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ABSTRACT

In this thesis, we investigated the exciton-polaron relaxation and con-
ductive properties in monolayers TMDCs (MoSe2, WSe2, WS2 et MoS2)
under the in�uence of a magnetic barrier and an electric �eld.

We showed that the exciton-polaron is con�ned in the magnetic barrier
while its binding energy is weakened by the electric �eld. A long lifetime
of exciton-polaron is favored in a strong magnetic �eld and a weak electric
�eld, especially in WS2. The shortest relaxation time is observed in MoS2.
The electric �eld disturbs excitonic states increasing the relaxation whereas
the magnetic barrier stabilizes it. Strengthening the magnetic barrier re-
duces the electrical conductivity but the electric �eld enhances it. At low
temperatures, TMDCs display good electrical conductivity and high thermo-
electric e�ciency, particularly in MoSe2. At high temperatures, hot carriers
responsible of the Seebeck current are disrupted. Moreover, TMDCs show
high optical conductivity and absorption, especially MoS2. This optical ab-
sorption, facilitated by the magnetic barrier, starts when the photon energy
exceeds twice phonon energy.

In summary, tune the magnetic barrier, the electric �eld, and the tem-
perature allows to improve the electrical and optoelectronic properties in
TMDC monolayers.

Keywords : exciton-polaron, lifetime, magnetic barrier, relaxation
time, electrical conductivity, absorption coe�cient, TMDCs.
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RÉSUMÉ

Dans cette thèse, nous avons étudié la relaxation de l'exciton-polaron
et les propriétés conductrices dans des monocouches de TMDCs (MoSe2,
WSe2, WS2 etMoS2), sous l'e�et d'une barrière magnétique et d'un champ
électrique.

Nous avons montré que l'exciton-polaron est con�né dans la barrière
magnétique tandis que son énergie de liaison est fragilisée par le champ élec-
trique. Une longue durée de vie de l'exciton-polaron est favorisée dans un
champ magnétique fort et un champ électrique faible, particulièrement dans
WS2. Le temps de relaxation le plus bas est observé dans MoS2. Le champ
électrique perturbe les états excitoniques augmentant ainsi la relaxation alors
que la barrière magnétique la stabilise. L'intensi�cation de la barrière mag-
nétique diminue la conductivité électrique mais le champ électrique la ren-
force. À basses températures, les TMDCs montrent une bonne conductivité
électrique et une forte e�cacité thermoélectrique, en particulier MoSe2. À
haute température, les porteurs chauds responsables du courant de Seebeck
sont perturbés. De plus, les TMDCs présentent une forte conductivité et ab-
sorption optique, surtout MoS2. Cette absorption, favorisée par la barrière
magnétique, commence lorsque l'énergie du photon dépasse deux fois celle
du phonon.

En résumé, ajuster la barrière magnétique, le champ électrique et la
température permet d'améliorer les propriétés électriques et optoélectron-
iques dans les monocouches de TMDCs.

Mots clés : exciton-polaron, temps de vie, barrière magnétique, temps
de relaxation, conductivité électrique, coe�cient d'absorption, TMDCs.
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GENERAL INTRODUCTION

Context

In physics, a polaron is a quasiparticle used in a solid material to un-
derstand the interaction between electrons and atoms. The polaron is seen
as an electron dressed with the phonons of the medium. It well describes
the motion of the electron. When the structure is subjected to an excitation,
that generates electrons and holes moving at the same speed but in oppo-
site directions. An electron and its corresponding hole constitute a bound
pair called exciton and exciton-polaron is the quasiparticle resulting from the
interaction of an exciton with phonons of the structure due to lattice defor-
mations. The concept of exciton-polaron is more important in the study of
transport properties and precisely conductivity since it takes into account
the hole. This quasiparticle groups polaronic and excitonic e�ects. Excitonic
systems have been studied theoretically [1], experimentaly [2] and it is shown
that the interactions with phonons highly contribute to excitonic states.

A suitable concept in the investigation of exciton-polaron systems is the
relaxation, in particular for optical excitation, formation and recombination
of excitons [3, 4]. The relaxation time was studied experimentally by many
authors [5, 6, 7] and it follows that its range is around the femtoseconds (fs)
and picosecond (ps) . The relaxation and the generation of excitons in in-
traconduction band were studied by El-Ballouli et al. [8]. They showed the
important role of the con�nement in the process of intraband relaxation since
the relaxation time becomes shorter as decreases the size of the structure.
Moreover, structures with small sizes favor the e�ciency of transferring the
energy of excess photon to carriers multiplication. Khoirunnisa et al. [9]
investigating the optical conductivity demonstrated the presence of excitonic
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General introduction

signal and [10] showed that the role of exciton e�ects is crucial in the optical
spectra. It is seen that for energies below the gap, it appears as a well-
de�ned peak in the absorption spectra. Above the gap, we observed a band
renormalization and an increase of the optical conductivity attributed to the
Coulomb-mediated scattering of the electron-hole [11, 12]. Also, Peres et
al. [13] found that excitonic resonances are responsible for some features of
the experimentally measured midinfrared response of graphene such as the
enhancement of the conductivity beyond the universal value above the Fermi
blocked regime, the decrease of the optical conductivity at high frequencies
and the broadening of the absorption at the threshold .

The miniaturization has an important place and is the subject of several
works. One of the interesting 2D materials are TMDCs because of their sev-
eral applications mainly related to their structures. The TMDC formula is in
the formMX2 whereM is the transition metal andX the chalcogen. TheM -
atoms are sandwiched between atoms of two X-layers coupled to each other
by Van der Waals interactions. They became particularly promising because
of their semiconducting properties with high stability and large �exibility
[14, 15, 16], their electronic and optical properties [17, 18] which indicate ap-
plications in photovoltaics, transistors, optoelectronics, photodetectors and
molecular sensing [19, 20, 21], in spintronic and valleytronic e�ects [22], in
photoluminescence experiments [23]. One of the problems in the modeling of
exciton-polaron systems is the fact that operators are not always diagonally
shaped in the Hamiltonian. Therefore, it begins necessary to use a method
of diagonalization to obtain appropriate eigenvalues, eigenfunctions or other
properties [24, 25, 26]. Thilagam [27] presented a model of system for 1L
TMDCs. She used a unitary transformation and the variationnal method to
approximatively diagonalize the operators, to determine the exciton-polaron
e�ective mass and the ground state energy.

Yang et al. [28] investigated the electrical and optoelectronic proper-
ties in TMDCs and precisely the layer-dependence. It appears that these
properties are strongly in�uenced by the number of layers. Monolayers pro-
vide better performances and the band gap rises when decreases the layers
number. Chen et al. [29] showed the increase of electrical conductivity when
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General introduction

the thickness layer decreases. That leads to the probable surface dominance
of electrical conduction in TMDC layer structures resulting from either the
intrinsic high surface conductivity or the anisotropic conductivity. Qin et al.
[30] studied the transport coe�cient along di�erent directions and highlighted
the e�ect of electron (hole) concentration at room temperature. For electrical
conductivity and thermopower they observed an anisotropic behavior. The
electrical conductivity rises as increases the carrier concentration whereas the
Seebeck coe�cient decreases with this concentration. They found a larger
asymmetry of the Seebeck coe�cient for P-type doping than for N-type dop-
ing. High values of Seebeck coe�cient are observed and a peak appears when
the carrier concentration is about 1, 25.1011cm−2.

Motivation

Since 1950, a part of the scienti�c community has been making a great
e�ort to technically develop energy storage using solid materials. It is ten
years after that the most important research programs in this �eld were de-
veloped from semiconductor materials. The desired material properties are
determined through the �gure of merit which depends on the transport prop-
erties of the material : Seebeck coe�cient, electrical resistivity and thermal
conductivity. The search for new sources of non-polluting energy has become
a major challenge for our society. This is the reason why the production of
electricity from waste heat using thermoelectric modules (application of the
Seebeck e�ect) appears to date to be a very promising avenue. In addition,
thermoelectric materials can be used to evacuate heat by the Peltier e�ect, in
particular to cool the microelectronics components. Thus, thermoelectricity
or conversion of energy from heat, is one of these new sources of renewable
energy. The conversion of thermal energy into electrical energy is one of the
mainstays of modern times because in power plants, a large part of fossil en-
ergy is lost in the atmosphere on the form of heat which cannot be e�ciently
exploited.

In this frame, thermoelectricity should emerge and play a role in fu-
ture years by recovering the enormous quantities of lost energy (automobiles,
boilers, incinerators, etc.) and contributing to sustainable development or
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integrating other emerging technologies such as photovoltaic or geothermal.
The majority of existing thermoelectric devices relate to modules made from
materials based on solid Bi2Te3 and its derivatives, but these materials are
neither biocompatible (toxic materials) nor integrable on a small scale. How-
ever, these two points are crucial aspects with a view to industrial transfers.
In addition, manufacturing costs currently remain relatively high due in par-
ticular to weak production volumes and limited yield. Thus, the development
of thermoelectric modules based on thin layers perfectly meets these two cri-
teria.

Today, the consumer is also a nomad who wants to take his comfort
with him, creating new needs for electrical energy sources. These needs are
currently met at the cost of the pollution of our environment by the heavy
metals contained in batteries. Thermoelectric conversion brings a new way
to the growing demand for electrical energy source. Although the perfor-
mance of thermoelectric devices is generally low, they are irreplaceable for
certain applications such as the production of electrical energy for deep space
probes (use of thermoelectric modules). Studies show that thin �lms have
signi�cantly higher thermoelectric performances than those obtained in bulk
materials. However, few works have so far been devoted to thin-�lm materi-
als and should improve heat-to-electricity conversion e�ciencies.

Our motivation to explore the transport properties in 1L TMDCs stems
from this interest in low-dimensional materials. Indeed, recent studies have
shown that TMDCs are one of the best 2D compound semiconductors and
good candidates for thermoelectricity since they have high-performance car-
rier mobility, low electrical conductivity at high temperatures and high See-
beck coe�cient at low temperature [31].

Problem statement

Several researchers have devoted themselves to the study of polaron and
exciton, but few authors studied the notion of exciton-polaron and they just
look at the system modelization, binding energy. Scarce are the works on
exciton-polaron systems which highlight the in�uence of external parameters
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constituting the environment.

Van der Donck et al. [32] showed that the presence of the magnetic
strength reduces the electron-hole interdistance in TMDCs, leading to the
increase of exciton binding energy with magnetic �eld . Seung-il et al. [33]
proved that the role of external magnetic �eld is minor on the electrical con-
ductivity for very strong magnetic strength, and it becomes relatively sig-
ni�cant for temperatures. In addition, the electrical conductivity increases
when the temperature and the relaxation time increase. Das et al. [34] re-
vealed that the Seebeck coe�cient decreases in magnetic �eld and globally
it enhances with temperatures. Tahir et al. [35] showed that the magnetic
�eld in�uence is important in the properties of magneto-optical transport in
monolayer 2D phosphorene. The amplitude of optical transitions depends of
the xy momentum operator and the optical conductivity has an oscillatory
dependence with the magnetic �eld . The magneto-optical response is limited
for graphene and 2D electron gas to the terahertz range whereas in TMDCs
it can be set in the visible, from microwave to terahertz.

Moreover, [36] studied the exciton transport in response to an in-plane
electric �eld for 2D materials . It is showed that there is a short time regime
in which the electron and the hole of exciton have velocities in the same
direction. The two particles initially move in opposite directions until reach
an equilibrium where the Coulomb interaction is closer to the force due to
the electric �eld. In addition, the presence of an electric �eld considerably
enhances the relaxation time [37] and reduces the optical absorption [38].
The binding energy of excitons decreases with the increase of the electric
�eld [39] and can lead to the exciton dissociation.

It is clear that the temperature, the magnetic and electric �elds are
key parameters for the study of systems. We can ask ourselves: how can
these parameters in�uence the electrical and optoelectronic properties in 1L
TMDCs ?
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Objectives

The main objective is to investigate the relaxation and the conductivity
of exciton-polaron in 1L TMDCs with the presence of some external param-
eters.

This will be done by explore the dynamic of exciton-polaron under a
magnetic barrier and an electric �eld. Therefore, we project to study the
exciton-polaron system in these conditions. As we are in a perturbed sys-
tem, another objective is to bring out the e�ect of the external parameters
(temperature, magnetic barrier and electric �eld) on the relaxation and for-
mation of exciton-polaron as quasiparticle. From these two objectives, we
will better understand the system and this is necessary before going to con-
ductivity. By conductivity, we think of the electrical conductivity directly
linked to the Seebeck coe�cient and the optical conductivity which is closer
to the optical absorption coe�cient. We aim to show the variation of the
electrical conductivity with temperature and with the system parameters ;
to evaluate the impact of the magnetic barrier and the electric �eld on the
thermoelectric property ; to look at the optical properties of the de�ned
system.

Outlines

To address our research objectives, we organized this thesis as follows:

Chapter one is a literature review in which we present the concepts of
polaron, exciton-polaron and TMDCs. We provides an overview of the de-
velopments concerning them.

In chapter two, we present the theory and methods. The Lee-Low-Pines
as variational method and the 2D theory are explained in order to obtain
the 2D energy. Also, the Fermi's golden rule is used to derive the lifetime
of exciton-polaron and the optical absorption coe�cient while the relaxation
time approximation permits to obtain the relaxation time of exciton-polaron,
the electrical conductivity and the Seebeck coe�cient. This chapter ends by
the Kubo's formula for the determination of optical conductivity.
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Chapter three is devoted to the results obtained for di�erent TMDCs
compounds under a magnetic barrier and an electric �eld. Here, the ground
state and the �rst excited state eigen energies of exciton-polaron in 1L
TMDCs are obtained by using the variational method. These energies al-
low to evaluate the Tsallis entropy of the system. Always to understand the
behavior of the exciton-polaron in this environment, its lifetime and relax-
ation time are evaluated. Moreover, the electrical and optical properties of
1L TMDCs are determined through electrical conductivity, Seebeck coe�-
cient, optical conductivity and optical absorption coe�cient.

The thesis ends by a general conclusion which summarizes the results
and we give some perspectives for future works.
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CHAPTER 1

LITERATURE REVIEW

Introduction

This chapter is a general presentation of key concepts of the work. We
focus on polaron, exciton-polaron, relaxation, conductivity and transition
metal dichalcogenides. Here, we de�ne each concept ; we explain each prop-
erty ; we describe the TMDC structure and present some works done in that
framework.

1.1 Concept of polaron

This section presents a histotical study of polaron and gives some basics
important to understand this quasiparticle. We �rstly look at the phonons
which governe the polaron formation.

1.1.1 Phonons

Etymologically, the word phonon means "sound or voice" because long-
wavelength phonons give rise to sound. A phonon is a quantum of vibration
in a crystalline solid i.e an elememtary packet of vibration. It is associated
to the collective vibrations of atoms in the lattice. The deformation is elastic
and the propagating wave allows to explain the physical properties in solids.
Phonons are analogous to photons.

The concept of phonon was created by Tamm [40]. In quantum mechan-
ics, phonons are the quantum mechanical equivalent of a particular category
of vibratory movements known as normal modes of vibration in classical me-
chanics. A normal vibration mode is a mode in which all the elements of a
network vibrate at the same frequency. Phonons are quasiparticles of spin
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0 and they are found only within a crystal lattice with a large number of
particles, precisely in crystalline solids.

The forces acting between the di�erent atoms in the lattice lead to move
one or more atoms around their equilibrium position causing the vibration
and propagation of waves through the lattice. The amplitude of the wave
is given by the amplitude of atoms displacement around their equilibrium
positions.

In physics, the phonon plays a crucial role. It is indeed involved in
many physical properties of solids such as thermal or electrical conductivity,
propagation of sound waves or the ability to store heat. In a real solid, there
exist acoustic phonons and optical phonons.

* The acoustic phonons

They are phonons that typically correspond to sound waves in the net-
work. Acoustic phonons have lower frequencies and there is a linear rela-
tionship between the phonon wave vector and frequency. Acoustic phonons
increase with wave vector starting from zero to a saturation limit. There
exist transversal and longitudinal acoustic phonons. We speak of longitudi-
nal waves when the waves oscillate parallel to the direction of propagation.
In the case of transverse waves, the oscillation is perpendicular to the waves
direction.

* The optical phonons

These phonons are present in solids that have several atoms per cell.
The word optical is because light waves (in the infrared range) easily ex-
cited them in ionic crystals. This is due to the fact that they correspond
to modes of vibration for which the positive and negative ions located on
adjacent sites of the network approach and move away from each other by
creating an electric dipole moment oscillating with time. Optical phonons
interacting with light in this way are said to be active in the infrared. The
optical frequency is nearly independent of the phonon wave vector and one
distinguishes longitudinal and transversal optical phonons.
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* Hamiltonian of phonon

The Hamiltonian of lattice vibrations is equal to the phonon Hamiltonian
and can be written as follows:

Hph =
M

2

∫ [
˙̂p2(r) + ω2

s(q)p̂
2(r)

]
dr (1.1)

with
p⃗(r) =

1

4πε
D⃗ (1.2)

and
1

ε
=

1

ε∞
− 1

ε0
(1.3)

D⃗ is the electric induction, r is the position of the electron, ωs(q) is the
frequency of the phonon with wave vector q in the branch index s (acoustic
or optic), ε is the polarizability of the medium, ε0 and ε∞ are respectively
the polarizability of the vacuum and at in�nity.
Let us consider:

ẏ(r) =
∂Hph

∂p̂(r)
=M ˙̂p(r) (1.4)

x(r) = p̂(r) (1.5)

Then we have:

Hph =
1

2

∫ [
y2(r)

M
+Mω2

s(q)x
2(r)

]
(1.6)

Hph = 1
2

∑
q
ℏωs(q)

[√
Mωs(q)

2ℏ xq − i
√

1
Mℏωs(q)

yq

]
×[√

Mωs(q)
2ℏ xq + i

√
1

Mℏωs(q)
yq

] (1.7)

q is the wave vector of phonon, xq and yq are canonical variables. Then the
Hamiltonian of the phonon takes the form:

Hph =
1

2

∑
q

ℏωs(q)b
†
qbq (1.8)

with

b†q =

√
Mωs(q)

2ℏ
xq − i

√
1

Mℏωs(q)
yq (1.9)
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bq =

√
Mωs(q)

2ℏ
xq + i

√
1

Mℏωs(q)
yq (1.10)

where b†q (bq) denotes the creation (anhilation) operator of phonons.

1.1.2 Polarons

The �rst who introduced the concept of polaron was Landau [41] and
the polaron is explained by starting with the description of crystals. The
crystals structure can be pictured in terms of lattice (a periodic and regular
arrangement of points). Each lattice point has an associated group of atoms
named basis that can be periodically repeated in space to constitute the
crystal structure. At room temperature, atoms are not �xed but they vibrate
around their equilibrium positions (the lattice points). These vibrations will
form a displacement �eld that can be quantized to phonons. In the crystal,
the ionic polarization appears by the electric �eld of a conduction electron
that moves the negative and positive ions (attraction and repulsion according
to Coulomb force): this movement can be described as cloud or waves of
phonons.

In an ionic crystal or a polar semiconductor, a conducting electron (or
hole) together with its self-induced polarization form a quasiparticle called a
polaron. In the polaron formation, the electron polarizes the lattice produc-
ing a potential well around itself in which it becomes trapped: self-trapping.

In ionic semiconductors or polar crystals, the polaron is interesting be-
cause it describes the particular physical properties of an electron and repre-
sents a good theoretical model of interaction between a fermion and a boson
�eld. As parameters that characterize it we have : the self or binding energy,
the e�ective mass, its radius, the number of phonons in its cloud and the
response to an external �eld. In addition, the coupling constant commonly
denoted α represents the electron-phonon interaction strength . For α < 1 it
is weak coupling, α > 7 strong coupling and between these ranges we speak
of intermediate coupling. It is possible to classify polarons according to the
size and the interacting phonons frequency.
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Figure 1.1: Representation of a polaronic structure.

* Fröhlich polaron or large polaron

One talks of Fröhlich polaron when the ion displacement is greater than
the lattice constant and the lattice deformation will be large. This polaron
is ruled by the long range interaction and generally the self trapped electron
extends over several sites [42, 43]. Moreover, in a large polaron regime, one
can change the lattice by a continuum medium but it is not appropriate for
the case of small polaron.

* Holstein polaron or small polaron

Holtein polaron means that the ion displacement is lower than the lattice
constant and the lattice deformation will be small. The self trapped electron
is locked in a single site and this polaron is ruled by the short range interaction
[43, 44].

* Optical polaron

Here, the word optical is due to the fact that this type of polaron comes
from the interaction between the electron of conduction and optical modes
of vibrations with high frequencies in polar materials. The optical polaron
easily interplays with light.
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* Acoustic polaron

The acouctic polaron is formed in structures resulting from the interplay
between the electron and acoustic phonons at lower frequencies or between
electron and the short range acoustic deformation potential. In theory, for the
treatment of this polaron one usually imposes a Debye cut-o� wavenumber
on the deformation potential interplay [27].

* Hamiltonian of polaron

The polaron theory is governed by the Hamiltonian which can be splited
into three parts [42]: the electron Hamiltonian (He), the phonon Hamiltonian
(Hph) and the Hamiltonian of electron-phonon interaction (He−ph) appearing
as :

Hpol = He +Hph +He−ph (1.11)

We can write in this form :

Hpol =
p2e
2me

+
∑
q

ℏωLOb
†
qbq +

∑
q

[
Vqbqe

iq.r + V ∗
q b

†
qe

−iq.r
]

(1.12)

where p⃗e = (pex, pey, pez) and me represent respectively the momentum vec-
tor and the mass of electron, Vq is the amplitude of the electron-phonon
interaction given by:

Vq = −i
(
ℏωLO

q

)(
4πα

V

)1/2( ℏ
2meωLO

)1/4

in 3D (1.13)

Vq = −i
(
ℏωLO√

q

)(
2πα

S2D

)1/2( ℏ
2meωLO

)1/4

in 2D (1.14)

with V (S2D) is the volume (surface) of crystal, ℏωLO is the LO-phonons
energy and α is the standard electron-phonon coupling constant given by:

α =
e2

2ℏε0

√
2me

ℏωLO

(
ε0
ε∞

− 1

)
(1.15)

where ε∞ (ε0) is the high frequency (static) dielectric constant of the medium.
[42] used the �rst weak coupling perturbation-theory and obtained the po-
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laron binding energy in the GS as:

E3D
pol = −αℏωLO (1.16)

Electron system in reduced dimensions as in 2D is of great interest. The
polaron e�ect and the electron-phonon interplay are important in such sys-
tems. For a polaron con�ned in 2D and interacts with a 3D phonon cloud,
the Hamiltonian remains on the same form but with a simple modi�cation
in Vq. The polaron self energy in 2D and weak coupling was �rst derived by
[45] and provided the result:

E2D
pol = −π

2
αℏωLO. (1.17)

For the strong-coupling [46, 47], one gets the results:

E3D
pol = −α

2

3π
ℏωLO (1.18)

E2D
pol = −πα

2

8
ℏωLO. (1.19)

It is clear that the decrease of the dimensions leads to an increase of the
value of the binding energy of the polaron. This is because the con�nement
increases the binding energy.

1.1.3 Historical study of polaron

Historically, the �rst study on polaron is the one of [41] that described
the concept of polaron. In 1937, [48] gave a discussion about electron scat-
tering in ionic crystals and the notion of lattice displacement was introduced
as a �eld. In 1949, the Fröhlich Hamiltonian of polaron is derived using
the quantum �eld theory [42, 49] solved the weak coupling problem via the
perturbation theory . In 1951, from the work of [42], Pekar and Landau stud-
ied the e�ective mass and the binding energy of polaron in strong coupling
regime [44]. LLP [50] in 1953, provided a variational method which depends
on a series of successive canonical transformations and obtained good results
for intermediate coupling. In 1954, [51] developped the trial wave state of
polaron ψ appearing in two parts : the wave function of electron ϕe and the
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wave function of phonon (�eld) ϕph given by:

ψ = ϕeϕph (1.20)

It can also take the form:
|ψ⟩ = |ϕe⟩ |ϕph⟩ (1.21)

Feynman, in 1955, looking the work [42] proposed the Lagrangian form
of quantum mechanics for the polaron problem. He considered the polaron as
two classical particles and eliminated oscillators (waves). In 1976, Huybrechts
[52] suggested a change on the method of [50] and investigated the problem
for all coupling. He presented a simple unitary transformation and obtained
results of GS energy in agreement with those of others. Even if the problem
of polaron seems to be an old subject, it remains interesting because of the
physic that it represents : a theoretical model of a particle interacting with
a �uctuating medium. The concept of polaron connects both the quantum
�eld theory and the condensed matter physics.

