterojunction models, these edge states (the equivalent of surface states
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Figure 4.1: (a) Electrostatic pro�le of 10×2 WSe2 ribbon, (b) DOS and (c) partial charge
maps integrated on the di�erent energy ranges shown in (b), 4 cells are shown along y to
better show the edge relaxation. Partial charge cut on Se side is shown just above the Se
layer (on the left) and in the W layer (on the right).

for 3D materials) form a band that could pin the Fermi level: adding or subtracting electrons

from the band only has a small e�ect on the position of the Fermi level because of the band

high density of states that can accommodate any variation of charge. A surface dipole is

formed. When a junction is formed charge transfer between the surface states bands of the

two semiconductors creates a dipole at the interface that aligns the two Fermi levels with

an only small variation of the two band structures. Band o�set is then determined by the

positions of the two surface states in the gap and of the Fermi level within it. Defects in

the semiconductors or interface states ( due e.g. to the penetration of wavefunctions of

one semiconductor in the gap of the other one) that lead to bands within the gaps with

a strong density of states can play a similar role and also �x the Fermi level. When no

defect or surface or interface bands exist in the gap, bands align with respect to the vacuum

level, which is the electronic a�nity of each constituent that are bulk properties of the two

semiconductors8. This last case is really rare.

4.2 MoSe2/WSe2 heterojunction

The use of a supercell to model a junction means that two junctions are in fact modeled at

the same time. The �rst one (see Figure 4.2(a)) occurs on a Se line where one Se atom is

bound to 1 Mo and 2 W and the second one is the reverse case: a Se atom is bound to 2 Mo

and 1 W. The last case is not present in this �gure, however, results from periodic boundary

condition.
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TMDCs that share the same chalcogen atom, Se here, have very similar lattice parameters

(the lattice constant of MoSe2/WSe2 are 3.32 / 3.35 Å, respectively, and the distance between

the two Se layers are both 3.34 Å). As a consequence, the interface geometry is really simple

and the junction appears as a continuation of the lattice (Figure 4.2). If one considers that

the junction is created by assembling ribbons, the evolution of the edge states is of interest.

Here the DOS of the junction (Figure 4.2(c)) shows no state within the gap: the edge states

of the ribbons disappeared which means that the cut dangling bonds recombine so that there

is a perfect matching of the wave functions at the interface, and the interface is also ideal at

the electronic scale.

No surface/defect states in the gap mean that the bands should align with respect to the

vacuum level. The calculated WSe2 (MoSe2) bandgap is equal to 1.44 eV (resp. 1.25 eV)

while its work function are both equal to ≈ 2.5 eV. Positioning the bands with respect to the

vacuum level led to the prediction of a type II junction for the MoSe2/WSe2 system62. This

is what we �nd: maps of the partial DOS indeed show states on the WSe2 side only at the

top of the valence band and states on the MoSe2 side only, at the bottom of the conduction

band. These states leak in the gap inducing evanescent states Fig. 4.2(b) and then a charge

transfer (electrons are transferred from WSe2 to MoSe2) and an interface dipole. According

to the potential plotted in Fig. 4.2(a), the o�set is equal to 0.2 eV. This is a �simple� DFT

calculation so quantitative agreement with experiment is not expected.
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Figure 4.2: MoSe2/WSe2 junction. (a) potential and optimized interface geometry, (b) total
DOS, (c /d) cross section of the partial DOS integrated on the shaded area on top of the
valence band (/ bottom of the conduction band) and taken just above the upper Se plane.

The dipole extends on several unit cell distances and in a �rst calculation with a 20×4 cell
(10×4 MoSe2 unit cells and 10×4 WSe2 unit cells) the evanescent states of the two junctions

were overlapping. Here the distance between the two junctions is doubled (10 unit cells)

and a strong decrease of the evanescent states is observed in the middle of the MoSe2(WSe2)

part where they become negligible (partial DOS images in Fig. 4.2).

As already mentioned, junctions 1 and 2 are not symmetric. The electrostatic variations

of the potential in Figure 4.2(a) are not symmetric either, the interface dipole has a larger
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extension in junction 1 (MoSe2 regions) than in junction 2 (WSe2 regions).

4.3 Se vacancy in a MoSe2/WSe2 junction (20x4)

As already discussed, defects can play an important role at heterojunctions. As a �rst step

towards the understanding of this role, we have modeled one Se vacancy at the MoSe2/WSe2
junction. The system is described by a 20×4 supercell and at convergence, the total energy

variation is smaller than 0.04 eV. The di�erent vacancy positions and the total energy as a

function of the position are shown in �gure 4.3. A �rst conclusion is that Se vacancy will be

more favorable on the WSe2 of the junction.