In addition, another important concept is the magnetopolaron which
shows the in�uence of the external magnetic �eld in the polaron problem. A
large number of theories and experiments [53, 54, 55] investigated the pola-
ronic e�ects in semiconductors with the absence of a magnetic �eld. In all
magnetopolaron studies there exists an interrelation between the magnetic
strength and the polaron coupling strength. An additional term appears in
the Fröhlich Hamiltonian resulting of the magnetic �eld and then the self
energy becomes greater due to the additional degree of localization brought
about. [56] made a great contribution in the theoretical study of polarons
with magnetic �elds. The lattice responds to the overall motion of the faster
electron in its Landau orbit [57]. The high degree of con�nement and the
magnetic strength lead to the pseudo increase of α and therefore the enhance-
ment of the polaronic e�ect. Many researches and studies [55, 57] focused
on the quantum systems such as magnetopolaron and polaron with reduced
dimensionality in semiconductors since it is important in microfabrication
technology. Other authors also explored the properties of polaron in low di-
mensions [58, 59, 60], in crystals and polar semiconductors [53, 61]. Despite
this long history, the interest of polaron continues to be topical and has given
birth to other quasiparticles.

Doctorate/Ph.D, Thesis 15 TEGUIMFOUET K. Arthur © 2024



Chapter 1: Literature review

As well as the polaron has been studied, another concept more interest-
ing is the exciton-polaron. The latest will be the center of the next section.

1.2 Concept of exciton-polaron

In this second section, before going to the quasiparticle of exciton-
polaron, it is necessary to explain the concept of exciton.

1.2.1 Excitons

In semiconductors and crystals, the absorption of an incident photon
excits an electron which jumps from the valence band to the conduction
band. In the valence band this creates a positive charged vacancy named a
hole. Due to the Coulomb interaction between the hole and the conduction
electron, a bound neutral system is formed such as a hydrogen atom. Ex-
citon represents this bound set consisting of the conduction electron and hole.

Figure 1.2: Schematic of an exciton formation.

The pseudomomentum carried by an exciton corresponds to the vector
sum of the electron momentum , the hole momentum and their relative mo-
mentum. The pseudomomentum allows the exciton to move throughout the
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crystal while the relative part determines its internal structure. In a perfect
crystal an exciton has a uniform motion.

For an excitonic system, in a medium with dielectric constant ε , the
Bohr radius is given by:

a3D =
h2ε

e2

(
1

me
+

1

mh

)
(1.22)

a2D =
1

2
a3D =

h2ε

2µe2
(1.23)

According to the size of exciton Bohr radius, one can distinguish:

* Wannier exciton

Here, the Bohr radius is larger and it extends over a number of lattice
sites. Therefore, the corresponding exciton has a lower binding energy and is
delocalized over a number of lattice sites. Both the hole and the electron are
mobile. The underlying lattice of atoms is considered as a background �eld
where holes and electrons exist as free particles, and the exciton is seen like
an electron and a hole in orbit each other in this medium. The Wannier-Mott
exciton is analogous to the hydrogen or positronium with the di�erence that
the binding energy of the former is several orders of magnitude less than the
positronium binding energy due to the rescaling of the Coulomb interaction.

* Frenkel exciton

The Bohr radius of a Frenkel exciton is smaller. An exciton is strongly
bound and usually localized on one site. The hole and the electron don't
move independently. The exciton motion is seen as hopping of both the hole
and the electron from one atom to another. If an electron is excited from a
valence shell of an atom into an excited state of a nearby atom. The Coulomb
repulsion of the electron on the valence electrons of the new atom will be teed
to push one of them into the hole left in the valence shell of the original atom
when the electron was excited. This e�ectively causes the hole in the valence
shell to follow the excited electron. One could say that the excited electron
(negative charge) attracts the hole (positive charge) in the valence band,
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taking it along to the new atom [62]. The Frenkel excitons are present most
commonly in polymers, molecular crystals, and biological molecules and they
are very important to explain energy transfer. Here, they �nd application
in organic solar cells. They are also present in inorganic materials like alkali
halides and noble gas crystals.

* Hamiltonian of exciton

An excitonic system is related to the Hamiltonian of its di�erent parti-
cles, one gets:

Hex = He +Hh +He−h (1.24)

He and Hh represent respectively the Hamiltonian of electron and hole while
He−h corresponds to the interaction between them. The latest equation can
be on the form:

Hex =
p2e
2me

+
p2h
2mh

− e2

ε|re − rh|
(1.25)

p⃗h = (phx, phy, phz) and mh represent respectively the momentum vector and
mass of hole, re (rh) is the electron (hole) coordinate and e the electric charge.

1.2.2 Exciton-polaron

In solid state physics, phonons are very important because they repre-
sent the intrinsic characters of the solid and they are involved in the majority
of excitonic mechanisms. For instance, in a crystal, the exciton formation
from an excited pair of electron-hole or vice versa isn't possible without
the involvement of phonons for the momentum and energy conservations.
Exciton-polaron is a many-body quasiparticle formed when the electron-hole
pair (exciton) interacts with optical or acoustic phonons via coupling to the
deformation potentials. An exciton and its accompanying lattice distortion
can be modeled as a dressed particle called exciton-polaron with an e�ective
mass and a self-energy.

Thus, the crucial and additional aspect for this quasiparticle is the in-
teraction between exciton and phonon. When the basis atoms have unequal
charges, in ionic crystals of alkali halides for example, a mobile particle can
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polarize the electric �eld around it. This polarization produces a displace-
ment of ions in the lattice and then the lattice will vibrate in a frequency
of resonance with the one of the polarization �eld. Usually, the vibrations
frequency is in the range of optical phonon frequencies and such a polariza-
tion leads a strong coupling between carrier and phonons in polar crystals.
This interplay is of large range meaning that even if the carrier-ion distance
is relatively large there still have a polarization e�ect.

Moreover, in nonpolar crystals and semiconductors, the dilations related
to phonons (lattice waves) can give rise to several localized deformations of
the site. Usually, such dilations result in a drop of the bands energy and
may be expressed in terms of an e�ective potential or deformation potential,
which stands for the interaction of carrier-phonon [63].

Figure 1.3: Representation of an exciton-polaron.

For excitonic polaron, the Hamiltonian of the composed system is as
follows [64]:

Hex−pol = Hex +Hph +Hex−ph (1.26)

Hex−ph corresponds to the Hamiltonian of exciton-phonon interaction and it
can be written as:

Hex−ph =
∑
K,q,s

Ξs(q)C†
K+qCK

(
b†−q,s + bq,s

)
(1.27)
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Ξs(q) is the exciton-phonon coupling function while K stands for the exciton
wave vector and s = ac/op for the phonon mode.

1.2.3 Overview on exciton-polaron

Exciton-polaron strongly modi�es the optical spectra and generally in
solid state systems its modeling by the use of standard techniques is a di�-
cult task due to the absence of a uni�ed and simple scheme which remains
valid for a large range of the exciton-phonon couplings .

The exciton-polaron formation has been examined in materials for var-
ious con�gurations. The theory of 3D exciton-polaron has been well devel-
oped and the quasiparticle behaviour depends on its strength of interplay
with phonons. The interaction between exciton and phonon plays an crucial
role in the intrinsic and optical transport properties in materials. The en-
ergy and the e�ective mass are strongly related to the coupling strength of
exciton-phonon. In 2018, Shree [65] underlined that compared to quantum
well structures the exciton-phonon coupling is much stronger in 2D TMDCs
. The importance of the interactions of exciton-phonon is also seen via the
presence of a multitude of Raman features in the photoluminescence excita-
tion experiments.

In 2021, Li et al. [66] studied MoSe2 single layer at room tempera-
ture and revealed that the exciton-phonon coupling plays an important role
in the determination optoelectronic properties of TMDCs. They used 2D
microspectroscopy to evaluate the exciton-phonon coupling and detected the
beating signals as a function of waiting time induced by the coupling between
optical phonons and A-excitons. This technique gives a unique tool of mea-
surement the coupling constant in other systems of heterogeneous semicon-
ductors, with a spatial resolution of 260 nm and provides relevant parameters
for the enhancement of optoelectronic devices. Moreover, in 2022 Antonius
[67] investigated the theory of exciton-phonon coupling taking into account
electron hole correlations in 2D materials with strong electron-hole interplay
generally. Resulting from the exciton-phonon interplay, they derived a prac-
tical expression for the phonon induced term in the self energy of exciton,
highlighted the temperature in�uence on the optical transition energies and
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the increase in lifetime .

It appears that the formation of this quasiparticle is very linked to the
exciton, the phonon and their interaction which is also useful in relaxation
processes.

1.3 Phenomenon of relaxation

Here, we give some mechanisms that help to explain the phenomenon
of relaxation, in a general frame and afterwards for the exciton interacting
with phonons.

1.3.1 Generality

The easiest way to study carrier dynamics in quantum structures con-
sists of generating a large number of carriers in the sample and observing
their energy distribution as well as their evolution over time. For this, we
can create a large number of electrons (and or holes) with excess energy,
by optical (laser), electrical (direct voltage) or thermal excitations. After
an extremely fast thermalization time between the carriers (a few hundred
femtoseconds), the carriers will be distributed among the di�erent available
energy levels of the system, according to the relative importance of the vari-
ous relaxation mechanisms.

The optical properties vary according to the materials used and the size
of the structures. The energy relaxation mechanisms considered are gener-
ally governed by the principle of minimization the system energy taking into
account the Pauli exclusion principle and the interactions between particles
or quasiparticles. Relaxation of carrier energy in quantum structures can be
done as follows [68]:
- interlevel relaxation, from excited states to states of lesser energy.
- electron-hole or excitonic recombination. It may involve carriers in di�erent
quantum states of the system when the selection rules are respected.

Note that the relaxation scheme can be much more complex depending
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on the conditions of the problem. These processes can be radiative (emission
of a photon), or non-radiative (transfer of excess energy to another carrier,
to lattice vibrations or to a defect in the crystal). The electron excited by
the absorption of photons or by another excitation is in interaction with a
large number of other particles, which will lead to a rather e�cient relax-
ation of the energy that it has stored. The processes di�er depending on the
interaction considered.

* Radiative recombinaison

The electron �rst interacts with the hole it left in the valence band (see
possibly at high excitation density with holes corresponding to other excited
electrons). To this interaction correspond the processes of radiative relax-
ation : by emitting a photon, the electron recombines with the hole. It is
a perfectly symmetrical process to the one of linear absorption. Note that
the radiative processes are slow, typically nanoseconds, sometimes more and
rarely less. They only become important when the other relaxation processes
have been unplugged.

* Electron-electron interaction : collision

An excited electron interacts with other electrons in the system. In a
model of independent electrons, we can treat this interaction with a model
of collision : an electron of conduction for example can in a collision with
another electron of the system transmit all or part of its energy to it. In the
case of metals, this problem (which is obviously important from the point
of view of transport theories electronics) is treated using the Fermi liquid
theory. Let's just say that the possibility for an electron above the Fermi
level to excite other electrons depends on the phase space accessible to itself
and to the electron it excites. In the �nal state of the collision, the latter
being limited by the Pauli exclusion principle.

So far, we have considered only individual collision processes. Among
the mechanisms of electronic energy losses, it is also necessary to take into
account collective processes. We speak of loss of energy by excitation of plas-
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mons. The concept of plasmon of a gas of free electrons (Drude model) is
well known: it is the central element of the optical properties of metals. The
existence of characteristic energy loss peaks corresponding to the energy of
these plasmons is a well-known result in electronic energy loss spectroscopy,
whether in metals or insulators.

* Electron-phonon interaction

The electrons are obviously in interaction with the ions of the network,
but it is obviously necessary to specify that this interaction is taken into
account in the band structure of the material. The vibrations of the lattice
imply deviations from these equilibrium positions and then a modi�cation
of the interplay with electrons. The perturbative treatment of this interplay
leads to the notion of electron-phonon interaction.

Network vibrations can be seen as a set of harmonic oscillators. The
phonons are the vibration quanta corresponding to these oscillators. Like
electrons, these phonons have a band structure (dispersion relation ω(q)).
Depending on the type and number of atoms per cell, we obtains two cat-
egories of branches corresponding to acoustic phonons and optical phonons,
these last only in the case where there are two di�erent atoms per cell. we
can consider that the acoustic phonons represent the overall dilation oscilla-
tions of the lattice, the optical phonons represent the dipole oscillations of
di�erent atoms with respect to each other.

Using this representation, the interaction of lattice vibrations and the
electron can be viewed as a collision between the phonon and the electron,
during which the phonon is emitted or absorbed . We have :
- the annihilation of a k-state electron and a phonon with wave vector q ; the
creation of a (k + q)-state electron.
- the annihilation of a (k + q)-state electron ; the creation of a phonon with
wave vector q and a k-state electron.

Phonons carry an important moment. In a three-body collision (electron-
photon-phonon), the absorption of a photon provides a large energy but little
momentum, whereas the absorption (or emission) of a phonon involves little
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of energy but a large moment transfer. This opens up the possibility of indi-
rect transitions.

Let us point out, concerning the electron-phonon collision rate, that it
depends on the e�ective ions lattice-electrons interaction. This means tak-
ing into account the screening of this interaction by the other charges of
the lattice. From this point of view, metals and insulators di�er profoundly.
Screening by other conduction electrons is strong in metals whereas it is
almost non-existent in insulators. This explains why the electron-phonon
collision rate is much greater in the latter.

Finally, an electron undergoes a collision with a probability per unit
time 1/τ . This probability does not depend on the position and the speed
of the electron. The time τ is called relaxation time. This implies that an
electron propagates on average for a time τ before its next collision and has
spread an average of τ time since its last collision.

1.3.2 Case of polaron

Given that the separation energy between the GS and the �rst ex-
cited state is of the order of a few tens of meV, the �rst theoretical studies
[53, 69, 70] predicted that energy relaxation was a�ected by the bottleneck
phonon phenomenon. However, a �nite relaxation time is measured by exper-
iments pump-probe [71, 72]. The nature of this relaxation was �rst explained
by Li [73] taking into account the intrinsic instability of LO-phonons. Others
models [74, 75] were subsequently proposed but only allow the relaxation of
polarons in a narrow energy window around that of the LO-phonons.

In the literature two models were available to describe the polaron re-
laxation:

- Li [73] were the �rst to consider carrier relaxation induced by LO-phonon
instability. In his model, a phonon damping rate was phenomenologically
incorporated into the time-dependent Schrodinger equation for the electron-
LO-phonon system. From there, they derived a lifetime formula for polarons
dependent on two parameters: the coupling strength of electron-LO-phonon
and the rate of damping. This model was used taking these parameters as
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adjustable to account for measurements of the increase in polaron lifetime
with their energy in the range of 40 to 52 meV. However, this model does
not explain the case of more energetic polarons.

- Verzelen [74] and Jacak [75] applied the Fermi's golden rule on polaron
states assuming that the anharmonic mechanism highlighted by Bogani and
Vallée for massive LO-phonons was the only one possible. This hypothesis
leads to the existence of a narrow relaxation energy window: only polarons
whose energy is between 35 and 44 meV can decay. This model therefore did
not make it possible to interpret experiments where a much wider range of
energy could be probed.

For the weak coupling, the relaxation of carrier in response to atomic
motions alters only their frequencies. The carrier threrfore lowers the GS en-
ergy of the interacting system by a modest amount which vanishes as atomic
vibrations are suppressed. For the strong coupling, much higher energy shifts
appears and the carrier is self trapped: linked in the potential well gener-
ated by carrier induced shifts of atoms equilibrium positions. When the self
trapped electron energy highly exceeds the characteristic energy of phonon
then a stable and strong coupling polaron is formmed. Carrier induced the
reduction of atomic vibrational frequencies then contribes to an energy of
strong coupling polaron. For small polaron hopping, it implies local accu-
mulation and dissipation of the atomic vibrations energy . In particular, the
elemental thermally assisted small polaron hop starts as the atomic vibrations
magnitudes increase while the self trapped carrier occupies its initial site and
�nishes when the vibrational energy is dissipated to neighboring atoms after
the electronic transfers to its �nal site. Then, the hopping process implies vi-
brational dispersion. Only early studies of small polaron hopping addressed
explicitly the actual inter-site transfer of an electronic carrier. They ignored
the mechanisms ruling the local accumulation and subsequent dispersion of
vibrational energy.

Instead, the local vibrational energies were assumed to keep their equi-
librium distribution. In the non adiabatic limit, this process is justi�ed since
the possibility of an electronic transfer in response to atoms assuming fa-
vorable con�gurations is arbitrarily low. As such, the dispersion related
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transfers of atomic vibrational energies are always fast enough to establish
equilibrium prior to an electronic carrier transfer between sites. However,
as noticed earlier, the small polaron hopping is typically adiabatic. In this
case, the inter-site transfer of an electronic charge appears in less than a
vibrational period whereas the dissipation and accrual of vibrational energy
is much smaller. The small polaron hopping is then a�ected by the trans-
port of vibrational energy. After a hop, the vibrations energy is lost away
from the concerned sites. In a 3D vibrations system, following a jump with
the energy of activation EA, the sites energy falls to KBT/2 after a time
τ ≈ (1/∆ω)(2EA/KBT )

2/3 , where ω stands for the frequencies dispersion
which characterizes the phonons a�ected by the jump. Generally, this time
of relaxation will overcome that governing the vibrations of atoms: ωτ ≫ 1,
where ω ≫ ∆ω and EA ≫ KBT . Thus, the relaxation from one jump may
not be completed before vibrations establish another adiabatic hop and the
jump will then be correlated.

The coherent motion of large polaron also produces an absorption simi-
lar to the Drude absorption of conventional electronic carriers. Distinctively,
a great mass of large polaron causes it to be only very poorly scattered by
ambient phonons which re�ect o� its softened atomic vibrations. As such, a
motion of large polaron is characterized by a long time of relaxation that lim-
its its Drude-like contribution below the characteristic frequency of phonons.
Then, there is a pseudogap in the absorption spectrum of large-polaron be-
tween the onset of its broad high-frequency photoionization band and its very
low frequency Drude-like absorption. This pseudogap opens with decreasing
temperature as the phonon scattering is gradually suppressed. The transport
of large polaron depends critically on the modes of phonon implyed in the
construction of potential well in which its electronic charge is self trapped.
These modes are weakened locally by relaxation of the large polaron self
trapped electronic charge to their atom vibratory displacements. A large
polaron's local weakening of these vibrational modes impedes passage of the
solid's indigenous phonons through it. This regional phonon softening is the
origin of the scattering between a large polaron and ambient phonons. The
scattering dynamics between a phonons and a large polaron depends on the
speed with which the vibrations energy can be transported through a solid.
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This phonon transport feature is ruled by their vibrational dispersion. Two
examples illustrate contrasting limits : the acoustic phonons have signi�cant
dispersion with the speed of their longitudinal branches being just that of
sound whereas the optical phonons are often considered as Einstein oscilla-
tors that possess no vibrational dispersion. Then, the large polaron great
mass causes it to move slower than the acoustic phonons it scatters, and the
Einstein oscillators move slowly than a large polaron.

1.3.3 Case of excitons

For excitons, the phenomenon of relaxation appears through two mech-
anisms : the multiple excitons generation and the exciton reconbinaition.

* Multiple excitons generation

Carriers multiplication is the mechanism wherein a single photon ab-
sorption leads to the excitation of many electrons that jump towards the
conduction band. Theoretically for a conventional solar cell, a photon is
able to excite only one electron across the semiconductor band gap and any
excess energy of that photon is lost as heat. In a structure with carriers
multiplication, the greater is the photons energy and on average more there
are excitations across the band gap. In this case, the solar cell can produce
more useful work in principle.

In organic materials, when a molecule is excited, electrons can access
unoccupied upper orbitals and depending on the di�erent possible con�g-
urations, a multitude of excited states are formed. The excited electron
(conduction band) coupled with its corresponding hole (valence band) form
an exciton. The carriers multiplication can be viewed as creating several
excitons and its e�ect may enhance considerably the energy conversion e�-
ciency of solar cells. However, one di�culty in the energy extraction may be
the short lifetime of multiple excitons.

The quantum mechanical origin of multiple excitons generation is still
under debate and some possibilities are suggested [76]:
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- Impact ionization.
An exciton with high energy is excited by light and it irreversibly de-

cays into a continuum of multiexciton states available at this energy. This
model only requires the density of multiexciton states to be high and the
exciton-multiexciton Coulomb coupling being quite small.

- Coherent superposition of exciton and multiexciton states.

This model is the �rst suggested but oversimpli�ed since it didn't take
into consideration the high density of multiexciton states. The light excites
an exciton which coherently can turn into multiexciton and return to exciton
many times. The mechanism requires the decay rate through phonons to be
much lower than the exciton-multiexciton Coulomb coupling (it is not the
case usually). Finally the excitation will decay through phonons to a smaller
energy of exciton or multiexciton, as function of which decay is faster.

All these models can be treated by the same mathematical technique
(density matrix) that can behave di�erently as function of the set of initial
parameters : density of states, coupling strength and decay rates. Multi-
ple excitons generation was detected in semiconducting single walled carbon
nanotubes upon absorption of single photon [77] and in graphene [78].

* Exciton recombinaton

The generation of excitons is balanced by the process of disappearance
called "recombination". Note that this recombination process can be quanti-
�ed. Recombination is direct when the electron goes directly from BC to BV
(band to band). Recombination can be indirect : the electron passes from
the BC to an energy level of an impurity acting as a recombination center
and located in the forbidden band, then it will be re-emitted towards the BV.
This step can also be described as the capture by the recombinant center of
a BV hole.

The recombination is radiative if the recombination energy is released
in the form of photon emission. The luminescence of organic materials is
due to the radiative recombination of excitons. Otherwise, we speak of non-
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radiative recombination and we distinguish two main processes:
- Recombination by Auger e�ect : the recombining partners energy is trans-
ferred to a neighboring particle which becomes hot. This mechanism �nds
its analogue in the process of de-excitation of atoms.
- Phononic recombination : the partners energy is transferred to the network
in the form of phonons.

Figure 1.4: Exciton recombination process.

Really, the processes that govern the recombination are complex. Once
formed, excitons can be subjected to various mechanisms :
- radiative de-excitation towards the GS
- interaction with another exciton
- vibrational de-excitation towards the GS
- interaction with a charge carrier
- dissociation
- interaction with a chemical impurity.

Due to these di�erent mechanisms of relaxation, particles are in mou-
vement and that can lead to the conduction.
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1.4 Generality on conductivity

The conductivity can be seen as the ability for a material to allow the
electricity and heat to pass through it. From this point of view we distin-
guish di�erent types of conductors. Both the electrons motion and the energy
transfer between them governe the transport properties.

Heat transfer is an exchange of energy between two bodies caused by
their temperature di�erence. There are two main forms of heat transfers:
conduction and radiation transfers. We can thus distinguish : electrical
conduction which refers to the transitions of thermally excited electrons;
thermal conduction which is related to heat transfers ; the Seebeck e�ect
which deals with the movement of hot carriers and the optical conduction
resulting from the absorption of radiations.

1.4.1 Types of conductors

Naturally, the majority of materials falls into the category of conductors
or insulators. A particular group of materials is intermediate between these
two categories : there are semiconductors.

* Insulators

In these materials, electrons are linked very strongly to the atoms (molecules)
making impossible to transfer charges from one site to another. An insulator
(quartz, glass and plastic) has a high value of resistance and don't allow an
electric current. In fact, as pointed Fig. 1.5 (a), electrons in BV are sepa-
rated from the BC by a large gap called forbidden gap which is superior or
equal to 6 eV.