The corresponding DOS are shown in �gure 4.4. They mainly show a shift of the vacancy

peak in the gap. The partial charge density are shown in �gure 4.5 They are integrated from

0 to 1 eV (1.3 eV) on the MoSe2(WSe2) side. The e�ect of the interface is here again rather

small.
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Figure 4.3: (a) Schematic of the supercell used for the calculation in top view. Blue circles
give di�erent defect positions. (b) Total energy as a function of defect positions.
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Figure 4.4: S vacancy in MoSe2/WSe2 heterojunction. (a) Lattice structure and (b) DOS.
Blue circles, vectors represent the defect positions and directions where the Se atoms are
being removed.
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Figure 4.5: Cross section of the partial DOS integrated in the gap. Two unit cells are shown
in the y direction, one with the atoms, the other one without.
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4.4 Conclusion

In this chapter we showed that the MoSe2/WSe2 interface is nearly perfect at a di�erent

level: it induces very small relaxation, the electronic structure is just slightly a�ected and

even defect properties remains similar on both sides. As a next step, it would be interesting

to add di�erent types of defects on both sides of the junction to create a p− n junction.



Chapter 5

Epitaxial of TMDs on Metal Surface

Intercalation of alkali atoms within the lamellar transition metal dichalocgenides is a possible

route to a new generation of batteries. It is also a way to induce structural phase transi-

tions authorizing the realization of optical and electrical switches in this class of materials.

The process of intercalation has been studied in thick or thin dichalcogenide �lms. Here,

we address the case of a single-layer of molybdenum disul�de (MoS2), deposited on a gold

substrate. We studied the intercalation of cesium (Cs) in ultra-clean conditions (ultrahigh

vacuum). This allows us to put in evidence that intercalation decouples MoS2 from its sub-

strate, signi�cantly increasing the spacing distance. We discuss the strong charge donation

from Cs to MoS2, and the lifting of the hybridization between the orbitals of MoS2 and of

the substrate. Besides, we �nd an abnormal lattice expansion of MoS2 that is related to

the immediate vicinity of Cs, via strong electron doping and/or strong repulsion between Cs

atoms. Intercalation is thermally activated, and so is the reverse process of de-intercalation.

Our works open the route to a microscopic understanding of a process of relevance in sev-

eral possible future technologies and shows the way to the manipulation of the properties of

two-dimensional dichalcogenides by �under-cover� functionalization.

The work reported in this chapter has been performed in collaboration between Néel

Institute, CEA-INAC, and CEA-SPECS. I was in charge of the fabrication and characteriza-

tion by RHEED and STM at Néel Institute, and the fabrication was also done at the BM32

beamline of the ESRF, where RHEED and X-ray scattering experiments were made.

5.1 Introduction

The interest for transition metal dichalcogenide single-layers, initially spurred by the bright

light emission found in molybdenum disul�de (MoS2)106;140 and the achievement of electro-

static switching of electrical conduction in MoS2,126 has revived activities devoted to the
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synthesis of the materials. E�orts to reach the kind of structural quality found in mechani-

cally exfoliated samples with bottom-up approaches � chemical vapour deposition,38;89;98;166

chalcogenation of metal surfaces,72;118;155 or molecular beam epitaxy, standard145 or reactive

under H2S atmosphere10;57;139 � are ongoing. Chalcogenation and reactive molecular beam

epitaxy both usually require a metallic substrate. As-prepared samples are hence not suited

to the study of some of the key properties of the material, e.g. those relating to excitons

which become very short-lived due to the immediate vicinity of a metallic (substrate) charge

reservoir, and electrical transport properties which are shunt by the conductive substrate.

Besides, in the prototypical case of Au(111) as a substrate, MoS2 does not retain the prop-

erties of the isolated material. Signi�cant interaction between the electronic bands of MoS2
and Au(111) was indeed detected21 and the existence of a moiré pattern was found to induce

a nanometer-scale modulation of this interaction.80

One way to alter this interaction is to �lift� MoS2 from its surface. Such lifting is ac-

tually occurring spontaneously, across regions spanning typically a nanometer, when MoS2
overhangs on Ångström-deep vacancy islands of the substrate.81 E�ective lifting may be

achieved using an alternative strategy, namely by intercalating a layer of a species decou-

pling MoS2 from its substrate. This strategy, already allowed to obtain quasi-free-standing

graphene,85;128;148 as shown by the observation of the typical dispersion of the π bands ex-

pected for isolated graphene. Beyond a simple decoupling of graphene, intercalation was

also shown to induce high electron146 and hole151 doping, as well as superconductivity65.

The intercalation of species in 2D materials others than graphene is a new topic of

research. For instance, Yu et al.163 studied the intercalation of small cation H+ or Li+

between the TMDC SL and the underlying substrate of SiO2 and sapphire. Mahatha et

al.105 studied the intercalation of Bi atoms between a WS2 single layer and a Ag substrate,

and found that the TMDC was decoupled from its surface.

On the contrary, intercalation of thicker transition metal dichalcogenides, has been thor-

oughly investigated. Much like with graphite, a rich variety of systems with modulated

structure in the direction perpendicular to the basal plane can be formed this way.45 Us-

ing layers of alkali atoms, molecules, or transition metals as intercalants, unique properties

including superconductivity and (anti)ferromagnetism have been found.45 The ability to

store (release) lithium atoms by intercalation (de-intercalation) also makes transition metal

dichalcogenides possible electrode materials, both as cathode110 and anode,42;158 for Li-ion

batteries. Electro-donnor intercalants besides promote a structural phase transition from a

semiconducting phase to a metallic one,4;37;40;54;56;122;154;156;159;161 with potential applications

in data storage and recon�gurable electrical circuitry.

Here, we report on the intercalation and de-intercalation of alkali atoms, cesium (Cs).

Unlike essentially all works addressing in-solution intercalation of thick or thin transition



CHAPTER 5. EPITAXIAL OF TMDS ON METAL SURFACE 61

metal dichalcogenide layers, the focus of our work is single-layer MoS2 �akes, prepared on

Au(111), and (de)intercalated under ultrahigh vacuum conditions. We �nd that the process

of intercalation is thermally activated, being completed after few tens of minutes at a temper-

ature of 550 K. A few 100 K above this temperature, deintercalation is active and completed

within a few tens of minutes. We show that beyond charge donation and a change of the

value of the electronic band-gap upon mere adsorption,108 intercalation underneath MoS2
lifts it from the substrate, and causes an abnormal lattice expansion parallel to the surface.

Our analysis combines scanning tunneling microscopy (STM) performed at Néel Institute,

re�ection high-energy electron di�raction (RHEED) performed at Néel Institute and at the

BM32 beamline of the ESRF, grazing incidence X-ray di�raction (GIXRD) and, re�ectivity

(XRR) both performed at BM32 by Dr. G. Renaud and R. Sant. These measurements have

been made in situ and some in operando under ultrahigh vacuum.

5.2 Reactive molecular beam epitaxy of MoS2 on Au(111)

Single-layer MoS2 �akes were grown following the procedure described by Grønborg et al.51

Two ultrahigh vacuum systems were used for our experiments. A �rst one is coupled to the

X-ray synchrotron beam delivered at the BM32 beamline of the ESRF. It has a base pressure

of 3×10−10 mbar and is equipped with a quartz micro-balance and a RHEED apparatus. The

second one, with a base pressure of 2×10−10 mbar coupled to complementary in situ probes,

a STM, a RHEED apparatus, and a quartz microbalance (as depicted in Fig. 5.1) (see also

Fig. 1.2 Chapter 1). The samples were prepared in each system before being investigated by

RHEED, STM, GIXRD, and XRR. Temperatures were measured with a pyrometer in both

systems.

Our gold single-crystals was bought from Surface Preparation Laboratory and prepared

under ultrahigh vacuum by sputter-anneal cycles. Each cycle consisted of 15-30 minutes of

argon ion bombardment at room temperature and followed by 15-30 minutes of annealing

at ≈ 850K, the Ar+ energy was 1.0 keV and the Ar pressure of 2 × 10−5 mbar. Surface

cleanliness was checked with STM imaging and RHEED. Evidences of the typical Au(111)

herringbone reconstructions in both RHEED and STM (Fig. 5.2 (a,b)) con�rmed the surface

quality.

Molybdenum was evaporated using a high-purity rod heated by electron-beam bombard-

ment, at a rate of ≈ 0.02 monolayer/min in ultrahigh vacuum chamber coupled to the X-ray

beam and in the ultrahigh vacuum chamber coupled to the STM respectively (one monolayer

referring to the surface coverage of a pseudomorphic Mo layer on Au(111)). The deposition

rate was estimated with a quartz microbalance. In the setup installed at the ESRF, this

estimate is relyable, within 10-20%. In the setup installed at Néel Institute, this estimate is
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Figure 5.1: Schematic representation of an ultra high vacuum system setup.

much less reliable, due to the geometry of the ultrahigh vacuum chamber: the orientation

of the electron-beam evaporator is strongly o� the normal of the sample, and the quartz

microbalance itself has a frame that can generate signi�cant shadowing e�ects. This is why

we rather rely on a callibration made with STM by measuring the coverage of Mo on the

bare Au(111) surface. Figure 5.2(b) shows a typical example where Mo was evaporated for

20 min on Au(111). Molybdenum forms small clusters, here with a monolayer thickness,

organized on the elbows of the herringbone reconstruction.