* Conductors

Here, electrons are linked very loosely and so-called free electrons. These
particles are free to move through the material and respond to nearby neg-
ative and positive charges. A conductor has a low value of resistance and
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allows well the electric current. This is due to the fact that the BV over-
laps the BC seen Fig. 1.5 (c). Metals (Al, P t, Cu,Ag) are generally good
conductors.

* Semiconductors

In a semiconductor at zero temperature, all the covalent bonds in the
crystal are satis�ed. The electrons completely �ll the accessible energy bands
of the BV and the conduction band is empty. The forbidden band which sep-
arates these two bands is called gap. There is a small gap between the valence
and the conduction bands Eg < 5eV in semiconductors. It is illustrated by
Fig. 1.5 (b). With the increase in temperature or other excitations, electrons
will have enough energy to move into the conduction band. Some examples
of semiconductors are given in Table 1.1.

Materials Si Ge GaAs ZnS
Eg(eV ) 1.17 0.744 1.52 3.91

Table 1.1: Gap energy of some semiconductors at T=0K.

Figure 1.5: Band model for (a) insulator, (b) semiconductor and (c) conductor.

- Intrinsic semiconductor

An intrinsic semiconductor is a pure semiconductor, that is to say in
which there are very few impurities. At T=0K, all the covalent bonds of a
crystal are satis�ed. When the temperature is increased, electrons are de-
tached of certain bonds and can move in the crystal. Electrons from the top
of the valence band can be thermally excited into states at the bottom of the
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conduction band (intrinsic ionization) : states of the conduction band are
then populated by electrons leaving behind holes in the valence band. Under
the action of electric or magnetic �elds, the holes react like mobile charge
carriers possessing a positive charge +e.

In an intrinsic semiconductor, the contribution of conduction band elec-
trons comes only from the valence band. If we call n the density of electrons
and p that of holes then n = p = n0 and depending on the temperature T
we have:

n(T ) = p(T ) = n0e
−Eg/2kBT (1.28)

The variation in temperature of the density of charge carriers is therefore
dominated by the exponential factor.

- Extrinsic semiconductor

In order to increase the intensity of the current and therefore the num-
ber of charge carriers in this interband process, one can voluntarily introduce
impurities (substrate, atoms of di�erent nature) capable of providing addi-
tional electrons or holes to the system: it is doping. A N-type semiconductor
is a semiconductor doped with so-called donor impurities that provide addi-
tional electrons to the system. On the other hand, a P-type semiconductor
is a semiconductor doped with so-called acceptor impurities which bring ad-
ditional holes to the system. If nD is the density of donors and nA that of
acceptors, then at equilibrium we have :

n+ nA = p+ nD (1.29)

In short, semiconductors are materials whose conductivity is interme-
diate between that of insulators and conductors. It varies over several orders
of magnitude under the e�ect of :

-temperature
-lighting
-presence of impurities (doping)
-others external perturbations (�leds).

The study of conductivity as a function of these parameters provides access
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to the essential physical properties of materials.

1.4.2 Electrical conductivity

The electrical conductivity describes the ability of charge carriers to run
through the material. Indeed, a valence bond can be broken if su�cient ther-
mal or light energy is provided : one or more previous electrons involved in
these bonds are thus torn o�. This amounts, in the model of energy bands, to
passing this or these electrons from the BV to a state located in the BC (at
a level depending on their energy contribution). The electron is free since it
no longer participates in a crystalline bond and can participate in electrical
conduction. It behaves like a quasi-free particle in the semiconductor because
it undergoes the in�uence of the lattice there. It is therefore a free "polaron"
quasiparticle to which we now associate an e�ective mass di�erent from that
of the free electron. At the same time as an electron that has become free
appears in the BC, an empty box appears in the BV. This empty place called
"hole" is assigned a positive charge +e whose displacement will be opposite
to that of the electron during the application of an electric �eld.

When a conductor is subjected to the action of an electric �eld E⃗, a
current �ux density vector j⃗ is observed locally and it obeys the relation :

j⃗ = σelE⃗ (1.30)

σel being the electrical conductivity in unit of S.m−1. Thus, it appears as
the proportionality coe�cient between the density of current and the �eld.

1.4.3 Thermal conductivity and Seebeck e�ect

Here, the interest is the ability to conduct or transfer heat in a material.
We distingish two processes : the thermal conduction and the Seebeck e�ect.

* Thermal conductivity

The thermal conduction (or thermal di�usion) is a mode of energy trans-
fer that takes place on a microscopic scale. For non metallic solids, the energy
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transfer between two zones of di�erent temperatures is done by the exchange
of vibrational energy between the lattice atoms. For metals, the thermal
energy is transported by conducting electrons that make the transfer more
e�cient. Heat conduction is faster over small distances and slower over high
distances.

The study of conduction comes under the thermodynamics of non equi-
librium phenomena. To understand the problem, consider two solids at two
di�erent temperatures, which are brought into contact at the instant t = 0.
The heat can then be exchanged by conduction at the contact surface, but
also inside the bodies. We assume that the set of two body does not ex-
change energy with the outside. As soon as the two bodies are brought into
contact, the system is no longer in equilibrium. It evolves towards a state of
equilibrium characterized by a uniform temperature. The time required to
reach equilibrium or relaxation time is denoted by τ .

Let us consider a surface situated in a material medium, oriented by
a choice of direction for its normal. Let δQ be the amount of heat passing
through this surface in the direction of the normal between the times t and
t+ dt. The heat �ux is :

Φ(t) =
δQ

dt
(1.31)

This de�nition is analogous to that of charge �ux in electromagnetism. The
heat �ux is measured in watts and it is therefore a thermal power. It mea-
sures the rate at which heat transfer occurs through a surface.

As in electromagnetism, we de�ne a heat �ux density vector (ϱ⃗), which
represents at any point in space the direction of the heat transfer. For an
in�nitesimal surface dS oriented, the elementary �ow through this surface is
written :

dΦ = ϱ⃗.n⃗dS (1.32)

Consider a thick plate (ed) whose two faces are maintained at di�erent
temperatures. Let Φ be the heat �ow crossing a portion of the plate area
S. When the temperatures are stationary, the relationship between the heat
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�ux, the temperature di�erence and the thickness of the plate is written :

dΦ = Sκ
T1 − T2
ed

(1.33)

The �ux per unit area is therefore proportional to the temperature variation
and inversely proportional to the thickness of the plate. The coe�cient κ
expressed in Wm−1K−1 is the thermal conductivity and it depends on the
plate material. This last relation is the Fourier's law . To write it more
generally, consider a temperature T (x; t) depending only on a rectilinear
space variable. If we take the temperature di�erence between x and x+ dx,
we can write :

ϱ(x, t) = −κT (x, t)− T (x)

dx
= −κ∂T

∂x
(1.34)

A linear relationship is thus obtained between the �ux density and the partial
derivative of the temperature with respect to x. This relation is generalized
using the gradient operator:

ϱ⃗ = −κ( ⃗gradT ) (1.35)

The negative signe re�ects the orientation of the thermal �ux from high to
low temperatures.

* Seebeck e�ect

The Seebeck e�ect is at the crossroads between electrical and thermal
conductions. As a material at the temperature T is subject to a temperature
di�erence ∆T respecting the condition ∆T ≪ T , this generates a di�erence
of potential ∆V called Seebeck voltage due to the hot carriers motion and
therefore a current occurs. If the ∆V measurement shows no di�culty, that
of ∆T is more delicate by a point of experimental view. The use of di�erent
types of sensor pairs for measuring ∆T have been described in the literature
: resistors, diodes and thermocouples. However, thermocouples are the most
used because they allow to measure not only ∆T but also ∆V in the sample.
There are several methods to measure the Seebeck coe�cient and the most
common is the di�erential method [79, 80].
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A thermocouple made up of two conductors A and B of di�erent types,
whose junctions are at temperatures Ta and Tb delivers an electromotrice
force V which depends on the one hand of the nature of A and B, and
on the other hand of the temperatures of the two junctions. Globally, the
temperature of one of the junctions is �xed, known and serves as a reference
(Ta = Tref), while the other junction is placed in the medium of which one
seeks to measure the temperature.

Figure 1.6: A thermocouple used for Seebeck coe�cient measurement.

Moreover, in thermal conduction, when a conductor is placed between
two di�erent temperatures, we locally observe a heat �ux density ϱ⃗ propor-
tional to the temperature di�erence via its gradient such that:

ϱ⃗ = −κ0(∇⃗T ) (1.36)

In the presence of both an electric �eld and a temperature gradient,
there will therefore be a possible in�uence of the electric �eld on the heat
�ow and a possible in�uence of the temperature gradient on the electric
current. These e�ects remain linear and we can always write the following
general relations :

ϱ⃗ = −κ0(∇⃗T ) +ME⃗ (1.37)

j⃗ = σelE⃗ − L(∇⃗T ) (1.38)

Where κ0 being the thermal conductivity of the material at zero electric �eld,
M and L are kinetic coe�cients theoretically linked.
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In the absence of current (⃗j = 0), we can write Eq (1.38):

E⃗ = ϑ(∇⃗T ) (1.39)

with ϑ = L/σel the thermoelectric power. This leads to:

dV = −ϑdT (1.40)

Considering respectively ϑa and ϑa for the conductors A and B, one gets:

∆V = (ϑa − ϑb)∆T (1.41)

Thus, the Seebeck coe�cient Sb is measured in unit of V.K−1 as :

Sb
ab = (ϑa − ϑb) =

∆V

∆T
(1.42)

From this de�nition of the Seebeck coe�cient follows the principle of its dif-
ferential measurement.

At low temperature, it is easy to stick thermocouples (with conductive
glues) or to braze them directly on the sample. The choice between thermo-
couples and resistors to measure ∆T is essentially determined by the use or
not of a magnetic �eld. Generally, the Seebeck coe�cient of thermocouples
are very dependent on the applied magnetic �eld contrary to resistors whose
resistance is almost independent of the �eld. The choice is guided by their
sensitivity at low temperature, their mechanical properties (�exible-rigid)
and their price. At high temperature, the use of thermocouple is almost ex-
clusive and the contact sample-thermocouple is most often made by pressure
because gluing is impossible.

One can notice that for a material, these conductive properties are
linked by the �gure of merit (ZT ) which determines the e�ciency of a ther-
moelectric material for a given temperature di�erence.

ZT =
σel(S

b)2

κ
T (1.43)
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The higher ZT , the more e�cient is the material for convert heat into elec-
tricity. At room temperature, high-performance materials reach a value of
ZT = 2.8. From Eq.(1.43), ZT tells us about two performance conditions
for thermoelectric materials: good electrical conductivity and low thermal
conductivity.

1.4.4 Optical conductivity

The optical conductivity is the property of material that expresses the
link between the induced current density in the material and the induced
electric �eld magnitude for arbitrary frequencies. It is a linear response func-
tion that generalizes the electrical conductivity usually considered in slowly
variation of electric �elds. In insulators, the optical conductivity is always
�nite in some frequency ranges above the optical gap whereas the static elec-
trical conductivity tends to vanish.

In a simplest case, the optical conductivity is represented as a complex
values scalar fonction of frequency only. In this point of view, the scalar
optical conductivity σ(ω) , the electric current density and the electric �eld
are related by the equation [81]:

J(ω) = σ(ω)E(ω) (1.44)

The optical conductivity unit is Ω−1cm−1 and it is most often measured in
optical frequency intervals through the re�ectivity of polished samples under
incidence or using variable incidence angles [82]. High precision is possible
using optical transmission experiments for samples which can be splited into
thin slices. To fully obtain the electronic properties of the interested mate-
rial, such measurements are coupled with other methods working in various
frequency ranges (microwave frequencies or in the static limit).

1.5 TMDC materials and their applications

This section focuses on the material we have studied. We present the
structure of TMDC, give some of their applications and several works done
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in this frame.

1.5.1 Structure of TMDCs

TMDCs have the chemical formula MX2 in which M is a transition
metal and X is a chalcogen. A TMDC structure consists on a M atoms lat-
tice sandwiched between two layers of X atoms. In the bulk, these layers are
stacked. When we speak of 1L TMDC, we mean the set of these three com-
posed layers. As pointed Figure 1.7, in the periodic table the groups 4, 5, 6,
7, 9, 10 are the most usually combine with chalcogens to constitute TMDCs
. For bonding orbitals with two X atoms, each M atom provides four va-
lence electrons and the remaining electrons occupy the d-levels. As function
of the subdivision of d-levels and the remaining valence electrons number,
TMDC compounds can be insulators (HfS2), semiconductors (MoS2,WS2),
semimetals (WTe2) and metals (NbS2, V Se2).

Figure 1.7: The periodic table of chemical elements.

MX2 are semiconductors characterized by a band of indirect forbidden
energy of 0.788 - 0.917 eV and direct transitions of 1,393 - 1,679 eV. Their
electronic band structures indicate that at the point at the top of the BV
corresponds to the dz2 states of the partially hybridized metal at the pz states
of the chalcogen, the bottom of the BC being related to the states of dxy and
dx2−y2 of the metal with a low degree of p chalcogen hybridization. Direct
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transitions at point K are associated with Wannier excitons with binding
energies of the order of 50-100 meV.

Figure 1.8: Arrangement of a monolayer TMDC: black spheres represent the transition
metal (M) atoms and yellow ones the chalcogen (X) atoms.

The notion of gap or bandgap is related to the representation of semi-
conductors. The behavior of semiconductors is described by the theory of
bands. The energy band structure de�nes the possible energy states that an
electron can take in a crystal as function of a wave vector. In the phase di-
agram, the energy is represented according to the direction with the highest
symmetry. It is divided into valence band, band gap and conduction band.
The energy di�erence (distance) between the bottom of the conduction band
and the top of the valence band is called gap energy (band gap):

Eg = Ec(K0)− Ev(0) (1.45)

In the phase diagram, one can distinguish the indirect gap and the di-
rect gap. In the optoelectronic point of view, materials behave di�erently
according to these gaps. For direct gap materials, the charge carriers can
migrate from one band to another by a simple exchange of a photon whose
momentum is insigni�ant at this energy level. However, for indirect gap ma-
terials, the charge carriers have to interact with both a phonon and a photon
in order to modify their wave vectors and it makes the transition much less
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Figure 1.9: Schematic of band gap energy.

likely. In 2017, Xiao et al. [83] altered various polar substrates and found
that the modulated amplitude of the band gap is in range of 100 and 500
mev. They showed that carriers highly bound with optical phonons (long
wavelength modes) and provide the dominant contributions to the band gap
modulation. By changing the internal distance of TMDC-substrate and the
nature of polar substrates one can tun the band gap on a large scale.

Concerning the fabrication, lamellar TMDC crystals have weak inter-
layer forces of van der Waal and great intralayer covalent bonds. To obtain
a thinner material, one can impart a shearing force to the bulk crystal for
overcoming the Van der Waals strengths within the lattice. By repeating this
process one can further exfoliate the lamellar �akes and allow the separation
of 1L nanosheets eventually [84]. The manners to a�ect the mechanism can
be splitted into some types: Micromechanical exfoliations consisting of intro-
duce a peeling strength to isolate layers, a separation induced by shear or by
compressive delamination. Exfoliation is a liquid medium generally operat-
ing by exposing it to strengths generated within a cavitation �eld or applying
a vibrational energy to the crystal. Chemical exfoliation and intercalation
work basing on the insertion of a small molecule or atom within the inter-
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layer space of the bulk TMDC, before the forced expansion of the intercalate
separates the crystals. Finally, the thinning methods don't require the sheets
separation but rather the destructive elimination of undesirable layers from a
bulk crystal to produce a 1L or multilayered nanosheets. Above is presented
the fabrication of TMDC nanosheets by top-down exfoliation methods.

Beside, we also have the fabrication by Bottom-up methods. Bottom-
up syntheses consist on the TMDC formation by the reaction of chalcogen
and metal containing precursors. In TMDC production, these reactions have
become increasingly popular and can be made in the liquid, solid and gaseous
phase. In most cases, the goal is to form reactive nX2 and Mn+ ions that
will directly react to constitute the wanted material. Typically the chemistry
is well-known and robust, there exists a large number of possible precursors.
The di�culty and the novelty rest on the control of reaction kinetics and the
improvement in understanding of the energetics. The gas-phase synthesis of
2D TMDCs is a promising research framework due to their inherent compati-
bility and scalability with existing technologies. Nanosheets grow in the solid
and liquid-phase which involve the decomposition of a precursor mixture by
either the injection into a hot liquid or the thermal decomposition within a
solution [85]. It should be noted that molybdenum and tungsten disul�des
exist in nature on the form of minerals called molybdenite and tungstenite.

1.5.2 Applications

In both large molecules and molecular lattices, excitons play important
roles such as carrying energy, transmitting informations and activating some
chemical reactions. Recently, excitons in 1L TMDCs have grown very rapidly
due to their electronic and optical propertiess [86, 87]. TMDCs are viewed
as one of the most interesting 2D materials due to their various applications.
They became particularly promising due to their characteristics of semicon-
ductor with a high stability and a large �exibility [14, 15], their electronic
and optical properties which indicate applications in fabrication of electronic
devices [17, 18, 88], spintronics [89], preparation of qubit [16], transistors,
photovoltaics, optoelectronics, molecular sensing and photodetectors [20, 21],
in valleytronic e�ects [22], in photoluminescence experiments [23]. They are
good candidate for conductivity and have high optical absorption coe�cient
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and mobility.

* Field-e�ect transistors

It is over the past 10 years that the TMDC electrical properties were
�rst used for �eld-e�ect transistors and precisely after the paper on graphene
[90] that 1L TMDC semiconductor was investigated in �eld-e�ect transistors
[91]. In graphene, the �eld-e�ect mobility is found to be at least 3 orders of
magnitude greater than in 1LMoS2. The interest of 1L TMDC semiconduc-
tor for this application is renewed in 2011 when large on/o� ratios and low
sub-threshold swings, top-gated 1L MoS2 �eld-e�ect transistors with mod-
erate mobilities were demonstrated at room temperature [92]. The ultrathin
top gate dielectric and 2D channel coupled with a large band gap (> 1 eV)
have allowed superior gate control, thus enabling large switching ratios and
small o� currents. This work also found that the carrier mobility increases
in the presence of the top dielectric.

* Digital electronic devices

The digital electronic requires the reliable creation, storage and reading
of distinct voltage states. we have two states in Boolean logic corresponding
to false 0 or true 1. Digital electronic circuits are comprised of large as-
semblies of logic gates which are electronic implementations of the Boolean
logic functions. Transistors are fundamental components of modern digi-
tal electronics since each logic gate usually consists of several transistors.
The metal-oxide-semiconductor �eld-e�ect transistor is used as basic com-
ponent for most digital electronic circuits. The two Boolean voltage states
can be achieved by having two distinct states of conductance in a metal-
oxide-semiconductor �eld-e�ect transistor separated by multiple orders of
magnitude. At room temperature this high on/o� current ratio requirement
is easily reached in semiconductor materials with band gaps larger than ∼ 1
eV. Unlike in gapless graphene, semiconductors TMDC with their substantial
band gaps suggest that high on/o� current ratios can be achieved, and thus
digital electronics based on TMDCs is possible.
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* Junctions and heterostructures

In addition to circuits and devices based on individual TMDC semicon-
ductor materials, TMDC materials present opportunities for unique device
geometries based on heterostructures amd junctions. Such heterojunction de-
vices was widely developed for crystalline semiconductors for high frequency
applications. These semiconductor heterostructures have grown historically
by epitaxial crystal growth methods and the range of possible heterojunctions
is limited to those materials having closely matched lattice parameters. In
revenge, since the van der Waals bond between TMDCs is relatively weak it
weakens this constraint and then suggests a large range of possible junctions
and heterostructures [93].

* Optoelectronics

1L TMDC semiconductors with direct band gaps in the visible domain
of the electromagnetic spectrum, strong photoluminescence and large exci-
ton binding energies, are good candidates for applications in optoelectronic.
Many classes of optoelectronic devices have been developed from ultrathin
TMDCs semiconductors including photovoltaics, photodetectors and light
emitting devices.

When incident photons (with energy greater than the band gap) are
applied on a semiconductor, they lead to the reation of free carriers or exci-
tons depending on the binding energy of exciton in that semiconductor. A
photocurrent is generated from a built-in or applied electric �eld which sep-
arates bound excitons. Photodiodes and phototransistors are the two main
categories of semiconductor-based photodetectors that exist. First studies on
ultrathin MoS2-based phototransistors have measured the photocurrent un-
der global illumination by photons having energies superior than the 1.9 eV
band gap. Also, the phototransistors have been extended to chemical vapor
deposition grown few layer WS2 [94]. Later, studies on the dependence of
wavelength have suggested that the photocurrent roughly follows the absorp-
tion spectrum. This leads to speculation of carrier separation and interband
absorption as most important mechanisms of photocurrent generation.
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Photovoltaic cells are one of the most widespread P-N junctions appli-
cations. A great mobility semiconductor having a direct band gap close to 1.3
eV is sought for high performance junction photovoltaics. Here, 1L TMDC
semiconductors are well placed both in terms of mobility and direct band
gap values, making them suitable candidates for photovoltaic applications.
Calculations on a Schottky junction solar cell (a stack of graphene-MoS2)
suggest a maximum power conversion performance of 1 percent whereas a
type-II heterojunction between WS2/MoS2 is 1.5 percent. In experiments,
an asymmetric metal-semiconductor-metal Schottky junction on a �ake of
few-layer MoS2 resulted in working photovoltaic devices with 1 percent
power conversion e�ciency, whereas split-gated P-N junctions on 1L WSe2
reached a power conversion e�ciency of 0.5 percent.

* Sensing application

An electronic sensor exploits the variations of the electrical properties
of the constituent materials during the interaction with an analyte. When
a bulk material in a �eld e�ect transistor channel interacts with an analyte,
the device capacitance or the material resistance usually undergoes relatively
small changes because the interaction is limited to the surface. But, in atom-
ically thin nanomaterials, the surface to volume ratio is near to unity and
therefore the electrical properties are considerably perturbed by an analyte
adsorption even submonolayer. This strategy is greatly exploited in carbon
nanomaterials and should be also apply to ultrathin TMDC semiconductors.
Studies of sensor enhancement based on TMDCs are relatively limited even if
the domain of semiconductors TMDC-based electronic devices has increased
rapidly. Precisely, reset-ability and selectivity issues need much more at-
tention. Although the e�ciency degradation of TMDC devices due to the
interaction of adsorbate is reversible when these devices are subjected to the
vacuum conditions, the reset-ability of TMDC-based sensors is susceptible
to be greater than that of organic semiconductors in which this degradation
is irreversible. Sensing applications are explored by several authors [95, 96].

TMDCs have also attracted interest by their fascinating properties rang-
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ing from metal, semimetal, semiconductor to superconductor. The electrical
control of their physical properties is signi�cantly important for electronic
devices. For example, investigate how the electrical manipulation of optical
and electric dependences can improve the properties of these 2D materials.

1.5.3 Overview on TMDCs

Many authors have explored the polaron energy, the exciton-polaron en-
ergy and other properties in TMDCs, among them we can quote :

Thilagam [97] examined the mechanism of excitons generated through
the process of LO-phonon-assisted scattering after the optical excitation of
1L TMDCs. The time of exciton formation is determined as a function of the
carrier densities for some Frohlich coupling constants, the exciton wavevec-
tor, the energy of LO-phonon, the binding energy of exciton in the layered
structure and the lattice temperature. In fact, for 1L MoS2 at carrier tem-
peratures inferior to 300K and charge density of 5.1011cm−2, she obtained ul-
trafast exciton formation times on the sub-picosecond time scale. Her results
show that excitons are formed faster in 1L selenide-based dichalcogenides
(WSe2 and MoSe2) than in 1L sul�de-based dichalcogenides (WS2 and
MoS2). TMDCs have appeared as promising compounds in which excitons
form as stable quasiparticles with high binding energies and thus signi�cantly
in�uence the optical mechanisms of 1L TMDCs. The excitons dynamics in
TMDCs have been widely studied over the last years both in terms of theory
and applications. Also, it is recently that the excitons formation from free
carriers has been measured.

Shahnazaryan et al. [98] have theoretically studied the Coulomb inter-
action between excitons in 1L TMDCs. Their results quantitatively describe
the exciton-electron and exciton-exciton scattering in TMDCs, and are in-
teressant for the design of perspective nonlinear optical devices based on 1L
TMDCs. They have computed the exciton-electron interplay in 1L TMDCs,
relevant for systems with an excess of free electrons. This interplay is charac-
terized by the dominant attractive contribution of the exchange component
enhancing with the exciton principal quantum number. Their results give a
basis for the quantitative description of nonlinear e�ects in TMDC systems
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and are useful for the creation of corresponding nonlinear optoelectronic de-
vices.

Berman et al. [99] have studied the formation of super�uidity of dipolar
excitons in double layer heterostructures formed by two TMDCs atomically
thin layers. The dipolar excitons binding energy depends on the hole and
electron reduced masses, the TMDC material polarizability and the inter-
layer separation between the two monolayers. Since the e�ective masses of
holes and electrons are di�erent for the same 1L TMDC, the exciton binding
energy is higher for dipolar excitons with electrons in MoS2 and MoSe2,
holes in WS2 and WSe2 than for dipolar excitons with electrons in WS2

and WSe2, holes in MoS2 and MoSe2. Moreover, it is found that when the
hole and electron reduced masses increase then decreases the dipolar excitons
binding energy.

Also, the magneto-optical mechanisms of 1L TMDCs have stimulated
some opportunities for applications in which a comprehensive insight of the
magnetic �eld action a�ecting the excitons is needed [100, 101]. Indeed,
excitons in 1L TMDCs subjected to a magnetic �eld show interesting elec-
tronic and optical characteristics due to the excitons high binding energy
[102, 103, 104, 105]. It is shown that the application of an external magnetic
�eld to a 1L TMDC gives an experimental understanding of the excitons
characteristics, such as their spatial extent [106].

Conclusion

In this chapter, we have given an overview on polaron, exciton-polaron
and TMDCs. These concepts are integrated in order to better understand
the behavior of particles in structures. We have also presented a generality
on the phenomena of relaxation and conductivity. To date, many methods
and theories have emerged to evaluate the properties of systems in physics.
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THEORY AND METHODS

Introduction

In this chapter, we explain the theory and methods used in the thesis
to derive the di�erent properties. It consists of the 2D theory necessary to
obtain the exciton-polaron energy ; the relaxation time approximation ap-
proach to derive the relaxation time, the electrical conductivity and Seebeck
coe�cient of a material ; the Fermi's golden rule used for the lifetime and
optical absorption coe�cient ; and the Kubo formula for optical conductivity.

2.1 2D theory

Here, 2D comes from the fact that the quasiparticle moves in the xy-
plane representing the material layer. The 2D theory is convenient for the
study of two-dimensional materials.

2.1.1 LLP variational method

Let us consider the Hamiltonian of Eq.(1.12). The total momentum
operator for the polaron reads:

P =
∑
q

ℏqb†qbq + p (2.1)

where p = −iℏ∇ is the electron momentum. We use the following relation:

Φ = Ŝ1Φ2, (2.2)
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The wave function Φ satis�es the equation:

HΦ = EpolΦ (2.3)

The �rst transformation S1 of LLP is de�ned as [107]:

S1 = exp

{
i

ℏ

(
p−

∑
q

ℏqb†qbq

)
r

}
(2.4)

We apply the latest transformation on the electron momentum operator as:

S−1
1 pS1 = p−

∑
q

ℏqb†qbq (2.5)

S−1
1 p2S1 =

(
p−

∑
q

ℏqb†qbq

)2

(2.6)

and on the phonon operators as:

S−1
1 bqS1 = bqe

−iqr (2.7)

S−1
1 b†qbqS1 = S−1

1 b†qS1S
−1
1 bqS1 = b†qe

iqrbqe
−iqr = b†qbq (2.8)

S−1
1

(
Vqbqe

iqr + V ∗
q b

†
qe

−iqr
)
S1 = Vqbq + V ∗

q b
†
q (2.9)

According to Eq. (1.12), the �rst transformed Hamiltonian is obtained as:

H̃1 = S−1
1 HS1 =

(
p−

∑
q
ℏqb†qbq

)2

2me
+
∑
q

ℏωLOb
†
qbq +

∑
q

(
Vqbq + V ∗

q b
†
q

)
(2.10)

From the Fröhlich perturbation analysis, in the intermediate coupling regime
the virtual phonons number is not small. It follows that one cannot apply
the perturbation theory to the Hamiltonian Ĥ. Nevertheless, by the dis-
placement canonical transformation one can remove the essential part of the
interaction term from the Ĥ. LLP proposed further a variational approach
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of calculation. The trial wave function is taken as:

Φ2 = S2 |0⟩ . (2.11)

where |0⟩ is the unperturbed Hamiltonian eigenstate with no phonons (vac-
uum state). Speci�cally |0⟩ is de�ned by:

bq|0⟩ = 0 (2.12)

⟨0∥0⟩ = 1 (2.13)

The second LLP transformation is given by:

S2 = exp

{∑
q

(
b†qfq − bqf

∗
q

)}
(2.14)

where fq is a variational function which is determined by minimizing of the
GS energy. The signi�cance of Eq. (2.14) is that it dresses the electron
with the virtual phonon �eld, which describes the polarization. The unitary
transformation S2 is applied on the operators as:

S−1
2 bqS2 = bq + fq (2.15)

S−1
2 b†qS2 = b†q + f ∗q (2.16)

The GS energy is calculated by:

Epol = ⟨Φ|H |Φ⟩ = ⟨0|S−1
2 H̃S2 |0⟩ . (2.17)

Doctorate/Ph.D, Thesis 50 TEGUIMFOUET K. Arthur © 2024



Chapter 2: Theory and methods

In virtue of Eqs.(2.15) and (2.16), we obtain:

S−1
2 H̃S2 =

[
P −

∑
q ℏq

(
b†q + f ∗q

)
(bq + fq)

]2
2me

+
∑
q

ℏωLO

(
b†q + f ∗q

)
(bq + fq)

+
∑
q

[
Vq (bq + fq) + V ∗

q

(
b†q + f ∗q

)]
(2.18)

S−1
2 H̃S2 =

[
P −

∑
q ℏqb†qbq −

∑
q ℏq |fq|

2 −
∑

k ℏq
(
b†qfq + bqf

∗
q

)]2
2me

+
∑
q

ℏωLO

(
b†qbq + b†qfq + bqf

∗
q + |fq|2

)
+
∑
q

[
Vq (bq + fq) + V ∗

q

(
b†q + f ∗q

)]
= H0 +H1, (2.19)

where

H0 =

[
P −

∑
q ℏqb†qbq

]2
+
[∑

q ℏq |fq|
2
]2

2me
+
∑
q

(
Vqfq + V ∗

q f
∗
q

)
+
∑
q

ℏωLOb
†
qbq

+
∑
q

|fq|2
{
ℏωLO − ℏq.P

me
+

ℏ2

q2

2me

}
+

ℏ2

me

∑
q

qb†qbq.
∑
q′

q′ |fq|2

+
∑
q

bq

Vq + f ∗q

ℏωLO − ℏq.P
me

+
ℏ2

q2

2me
+

ℏ2

q

me
.
∑
q′

q′ |fq|2


+
∑
q

b†q

V ∗
q + fq

ℏωLO − ℏq.P
me

+
ℏ2

q2

2me
+

ℏ2

q

me
.
∑
q′

q′ |fq|2

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H1 =
∑
q,q′

ℏ2q.q′

2me

{
bqbq′f

∗
q f

∗
q′ + 2b†qbq′fqf

∗
q + b†qb

†
q′fqfq′

}
+
∑
q,q′

ℏ2q.q′

2me

{
b†qbqbq′f

∗
q′ + b†q′b

†
qbqfq′

}
. (2.20)

Using Eqs. (2.12) and (2.13), we obtain from Eq. (2.17) that:

Epol =
P 2+

[∑
q
ℏq|fq|2

]2
2me

+
∑
q

(
Vqfq + V ∗

q f
∗
q

)
+
∑
q
|fq|2

{
ℏωLO − ℏq.P

me
+ ℏ2q2

2me

} (2.21)

We minimize Eq. (2.21) by checking the f -functions such that:

∂Epol

∂fq
=
∂Epol

∂f ∗
q

= 0. (2.22)

This leads to:
f ∗q = − Vq

ℏωLO − ℏq.P
me

(1− ϱ) + ℏ2q2
2me

(2.23)

fq = −
V ∗
q

ℏωLO − ℏq.P
me

(1− ϱ) + ℏ2q2
2me

(2.24)

Where ϱ is a fraction (ϱ < 1) verifying:

ϱP =
∑
q

|fq|2ℏq (2.25)

As the variational parameters are well de�ned, one can easily determine
the GS energy from Eq. (2.21).

2.1.2 Hamiltonian of 2D exciton-polaron

The Hamiltonian of 2D exciton-polaron has the same form of Eq. (1.26):

Ĥ2D = Ĥ2D
ex + Ĥph + Ĥ2D

ex−ph (2.26)
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In the ideal 2D case, Ĥ2D
ex represents the exciton Hamiltonian in the xy-plane

appearing as:

Ĥ2D
ex =

(
P 2
e,x + P 2

e,y

)
2m∗

e

+

(
P 2
h,x + P 2

h,y

)
2m∗

h

− e2

ε|ρe − ρh|
(2.27)

ρe (ρh) is the electron (hole) coordinate in the xy-plane. The last term of Eq.
(2.26) is the in-plane interaction term, given by [108]:

Ĥ2D
ex−ph =

∑
K∥,q∥

Ξs(q∥)C
†
K∥+q∥

CK∥

(
bq∥ + b†−q∥

)
(2.28)

Where C†
K∥
(CK∥) denotes the creation (annihilation) operator of an exciton

and K∥ its in-plane wave vector. The 2D coupling function due to deforma-
tion potential appears as:

Ξs(q∥) =

√
ℏq∥

2ηuS2D

[
Ds

c

(1 + b2e)
3
2

− Ds
v

(1 + b2h)
3
2

]
(2.29)

S2D represents the area of the layer plane, η denotes the area mass density
and u is the sound velocity. Ds

c and Ds
v are respectively the deformation

potential constant for electron-phonon interaction inside conduction band
and the corresponding expression for hole in the valence band.

The coupling function is approximated for be, bh ≪ 1 as:

Ξs(q∥) =

√
ℏq∥

2ηuS2D
(Ds

c −Ds
v) (2.30)

Let consider the in-plane relative coordinate:

ρ = ρe − ρh (2.31)

and the center of mass:
R =

m∗
e

M ∗ρe +
m∗

h

M ∗ρh (2.32)

Doctorate/Ph.D, Thesis 53 TEGUIMFOUET K. Arthur © 2024



Chapter 2: Theory and methods

We establish: {
∇ρe = m∗

e

M∗∇R +∇ρ

∇ρh =
m∗

h

M∗∇R −∇ρ

(2.33)

Then Eq. (2.27) becomes:

Ĥ2D
ex =

−ℏ2

2m∗
e

∇2
ρe
− ℏ2

2m∗
h

∇2
ρh
− e2

ερ
(2.34)

Thus

Ĥ2D
ex =

−ℏ2

2M ∗∇
2
R +

(
− ℏ2

2µ∗
∇2

ρ −
e2

ερ

)
= ĤR + Ĥρ (2.35)

µ∗ is the e�ective reduced mass of exciton 1/µ∗ = (1/m∗
e) + (1/m∗

h) and
M ∗ = (m∗

e +m∗
h) its e�ective mass.

The task is to write the exciton Hamiltonian in second quantization, this
means to check the exciton eigen energy on the form:

Ĥ2D
ex =

∑
K∥

EexC
†
K∥
CK∥ (2.36)

This leads to the Schrödinger equation:

Ĥ2D
ex Ψ2D = EexΨ

2D (2.37)

The 2D exciton wave function [109] is chosen as:

Ψ2D = φ(R)ϕ1s(ρ) = exp(iK∥.R)

√
2

π

1

a
exp

(
−ρ
a

)
(2.38)

a being a variational parameter. For the center of mass, we solve:

−ℏ2

2M ∗∇
2
Rφ(R) = EK∥φ(R) (2.39)

We have:
∂φ(R)

∂R2
= (iK∥)

2φ(R) (2.40)

Thus:

EK∥ ≈ Eg +
ℏ2K2

∥

2M ∗ (2.41)
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Also, for the relative coordinate, we have:

⟨ϕ1s|Hρ|ϕ1s⟩ = − ℏ2

2µ∗
〈
ϕ1s|∇2

ρ|ϕ1s
〉
− e2

ε

〈
ϕ1s|

1

ρ
|ϕ1s
〉

(2.42)

This leads to:

⟨ϕ1s|Hρ|ϕ1s⟩ = − ℏ2
2µ∗

〈
ϕ1s|1ρ

∂
∂ρ

(
ρ ∂
∂ρ

)
|ϕ1s
〉
− e2

ε

〈
ϕ1s|1ρ|ϕ1s

〉
= − ℏ2

2µ∗a2 ⟨ϕ1s||ϕ1s⟩+
(

ℏ2
2µ∗a −

e2

ε

)〈
ϕ1s|1ρ|ϕ1s

〉 (2.43)

The second term vanishes according to Eq. (1.23) and we have :

⟨ϕ1s|Hρ|ϕ1s⟩ = − ℏ2

2µ∗a2
= E2D

b (2.44)

Eb is the exciton binding energy. According to Eqs. (2.41) and (2.44), the
energy of 2D exciton is:

Eex = EK∥ − E2D
b (2.45)

Ultimately, the Hamiltonian for the 2D exciton-polaron reads:

Ĥ2D =
∑
K∥

EexC
†
K∥
CK∥ +

∑
q

ℏω0b
†
qbq +

∑
K∥,q∥

Ξs(q∥)C
†
K∥+q∥

CK∥

(
bq∥ + b†−q∥

)
(2.46)

We obtain a Hamiltonian which quanti�es the exciton motion, depends
on the di�erent operators of creation and annihilation suitable for energies
calculations.

2.1.3 GS energy of 2D exciton-polaron.

We can rewrite the latest Hamiltonian of 2D exciton-polaron as:

Ĥ2D = Ĥ0 + Ĥ2D
ex−ph (2.47)

Where
Ĥ0 = Ĥ2D

ex + Ĥph (2.48)
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We use the following unitary transformation [27] to diagonalize the Hamil-
tonian:

Uex = eiS (2.49)

With

S =
∑
K∥,q∥

C†
K∥+q∥

CK∥

[
f ∗ex(K∥, q∥)b

†
−q∥ + fex(K∥, q∥)bq∥

]
(2.50)

Where the f -functions are variational parameters.

A series expansion of the transformed Hamiltonian gives:

ĤT = U−1
ex Ĥ

2DUex

= U−1
ex Ĥ0Uex + U−1

ex Ĥ
2D
ex−phUex

= Ĥ0 + i
[
S, Ĥ0

]
+ i
[
S, i2

[
S, Ĥ0

]]
+ Ĥ2D

ex−ph + i
[
S, Ĥ2D

ex−ph

]
+

i
[
S, i2

[
S, Ĥ2D

ex−ph

]]
= Ĥ0 +

(
i
[
S, Ĥ0

]
+ Ĥ2D

ex−ph

)
+
([
iS, i2

[
S, Ĥ0

]]
+
[
iS, Ĥ2D

ex−ph

])
+

i
[
S, i2

[
S, Ĥ2D

ex−ph

]]
= Ĥ0 +

(
i
[
S, Ĥ0

]
+ Ĥ2D

ex−ph

)
+
([
iS, i2

[
S, Ĥ0

]
+ Ĥ2D

ex−ph

])
+ ...

= Ĥ0 +
(
i
[
S, Ĥ0

]
+ Ĥ2D

ex−ph

)
+ i
([

i
2

[
Ĥ0, S

]
+ Ĥ2D

ex−ph, S
])

+ ...

(2.51)
The perturbation theory of second order permit to have:[

S, Ĥ0

]
= Ĥ2D

ex−ph (2.52)
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Let us evaluate the commutator:

[
S, Ĥ0

]
=

[∑
K ′
Eex(K

′)C†
K ′CK ′ +

∑
q
ℏω0b

†
qbq,

∑
K,q∥

CK+q∥CK

(
f ∗exb

†
−q∥ + fexbq∥

)]
=
∑
K ′

∑
K,q∥

Eex(K
′)C†

K ′CK

(
f ∗exb

†
−q∥ + fexbq∥

)
δK ′,K+q∥+∑

K ′

∑
K,q∥

Eex(K
′)C†

K+q∥
CK ′

(
f ∗exb

†
−q∥ + fexbq∥

)
(−1)δK ′,K+∑

q

∑
K,q∥

ℏω0C
†
K+q∥

CKbqfex(−1)δ(q,q∥) +
∑
q

∑
K,q∥

ℏω0C
†
K+q∥

CKb
†
qf

∗
ex(1)δ(q,−q∥)

=
∑
K,q∥

Eex(K + q∥)C
†
K+q∥

CK

(
f ∗exb

†
−q∥ + fexbq∥

)
δK ′,K+q∥

−
∑
K,q∥

Eex(K)C†
K+q∥

CK ′

(
f ∗exb

†
−q∥ + fexbq∥

)
(−1)δK ′,K

−
∑
K,q∥

ℏω0C
†
K+q∥

CKbq∥fex +
∑
K,q∥

ℏω0C
†
K+q∥

CKb
†
−q∥f

∗
ex

=
∑
K,q∥

C†
K+q∥

CKb
†
−q∥f

∗
ex

[
Eex(K + q∥)− Eex(K) + ℏω0

]
∑
K,q∥

C†
K+q∥

CKbq∥fex
[
Eex(K + q∥)− Eex(K)− ℏω0

]
(2.53)

Also Eq. (2.28) is written as:

Ĥ2D
ex−ph =

∑
K∥,q∥

Ξs(q∥)C
†
K∥+q∥

CK∥b
†
−q∥ +

∑
K∥,q∥

Ξs(q∥)C
†
K∥+q∥

CK∥bq∥ (2.54)

By identi�cation between Eqs. (2.53) and (2.54), according to Eq. (2.52) we
have:

f ∗ex
[
Eex(K∥ + q∥)− Eex(K∥) + ℏω0

]
= Ξs(q∥) (2.55)

and
fex
[
Eex(K∥ + q∥)− Eex(K∥)− ℏω0

]
= Ξs(q∥) (2.56)

Then we obtain the f -functions as :

f ∗ex =
Ξs(q∥)

Eex(K∥ + q∥)− Eex(K∥) + ℏω0
(2.57)

fex =
Ξs(q∥)

Eex(K∥ + q∥)− Eex(K∥)− ℏω0
(2.58)
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Since Eq. (2.50) is completely de�ned, we directly apply the transformation
to operators as follows:

U−1
ex C

†
K∥
Uex = C†

K∥
+

[
C†

K∥
, i
∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= C†

K∥
− i

∑
K∥,q∥

C†
K∥+q∥

(f ∗exb
†
−q∥ + fexbq∥)

(2.59)

U−1
ex CK∥Uex = CK∥ +

[
CK∥, i

∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= CK∥

(2.60)

U−1
ex b

†
qUex = b†q +

[
b†q, i

∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= b†q

(2.61)

U−1
ex bqUex = bq +

[
bq, i

∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= bq

(2.62)

U−1
ex bq∥Uex = bq∥ +

[
bq∥, i

∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= bq∥ + i

∑
K∥,q∥

C†
K∥+q∥

CK∥f
∗
ex

(2.63)

U−1
ex b

†
−q∥Uex = b†−q∥ +

[
b†−q∥, i

∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= b†−q∥ − i

∑
K∥,q∥

C†
K∥+q∥

CK∥fex

(2.64)

U−1
ex C

†
K∥+q∥

Uex = C†
K∥+q∥

+

[
C†

K∥+q∥
, i
∑
K∥,q∥

C†
K∥+q∥

CK∥(f
∗
exb

†
−q∥ + fexbq∥)

]
= C†

K∥+q∥

(2.65)
Then with respect to Eq. (2.46), we evaluate the transformed Hamiltonian
in the approximative diagonalized form:

ĤT = U−1
ex Ĥ

2DUex ≈ Ĥ2D
ex + Ĥph + ĤT2D

ex−ph (2.66)
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With

ĤT2D
ex−ph =

∑
K∥,K

′
∥,q∥

[
1

Eex(K∥+q∥)−Eex(K∥)+ℏω0
− 1

Eex(K∥+q∥)−Eex(K∥)−ℏω0

]
×

|Ξi(q∥)|2C†
K∥+q∥

CK∥C
†
K ′

∥+q∥
CK ′

∥

(2.67)
The GS energy of the exciton-polaron is calculated at low thermalized phonon
occupation as:

E0
ex−pol =

〈
Ψ0|ĤT |Ψ0

〉
(2.68)

With GS wave function taken as:

|Ψ0⟩ = |K∥, n(q)⟩ = C†
K∥
|0⟩k|0⟩ph (2.69)

Also
CK∥|0⟩k = 0 (2.70)

bq|0⟩ph = 0 (2.71)

Let us separate the energy calculation into three parts and evaluate them as
follows:

E01 = ⟨0, 0|Ĥ2D
ex |0, 0⟩ =

∑
K∥

Eex⟨0, 0|CK∥C
†
K∥
CK∥C

†
K∥
|0, 0⟩ = Eex (2.72)

E02 = ⟨0, 0|CK∥ĤphC
†
K∥
|0, 0⟩ =

∑
q

ℏω0⟨0|b†qbq|0⟩⟨0|CK∥C
†
K∥
|0⟩ = 0 (2.73)

E03 = ⟨0, 0|ĤT2D
ex−ph|0, 0⟩

= ⟨0, 0|
∑
K∥,q∥

Ξs(q∥) [f
∗
ex − fex]CK∥C

†
K∥+q∥

CK∥C
†
K∥+q∥

CK∥C
†
K∥
|0, 0⟩

=
∑
K∥,q∥

Ξs(q∥) [f
∗
ex − fex] ⟨0||0⟩⟨0|CK∥C

†
K∥
CK∥C

†
K∥
BK∥B

†
K∥
|0⟩

=
∑
q∥

Ξs(q∥) [f
∗
ex − fex]

= −
∑
q∥

Ξs(q∥) [fex − f ∗ex]

(2.74)
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Therefore, we have:

E0
ex−pol = Eex −

∑
q∥

|Ξs(q∥)|2
[

1
Eex(K∥+q∥)−Eex(K∥)−ℏω0

− 1
Eex(K∥+q∥)−Eex(K∥)+ℏω0

]
(2.75)

Let us evaluate the summation:

Iex(K∥) =
∑
q∥

|Ξs(q∥)|2
[

1
Eex(K∥+q∥)−Eex(K∥)−ℏω0

− 1
Eex(K∥+q∥)−Eex(K∥)+ℏω0

]
(2.76)

According to Eqs. (2.45) and (2.41), converting the summation into an
integration, we have:

Iex(K∥) = S2D

(2π)2

∫∞
0 dq∥

∫ 2π

0 dθ|Ξs(q∥)|2
[

1
ℏ2

2M∗ q2∥+
ℏ2
M∗K∥.q∥−ℏω0

− 1
ℏ2

2M∗ q2∥+
ℏ2
M∗K∥.q∥+ℏω0

]
(2.77)

Iex(K∥) = S2D

(2π)2

∫∞
0 dq∥

∫ 2π

0 dθ|Ξs(q∥)|2
[

1
ℏ2

2M∗ q2∥+
ℏ2
M∗ kq∥ cos θ−ℏω0

− 1
ℏ2

2M∗ q2∥+
ℏ2
M∗ kq∥ cos θ+ℏω0

]
(2.78)