For introduction of H2S in the ultrahigh vacuum chambers, we used a gas automatic

distribution system (chamber coupled to the X-ray beam, it uses a mass �ow controller

and pneumatic valves governed by an automatic system (the control unit)) and a leak-valve

(chamber coupled to the STM). In the latter system, large copper parts are found. Their

surface was saturated by maintaining a 1×10−6 mbar of H2S for 30 min. Without this

treatment, residual gas analysis revealed that H2S was prominently decomposed before even

reaching the sample surface, which prevented MoS2 growth.

The clean Au(111) surface was exposed to a partial pressure of H2S (PH2S ≈ 1 ×
10−5mbar) introduced in the ultrahigh vacuum systems, then molybdenum was deposited

on the surface in presence of H2S, and the sample was annealed to 850 K without the Mo

atomic beam but still in presence of H2S. This sequence was repeated four times to achieve a

surface coverage of 60-80% with MoS2. Cesium was deposited under ultrahigh vacuum with

the help of a resistively heated high purity Cs dispenser from Saes Getter. We evaporated

the Cs for 30 minutes under the current of 6.75 Å, the pressure during the evaporation is at

2.2 ×10−9 mbar.

STM measurements have been performed with our Omicron-STM1 apparatus, at room

temperature under ultrahigh vacuum, in a dedicated chamber with a base pressure of

5×10−11 mbar. The STM topography was performed in constant current mode with the

bias applied to the sample.
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Figure 5.2: The clean Au(111) surface before (a,b) and after (c) exposing to Mo. The
RHEED di�ractogram is taken along the [1	10] azimuth. The STM topograph in (b) is taken
with 2nA, 1V, the inset �gure in (b) shows the herringbone reconstruction of Au(111) (2
nA, -2V).

5.3 Results and Discussion

5.3.1 Structure of MoS2 single-layer islands on Au(111)

Figure 5.3a-d shows the typical di�raction patterns and morphology of the surface after

growth. The MoS2 �akes exhibit straight edges,16 have an extension of the order of several

10 nm; in between the �akes the herringbone reconstruction of the bare Au(111) is visible.

These observations are consistent with those in previous reports.51;139

1 nm
-1a

25 nm

3.17 nm

MoS 2

Au(111)d111d Au

2d111d Au

hMoS2

b
20 nm

c

Figure 5.3: Single layer MoS2 islands prepared on Au(111), (a) Three-dimensional view of
a STM topograph (2 nA, -2 V) of single-layer MoS2 islands formed on Au(111), with the
herringbone reconstruction of the latter visible. (b) Three-dimensional view of an atomically-
resolved STM topograph (1 nA, -2 V) of the moiré lattice between Au(111) and MoS2. (c)
Close-up STM view (1 nA, -2 V) of a MoS2 island revealing linear defect.

A pronounced pattern, with 3.17 nm periodicity, is visible on the MoS2 �akes presented

in Figure 5.3 and 5.4. This pattern arises from the lattice mismatch with the substrate, and

is described with an analogy to the optical moiré e�ect.139 Careful analysis of atomically-

resolved STM images and their Fourier transform (Figure 5.3b) allows to determine the size

of the moiré unit cell. We �nd that the highest symmetry Au(111) and MoS2 crystallographic
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Figure 5.4: Single layer MoS2 islands prepared on Au(111). (a) RHEED di�ractogram
(17 keV) along the [1	10] azimuth. (b) Fast Fourier transform of an atomically resolved STM
image, giving information consistent with the RHEED di�ractogram. (c) In-plane cut of the
reciprocal lattice, as measured with X-rays. (d) Radial scan of the X-ray scattered intensity,
as a function of the modulus of the in-plane scattering vector Q‖ for Au(111) with and
without single-layer MoS2 islands on top. Inset: In-plane cut of the reciprocal lattice, in the
area marked with a dotted frame in c.

direction are precisely aligned, and that the unit cell corresponds to the precise coincidence

of 10 MoS2 unit cells onto 11 Au(111) unit cells (10×11), consistent with a recent report.10

This moiré unit cell is consistent with the average reciprocal space lattice vector as-

sociated to the moiré, that is directly inferred from RHEED (Figure 5.3a) and GIXRD

(Figure 5.4c,d) to be 0.3162 nm. We note that the moiré signals have strong intensity in

GIXRD, translating a signi�cant lattice distortion in MoS2 and/or the topmost Au(111)

planes with the in-plane periodicity of the moiré.