With respect to Eq. (2.30), we can rewrite the integration in the form:

Iex(K∥) =
ℏ(Ds

c −Ds
v)

2

2ηu(2π)2

∫ ∞

0

dq∥

∫ 2π

0

dθq2∥

[
1

u1 + v cos θ
− 1

u2 + v cos θ

]
(2.79)

Where

u1 =
ℏ2

2M ∗q
2
∥ − ℏω0; (2.80)

u2 =
ℏ2

2M ∗q
2
∥ + ℏω0 (2.81)

v =
ℏ2

M ∗kq∥ (2.82)

Integrating over θ we obtain:

Iex(K∥) =
ℏ(Ds

c −Ds
v)

2

2ηu(2π)2

∫ ∞

0

dq∥q
2
∥

[
1√

u21 − v2
− 1√

u22 − v2

]
(2.83)
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Let us take :

T1 =
(u1 − v)

(u1 + v)
= 1− 2ℏ2kq/M ∗

ℏq
M∗

(
q
2 + k

)
− ℏω0

(2.84)

and
T2 = (u2 + v) =

ℏq
M ∗

(q
2
+ k
)
+ ℏω0 (2.85)

Then we have:

Iex(K∥) = ℏ(Ds
c−Ds

v)
2

2ηu(2π)2

∫∞
0 dq∥q

2
∥×[ √

T1
ℏq
M∗ ( q

2−k)−ℏω0
−
(

ℏq
M∗

(
q
2 + k

)
+ ℏω0

)−1 (
1− 2ℏ2kq/M∗

T2

)−1/2
]

(2.86)
For small wave vector K∥ << q∥ and using the relation :

(1 + ϵ)n ≈ 1 + nϵ+ (nϵ)2 (2.87)

This integration (2.86) is split into two parts as:

Iex(k) ≈ Gex1 +Gex2(k) (2.88)

With

Gex1 =
ℏ(Ds

c −Ds
v)

2

2ηu(2π)

∫ ∞

0

dq∥

 q2∥
ℏ2q2∥
2M∗ − ℏω0

−
q2∥

ℏ2q2∥
2M∗ + ℏω0

 (2.89)

Gex2(K∥) =
ℏ(Ds

c −Ds
v)

2

2ηu(2π)

(
ℏ2k
M ∗

)2 ∫ ∞

0

dq∥

 q4∥( ℏ2q2∥
2M∗ − ℏω0

)3 − q4∥( ℏ2q2∥
2M∗ + ℏω0

)3


(2.90)
Integrating over q∥, one gets:

Gex1 =
π
√
ℏω0(D

s
c −Ds

v)
2

√
2ℏ2ηu

(m∗
e +m∗

h)
3/2 (2.91)

and
Gex2(K∥) =

(ℏ2K2
∥

2M∗

)
3π(Ds

c−Ds
v)

2

4
√
2ℏ2ηu

(m∗
e+m∗

h)
3/2

√
ℏω0

=
(ℏ2K2

∥
2M∗

)
G̃ex2

(2.92)
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The �nal expression of the GS energy of the exciton-polaron is obtained by
substituting Eqs. (2.88) and (2.45) into Eq. (2.75). It gives:

E0
ex−pol = Eg +

(
ℏ2K2

∥

2M ∗

)(
1− G̃ex2

)
− Eb −Gex1 (2.93)

For the �rst excited state, we use the wave function:

|Ψ1⟩ = C†
K∥
|1⟩k|0⟩ph (2.94)

Such that
E1

ex−pol⟨Ψ1|ĤT |Ψ1⟩ (2.95)

Thus, the �rst excited state energy is :

E1
ex−pol = 4Eg + 4

(
ℏ2K2

∥

2M ∗

)(
1− 2G̃ex2

)
− 4Eb − 8Gex1 (2.96)

2.2 Fermi's golden rule

In quantum physics, Fermi's golden rule is a formula that describes the
transition rate from one energy eigenstate of the system to another in a
continuum, as a result of a weak perturbation. This probability of a transition
per unit time is proportional to the coupling strength between the initial and
�nal states of the system.

2.2.1 Lifetime of polaron.

The polaron lifetime is given using the golden principle rule [110]. It is
de�ned as:

ℏ
τp

= 2π
∑
q

|⟨nq′|⟨ψ|He−ph|ψ⟩|nq⟩|2δ (Eq′ − Eq) (2.97)

He−ph represents the electron-phonon Hamiltonian and |ψ⟩ the system wave
function. Where:

nq′ = nq − 1 (2.98)
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Taking into account Eqs. (1.11) and (1.12), we have:

ℏ
τp

= 2π
∑
q

∣∣⟨nq − 1| ⟨ψ|Vqeiq.r
[
bq + b†q

]
|ψ⟩ |nq⟩

∣∣2
= 2π

{∑
q

∣∣⟨nq − 1| ⟨ψ|Vqeiq.rbq |ψ⟩ |nq⟩+ ⟨nq − 1| ⟨ψ|V ∗
q e

−iq.rb†q |ψ⟩ |nq⟩
∣∣2}

= 2π

{∑
q

∣∣⟨ψ|Vqeiq.r |ψ⟩ ⟨nq − 1| bq |nq⟩+ ⟨ψ|V ∗
q e

−iq.r |ψ⟩ ⟨nq − 1| b†q |nq⟩
∣∣2}(2.99)

Also
bq |nq⟩ =

√
nq |nq − 1⟩ (2.100)

b†q |nq⟩ =
√
nq + 1 |nq + 1⟩ (2.101)

Substituting these previous relations in Eq. (2.99), we get:

ℏ
τp

= 2π
∑
q

∣∣⟨ψ|Vqeiq.r |ψ⟩√nq ⟨nq − 1| |nq − 1⟩
∣∣2

= 2π
∑
q

∣∣⟨ψ|Vqeiq.r |ψ⟩√nq∣∣2
= 2π

∑
q

n̄q |Vq|2
∣∣⟨ψ| eiq.r |ψ⟩∣∣2

= 2π
∑
q

n̄q |Vq|2 ⟨ψ|
∣∣eiq.r∣∣2 |ψ⟩

= 2πn̄q
ℏ2ω2

Lo

V
4παRv

∑
q

1

q2
⟨ψ|
∣∣eiq.r∣∣2 |ψ⟩ (2.102)

Where n̄q is the mean number of phonons. Since
∣∣eiq.r∣∣2 = 1, then transform-

ing the sum into integral, we have:

ℏ
τp

= 2πn̄q
ℏ2ω2

0

V
4παRv

V

8π3

∫
d3q

q2
(2.103)

Thus
ℏ
τp

= n̄q
ℏ2ω2

0

π
αRv

∫
d3q

q2
(2.104)
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The expression of the polaron lifetime is then obtained by solving the integral
of Eq. (2.104)

2.2.2 Lifetime of exciton polaron.

The lifetime of exciton-polaron [111] is also determined from the golden
rule:

ℏ
τex

= 2π
∑
q

|⟨nq′, K|H2D
ex−ph|K,nq⟩|2δ

[
E0

ex−pol(K)− E0
ex−pol(K + q) + ℏω0

]
(2.105)

For the ground state, we have:

ℏ
τex

= 2π
∑
q

|⟨nq − 1|⟨0|CKH
2D
ex−phC

†
K |0⟩|nq⟩|

2δ [g(q)] (2.106)

g is a function taken as:

g(q) = E0
ex−pol(K)− E0

ex−pol(K + q) + ℏω0 (2.107)

According to Eq. (2.93), the latest gives:

g(q) =
ℏ2(1− G̃ex2)

2M ∗

(
−q2 − 2K.q +

2M ∗ℏω0

ℏ2(1− G̃ex2)

)
(2.108)

Let use the following relation:

δ [g(q)] =
∑
i

δ(q − qi)

|g′(qi)|
(2.109)

Where qi are the roofs of the g-fonction and we have:

δ [g(q)] =
M ∗

ℏ2(1− G̃ex2)

δ(q − q1) + δ(q − q2)√
K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(2.110)
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Where q1 = −K cos θ +
√
K2 cos2 θ + 2Mℏω0/ℏ2(1− G̃ex2)

q2 = −K cos θ −
√
K2 cos2 θ + 2Mℏω0/ℏ2(1− G̃ex2)

(2.111)

After averaging with respect to Eqs. (2.28) and (2.110), the lifetime of exciton
polaron gives:

ℏ
τex

=
2πM ∗

ℏ2(1− G̃ex2)

∑
q

n̄q (Ξ
s(q))2

δ(q − q1) + δ(q − q2)√
K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(2.112)
The mean number of phonon in the GS is taken from the quantum statistic
as:

n̄q =
[
βE0

ex−pol − 1
]−1

(2.113)

β being the inverse of temperature.

It follows that the calculation of this property depends on the cal-
culation of the sum which is directly related to the expression of exciton-
phonon coupling function and the dimensionality of the material as pointed
Eq. (2.103).

2.2.3 Optical absorption coe�cient.

Here we consider a polaron interaction with light of frequency (Ω). The
total Hamiltonian takes the form:

Htot = Hpol + V (2.114)

The second term describes the interaction of the electron-phonon with light
and is linked to the electric �eld induces by the photon (Ei) as:

V = − e

meΩ
Ei.p (2.115)

The absorption coe�cient (Γp) for absorption of light by free polaron is pro-
portional to the probability P (Ω) that a photon is absorbed by this polaron
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in its ground state [112]. We have:

Γp =
Ω

ε0cn(2E2
i )
P (Ω) (2.116)

ε0 is the permittivity of vacuum, c is the light velocity, n is the refractive
index of the structure in which the polaron moves. The incident light is
viewed as a perturbation and the transition probability is taken from the
Fermi golden rule [113]:

P (Ω) = 2π
∑
f

⟨Φ0|V |f⟩⟨f |V |Φ0⟩δ(E0 + Ω− Ef) (2.117)

|Φ0⟩ and |f⟩ are respectively the GS and the possible �nal state with energies
E0 and Ef . The representation of the δ-function is:

δ(x) =
1

π
Re

∫ 0

−∞
dtexp[−i(x+ iε)t] (2.118)

Thus

P (Ω) = 2Re
∑
f

∫ 0

−∞ dt⟨Φ0|V |f⟩⟨f |V |Φ0⟩exp[−i(Ω + iε+ E0 − Ef)t]

= 2Re
∑
f

∫ 0

−∞ dtexp[−i(Ω + iε)t]⟨Φ0|V |f⟩⟨f |eiHtV e−iHt|Φ0⟩

(2.119)
Using the fact that: ∑

f

|f⟩⟨f | = 1 (2.120)

and the notations:
eiHtV e−iHt = V (t) (2.121)

dV (t)

dt
= i[H,V (t)] (2.122)

We have :

P (Ω) = 2Re

∫ 0

−∞
dtexp[−i(Ω + iε)t]⟨Φ0|V (0)V (t)|Φ0⟩ (2.123)
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Denoting

R(Ω) =

∫ 0

−∞
dtexp[−i(Ω + iε)t]⟨Φ0|V (0)V (t)|Φ0⟩ (2.124)

Eq. (2.123) is reduced to:

P (Ω) = 2ReR(Ω) (2.125)

Substituting Eq. (2.115) in Eq. (2.124) we �nd that:

R(Ω) =
( e

mΩ

)2 ∫ 0

−∞
dte(−i(Ω+iε)t)⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ (2.126)

and then

P (Ω) = 2
( e

mΩ

)2
Re

∫ 0

−∞
dte(−i(Ω+iε)t)⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ (2.127)

It is convenient to apply the �rst LLP transformation (2.4) which eliminates
the electron operators from the polaron Hamiltonian.

H = S−1
1 HpolS1 = H0 +H1 : (2.128)

H0 =
P 2

2m
+
∑
q

(
ωLO +

q2

2m
− q.P

m

)
b†qbq +

∑
q

(Vqbq + V ∗
q b

†
q) (2.129)

H1 =
1

2m

∑
q

q.q′b†qb
†
q′bqbq′ (2.130)

HereH0 can be exactly diagonalized to obtain the self-energyEpol = −αℏωLO

while H1 contains the correlation e�ects between the phonons.
In the LLP approximation, the explicit form of the matrix element in

(2.126) is:

⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ = ⟨0|S−1
2 S−1

1 Ei.pS1S
−1
1 Ei.p(t)S1S2|0⟩ (2.131)
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The application of Ŝ1 gives:

S−1
1 p(t)S1 = S−1

1 eiHtp(t)e−iHtS1 = S−1
1 eiHtS1S

−1
1 pS1S

−1
1 e−iHtS1 (2.132)

Using H = S−1
1 HS1, we arrive at S−1

1 eiHtS1 = eiHt. Furthur we recall
S−1
1 pS1 = P −

∑
q
ℏqb†qbq + p, where P = 0 . This results in

S−1
1 p(t)S1 = eiHtpe−iHt = −

∑
q

ℏqeiHtb†qbqe
−iHt = −

∑
q

ℏqb†q(t)bq(t)

(2.133)
Then Eq. (2.131) takes the from:

⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ =

〈
0

∣∣∣∣∣S−1
2

(∑
q

Ei.qb
†
qbq

)(∑
q

Ei.qb
†
q(t)bq(t)

)
S2

∣∣∣∣∣ 0
〉

(2.134)
The calculation of the matrix element (2.134) proceeds as follows:
⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ =

=

〈
0

∣∣∣∣∣S−1
2

(∑
q
Ei.qb

†
qbq

)(∑
q
Ei.qb

†
q(t)bq(t)

)
S2

∣∣∣∣∣ 0
〉

=

〈
0

∣∣∣∣∣S−1
2

(∑
q
Ei.qb

†
qbq

)
S2S

−1
2 eiHtS2S

−1
2

(∑
q
Ei.qb

†
q(t)bq(t)

)
S2S

−1
2 eiHtS2

∣∣∣∣∣ 0
〉

=

〈
0

∣∣∣∣∣S−1
2

(∑
q
Ei.qb

†
qbq

)
S2e

iS−1
2 HS2tS−1

2

(∑
q
Ei.qb

†
q(t)bq(t)

)
S2e

−iS−1
2 HS2t

∣∣∣∣∣ 0
〉

(2.135)
We compute

S−1
2 HS2 = H0 +H1 (2.136)

with

H0 = S−1
2 H0S2 = S−1

2

[∑
q

(
ωLO +

q2

2m

)
b†qbq +

∑
q

(Vqbq + V ∗
q b

†
q)

]
S2

(2.137)
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Further, we use S−1
2 bqS2 = bq + fq:

H0 =
∑
q

(
ωLO + q2

2m

)
b†qbq +

∑
q

(
ωLO + q2

2m

)
|fq|+∑

q

(
ωLO + q2

2m

) (
b†qfq + bqf

†
q

)
+
∑
q

[
Vq(bq + fq) + V †

q (b
†
q + f ∗q )

]
=
∑
q

(
ωLO + q2

2m

)
b†qbq +

∑
q

|Vq|2(
ωLO+

q2

2m

) − 2
∑
q

|Vq|2(
ωLO+

q2

2m

)
=
∑
q

(
ωLO + q2

2m

)
b†qbq −

∑
q

|Vq|2(
ωLO+

q2

2m

)
(2.138)

Analytically, the last term can be computed :

∑
q

|Vq|2

ωLO+
q2

2m

= V
(2π)3

∫
d3q
(
ωLO

q

)2
4πα
V

(
1

2mωLO

) 1
2 |Vq|2

ωLO+
q2

2m

= αωLO

2π2 4π
∫∞
0 dq

(
1

2mωLO

1

1+ Q2

2mωLO

) 1
2

= 2αωLO

π

∫∞
0 dq 1

1+ς2 =
2αωLO

π arctan ς|∞0 = αωLO

(2.139)

H0 = −αωLO +
∑
q

(
ωLO +

q2

2m

)
b†qbq (2.140)

The term H1 = S−1
2 H1S2 will be neglected. Neglecting H1, consistent

with the LLP description, introduces no error in order α. Therefore (2.135)
becomes:

〈
0

∣∣∣∣∣∣∣
∑
q
Ei.q

(
b†qbq + fqb

†
q + f ∗q bq + fqf

∗
q

)
eiH0t∑

q
Ei.q

(
b†qbq + fqb

†
q + f ∗q bq + fqf

∗
q

)
e−iH0t

∣∣∣∣∣∣∣ 0
〉

(2.141)

For P = 0 there is no privileged direction and
∑

q Ei.qfqf
∗
q = 0, the latest

equation reduces to:〈
0

∣∣∣∣∣∑
q

Ei.qf
∗
q bqe

iH0t
∑
q

Ei.qfqb
†
qe

−iH0t

∣∣∣∣∣ 0
〉

(2.142)
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From the equation of motion for b†q:

db†q(t)

dt
= i
[
H0, b

†
q

]
= i

(
ωLO +

q2

2m

)
b†q (2.143)

It is easy now to calculate

eiH0tb†qe
−iH0t = b†q exp

[
i

(
ωLO +

q2

2m

)
t

]
(2.144)

Thus, Eq. (2.131) becomes :

⟨Φ0|(Ei.p(0))(Ei.p(t))|Φ0⟩ =
∑
q
(Ei.q)

2f ∗q fq exp
[
i
(
ωLO + q2

2m

)
t
]
+O(α2)

(2.145)
and the transition probability (2.127) then gives :

P (Ω) = 2Re e2

m2Ω2

∑
q
(Ei.q)

2f ∗q fq
∫ 0

−∞ dt exp
[
−i
(
Ω + iε− ωLO − q2

2m

)
t
]

= 2π e2

m2Ω2

∑
q
(Ei.q)

2|fq|2δ
(
Ω− ωLO − q2

2m

)
(2.146)

Using the functions (2.23) and (2.24) for P = 0, we obtain:

P (Ω) = 2πe2

m2Ω2

∑
q

(Ei.q)
2(

ωLO+
q2

2m

)|Vq|2δ (Ω− ωLO − q2

2m

)
= 2πe2

m2Ω2
V

(2π)3

∫
d3q
(
ωLO

q

)2
4πα
V

(
1

2mωLO

) 1
2

× (Ei.q)
2(

ωLO+
q2

2m

)2δ (Ω− ωLO − q2

2m

)
= e2αE2

i

m2Ω2π

∫ 1

−1 dxx
2
∫∞
0 dq

(
1

2mωLO

) 1
2

× q21+
q2

2mωLO

2
1

ωLO
δ
(

Ω
ωLO

− 1− q2

2mωLO

)

= 8e2αE2
i

3mΩ2

∫∞
0 dς ς2

(1+ς)2δ
(

Ω
ωLO

− 1− ς2
)

= 4e2αE2
i

3mΩ2 Θ
(

Ω
ωLO

− 1
) √ Ω

ωLO
−1(

Ω
ωLO

)2
=

4e2αE2
i ω

2
LO

3mΩ4 Θ
(

Ω
ωLO

− 1
)√

Ω
ωLO

− 1

(2.147)
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where:

Θ

(
Ω

ωLO
− 1

)
=

{
1 if Ω

ωLO
> 1

0 if Ω
ωLO

< 1
(2.148)

The �nal expresson of the absorption coe�cient is obtained by substituting
the latest relation of the transiton probability in Eq. (2.116). It takes the
form:

Γp(Ω) =
1

ε0cn

2e2αω2
LO

3mΩ3
Θ

(
Ω

ωLO
− 1

)√
Ω

ωLO
− 1 (2.149)

There is absorption of the light for Ω/ωLO ≥ 1. Then the optical
absorption is possible when the photon energy is equal or exceeds the LO-
phonon energy for the polaron case. Also, from the �nal expression, it is seen
that the absorption coe�cient doesn't depend of the electric �eld induced by
the light (Ei).

2.3 Relaxation time approximation

In physics, the word relaxation usually means the return of a perturbed
system into equilibrium. It is important to consider the RTA before the gen-
eral theory when one studies the structure of a non-equilibrium state. The
relaxation time τ(r, k) is introduced in the manner that the collision proba-
bility during the time dt for a particle at phase space point (r, k) in band n
is equal to dt/τ . If particles have the equilibrium distribution f 0n(r, k) with
local temperature T (r) the collisions do not a�ect the form of the distribu-
tion function. This approximation assumes the thermodynamic equilibrium
corresponding to a local temperature is maintained through the scattering
and that the information on the non-equilibrium state is completely lost due
to the scattering processes. This speci�es the distribution function of parti-
cles scattered near point r between t and t+ dt. Let denote this distribution
function dfn(r, k, t) and the non-equilibrium one fn(r, k, t). Thus, dfn can
be found by considering an arbitrary form of fn. This leads to the following
expression :

dfn(r, k, t) =
dt

τn(r, k)
f 0n(r, k) (2.150)

Moreover, the system will move out of the equilibrium if an external force
is applied and when this force is removed, the system returns to the equi-
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librium due to scattering events caused by the collision term. In RTA and
according to the Boltzman equation, the form of the collision term should be
: (

∂f(k)

∂t

)
collision

=
f0(k)− f(k)

τ(k)
(2.151)

Here f0 is the Fermi's distribution. This form of the collision term makes
sure that the probability density function will return to the Fermi's function
when all forces are suppressed. In the case of particles uniformly distributed
in space ∇rf = 0 with no external forces, we have:

∂f(k)

∂t
=
f0(k)− f(k)

τ(k)
(2.152)

with the solution:

f(k, t) = (f(k, 0)− f0(k)) e
−t/τ(k) + f0(k) (2.153)

This solution describes a system starting in some initial non-equilibrium
probability density function f(k, 0) and returns to its equilibrium in a relax-
ation time τ(k). Some k-states decay fater than others and each relaxation
process can be studied via a relaxation time.

2.3.1 Relaxation time of exciton-polaron

From the RTA, the exciton-polaron relaxation time (τ ) can be written
in the form [31]:

1
τ = 2π

ℏ
∑
q
|Ξ(q)|2

{[
nB + f

(
E0

ex−pol(K + q)
)]

×

δ
(
E0

ex−pol(K)− E0
ex−pol(K + q) + ℏω0

)
+
[
1 + nB − f

(
E0

ex−pol(K + q)
)]
δ
(
E0

ex−pol(K)− E0
ex−pol(K + q)− ℏω0

)}
(2.154)

One can see the two terms of Eq. (2.154) are attributed respectively to elec-
tron and hole contributions on the exciton-polaron relaxation time. nB is the
Bose-Einstein function and f(E0

ex−pol(K+q)) is the Fermi-Dirac distribution
with the Fermi energy (EF ) which is related to the carriers concentration
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(cex). There are given as follows:

nB =
{
exp

[
βE0

ex−pol(K)
]
− 1
}−1

(2.155)

f(E0
ex−pol(K + q)) =

{
1 + expβ

[
E0

ex−pol(K + q)− EF

]}−1
(2.156)

EF =
ℏ2

2M

(
3π2cex

) 2
3 in 3D (2.157)

EF =
ℏ2π
M

cex in 2D (2.158)

β denotes the inverse of the temperature. Let taken the functions:

g(q) = E0
ex−pol(K)− E0

ex−pol(K + q) + ℏω0 (2.159)

h(q) = E0
ex−pol(K)− E0

ex−pol(K + q)− ℏω0 (2.160)

We also consider Eq. (2.93) and we establish:

δ (g(q)) =
M

ℏ2(1− G̃ex2)

δ(q − q1) + δ(q − q2)√
K2 cos2 θ + 2Mℏω0/ℏ2(1− G̃ex2)

(2.161)

And

δ (h(q)) =
M

ℏ2(1− G̃ex2)

δ(q − q3) + δ(q − q4)√
K2 cos2 θ − 2Mℏω0/ℏ2(1− G̃ex2)

(2.162)

with q1, q2 and q3, q4 the roots of the g and h -functions respectively: q1 = −K cos θ +
√
K2 cos2 θ + 2Mℏω0/ℏ2(1− G̃ex2)

q2 = −K cos θ −
√
K2 cos2 θ + 2Mℏω0/ℏ2(1− G̃ex2)

(2.163)

 q3 = −K cos θ +
√
K2 cos2 θ − 2Mℏω0/ℏ2(1− G̃ex2)

q4 = −K cos θ −
√
K2 cos2 θ − 2Mℏω0/ℏ2(1− G̃ex2)

(2.164)
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Therefore, Eq. (2.154) gives:

1
τ = 2πM

ℏ3(1−G̃ex2)

∑
q
|Ξs(q)|2×{[

nB + f
(
E0

ex−pol(K + q)
)] δ(q−q1)+δ(q−q2)√

K2cos2θ−2Mℏω0/ℏ2(1−G̃ex2)

+
[
1 + nB − f

(
E0

ex−pol(K + q)
)] δ(q−q3)+δ(q−q4)√

K2cos2θ−2Mℏω0/ℏ2(1−G̃ex2)

}
(2.165)

The evaluation of the sum over q leads to the relaxation time of exciton
polaron in the corresponding material.

2.3.2 Electrical conductivity

Among others, the parameters that testify to the electrical conductivity
in a material are the carrier mobility and the current density.

* Mobility of carriers

In absence of the electric �eld, the free carriers have a movement re-
sembling chip jumps characterized by changes in direction called "Brownian
movement". Atoms, impurities and lattice defects are all obstacles for car-
riers to collide with each other. When an electric �eld E⃗ is applied to a
semiconductor, each carrier undergoes an electrostatic force F⃗el = eαE⃗ (with
eα = −e for electron and +e for hole) and a viscous type frictional force
(−fv⃗) which describes the e�ect of collisions. Its acceleration is written as
a⃗ = F⃗el/m:

a⃗ =
eα
m
E⃗ − f

m
v⃗ (2.166)

a⃗ =
eα
m
E⃗ − 1

τ
v⃗ (2.167)

where m is the carrier mass, v⃗ its drift speed and f = m/τ re�ects viscous
type friction. In steady state, a⃗ = 0⃗ we have:

v⃗ =
eατ

m
E⃗ = µE⃗ (2.168)

This makes it possible to express the speed of electron entrainment:
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v⃗e = − eτ

me
E⃗ = µeE⃗ (2.169)

and that of the holes:

v⃗h =
eτ

mh
E⃗ = µhE⃗ (2.170)

The mobility (µ) of the carriers is de�ned as the coe�cient of propor-
tionality between the speed and the electric �eld, which gives for electrons
and holes:

µe = − eτ

me
< 0 (2.171)

µh =
eτ

mh
> 0 (2.172)

We obtain a negative mobility for the electrons. Many works prefer to con-
sider mobility in absolute value.

Generally, three mechanisms in�uence mobility :
- Coulomb collisions: the ionic impurities and generally all the charged

centers hinder the path of the carriers.
- Collisions with the lattice: the atoms of the crystal lattice which vibrate

around their average position (phonons) are obstacles for the carriers.
- Collisions on the surface roughness: the dimensions of a semiconductor

component not being in�nite, carriers sometimes hit the surface and are all
the more hampered in their movement as this surface is of poor quality.

The mobility of the carriers is constant as long as the electric �eld is
weak. This means that the speed of electrons and holes remains proportional
to the electric �eld but this proportionality disappears when the electric
�eld becomes too high. The carriers acquire a certain kinetic energy which
increases with the electric �eld and which they yield to the network during
shocks. For strong electric �elds, the energy to be released becomes too
high and the carriers retain part of it after the shocks: this is called the
phenomenon of hot carriers because then carriers are no longer in thermal
equilibrium with the network. Thus, the speed does not remain proportional
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to the electric �eld and the mobility becomes a function of the network
temperature and the carrier temperature. We get for the electrons:

µe = µ0e

√
Tnetwork
Te

(2.173)

This relation shows that the mobility decreases when the temperature of the
carriers increases. µ0e represents the mobility of electrons at low electric �eld.
A similar relation is established for holes.

* Current density

The current density (⃗j) is de�ned as the �ow of charges that pass per
unit area. It is therefore equal to the speed of the charges (v⃗) multiplied by
the concentration of charges (c). For the electrons this gives:

j⃗e = −ecv⃗e (2.174)

By replacing the speed of the electron by its expression as a function
of the mobility and the �eld (see Eq. 2.168), we �nd the expression for the
current density of the electrons. By following the same reasoning, we also
obtain the current density of the holes:

j⃗e = −ecµeE⃗ = σeE⃗ (2.175)

j⃗h = ecµhE⃗ = σhE⃗ (2.176)

The electrical conductivity σ represents the coe�cient of proportionality be-
tween the current density and the electric �eld. According to Eq. (2.171),
we have:

σe = −ecµe =
e2cτ

me
> 0 (2.177)

Similarly, for the holes:

σh = ecµh =
e2cτ

mh
> 0 (2.178)

In the case of conduction by electrons and holes, the total current den-
sity is written as:
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J⃗ = j⃗e + j⃗h = (σe + σh)E⃗ (2.179)

The total electrical conductivity then reads:

σel = σe + σh (2.180)

Thus, both electron and hole contribute to the total electrical conductivity.

When the material is also subjected to a static magnetic �eld B⃗ along
the z− axis then there is Hall e�ect and a magnetoresistance. Indeed, there
appears an additional magnetic force F⃗B = eαv⃗ ∧ B⃗. In agreement with Eq.
(2.167) and assuming that all carriers have the same speed then in steady
state, we have:

eα
m
(E⃗ + v⃗ ∧ B⃗)− 1

τ
v⃗ = 0⃗ (2.181)

We replace the expression of the speed as a function of the current density
v⃗ = j⃗/ceα and we establish:

E⃗ =
m

ce2ατ
j⃗ − 1

ceα
j⃗ ∧ B⃗ (2.182)

This equation can be put on the form:

E⃗ = Rel⃗j (2.183)

with the resistivity Rel de�ned by:

Rel =
1

σel
(2.184)

* Calcultation using RTA

The electrical conductivity based on the RTA is given by [114] :

σel = e2
∫

Λ(E)

(
− ∂f

∂E

)
dE (2.185)
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where Λ(E) is the transport function taken as:

Λ(E) =
1

S2D

∑
K

ν2gτδ
[
E − E0

ex−pol(K)
]

(2.186)

τ is the relaxation time evaluated by (2.165) and νg corresponds to the group
velocity [115] de�ned as:

νg =
1

ℏ
∂E0

ex−pol

∂K
=

ℏK
M

(1− G̃ex2) (2.187)

Here we also use Eq. (2.109) to transform the Dirac function of Eq. (2.186)
into a suitable form for integration:

δ
(
E − E0

ex−pol

)
=

M

ℏ2(1− G̃ex2)K0

{δ(K +K0) + δ(K −K0)} (2.188)

with

K0(E) =

(
2Md

ℏ2(1− G̃ex2)

)1/2

(2.189)

d = E +Gex1 + Eb − Eg (2.190)

Thus, Λ is determined by transforming the summation of Eq. (2.186) into
an integration. This leads to:

Λ(E) =
(1− G̃ex2)

2πMK0

∫
dK
{
K3τ(K)δ(K +K0) +K3τ(K)δ(K −K0)

}
(2.191)

Integrating over K, one gets:

Λ(E) =
(1− G̃ex2)

2πM
K2

0 {τ(K0)− τ(−K0)} (2.192)

Since the transport function is well determined, the calculation of the
electrical conductivity with this method remains the integration of Eq. (2.185).
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2.3.3 Seebeck coe�cient

This coe�cient estimates the current generated by the motion of hot
particles in the system. In the absence of an electric current (important
condition), when a material is subject to a temperature gradient ( ⃗gradT ),
the electric �eld (E⃗) which grows in the material is given by the equation:

E⃗ = Sb(∇⃗T ) (2.193)

where Sb is the Seebeck's coe�cient. Using the relation E⃗ = − ⃗gradV , we
obtain:

Sb = −dV
dT

(2.194)

The Seebeck coe�cient [116] is linked to the electrical conductivity in the
relalaxation time approximation by the following relation:

Sb = − e

σel

∫
Λ(E)

(
− ∂f

∂E

)
E − EF

T
dE (2.195)

It can be split into a simple expression with respect to Eq. (2.185) as:

Sb = −β
e

C1

C2
(2.196)

where

C1 =

∫
Λ(E)

(
− ∂f

∂E

)
(E − EF )dE (2.197)

C2 =

∫
Λ(E)

(
− ∂f

∂E

)
dE (2.198)

Thus, the Seebeck coe�cient can be easily evaluated because Λ(E) is
well determined by Eq. (2.192).
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2.4 Kubo formula for optical conductivity

In the linear response theory, the Kubo formula [112] expresses the op-
tical conductivity as a current-current correlation function :

σ(ω) = i
Ne2

V mω
+

1

V hω

∫ ∞

0

eiωt⟨[Jx(t), Jx(0)]⟩dt. (2.199)

V represents the system volume and J is the current operator which is linked
to the charge carrier momentum operators :

J =
N∑

α=1

eα
mα

pα. (2.200)

where eα is the electric charge (−e for electron, +e for hole) and P =
∑
α
pα

corresponds to the total momentum operator. At zero temperature, the real
part of the optical conductivy follows :

Reσ(ω) =
1

V hω

e2

m2
Re

{∫ ∞

0

eiωt⟨[Px(t), Px(0)]⟩dt
}
. (2.201)
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In (2.201), we integrate twice by parts over t as follows:∫∞
0 dt⟨[Px(t), Px]⟩eiωt−δt

= 1
iω−δ

{
⟨[Px(t), Px]⟩eiωt−δt|∞t=0 −

∫∞
0 dt

〈[
d
dtPx(t), Px

]〉
eiωt−δt

}
= − 1

iω−δ

∫∞
0 dt

〈[
d
dt

(
e

it
ℏHPxe

− it
ℏH
)
, Px

]〉
eiωt−δt

= − 1
iω−δ

∫∞
0 dt

〈[(
e

it
ℏH i

ℏ [H,Px]e
− it

ℏH
)
, Px

]〉
eiωt−δt

= − 1
iω−δ

∫∞
0 dt

〈[
i
ℏ [H,Px], e

− it
ℏHPxe

it
ℏH
]〉
eiωt−δt

= − 1
iω−δ

∫∞
0 dt

〈[
Fx(0), e

− it
ℏHPxe

it
ℏH
]〉
eiωt−δt

= −
(

1
iω−δ

)2 {〈[
Fx(0), e

− it
ℏHPxe

it
ℏH
]〉
eiωt−δt|∞t=0∫∞

0 dt
〈[
Fx(0),

d
dte

− it
ℏHPxe

it
ℏH
]〉
eiωt−δt

}
= −

(
1

iω−δ

)2 {−⟨[Fx, Px]⟩+
∫∞
0 dt

〈[
Fx(0), e

− it
ℏH
(
i
ℏ [H,Px]

)
e

it
ℏH
]〉
eiωt−δt

}
= −

(
1

iω−δ

)2 {−⟨[Fx, Px]⟩+
∫∞
0 dt

〈[
Fx(0), e

− it
ℏHFx(0)e

it
ℏH
]〉
eiωt−δt

}
= −

(
1

iω−δ

)2 {−⟨[Fx, Px]⟩+
∫∞
0 dt

〈[
e

it
ℏHFx(0)e

− it
ℏH , Fx(0)

]〉
eiωt−δt

}
= 1

(ω+iδ)2

{
−⟨[Fx, Px]⟩+

∫∞
0 dt ⟨[Fx(t), Fx(0)]⟩ eiωt−δt

}
(2.202)

with F ≡ i
ℏ [H,P ] the force operator applied to the electron center of mass.

Both Fx and Px are hermitian operators and the average ⟨[Fx, Px]⟩ is imagi-
nary. For ω ̸= 0, this term does not contribute into Reσ(ω). Hence, by these
integrations the real part of the optical conductivity of the many-polaron
system is given through a force-force correlation function :

Reσ(ω) =
1

V ℏω3

e2

m2
Re

{∫ ∞

0

eiωt⟨[Fx(t), Fx(0)]⟩dt
}
. (2.203)

For the polaron case, the force operator is evaluated as:

Fx =
i

ℏ
[Hpol, Px] =

i

ℏ
[He +Hph +He−ph, Px]. (2.204)

Further, we use the commutators:

[He, Px] = 0 (2.205)

[ρq, Px] = −ℏqxρq with ρq = eiq.r (2.206)
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Hence

[He−ph, Px] =
∑
q

(
Vqbq[ρq, Px] + V ∗

q b
†
q[ρ−q, Px]

)
= −ℏ

∑
q
qx
(
Vqbqρq − V ∗

q b
†
qρ−q

)
,

(2.207)

It appears that the commutator of the Hamiltonian with the total momentum
operator leads to the expression of the force :

F = −i
∑
q

q
(
Vqbqρq − V ∗

q b
†
qρ−q

)
. (2.208)

Therefore it is important to use the force-force correlation function since the
product Fx(t)Fx(0) is proportional to |Vq|2 which characterizes the amplitude
of the carrier-phonon interplay. By substituting (2.208) into (2.203), the real
part of the optical conductivity becomes :

Reσ(ω) = 1
V ℏω3

e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×⟨[[Vqbq(t) + V ∗
−qb

†
−q(t)]ρq(t), (V−q′b−q′ + V ∗

q′b
†
q′)ρ−q′]⟩.

(2.209)
Up to this point, no approximations other than linear response theory have
been made.

For the latest equation, we use the polaron wave function |Ψ0⟩ = U |ϕph⟩|ϕe⟩
, U being a unitary transformation as LLP one. Eq. (2.209) is then trans-
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formed to the approximate one:

Reσ(ω) = 1
V ℏω3

e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×

〈
ϕe

∣∣∣∣∣
〈
ϕph

∣∣∣∣∣U−1

[
e

it
ℏH [Vqbq + V ∗

−qb
†
−q]ρqe

− it
ℏH ,

(V−q′b−q′ + V ∗
q′b

†
q′)ρ−q′

]
U

∣∣∣∣∣ϕph
〉∣∣∣∣∣ϕe

〉
= 1

V ℏω3
e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×

〈
ϕe

∣∣∣∣∣
〈
ϕph

∣∣∣∣∣
[
e

it
ℏ H̃U−1[Vqbq + V ∗

−qb
†
−q]Uρqe

− it
ℏ H̃ ,

U−1(V−q′b−q′ + V ∗
q′b

†
q′)U

−1ρ−q′

]∣∣∣∣∣ϕph
〉∣∣∣∣∣ϕe

〉
= 1

V ℏω3
e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×
〈
ϕe

∣∣∣〈ϕph ∣∣∣[e it
ℏ H̃(Vq(bq − f ∗q ρ−q) + V ∗

−q(b
†
−q − f−qρ−q))ρqe

− it
ℏ H̃ ,

(V−q′(b−q′ − f ∗−q′ρq′) + V ∗
q′(b

†
q′ − fq′ρq′))ρ−q′

]∣∣∣ϕph〉∣∣∣ϕe〉 .
(2.210)

So, we have arrived at the expression

Reσ(ω) = 1
V ℏω3

e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×
〈
ϕe

∣∣∣〈ϕph ∣∣∣[e it
ℏ H̃(Vq(bq − f ∗q ρ−q) + V ∗

−q(b
†
−q − f−qρ−q))ρqe

− it
ℏ H̃ ,

(V−q′(b−q′ − f ∗−q′ρq′) + V ∗
q′(b

†
q′ − fq′ρq′))ρ−q′

]∣∣∣ϕph〉∣∣∣ϕe〉 .
(2.211)

Recall that ρqρ−q = ρ−qρq and Vqf ∗q = V−qf
∗
−q, after the summation over

q the terms proportional to ρ−qρq vanish. Thus, we have :

Reσ(ω) = 1
V ℏω3

e2

m2Re
∫∞
0 dteiωt−δt

∑
q,q′
qxq

′
x

×
〈
ϕe

∣∣∣〈ϕph ∣∣∣[e it
ℏ H̃(Vqbq + V ∗

−qb
†
−q)ρqe

− it
ℏ H̃ ,

(V−q′b−q′ + V ∗
q′b

†
q′)ρ−q′

]∣∣∣ϕph〉∣∣∣ϕe〉 .
(2.212)
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The optical conductivity (2.212) then takes the form:

Reσ(ω) = − 2e2

V ℏm2ω3Im
∫∞
0 dteiωt−δt

∑
q
q2x|Vq|2

×Im
[
e−iωLOt

〈
ϕe

∣∣∣eiH̃et/ℏρqe
−iH̃et/ℏρ−q

∣∣∣ϕe〉] (2.213)

Considering an isotropic polaron system, q2x in 3D can be written as
1
3(q

2
x + q2y + q2z) =

1
3q

2, what provides the expression :

Reσ3D(ω) = − 2

3V ℏω3

e2

m2

∑
q

q2|Vq|2Im
∫ ∞

0

dteiωt−δtIm
[
e−iωLOtF (q, t)

]
,

(2.214)
with the correlation function :

F (q, t) =
〈
ϕe

∣∣∣e it
ℏ H̃eρqe

− it
ℏ H̃eρ−q

∣∣∣ϕe〉 (2.215)

A similar derivation for the case of 2D gives :

Reσ2D(ω) = − 1

Aℏω3

e2

m2

∑
q

q2|Vq|2Im
∫ ∞

0

dteiωt−δtIm
[
e−iωLOtF (q, t)

]
,

(2.216)
where A is the surface of the 2D system.

We can show that, as far as |ϕe ⟩ is the ground state, the integral∫∞
−∞ dteiωt−δ|t|F (q,−t) for positive ω is equal to zero. Let

{∣∣∣ψ(n)
el

〉}
being

the total basis set of the eigenfunctions of the Hamiltonian H̃e. Using these
functions we expand F (q, t):

F (q, t) =
∑
n

〈
ϕe

∣∣∣e it
ℏ H̃eρqe

− it
ℏ H̃e

∣∣∣ϕ(n)e

〉〈
ϕ
(n)
e |ρ−q|ϕ(0)e

〉
=
∑
n

∣∣∣〈ϕ(n)e |ρ−q|ϕ(0)e

〉∣∣∣2 e it
ℏ (Ẽ0−Ẽm),

(2.217)
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∫∞
−∞ dteiωt−δ|t|F (q,−t) =

∑
n

∣∣∣〈ϕ(n)e |ρ−q|ϕ(0)e

〉∣∣∣2 ∫∞
−∞ dteiωt+

i
ℏ (Ẽn−Ẽ0)t−δ|t|

=
∑
n

∣∣∣〈ϕ(n)e |ρ−q|ϕ(0)e

〉∣∣∣2 2πδ (ω + Ẽn−Ẽ0

ℏ

)
= 0,

(2.218)
because ω > 0, ω + Ẽn−Ẽ0

ℏ is never equal to zero.
Rewriting Eq. (2.213) with the dynamic structure factor of the electron

gas, one gets :

Reσ3D(ω) =
1

6V ℏω3

e2

m2

∑
q

q2|Vq|2
∫ ∞

−∞
dtei(ω−ωLO)t−δ|t|F (q, t). (2.219)

Reσ2D(ω) =
1

4Aℏω3

e2

m2

∑
q

q2|Vq|2
∫ ∞

−∞
dtei(ω−ωLO)t−δ|t|F (q, t). (2.220)

Eqs. (2.219) and (2.220) give the expression of the real part of the
optical conductivity respectively in 3D and 2D. The imaginary part can be
obtained by a same process.

Conclusion

In this second chapter, we have shown the theory and methods which
we intend to use for the evaluation of the system energy, the relaxation time,
the electrical conductivity, the Seebeck coe�cient, the optical conductivity
and the optical absorption coe�cient. These properties will be investigate in
TMDCs compounds to obtain our results.
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CHAPTER 3

RESULTS AND DISCUSSIONS

Introduction

Now that the various methods are explained, let present and comment
our di�erent results. This chapter is organized as follows : at �rst, we look
at the dynamics of exciton-polaron under a magnetic barrier and an electric
�eld. We describe our exciton-polaron system in a TMDC, derive its corre-
sponding energy and the Tsallis entropy necessary to understand the system.
In addition, we investigate the exciton-polaron formation and relaxation in
TMDCs. The third part is devoted to the electrical properties in TMDC ma-
terials through electrical conductivity and Seebeck coe�cient. At the end,
we explore the optical properties by investigating the optical conductivity
and the optical absorption coe�cient in TMDCs. For each part, the analyt-
ical result is provided followed by the numerical results and discussion. The
in�uence of both magnetic barrier and electric �eld is highlighted for each
property. The selected materials are MoSe2, MoS2, WSe2 and WS2.

3.1 Dynamics of exciton-polaron in TMDCs under mag-

netic barrier and electric �eld

The system is taken as an exciton under the in�uence of a magnetic
barrier and an electric �eld, and interacting with LO-phonons in a 1L TMDC.
The considered Hamiltonian is written as:
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Ĥ =

(
P⃗e + eA⃗e

)2
2m∗

e

−eEelye+

(
P⃗h − eA⃗h

)2
2m∗

h

+eEelyh−
e2

ε|ρ⃗e − ρ⃗h|
+Ĥph+Ĥ

2D
ex−ph

(3.1)

The �eld of the magnetic barrier is given by [117] B⃗ = (0, 0, Bz) withBz(x) =

B0lB[δ(x) − δ(x − L)] and the width of the barrier is denoted by L taken
at 150nm. The standard magnetic �eld B0 of this barrier is related to the
magnetic length lB by B0 = ℏ/(el2B). From the Dirac delta function, the
magnetic strength can also take the form:

Bz(x) =


B0lB, if x = 0

−B0lB, if x = L

0, otherwise

(3.2)

Such magnetic barrier can be constructed as showed by Ghosh et al. [118].
Figure 3.1 illustrates the present case where two long narrow magnetic stripes
are placed perpendicular to the TMDC layer respectively at x = 0 (with
B0lB) and x = L (with −B0lB). The magnetic vector potential A⃗ =

(0, Ay, 0) is given by:

Ay(x) = B0lB[Θ(x)−Θ(x− L)] =

{
A, 0 < x < L

0, otherwise
(3.3)

where A = ℏ/(elB) and Θ is the Heaviside function.

The LO-phonon Hamiltonian appears as :

Ĥph =
∑
q

ℏω0b
†
qbq (3.4)

The term of exciton-phonon interaction is given by Eq. (2.28):

Ĥ2D
ex−ph =

∑
K,q

Ξop(q)C†
K+qCK

(
bq + b†−q

)
(3.5)
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where C†
K(CK) denotes the creation (annihilation) operator of an exciton.

Notice that to simplify, in the following, we will use q and K to mean
the 2D wave vectors respectively for phonon and exciton.

The exciton-LO phonon coupling function is given by:

Ξop(q) = (Dop
c −Dop

v )

√
ℏq

2ηuS2D
(3.6)

S2D represents the area of the TMDC layer, η denotes the area mass density
and u is the sound velocity. The deformation potential constant is Dop

c (Dop
v )

for electron (hole) -LO phonon coupling at some critical points (K,K ′) inside
the conduction (valence) band.

Figure 3.1: Schematic of the considered structure: a magnetic barrier bounded by two
long narrow magnetic stripes ( red arrows) placed perpendicular to the 1L TMDC (light
brown) and under an electric �eld Eel (blue arrow).

The data of the selected TMDCs are presented in Table 3.1. The e�ec-
tive masses m∗

e and m∗
h are in unit of free electron mass (m0) whereas the

LO-phonon energy ℏω0, the deformation potential constant Dop
c (Dop

v ), the
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binding energy Eb and the gap energy Eg are in unit of eV .

Materials m∗
e m∗

h ℏω0 Dop
c Dop

v Eb Eg

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56
WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65
WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10
MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87

Table 3.1: Parameters of each TMDC compound taken from [27, 83].