The full-width at half maximum of the MoS2 peaks in a radial direction (Figure 5.4d)

increases from 0.32 ± 0.05 nm−1 to 0.54 ± 0.05 nm−1 from �rst to third order. This

corresponds to a domain size of 10-18 nm and a distribution of in-plane lattice parameter of

typically 0.6%.52 Strikingly, the domain size is here smaller than the value of several 10 nm

corresponding to the �ake size that we determined by visual inspection of STM images. This

di�erence simply shows that the �akes are not single-crystal, and actually consist each of

(smaller) single-crystal grains. We indeed frequently observe linear defects within the �akes,

at the boundary between laterally-shifted domains (see Figure 5.3(c)). Our interpretation

is that at each of the four steps of the MoS2 preparation, new MoS2 islands nucleate, grow,

and coalesce with pre-existing ones � no lattice re-organisation occurs that would eliminate

the linear defect (so-called anti-phase grain boundaries) and yield large single-crystal �akes.

The Fourier transform of the total electronic density of the system along the out-of-plane

direction is in fact directly measured in the XRR experiment whose result is shown in Figure

5.5b. In between the (000) and (111) crystallographic re�ections of Au(111), we observe a
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Figure 5.5: Square root of the X-ray re�ectivity as function of the modulus of the out-of-
plane scattering vector Q⊥. The double arrow marks the distance between two destructive
interference conditions.

rebound in the re�ectivity. Qualitatively, the distance between the two minima is set by

destructive interferences between the Au(111) lattice perpendicular to the surface and the

MoS2 layer. From this qualitative argument we estimate that destructive interferences occur

between atomic planes whose interdistance is about three times the Au(111) interdistance.

This agrees well with the value given by STM estimations.

5.3.2 E�ects of Cs intercalation on the structure of MoS2

The sample was �rst exposed to Cs under ultrahigh vacuum at room temperature. This

treatment has several e�ects on di�raction patterns. First, the di�raction signal associated

to MoS2 progressively shows two components, one of which corresponding to an expansion of

the lattice. We also observe an overall decreases in intensity as the Cs dose increases, which

points to increased disorder. Second, the signals associated with the moiré lattice decrease

in intensity, which suggests a reduction of the amplitude of the periodic lattice distortions

associated with the spatially varying interaction between Au(111) and MoS2.

These two e�ects get more prominent when the sample is annealed a few 100 K above

room temperature, typically at 550 K (after Cs deposition), suggesting that kinetics is gov-

erning the surface processes here. After three steps, planar cuts in reciprocal space essentially

feature the Au and MoS2 peaks, with no sign of a moiré contribution and a new superstruc-

ture manifesting around the Au peaks (Figure 5.6a). In Figure 5.6b we show radial scans

of the scattered intensity at di�erent steps of the procedure we just described. The �gure

reveals the gradual change of the lineshape and position of the MoS2 peaks together with
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the progressive vanishing of the moiré peak.

A straightforward way to interpret these observations is to invoke intercalation of Cs in

between MoS2 and Au(111). As we have seen (Figure 5.5), without Cs signi�cant hybridiza-

tion and periodic lattice distortion are expected, which accounts for the strong moiré signals

initially observed (Figure 5.4a,b). Conversely, the vanishing signal upon Cs deposition and

annealing indicates that the atomic distortions related to the moiré are signi�cantly reduced.

This strongly suggests that hybridization e�ects are canceled, and we will see below that

indeed intercalation is precisely expected to have this e�ect.
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Figure 5.6: Structural changes in MoS2 upon Cs intercalation. (a) In-plane reciprocal lattice
measured with X-rays after Cs deposition and 550 K annealing. (b) Radial scan of the X-ray
scattered intensity versus the in-plane momentum transfer Q‖ after an increasing amount
(red to green curves) of Cs has been deposited at room temperature, then annealed to 550 K,
and to 870 K. Inset: high-resolution zoom in the area marked with a dotted frame in (a).
(c-f ) RHEED di�ractograms (17 keV) after 0, 10, 20 and 30 minutes of Cs deposited. (g)
Cut in the RHEED patterns averaged vertically within the red(blue) frames in (c-f), as a
function of the Cs dose.

In the absence of a signi�cant hybridization between MoS2 and Au orbitals, the MoS2 is

no more strongly pinned on the substrate lattice. The question then arrises whether after
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Figure 5.7: (a) Three-dimensional view of a STM topograph (1 nA, -0.5 V) of MoS2
islands with and without intercalated Cs. (b) Close-up STM view (1 nA, -2 V) of a Cs-
intercalated MoS2 island revealing a pattern of lines. (c) Fast Fourier transform of STM
images comprising MoS2-free regions. (d) STM view (1 nA, -2 V) revealing Cs nanosticks
on Au(111). (e) Nanostick patterns of Cs on Au (left); two intercalated (2×2) Cs domains
and the corresponding grain boundary (dislocation) buried under MoS2 and indicated with
a double-arrow (center, right).

the MoS2 growth and before intercalation of Cs, at room temperature, MoS2 would not be

compressively stressed (and strained) by the substrate. If this would be the case, then there

would be a natural mechanical driving force for MoS2 to expand its lattice after intercalation,

which would account for the X-ray di�raction data. Based on �rst-principles calculations,

Huang et al. predicted a similar temperature dependence of the in-plane lattice constant for

single-layer and bulk MoS2.64 From 850 K (MoS2 growth temperature) to 300 K, the lattices

of MoS2 and Au should then compress by 0.002 nm and 0.0026 nm in the surface plane

respectively,39;113 i.e. MoS2 is expected to experience a residual ∼0.2% compressive strain

if it is locked on Au(111). Expansion in this range can thus be expected. This is however

signi�cantly smaller than the observed expansion, which amounts 1.4%.