3.1.1 Energy of exciton-polaron

In order to obtain the exciton-polaron energy, we transformation the
following electronic part of the Hamiltonian:

Ĥ2D
ex =

(
P⃗e + eA⃗e

)2
2m∗

e

− eEelye +

(
P⃗h − eA⃗h

)2
2m∗

h

+ eEelyh −
e2

ε|ρ⃗e − ρ⃗h|
(3.7)

As in chapter 2, let rewrite the latest Hamiltonian in the second quanti�cation
(2.36) but with the eigen energy for the 2D exciton denoted by (λ). For that,
since we are in the presence of magnetic �eld, we use [119]:

Ψ2D = eiK
∗.R

√
2

π

1

a
e−ρ/a with K∗ = K − e

ℏ
A (3.8)

Processing as for Eq.(2.45), the exciton eigen energy is obtained as:

λ(K,B,Eel) = Eg +
ℏ2K2

2M ∗ − Eb + ξB − ξel (3.9)

ξB and ξel represent respectively the electric and magnetic parameters ap-
pearing as:

ξel = 2eaEel/π (3.10)

ξB =
ℏ2

l2B

(
1

2M ∗ +
1

2µ∗

)
(3.11)

The fex-functions depending of the �elds appear as:

f ∗ex =
Ξop(q)

λ(K + q, lB, Eel)− λ(K, lB, Eel) + ℏω0
(3.12)
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fex =
Ξop(q)

λ(K + q, lB, Eel)− λ(K, lB, Eel)− ℏω0
(3.13)

Then the transformed Hamiltonian of the interaction part becomes:

ĤT2D
ex−ph =

∑
K,K ′,q

|Ξop(q)|2
(

1
λ(K+q,lB ,Eel)−λ(K,lB ,Eel)+ℏω0

− 1
λ(K+q,lB ,Eel)−λ(K,lB ,Eel)−ℏω0

)
C†

K+qCKC
†
K ′+qCK ′

(3.14)

Also, we use the wave function |Ψ0⟩ to average the transformed Hamiltonian
and obtain the GS energy of exciton-polaron:

E0
ex−pol(K,B,Eel) = Eg+

(
ℏ2K2

2M ∗

)(
1− G̃ex2

)
−Eb−Gex1+ξB−ξel (3.15)

The same way as for Eq. (2.96), we establish the expression of the �rst
excited state energy as:

E1
ex−pol(K,B,Eel) = 4Eg+4

(
ℏ2K2

2M

)(
1− 2G̃ex2

)
−4Eb−8Gex1+4ξB−4ξel

(3.16)
From the latest, one can see that the energy and the motion of exciton-

polaron are modi�ed by the magnetic barrier and the electric �eld through
ξel and ξB respectively.

3.1.2 Tsallis entropy

In physics, the entropy is a property which estimates the disorder in a
system and the Tsallis entropy [120, 121] is given by:

Sj =
1−

∑
i=1 P

j
i

j − 1
(3.17)

The parameter j ∈ ℜ is the entropy degree and Pi are the probabilities
satisfying: ∑

i=1

P j
i = 1 (3.18)
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Let denote by P1 and P2 the probabilities for the GS and the �rst excited
state. That leads to:

Sj =
1− P j

1 − P j
2

j − 1
(3.19)

with

P j
1 =

[
1− β(1− j)E0

ex−pol

] 1
1−j

Zj
(3.20)

P j
2 =

[
1− β(1− j)E1

ex−pol

] 1
1−j

Zj
(3.21)

And the partition function is taken as:

Zj =
[
1− β(1− j)E0

ex−pol

] 1
1−j +

[
1− β(1− j)E1

ex−pol

] 1
1−j (3.22)

Since the energies E0
ex−pol and E

1
ex−pol are well known from Eqs. (3.15) and

(3.16), then we can evaluate this entropy property.

Figure 3.2: GS energy of exciton-polaron as function of the magnetic length for Eel = 0.

Figure 3.2 displays the GS energy of an exciton-polaron versus the mag-
netic length (lB) for di�erent 1L TMDCs. WS2 has the highest GS energy.
As we can see from this �gure, the exciton-polaron GS energy is very sensitive
to the applied magnetic �eld in all considered 2D materials. The variation
of magnetic �eld in the increasing direction enhances the GS energy of the
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system. Therefore, since the magnetic length is a function of 1/B , the
exciton-polaron interaction becomes stronger as well as the magnetic length
reduces and inversely. It is seen that the GS energy drops with the expansion
of lB and there is a shift between the monolayers. The magnetic �eld plays
an interesting role on the energy of an exciton-polaron in TMDCs. Due to
magnetic barrier, the interaction between particles is strengthened and the
exciton-polaron is more con�ned in TMDCs. This result is in accordance
with what was found by Myoung et al [117]. The authors have proved that
magnetic gate is suitable for use as base elements for one-electron tunneling
systems or spin-polarized devices. In fact, the decrease in the length scale
enhances the barrier height and the exciton-polaron is well con�ned in the
ground state. This assumption is found spectacularly in systems like TMDCs
where the electronic structure changes abruptly when they are stripped down
from few to a single atomic layer [122].

Figure 3.3: GS energy of exciton-polaron as function of the electric �eld for (a) ξB = 0
and (b) lB = 2nm.

Figure 3.3 plots the GS energy of the exciton-polaron as a function of
the electric �eld respectively for (a) very high magnetic length and (b) weak
magnetic length. In both case, we observe a monotonic form of the curves.
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It follows that the electric �eld reduces the ground state energy. In fact,
the presence of the electric �eld decreases the binding energy of the exciton-
polaron since the electron and hole move di�erently in the electric �eld. Also,
Oukerroum et al [123] shows that the electric �eld tends to move the electron
and hole densities in the opposite directions thus the overlap of the electron
and hole wavefunctions.

Figure 3.4: Entropy versus temperature for j = 1.1 in the absence of �elds.

In Figure 3.4, we have plotted the entropy of an exciton-polaron versus
temperature for some 1L TMDCs. MoSe2 has the highest entropy. The
�gure shows the increase of entropy with temperature : it expands up to
T = 25K and then remains constant. The entropy starts from zero and
increases until reaches the thermodynamic equilibrium which con�rms the
principle of the third law of thermodynamic, it is in accordance with physics
laws and the work of [124]. The explanation of the increasing entropy can also
be due to the fact that phonons cause random �uctuations of energy from
each local state. These �uctuations break the coherence of the excitonic
states and lead to a process of relaxation at the origin of various phenomena
like decoherence. Then, as a result, the system is decoherent for T < 25K,
coherent for T > 25K.
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Figure 3.5: Entropy as function of the magnetic length for j = 1.1 , T = 10K and Eel = 0.

We observe in Figure 3.5 that the entropy increases and reaches an
equilibrium state with the enhancement of magnetic length (lB). The higher
the magnetic length, the higher the disorder until a certain period and then,
coherence can be restored in the system. It can be seen that the magnetic
barrier modi�es the entropy behavior. One can see that the entropy of the
system is very sensitive to the monolayers TMDCs, the magnetic length and
the temperature. We �nd that the magnetic barrier controls the system dis-
order and it is in accordance with the result obtained by Fobasso et al [125].

Then it is possible to control the information of the system. This means
that it is possible to encode quantum information on the high-frequency vi-
brations of exciton-polaron in quantum communication protocol. It is well
recognized that an accumulation of entropy signi�es the de�ciency of infor-
mations within the system and therefor the variation of the magnetic length
plays an essential role in the coherence control of systems [106, 126].
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Figure 3.6: Entropy versus electric �eld for j = 1.1 , T = 20K , (a) ξB = 0 and (b)
lB = 2nm.

Figure 3.6 presents the entropy variation as function of the electric �eld
for (a) very high magnetic length and (b) weak value of the magnetic length.
Figure (a) shows the decrease of this property when enhances the electric
�eld. In fact, the disorder due to the temperature that perturbs the exciton-
polaron motion is reduced by the presence of the electric �eld which directs
the particles movement. This is in agreement with the work of Khordad et
al [127].

In �gure (b), we �rst observe the increase of the entropy until the peak
demonstrating the dominance of the magnetic barrier e�ect in this range.
Beyond the peak, the electric �eld overpasses and then causes the regression
of the entropy. The result indicates that the electric �eld can be used to
stabilise the disorder in the system.
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3.2 Formation and relaxation of exciton-polaron under

the magnetic barrier and electric �eld in TMDCs

The formation of polaronic systems is linked to the interaction with
phonons and the fact that the time of optical phonons is approximately
constant and �nite in materials. The presence of both electric and magnetic
�elds perturbs the excitonic states and the behavior of the system. This
perturbation of states leads to the relaxation of the system which later returns
to the equilibrium, thus the necessity of evaluate the relaxation time.

3.2.1 Lifetime of exciton-polaron

Let us consider Eq.(2.112):

ℏ
τex

=
2πM ∗

ℏ2(1− G̃ex2)

∑
q

n̄q (Ξ
op(q))2

δ(q − q1) + δ(q − q2)√
K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(3.23)
Notice that Ξop(q) is de�ned by Eq. (3.6) for the case of TMDC. Then the
lifetime of exciton-polaron becomes:

ℏ
τex

=
πM ∗ (Dop

c −Dop
v )2

ηu(1− G̃ex2)S2D

∑
q

n̄qq
δ(q − q1) + δ(q − q2)√

K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(3.24)
Converting the summation into an integration, one gets:

ℏ
τex

=
πM ∗ (Dop

c −Dop
v )2

ηuℏ(1− G̃ex2)S2D

S2D

(2π)2
n̄

∫ 2π

0

dθ

∫ ∞

0

dqq2
δ(q − q1) + δ(q − q2)√

K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(3.25)
The integration over q gives:

1

τex
=

M ∗ (Dop
c −Dop

v )2

4πηuℏ2(1− G̃ex2)
n̄

∫ 2π

0

dθ
q21 + q22√

K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(3.26)
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Thus, the expression of exciton-polaron lifetime according to Eq. (2.163) is:

1

τex
=
M ∗ (Dop

c −Dop
v )2

πηuℏ2(1− G̃ex2)
n̄

∫ 2π

0

dθ
K2cos2θ +M ∗ℏω0/ℏ2(1− G̃ex2)√
K2cos2θ + 2M ∗ℏω0/ℏ2(1− G̃ex2)

(3.27)

3.2.2 Relaxation time of exciton-polaron

From Eq. (2.165), and with respect to Eq. (3.6) the relaxation time of
exciton-polaron in TMDC is written as:

1
τ = πM(Dop

c −Dop
v )

2

ηuℏ2(1−G̃ex2)S2D

∑
q
q

{[
nB + f

(
E0

ex−pol(K + q)
)] δ(q−q1)+δ(q−q2)√

K2cos2θ−2Mℏω0/ℏ2(1−G̃ex2)

+
[
1 + nB − f

(
E0

ex−pol(K + q)
)] δ(q−q3)+δ(q−q4)√

K2cos2θ−2Mℏω0/ℏ2(1−G̃ex2)

}
(3.28)

In the previous equation, we transform the summation into integration and
we integrate over q. This leads to:

1
τ = M∗(Dop

c −Dop
v )

2

πηuℏ2(1−Gex2)
K
{[
nB + f

(
E0

ex−pol(K) + ℏω0

)]
I+

+
[
1 + nB − f

(
E0

ex−pol(K)− ℏω0

)]
I−
} (3.29)

where:

I+ =

∫ 2π

0

dθ

cos2θ +
Mℏω0

ℏ2K2(1− G̃ex2)√
cos2θ +

2Mℏω0

ℏ2K2(1− G̃ex2)

(3.30)

I− =

∫ 2π

0

dθ

cos2θ − Mℏω0

ℏ2K2(1− G̃ex2)√
cos2θ − 2Mℏω0

ℏ2K2(1− G̃ex2)

(3.31)

We see that I+ and I− can be written as function of the elliptic integrals of
the �rst kind F1 and the second kind F2:

I+ =
4

A2
{(A1 − 1)F1 (π/2, A2) + F2 (π/2, A2)} (3.32)
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I− = 4 {(B1 − 1)F1 (π/2, 1/B2) + F2 (π/2, 1/B2)} (3.33)

with

A1 =
ℏ2K2(1− G̃ex2) +Mℏω0

ℏ2K2(1− G̃ex2) + 2Mℏω0

; A2
2 =

ℏ2K2(1− G̃ex2)

ℏ2K2(1− G̃ex2) + 2Mℏω0

(3.34)

B1 =
ℏ2K2(1− G̃ex2)−Mℏω0

ℏ2K2(1− G̃ex2)
; B2

2 =
ℏ2K2(1− G̃ex2)

ℏ2K2(1− G̃ex2)− 2Mℏω0

(3.35)

Then we obtain the solution of each integral as:

I+ ≈ π


√

ℏ2K2(1− G̃ex2) + 2Mℏω0

ℏK
√
1− G̃ex2

+
ℏ3K3(1− G̃ex2)

3/2 +Mℏω0ℏK
√
1− G̃ex2

2
(
ℏ2K2(1− G̃ex2) + 2Mℏω0

)3/2


(3.36)

I− ≈ π

[
2ℏ2K2(1− G̃ex2)− 2Mℏω0

ℏ2K2(1− G̃ex2)
+

2(Mℏω0)
2 −Mℏω0ℏ2K2(1− G̃ex2)

2ℏ4K4(1− G̃ex2)2

]
(3.37)

Therefore, the relaxation time of exciton-polaron is obtained since I+

and I− are determined analytically according to equation (3.29).

We present in Figure 3.7 the exciton-polaron lifetime versus the tem-
perature for various 1L TMDC materials. Among the selected TMDCs,
MoSe2 is the best that favors the exciton-polaron existence. We observe
the decrease of lifetime with temperature. In fact, the enhancement of tem-
perature raises the lattice thermal vibrations and the disorder that weaken
the interaction between phonons and particles. Then, the probability that
the electron (hole) absorbs a phonon can be probably lower. It is in accor-
dance with the results of [128, 129].
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Figure 3.7: Lifetime of exciton-polaron as function of the temperature for selected TMDCs
in the absence of �elds.

It is seen that the highest value of lifetime is observed near absolute
zero of temperature and it becomes zero for higher temperature values. This
explains the death of the exciton-polaron. Thus, high temperature values are
damaging for the formation of exciton-polaron. For lifetime, the coherence is
observed at T > 25K (as for entropy) and the system is not granted to the
exciton-polaron. We suspect the existence of either an exciton or polarons
according to the results of Sun et al [130] since the lifetime of the system
vanishes. Also, our results are closed to the experiments [131, 132] where
excitonic lifetime is 0.02-0.16 ns at room temperature for MoSe2 and WSe2
monolayers.
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Figure 3.8: Lifetime of exciton-polaron as function of the length scale (lB) of the magnetic
barrier for T = 2K and Eel = 0.

Figure 3.8 presents the exciton-polaron lifetime as function of the mag-
netic length for the four TMDCs. It is observed that the exciton-polaron
lifetime decreases with the increase of the length scale. This is in agree-
ment with [133]. This can be explained through the con�nement of exciton
motion. In the presence of magnetic �eld, the distance between particles
is reduced, the binding energy is enhanced and electron (hole) better in-
teracts with the structure. This interaction is reduced when enhances the
magnetic length and then the existence of exciton-polaron becomes weak in
the barrier. We can con�rm that the change in exciton-polaron can alter the
interplay e�ects with phonons, thus a�ects the decay time. The monolayer
TMDC with long decay time is WS2. It is seen that at low magnetic length,
the exciton-polaron has a long decay time and great energy, this result is in
agreement with [134, 113]. These characteristics make the TMDC sheets a
robust system for performing indirect exciton-polaron condensation in space.
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Figure 3.9: Exciton-polaron lifetime versus electric �eld for T = 2K and ξB = 0.

Figure 3.9 presents the evolution of the lifetime of exciton-polaron ver-
sus the electric �eld. We observe the highest value of the lifetime at zero
electric �eld and as the electric �eld increases it falls. One can say that
in the presence of the external electric �eld, electron and hole are directed
in opposite directions and then disadvantages the exciton formation. Thus,
the excitonic e�ect is reduced by the electric �eld and it can dissociate the
exciton-polaron for high strengths. Moreover, the results demonstrate that
the TMDC in which the exciton-polaron has high energy also has a long
decay time.
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Figure 3.10: Relaxation time of exciton-polaron versus temperature out of the �elds and
for cex = 1012cm−2.

Figure 3.10 presents the temperature dependence on the relaxation
time. The lowest relaxtion time is observed in MoS2 and the highest in
MoSe2. The greatest amplitudes are observed for lower temperatures and
it decreases when the temperature is increased. In fact, the increase of tem-
perature perturbs the electron (hole) distribution and increases the di�usion
coe�cient in the excitonic network of TMDC. This leads to the appearance of
loss power in the system and then the decrease of the exciton-polaron relax-
ation time. For high temperatures (T > 25K), the relaxation time becomes
constant and the system reaches the thermal equilibrium. The relaxation of
exciton-polaron is related to the process of dressing with phonon: more the
carriers interact with the structure and less they relax. One can say that
due to temperature, the exciton interacts with more phonons and then it
takes few time to reach the equilibrium. The result agrees with the works of
Glazov [135] and Maidannyk et al [5].
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Figure 3.11: Relaxation time of exciton-polaron versus the carriers concentration for
T = 25K.

Figure 3.11 shows the in�uence of carriers concentration on the exciton-
polaron relaxation. It is seen that due to the increase of the carriers concen-
tration, the relaxation time doesn't have a monotonic behavior. This in�u-
ence is observed only for concentrations around a critical value corresponding
to the peak. The increase of the carrier concentration means the increase of
electrons and holes number in the structure. It is seen that at a low �xed
temperature there is a corresponding critical value of carrier concentration.
Up to this value, the particles interact with phonons that lead to their cool-
ing, contributing then to the increase of the relaxation time. However, above
this critical value it is higher concentrations, the collisions between carriers
can enhance the heat in the material and then decreases the relaxation time
as seen for the previous �gures. The latest is in agreement with the study
of Huang et al [136]. Also, MoS2 has the lowest peak appearing at lowest
critical value.
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Figure 3.12: Relaxation time of exciton-polaron versus the magnetic length for T = 25K
, cex = 1012cm−2 and Eel = 0.

Figure 3.13: Relaxation time of exciton-polaron versus the electric �eld for T = 25K ,
cex = 1012cm−2 and lB = 2nm.

Figures 3.12 and 3.13 show the relaxation time of the exciton-polaron as
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a function of the magnetic length (lB) and the electric �eld respectively. The
result indicates that the relaxation time increases as the magnetic length and
electric parameter increase, and it saturates for high values of these param-
eters. The relaxation of exciton-polaron is related to the process of phonons
absorption-emission in TMDCs. This process is in�uenced by the interaction
with phonons: as less the exciton interacts in the structure it more relaxes.
The presence of a magnetic �eld induces good con�nement for electrons and
holes that favors the Coulomb's interaction since it reduces the interparticle
distance [32]. Therefore, since the magnetic length is inversely proportional
to the magnetic �eld, increasing it has the e�ect of an opposition to the
reduction of electron-hole distance and then reduces the exciton binding en-
ergy. This justifying the increase of the relaxation time observed in Figure
3.12 and it adheres with [137]. Also, it is observed that the saturation occurs
at lB = 15nm meaning that the exciton-polaron reaches its maximum relax-
ation time and one can say that the phenomenon of relaxation is sensitive to
low values of the magnetic length.

Moreover, as the electric �eld is applied, it delocalizes the hole and
electron toward di�erent directions. This generates the decrease of exciton
binding energy contributing to the reduction of particle interactions and can
lead to exciton dissociation [39]. Therefore, the electron and hole are more
relaxed in presence of an external electric �eld and the exciton-polaron re-
laxation time enhances as shown in Figure 3.13.

3.3 Electrical properties in TMDCs within the mag-

netic barrier and electric �eld

It has been known that the temperature, the magnetic barrier and the
electric �eld modify the dynamic and the formation of quasiparticles. In this
part, we are interested on the properties that characterize the motion of the
charge carriers responsible of the current in TMDC materials. We focus on
the electrical conductivity and the Seebeck coe�cient.
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3.3.1 Electrical conductivity in TMDCs

Let us recall the formula of the electrical conductivity given by Eq.(2.185):

σel = e2
∫

Λ(E)

(
− ∂f

∂E

)
dE (3.38)

Also, the transport function Λ is taken as Eq.(2.192) :

Λ(E) =
(1− G̃ex2)

2πM
K2

0 {τ(K0)− τ(−K0)} (3.39)

where K0(E) is de�ned by Eq. (2.189) but with the parameter (d) appearing
as:

d = E + Eb +Gex1 − Eg − ξB + ξel (3.40)

It is observed that parameter d contains the �elds information. Therefore,
substituting the latest relations in Eq.(3.38), the electrical conductivity reads:

σel =
32ηuℏ4(1−Gex2)

3

πM 3(Dop
c −Dop

v )4
βe2

∫ ∞

0

dE
(d− ℏω0)

√
d

ν2 − ℵ2
f(E) (3.41)

with the parameters ν and ℵ respectively obtained as:

ν = [nB + f(E + ℏω0)]
(
8d2+9ℏω0d+4(ℏω0)

2

(d+ℏω0)1/2

)
+2 [1 + nB − f(E − ℏω0)]

(
5d−ℏω0√
d−ℏω0

) (3.42)

and

ℵ = 4 [1 + nB − f(E − ℏω0)]

(
ℏω0 − d√

d

)
(3.43)

3.3.2 Seebeck coe�cient in TMDCs

Since the electrical conductivity depends on temperature, it is conve-
nient to calculate the Seebeck coe�cient which evaluates the electric current
generated by a gradient of temperature. From chapter 2, the Seebeck coe�-
cient can take the form of Eq.(2.196):

Sb = −β
e

C1

C2
(3.44)
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with C1 and C2 obtained taking into account Eqs.(2.197), (2.198) and (3.39)
as:

C1 =

∫ ∞

0

dE
(d− ℏω0)

√
d

ν2 − ℵ2
f(E)(E − EF ) (3.45)

C2 =

∫ ∞

0

dE
(d− ℏω0)

√
d

ν2 − ℵ2
f(E) (3.46)

Figure 3.14: Electrical conductivity versus temperature for cex = 1012cm−2 , ξB = 0 and
Eel = 0.

Figure 3.14 plots the electrical conductivity as function of the temper-
ature for four materials. Among the selected materials, MoSe2 shows the
highest amplitude for this property. It is seen that the electrical conductivity
of TMDCs decreases when increases the temperature. In fact, when raises the
temperature in the medium, that enhances the lattice vibrations, modi�es
the particles direction and therefore reduces the electron (hole) motion. The
enhancement of temperature creates a disorder that perturbs the electronic
transitions. This is in agreement with the work of Xu et al [138]. At very low
temperature, it is highest conductivities in TMDCs whereas at high temper-
atures it is lower conductivity, it becomes constant and can vanishes. The
curve presents two ranges of temperature: T < 20K, a drop of conductivity is
observed and it can be related to the appearance of conductor-semiconductor
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phase transition. T > 20K, we observe a slowly decreasing of conductivity
which characterize a metallic behaviour. This joins the work of Meziane et
al [139].

Figure 3.15: Electrical conductivity versus energy of exciton-polaron for T = 5K , cex =
1012cm−2 , ξB = 0 and Eel = 0.

Figure 3.15 displays the electrical conductivity versus the system en-
ergy for four materials. It is observed that the electrical conductivity is an
increasing function of the energy. This is explained by the fact that particles
in the valence band need to be energetic for transition toward the conduc-
tion band. Seen Eqs.(3.41), (3.40) and this �gure, the conductivity appears
when the energy of the system reaches to the gap energy and it increases to
a maximum then becomes constant. Since there is a gap between valence
and conduction bands in TMDCs, the electron with energy lower than the
gap energy remains in the valence band and the more it gains in energy the
more its possibility of reaching the conduction band enhances.
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Figure 3.16: Electrical conductivity as function of the concentration of charge carriers for
T = 5K , cex = 1012cm−2 , ξB = 0 and Eel = 0.

Figure 3.16 shows that the electrical conductivity increases when en-
hances charge carriers concentration. In fact, as the number of carriers in-
creases, the particles move gradually toward the conduction band up to the
Fermi energy and then saturation occurs meaning that the conduction band
is full. The number of particles increases the transitions, the more the en-
ergy of particles increases and it becomes easy to move toward the conduction
band. MoSe2 is the most interesting for electrical conductivity and is due to
the fact that it has the lowest gap energy. This result is in accordance with
the works [140] and [31]. Moreover, as was pointed Seung-il [33], it is seen
from di�erent TMDCs that the greater the relaxation time and the higher
the electrical conductivity. Therefore, when the exciton-polaron lasts before
reaching equilibrium that favors the electronic jumps in the material.
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Figure 3.17: Electrical conductivity versus the magnetic length for T = 25K , cex =
1012cm−2 and Eel = 0.