What is the origin of this strong expansion, then? A structural phase transition (1H to

1T or 1T') is expected upon electron doping,22 and Cs, a well-known electro-donnor species,

might indeed donate the required amount of charges to MoS2. Previous DFT calculations

predicted that the 1H→1T structural phase transition does not induce, by itself, a signi�cant

lattice expansion. In fact, a marginal lattice contraction has even been predicted36 while

for a transition to a 1T' phase, indeed a strong expansion has been predicted recently142.

An increasing amount of alkali atoms in the vicinity of MoS2 is also expected to lead to
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an increased lattice constant. In the related system of potassium inserted in between MoS2
layers, DFT calculations predicted a signi�cant lattice expansion, ascribed to either the

stronger charge density within the Mo-S bonds or to repulsive interactions between the

alkali atoms, which, due to electron donation, actually behave as cations.7

Obviously charge transfers with Cs will depend on the Cs density under the MoS2 �akes:

while Cs are in essence electro-donnor atoms, at high surface density, repulsion between the

dipoles involving the ionized Cs is expected to reduce charge transfers.86 In principle di�rac-

tion can inform us on the nature of the Cs phases, provided that they are ordered. In STM,

we observe that on MoS2-free regions Cs atoms form a pattern of ∼5 nm-long nanosticks,

some bunching across several 1 nm to several 10 nm, and having di�erent orientations on the

surface, also detected in the Fourier transform of the images (Figure 5.7c,d). Considering

the observed periodicity, we propose two possible atomic structures for the Cs nanosticks

(Figure 5.7e, left).

On MoS2-covered regions, we are not able to detect this structure. The moiré lattice is not

visible anymore (Figure 5.7a,b,c), which is consistent with the GIXRD data discussed above.

Whether Cs forms an ordered structure or not underneath MoS2 cannot be observed directly

based on our STM measurements. Yet, we observe a nanoscale pattern of lines oriented

along the three highest-symmetry direction of Au(111) and MoS2 (120◦ orientations). This

pattern may be related to that observed on another intercalated two-dimensional-material-

on-metal system, graphene/Bi/Ir(111).157 There, the pattern was interpreted as a network

of dislocations in the intercalant's lattice, the lines corresponding to the boundaries between

intercalated domains being shifted by a fraction of the lattice vector(s) of the intercalant's

lattice. In the central and right panels of Figure 5.7e we have sketched a possible structure

accounting for our STM observations, with two (2×2) Cs domains intercalated under MoS2,

and laterally shifted (at this point we cannot exclude that the Cs domains could be (
√
3×
√
3)

rather than (2× 2), but similar con�gurations can be imagined with (
√
3×
√
3) domains).

STM images taken after Cs deposition reveal that not all MoS2 �akes have the same

appearance (Figure 5.7a). Part of them are apparently higher, and exhibit no moiré pattern,

while the other part has the same apparence as on the pristine MoS2/Au(111) samples.

This �nding is consistent with the two-component character of the MoS2 signal in GIXRD

(Figure 5.6b), and indicates that Cs intercalation is not homogeneous.

Just like we did in the absence of Cs, we now address the structure of the sample in

the direction perpendicular to the surface. The Fourier transform of the electronic density

perpendicular to the surface is given by the XRR data. We observe that the XRR curves

show faster oscillations, indicative of a larger distance between MoS2 and Au(111) than in

the absence of intercalated Cs (Figure 5.8).

As we have seen, increasing the temperature promotes intercalation of Cs underneath
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Figure 5.8: Increase of the MoS2-substrate distance after Cs intercalation. Experimental
X-ray re�ectivity (normalized to its maximum value) as function of the modulus of the out-
of-plane scattering vector Q⊥ and with intercalated Cs. Note the distinct positions of the
minima for the re�ectivity with and without intercalated Cs (compare with Figure 5.5).

the MoS2 �akes, which points to a kinetic barrier to intercalation (e.g. for passing through

defects and/or for creating defects later acting as intercalation pathways). To further improve

the e�ciency of intercalation it is tempting to further increase temperature. A few K above

500 K however, another key process is activated: The moiré signal typical of a periodic

lattice distortion re-appears in GIXRD, the MoS2 peak shifts backwards corresponding to

a compression of the atomic lattice (Figure 5.6b), and the wavelength of the oscillations in

XRR increases suggesting a decreased distance between MoS2 and Au(111). In fact, after

850 K annealing, the reciprocal lattice of the sample is very similar to that of the pristine

sample, in other words at this temperature intercalated Cs atoms can di�use outside of the

MoS2 �akes (i.e. they de-intercalate) and desorb to vacuum.

Conclusions

We showed that starting from MoS2 �akes strongly coupling to the Au(111) substrate, with

a short spacing and a substantial nanorippling, Cs intercalation lifts the �akes and �atens

them. The process is thermally activated. De-intercalation is also thermally activated, but

at higher temperatures. We found that Cs intercalation leads to an anomal ∼1% expansion

of the atomic lattice of MoS2 parallel to the surface. This e�ect might originate from a

strong electron donation of Cs atoms to the MoS2. The decoupling we observe suggests that

the presence of the intercalated layer prevents the hybridization of the sulfur and Au orbital.

Our works open new perspectives towards the manipulation of two-dimensional transition
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metal dichalcogenides. Similarly to in-solution strategies,37 intercalation could be exploited

on MoS2/Au(111) to facilitate the exfoliation of nanoscale �akes57 or full layers.10 Demon-

strating further control on electronic or hole doping of MoS2 with intercalated electro-donnor

or electro-acceptor species is another exciting goal. A number of species, to be intercalated

with varying doses, are relevant here, among the vast catalog of alkali atoms, transition

metals, and molecules. Finally, as extensively demonstrated with bulk compounds in the

past, intercalation opens new doors to achieve a variety of two-dimensional phases, structural

ones, magnetic ones, and even superconducting ones.



Conclusions

There are several features that make two-dimensional (2D) transition metal dichalcogenides

(TMDC) rather unique in terms of applications for optoelectronics. They can adopt di�erent

structures, each with a very di�erent electronic band structure (e.g. MoS2 is semiconducting

in the 2H phase and metallic in the 1T phase). The relative stability of these structures

has been reported to change with strain or electronic doping. While our DFT calculations

con�rm the former result, we could not drive clear conclusions regarding the latter. Besides

adopting di�erent structures, the electronic properties are strongly in�uenced by the number

of layers, and our calculations con�rm this well-known fact, that is illustrate by a transition

from an indirect to a direct electronic bandgap when the TMDC is single-layer.

Defects in 2D TMDCs are also rather unique, simply because the displacement of atoms

is not hindered in the direction perpendicular to the layers. Addressing the prototypical

of MoS2, which is probably the most studied 2D TMDC, we consider several substitutional

defects at the metal and chalcogen sites and atomic vacancies. Our DFT calculations reveal

sharp electronic states associated to the defects, and predict characteristic local density of

states variations that serve as a guide to interpret scanning tunneling microscopy charac-

terisation of a so far unknown kind of defect. We attribute these defects, found in MoS2
exfoliated from a bulk crystal formed using a special high temperature / high pressure pro-

cess, as N/S substitionals. These defects have been shown to weakly trap excitons in the

material, as shown in photoluminescence experiments performed by our collaborators.

Moving to the DFT study of a almost homostructural MoSe2/WSe2 type-II planar junc-

tion, we were interested in understanding the way the di�erent band structures of the two

materials align. The band structure alignment is known to result in an extended interface

dipole in traditional 3D semiconductors. As a preliminary step, we addressed the e�ect of

�nite size in WSe2, when the material is in the form of a ribbon. Our simulations revealed

that electronic states lying within the bandgap of WSe2 are associated to the low-coordinated

edge atoms. In the homostructural MoSe2/WSe2 planar junction, very few deformations are

found. We found no evidence of electronic states within the bandgap of these materials, i.e.

the edge states found in the WSe2 ribbon are suppressed due to the passivation of atoms at

the interface between MoSe2 and WSe2. This implies an absence of pinning of the Fermi level

71
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in the junction, a desirable feature in p-n junctions. We do �nd that the junctions is of type

II, with states on the WSe2 side only at the top of the valence band and states on the MoSe2
side only at the bottom of the conduction band. We also observe charge transfer between

WSe2 and MoSe2, hence an interface dipole. Finally, studying the role of a Se vacancy in

the system, we found localised defect states whose energy varies depending on the location

of the defect in the structure: the energy is found within the gap when the defect is in the

MoSe2 side or at the interface, and presumably in the conduction band when it is in the

WSe2 side.

Our experimental study of single-layer MoS2 on a Au(111) substrate revealed that TMDC

grows in the form of well-oriented islands. This natural orientation selection is desirable and

actually rarely possible with other kinds of substrates. Due to lattice mismatch, MoS2
develops a moiré pattern with nanometer-scale periodicity on Au(111). This pattern corre-

sponds to a strong, locally-varying interaction between the substrate and the overlayer, and

is evident in the di�raction data. Deposition of Cs onto the samples leads to spontaneous

intercalation underneath of MoS2. A signature of this intercalation is the disappearance of

the moiré signal in di�raction experiments, and an increase on the MoS2/Au(111) distance

that we qualitatively revealed with X-ray re�ectivity experiments. Together with this lift-o�

of the MoS2 a planar expansion of MoS2 occurs, which seems related to the charge donation

from Cs atoms. We �nd that the intercalation can be promoted by temperature, and that

above a certain temperature, deintercalation occurs, eventually leading to the re-coupling of

MoS2 with its substrate.



Perspectives

In this thesis, TMDCs with di�erent kind of point defects were characterized and the inter-

action of TMDCs with one another and with metallic substrate were also studied, however

there are a lot of work need stills to be done. Let us mention some perspectives as follows:

• Beside point defects studied in Chapter 3, di�erent kind of defects such as line defects,

charge defects, etc are feasible. On the other hand, our calculations does not con-

sider the appearance of substrate. It might interest to understand how defects behave

(mechanically and electronically) with di�erent type of substrates;

• The TMDCs heterojunctions have been successfully fabricated by other groups (see

e.g. Bellus12, Huang62), provided an ultrafast charge transfer in the order of dozen

femtoseconds. However, the e�ect of point defects in such systems are still missing and

can be address in further study;

• As we successful fabricate the MoS2/Au(111) system, it showed the possibility of ex-

ploiting to facilitate the exfoliation of nanoscale �akes or full layers. Further study on

electronic or hole doping of MoS2 with intercalated electro-donor or electro-acceptor

species can be a further goal.
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Appendix A

1 // POSCAR 1

2 WS2-2H-a=3.16-dS-S=3.13 2

3 1.000000 3

4 3.160 0.000000 0.000000

5 -1.58 2.736640 0.000000 4

6 0.00 0.000000 25.00000

7 W S 5

8 1 2 6

9 Direct 7

10 0.666666 0.333334 0.500000 F F F

11 0.333333 0.666667 0.437400 T T T 8

12 0.333333 0.666667 0.562600 T T T

1 Comment

2 Optional name of the system

3 Universal scaling factor

4 Bravais lattice vector

5 Atom symbols, separated by space

6 Number of atoms per species, with the same position as in 5

7 Coordinates in term of Direct or Cartesian

8 Positions of each atoms.
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1

2 // INCAR

3 SYSTEM = WS2_GGA_08_01_2017

4 General

5 ISTART=0

6

7 Relaxation Electronic

8 PREC= Medium

9 LWAVE=.FALSE.

10

11

12 Relaxation ionique

13 NSW=100

14 IBRION=2

15

16

17 DOS related values:

18 ISMEAR = -5

19 EMIN = -5 ; EMAX = 5

The INCAR �le is the con�guration �le that determines the main calculation paramters. The

code above shows an example on how we input the INCAR �le. The �rst 3 lines are comment

lines. The START tells VASP to start the calculation from scratch with medium precision

( PREC= Medium by changing the cuto� energy). In this calculation, the set of wave-

function is not written out to a �le (by setting LWAVE=.FALSE. ). The ionic relaxation

is perform by using conjugate-gradient algorithm ( IBRION=2 ), and the maximum number

of ionic steps is set to be 100 ( NSW=100 ). The ISMEAR determines how the partial

occupancies fnk are set for each orbital, in this case, it used tetrahedron method with Blochl

corrections. (https://cms.mpi.univie.ac.at/wiki/index.php/ISMEAR) The DOS is evaluate

within the energy range of [-5, 5] eV ( EMIN = -5 ; EMAX = 5 )

The complete set of con�guration can be found in the website of VASP:

https://cms.mpi.univie.ac.at/wiki/index.php/Category:INCAR
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The �le KPOINTS contains the k-point coordinates and weights or the mesh size for

creating the k-point grid. For instance:

1 // KPOINTS

2 Automatic

3 0

4 GMonk-P

5 6 6 1

To generate strings of k-points connecting speci�c points of the Brillouin zone, the third

line of the KPOINTS �le must start with an L for line-mode, and the following speci�es

group of (start-end points):

1 Band structure

2 50

3 line-mode

4 reciprocal

5 0.0 0.0 0.0 ! G

6 0.5 0.0 0.0 ! M

7

8 0.5 0.0 0.0 ! M

9 0.3333 0.3333 0.0 ! K

10

11 0.3333 0.3333 0.0 ! K

12 0.0 0.0 0.0 ! G
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