Figure 3.18: Electrical conductivity versus the electric �eld for T = 25K , cex = 1012cm−2

and ξB = 0.

Figures 3.17 and 3.18 present the electrical conductivity for TMDCs as
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a function of the magnetic length and electric �eld respectively. One can see
from Equation (3.41) that, the electrical conductivity is proportional to

√
d

and we have
√
d =

√
E + Eb +Gex1 − Eg when the �elds are zero. Then,

in absence of any �eld, the electrical conductivity appears when the system
energy overpasses the band gap energy, so that the electron can transit to-
ward the conduction band.

Now from Figure 3.17, it follows that there is no electrical conduc-
tivity for low values of the magnetic length. This result indicates that at
very high magnetic strength, there is no electrical conductivity in TMDCs.
Moreover, the system energy should be greater than the band gap and the
magnetic parameter since the electrical conductivity becomes proportional
to
√
E + Eb +Gex1 − Eg − ξB according to Eq.(3.40). As the magnetic

length increases, it favors the attenuation of the magnetic strength, and the
electrical conductivity becomes possible. This occurs when the magnetic
length reaches a value around 2.5nm and from this value the electrical con-
ductivity increases as the magnetic length increases. This enhancement of
the electrical conductivity is in accordance with [138, 141]. Also, applying
the magnetic �eld along the z-direction induces the con�nement and carriers
concentration in the xy-plane. Then, as lB increases, electron and hole inter-
actions with phonons grow because the particles motion increases. In [107] it
is shown that the polaron motion is fast with higher magnetic barrier lengths.

When the electric �eld is applied as shown in Figure 3.18, the electrical
conductivity increases when the electric parameter increases. The electric
parameter enhances the system energy and then facilitates the electronic
transitions (the term

√
E + Eb +Gex1 − Eg + ξel into Eq. 3.40). In the

same way, in [39] it is demonstrated that the exciton energy level decreases
with the electric �eld increase. In addition, the applied electric �eld induces
an electric force responsible of the increase of electron motion in TMDCs
and it agrees with Nguepnang et al [142]. Among the selected TMDCs,
MoSe2 has the greatest amplitude and its electrical conductivity begins at
a low value (lB ≈ 2nm) meaning that it is a suitable TMDC for studies
in high magnetic �elds. This can be due to its lowest band gap energy
which favors the electronic transition between valence and conduction bands.
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This result of MoSe2, also suggested by Figures 3.12 and 3.13, �ts with [33]
which showed that the electrical conductivity rises when the relaxation time
increases.

Figure 3.19: Seebeck coe�cient versus temperature for cex = 1012cm−2 , ξB = 0 and
Eel = 0.

Figure 3.19 plots the Seebeck coe�cient as function of the temperature
for various 1L TMDCs. MoSe2 also has the highest magnitude of Seebeck
coe�cient and it adheres with the works of Qin et al [30] and Ge et al [31].
It is seen that the Seebeck coe�cient of TMDCs behaves di�erently at low
temperature and high temperature. At very low temperature, the Seebeck
coe�cient approaches zero meaning that the change of temperature is too
weak and not sensitive for the material. It increases to a maximum when
enhances temperature and the peak is observed at temperature close to 15K.
The low change of temperature (T < 15K) creates the movement of hot par-
ticles, inducing a voltage and then appears the Seebeck e�ect. This induction
is attenuated in high temperatures range because particles are very hot and
favor a collision motion in the structure. High temperatures (T > 15K) act
in the system as a perturbation which favors the disorder and then reduce
the Seebeck voltage. Therefore, TMDCs generate an electric current when
they are subject of temperature least than 15K but this current is dominated
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by the thermal disorder due to high temperatures. The result agrees with
the works of Selvaggi [143] and Ashraf et al [144].

Figure 3.20: Seebeck coe�cient as function of the charge carriers concentration for T =
100K , ξB = 0 and Eel = 0.

Figure 3.20 plots the Seebeck coe�cient versus the carrier concentration
for various 1L TMDCs. It is shown that the Seebeck coe�cient is a decreasing
function of the carrier concentration. In the case of exciton-polaron, we
observe negative and positive values of the Seebeck coe�cient which refer
to the presence of electron and hole respectively in the system. The result
indicates the dominance of the electrons in this thermoelectric property when
enhances the carriers concentration. In fact, the Seebeck e�ect implies the
creation of a low electric �eld and the electron charge favors an electric force
opposite to the �eld in direction. Then more the structure is concentrated in
electrons and the stronger is the opposition to the appearance of the current
induced by the temperature change; this explains the decrease observed on
the curves.
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Figure 3.21: Seebeck coe�cient versus the magnetic length for cex = 1012cm−2 , Eel = 0
, (a) T = 5K and (b) T = 150K.

The Seebeck coe�cient as a function of the magnetic length for low
and high temperatures and diverse TMDCs, is presented in Figures 3.21 (a)

and (b) respectively. It is observed that the curves don't present monotonic
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shapes. The Seebeck coe�cient falls up to a critical value of the magnetic
length, and above this value it increases. In fact, as the temperature changes
in TMDCs, it generates excitations and increases the motion of particles.
This leads to the appearance of a voltage responsible of the Seebeck e�ect.
At a �xed temperature and for low values of the magnetic length, which
means high magnetic �eld, the magnetic in�uence dominates. Then electron
(hole) is more con�ned than subjected to thermal perturbation and it ex-
plains the decrease of this property.

In the opposite way, above the critical value of the magnetic length,
which means low magnetic �eld, the temperature e�ect dominates and en-
hances the Seebeck coe�cient. It is in agreement with the results of [141, 145].
Also, the result shows that the magnetic e�ect is less signi�cant in high tem-
perature range since one can observe the regression of the critical values
range (from 5 − 7nm in Figure 3.21 (a) to 2.5 − 3.5nm in Figure 3.21 (b)

and the reduction of the Seebeck coe�cient values regarding Figure 3.21 (a)

and Figure 3.21 (b). In addition, for very high values of the magnetic length
lB > 18nm in Figure 3.21 (a) and lB > 10nm in Figure 3.21 (b), the Seebeck
coe�cient becomes constant and the magnetic barrier doesn't more in�uence
this property. At T = 5K, the highest amplitude is obtained forWS2 at low
magnetic length and for MoSe2 at high magnetic length.

Figure 3.22 presents the evolution of the Seebeck coe�cient in the pres-
ence of the external electric �eld. Without the magnetic in�uence as pointed
Figure 3.22 (a), the result shows the highest amplitudes of the coe�cient at
zero electric �eld and it decreases gradually as the �eld increases. It is in
agreement with [146]. Thus, the Seebeck e�ect as a thermoelectric power
property, is favored by the absence of the electric �eld. In this case, when
the temperature changes, the electron (hole) moves directed only by the tem-
perature gradient from the hot source to the cold one's and then it generates
the Seebeck voltage.

In the presence of the electric �eld, the particles motion is governed
by the �eld. As the strength of the electric �eld increases, the electric force
enhances and overcomes the e�ect of the temperature gradient. This explains
the decrease of the Seebeck coe�cient curves.
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Figure 3.22: Seebeck coe�cient versus the electric �eld for T = 25K , cex = 1012cm−2 ,
(a) ξB = 0 and (b) lB = 5nm.

Figure 3.22 (b) shows the challenge between magnetic �eld and electric
�elds. The increase characterizes the dimonance of magnetic e�ect whereas
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the decrease indicates the dominance of the electric �eld. One can say that
the electric �eld opposes the magnetic �eld in the Seebeck coe�cient.

3.4 Optical properties in TMDCs subject to the mag-

netic barrier and electric �eld

In an excitonic system, the excited electron can transit via an absorption
or emission process. This motion of the electron (and its corresponding hole)
can be responsible of the conductivity in the material and can be due to the
absorption of an external energy (light) evaluated by the optical absorption
coe�cient. In this part, we are interested on the properties that characterize
the optical response of the TMDC materials.

3.4.1 Optical conductivity

We use the Kubo formula of Eq. (2.199) as follows:

σ(ω) = i
2e2

SMω
+

1

Sℏω

∫ ∞

0

dteiωt⟨[J(t), J(0)]⟩ (3.47)

The current operator of a particle is de�ned as [147]:

j(α) =
i

ℏ
eα [H, rα] (3.48)

with the index α = e, h used for electron or hole. Then, the total current
operator reads:

J = e

(
Ph

mh
− Pe

me

)
(3.49)

Therefore, σ(ω) becomes:

σ(ω) = i
2e2

SMω
+

1

Sℏω

∫ ∞

0

dteiωt
〈
e2

m2
h

[ph(t), ph(0)] +
e2

m2
e

[pe(t), pe(0)]

〉
(3.50)
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After integrating by parts, one gets:

σ(ω) = i
2e2

SMω
− e2

Sℏω3

∫ ∞

0

dteiωt
〈

1

m2
e

[Fe(t), Fe(0)] +
1

m2
h

[Fh(t), Fh(0)]

〉
(3.51)

The force operator is de�ned as Fα(t) = (i/ℏ) [H, pα] with the linear
momentum operator taking in the second quantization as pα = ℏKαC

†
Kα
CKα

.
Thus

Fe(t) = −i
{(

e2B2

2me
− eEel

)
C†

Ke
(t)CKe

(t)

+
∑
q
qΞ(q)C†

Ke
(t)CKe

(t)
(
bq(t) + b†−q(t)

)} (3.52)

Fh(t) = −i
{(

e2B2

2mh
+ eEel

)
C†

Kh
(t)CKh

(t)

+
∑
q
qΞ(q)C†

K+q(t)CK(t)
(
bq(t) + b†−q(t)

)} (3.53)

Also, the time dependence of the operators is given by:

bq(t) = e−iω0tbq(0); b
†
−q(t) = eiω0tb†−q(0) (3.54)

and
C†

K(t)CK(t) = e
it
ℏ λKC†

K(0)e
−it
ℏ λKCK(0) (3.55)

C†
K+q(t)CK(t) = e

it
ℏ λK+qC†

K+q(0)e
−it
ℏ λKCK(0) (3.56)

Then Eq. (3.51) gives:

σ(ω) = i 2e2

SMω + e2

Sℏω3
1
ω2

∫∞
0 dteiωt

〈{
−
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
×

qΞ(q)C†
K+qCK

(
bq + b†−q

)
+
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q)C†

K+qCK

(
U(t)bq + T (t)b†−q

)
+

(m2
h+m2

e)

m2
em

2
h

∑
q
q2Ξ2(q)C†

K+qCKC
†
K+qCK [U(t)− T (t)]

}〉
(3.57)
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where
T (t) = exp

it

ℏ
(λK+q − λK + ℏω0) (3.58)

U(t) = exp
it

ℏ
(λK+q − λK − ℏω0) (3.59)

Let average with Uex|Ψ0⟩. We �rst apply the unitary transformation and
obtain:

σ(ω) = i 2e2

SMω + e2

Sℏω3
1
ω2

∫∞
0 dteiωt

〈{
−
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
×

qΞ(q)C†
K+qCK

(
bq + b†−q + iC†

K+qCK(f
∗
ex − fex)

)
+
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q)C†

K+qCK×(
U(t)bq + T (t)b†−q + iU(t)C†

K+qCKf
∗
ex − iT (t)C†

K+qCKfex

)
+

(m2
h+m2

e)

m2
em

2
h

∑
q
q2Ξ2(q)C†

K+qCKC
†
K+qCK [U(t)− T (t)]

}〉
(3.60)

Using the GS wave function, we have:

σ(ω) = i 2e2

SMω + e2

Sℏω3
1
ω2

∫∞
0 dteiωt×〈{

−
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q)(f ∗ex − fex)

+i
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q) [U(t)f ∗ex − T (t)fex]

+
(m2

h+m2
e)

m2
em

2
h

∑
q
q2Ξ2(q) [U(t)− T (t)]

}〉
(3.61)

After integrating over t , the imaginary part of the optical conductivity ap-
pears as:

Im
[
σ(ω)

]
= 2e2

SMω + ℏe2
Sℏω

(m2
h+m2

e)

m2
em

2
hω

2

∑
q
q2Ξ2(q)×(

1
λK+q−λK+ℏω−ℏω0

− 1
λK+q−λK+ℏω+ℏω0

) (3.62)

It is seen that the imaginary part represents the optical conductivity out of
any �eld. For the present case, in which we investigate the e�ect of �elds,
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we will focus on the real part obtained as:

Re
[
σ(ω)

]
= e2

Sℏω
1
ω2

{
1
ω

∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q)(f ∗ex − fex)

+ℏ
∑
q

(
e2B2(m3

e+m3
h)

2m3
em

3
h

− eEel(m
2
h−m2

e)

2m2
em

2
h

)
qΞ(q)×(

fex
λK+q−λK+ℏω+ℏω0

− f∗
ex

λK+q−λK+ℏω−ℏω0

)}
(3.63)

The �nal expression of the real part of optical conductivity is determined by
replacing the summation into integration. We have:

Re [σ(ω)] = σB(ω)− σel(ω) (3.64)

where

σB(ω) =
e2(Dop

C −Dop
v )

2

16Sηuπ2ℏω
ℏ3(m3

e+m3
h)

m3
em

3
hω

2l2B

∫∞
0 dq

∫ 2π

0 dθq3×{
1/ω

ℏ2q2
2M +ℏ2

M Kq cos θ−ℏω0

− 1/ω
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω0

+ ℏ(
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω+ℏω0

)(
ℏ2q2
2M +ℏ2

M Kq cos θ−ℏω0

)
− ℏ(

ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω−ℏω0

)(
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω0

)}
(3.65)

and

σel(ω) =
e3(Dop

C −Dop
v )

2

16Sηuπ2

(m2
h−m2

e)

m2
em

2
hω

3 Eel

∫∞
0 dq

∫ 2π

0 dθq3×{
1/ω

ℏ2q2
2M +ℏ2

M Kq cos θ−ℏω0

− 1/ω
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω0

+ ℏ(
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω+ℏω0

)(
ℏ2q2
2M +ℏ2

M Kq cos θ−ℏω0

)
− ℏ(

ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω−ℏω0

)(
ℏ2q2
2M +ℏ2

M Kq cos θ+ℏω0

)}
(3.66)
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3.4.2 Optical absorption coe�cient

As shown in chapter 2, we establish a similar relation as Eq.(2.126) for
the case of exciton-polaron:

Re [R(ℏΩ)] =
(

e
ℏΩ
)2 ∫ 0

−∞ dte−it(iε+ℏΩ)⟨Ψ|Ei.
{

pe(0)
me

+ ph(0)
mh

}
×

Ei.
{

pe(t)
me

+ ph(t)
mh

}
|Ψ⟩

(3.67)

Now, let us apply the unitary transformation (2.49):

Re [R(ℏΩ)] =
(

e
ℏΩ
)2 ∫ 0

−∞ dte−it(iε+ℏΩ)⟨Ψ|Ei.U
−1
ex

{
pe(0)
me

+ ph(0)
mh

}
Uex×

Ei.U
−1
ex

{
pe(t)
me

+ ph(t)
mh

}
Uex|Ψ⟩

(3.68)
We have for P = 0:

U−1
ex pUex = p+ i

[∑
K,q

C†
K+qCK(f

∗
exb

†
−q + fexbq), P −

∑
q
ℏω0qb

†
qbq

]
= p− iℏω0

∑
K,q

qC†
K+qCK(fexbq − f ∗exb

†
−q)

(3.69)
Therefore:

Re [R(ℏΩ)] =
(

e
ℏΩ
)2 ∫ 0

−∞ dte−it(iε+ℏΩ)⟨Ψ|×

Ei.

{
pe
me

+ ph
mh

− iℏω0

µ

∑
K,q

qC†
K+qCK(fexbq − f ∗exb

†
−q)

}
×

Ei.

{
pe(t)
me

+ ph(t)
mh

− iℏω0

µ

∑
K,q

qC†
K+q(t)CK(t)(fexbq(t)− f ∗exb

†
−q(t)

}
|Ψ⟩

(3.70)
By using Eqs. (3.69), (3.54) and (3.55), we have:

Re[R(ℏΩ)] =
( e

ℏΩ

)2 ∫ 0

−∞ dte−it(iε+ℏΩ)
{
2ℏ2E2

iK
∗2

M 2
− ℏ2E2

i (m
2
e +m2

h)

m2
em

2
ha

2

+
(ℏω0)

2

µ2
∑
q
(Ei.q)

2 fexf
∗
exe

−it(λK−λK+q−ℏω0)

}
(3.71)
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We consider the energy ratio :

χ =
ℏΩ
ℏω0

(3.72)

The optical absorption coe�cient reads:

Γ(χ) = πe2

cnε0ℏ(ℏω0)2χ

{
2ℏ2K∗2

M2 − ℏ2(m2
e+m2

h)

m2
em

2
ha

2

}
δ(χ)

+ πe2ω0

cnε0µ2E2
i χ

∑
q
(Ei.q)

2fexf
∗
exδ
[
− ℏ2

2M (q2 + 2kq cos θ) + ℏω0(χ− 1)
]

(3.73)
Transforming the summation into an integration, one gets:

Γ(χ) = πe2

cnε0ℏ(ℏω0)2χ

{
2ℏ2
M2

(
k2 + 1

l2B

)
− ℏ2(m2

e+m2
h)

m2
em

2
ha

2

}
δ(χ)

+Mℏω0e
2(Dop

c −Dop
v )2

4πcnε0ηµ2ℏ2µ2χ sin2(γ)
∫ 2π

0 dθ
∫∞
0 dqq4

δ[q2+2kq cos θ−2Mℏω0(χ−1)/ℏ2]
ℏ4

4M2 (q
2+2kq cos θ)2−(ℏω0)2

(3.74)
γ is the angle between the �eld induced by incident photon (Ei) and the
normal of TMDC.

Let us take q20 = 2Mℏω0(χ − 1)/ℏ2 for χ > 1. We �rst integrate over q
in Eq. (3.74), it gives:

Γ(χ) = e2
√
π

cnε0ℏ(ℏω0)2

{
2ℏ2
M2

(
k2 + 1

l2B

)
− ℏ2(m2

e+m2
h)

m2
em
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where {
q5 = −Kcosθ + 1

ℏ

√
ℏ2K2 cos2 θ + 2Mℏω0(χ− 1)

q6 = −Kcosθ − 1
ℏ

√
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(3.76)
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This leads to:

Γ(χ) = e2
√
π

cnε0ℏ(ℏω0)2

{
2ℏ2
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(
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l2B
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}
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2(χ−1)2/ℏ4√
ℏ2k2 cos2 θ+2Mℏω0(χ−1)

(3.77)
The �nal expression of the absorption coe�cient is obtained by integrat-

ing the previous equation over θ . It is proportional to the photon incidence,
the photon frequency, the magnetic length and the TMDC parameters. Also,
one can observe that the optical absorption coe�cient does not depend of
the electric �eld (Ei) induced by the incident light.

Figure 3.23: Imaginary part of the optical conductivity as function of the frequency for
selected TMDCs.

Figure 3.23 presents the real part of optical conductivity as a function of
the frequency for di�erent monolayer TMDCs. The highest optical conduc-
tivity is obtained for MoS2. It is shown that the conductivity appears when
the system absorbs the phonon and this is observed by the appearance of the
peak which characterizes the �rst relaxed excited state. From Eqs. (3.65)
and (3.66), one can see that the optical conductivity is inversely proportional
to the frequency and then it falls when the frequency is increased. This re-
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sult is in accordance with that obtained by previous authors [116, 148]. It is
noticed that this behavior is observed for all materials but the optical con-
ductivity starts at a di�erent value of frequency for each material showing
the di�erence of vibration in these TMDCs. MoS2 and MoSe2 are interest-
ing for optical conductivity because of their high magnitudes and it occurs
at low frequencies.

Figure 3.24: Optical conductivity real part as function of the magnetic length for ℏ =
0.1eV and Eel = 0.

Moreover, the particles are well con�ned in the presence of the magnetic
barrier favoring the growth of their energies. The increase of the magnetic
length has the e�ect of reduce the exciton-polaron energy, then decreasing
the optical conductivity as pointed in Figure 3.24.

Also, the presence of the electric �eld modi�es the Coulomb force be-
tween electrons and holes reducing the exciton binding energy. In addition,
according to Eq. (3.15) it is seen that the increase of the electric �eld leads
to the decrease of the system energy. Therefore, the electric �eld doesn't
favor the optical transitions. The negative sign in Figure 3.25 is justi�ed by
the dominance of the electric �eld e�ect against the magnetic barrier.
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Figure 3.25: Optical conductivity real part as function of the electric �eld for lB = 2nm
and ℏ = 0.1eV .

Figure 3.26: Optical absorption as function of the photon incidence angle for χ = 2.01 ,
lB = 10nm and Eel = 0.
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Figure 3.26 displays the behavior of the optical absorption coe�cient as
function of the photon incidence. The optical absorption coe�cient is highest
for MoS2. It is observed that the peak of absorption appears at γ = π/2

corresponding to the incident photon in the plane. In fact, for this value of
the angle, the total strength of the �eld induced by incident photon inter-
actes with exciton-polaron in TMDC materials. Also, the lowest absorption
of photon by exciton-polaron is obtained for incidence normal to the plane.
The result indicates that as the angle varies from the normal to π/2, the
stronger the interaction with photon and then increases the probability of
absorbing photon.

Figure 3.27: Optical absorption versus energy of incident photons for lB = 10nm and
γ = π/2.

Figure 3.27 plots the optical absorption coe�cient versus the energy
of incident photon for di�erent 1L TMDC materials. From Eq. (3.77), it
is convenient to take χ > 1 −

(
ℏ2K2 cos2 θ/2Mℏω0

)
due to the presence

of the square root. For χ < 2 i.e ℏΩ < 2ℏω0 the exciton-polaron doesn't
absorb. The absorption of light by exciton-polaron starts when the photon
energy is more than twice phonon energy χ > 2. Then, we observe a peak
characterising the �rst relaxed excited state and a decrease when enhances
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the photon energy. For the polaron, the absorption occurs when ℏΩ = ℏω0 as
shown Li et al [113]. The exciton-polaron need more energy to absorb than
polaron, this can be due to the presence here of hole-phonon and electron-
phonon interactions. This is in agreement with the recent work of Kenfack et
al [149] and the experimental one of Lengers et al [150]. Also, the coherence
of the system is observed for χ > 2.5.

Figure 3.28: Optical absorption as function of the length scale (lB) of the barrier for
χ = 2.01 and γ = π/2.

Figure 3.28 presents the reduction of the optical absorption with the
increase of magnetic length since it is proportional to 1/(l2B) as shows Eq.
(3.77). The spectra of absorption in 1Ls TMDCs exhibits strong signatures
of the unusually pronounced exciton-polaron interference in such materials of
short magnetic length. This good absorption at low magnetic length delivers
a useful utility for quantifying absorption spectra in popular monolayers ma-
terials. This result is in agreement with existing theoretical explanations of
optical devices that are focused mainly on basic excitonic resonances by using
a simple Wannier scheme for correlated electron-hole couples [151, 152] or the
Ab-initio Bethe-Salpeter equation [153, 154]. But in these works, the linear
form of the excitonic resonance tends to be incorporated phenomenologically
like a Lorentzian. As the source of line forms is diverse [155], some works are
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dedicated to the description of the impact of excitonic phonon interaction
[156]. Here, we add the in�uence of magnetic barrier on the spectra since the
presence of magnetic �eld enhances the probability of absorbing the photon
by exciton-polaron in the ground state. Thus, the results show that as the
electron and hole need more phonon energy to absorb light, the absorption
can be adjusted by the magnetic barrier.

Conclusion

In this chapter, we have displayed analytical and numerical results of
relaxation and conductive properties of exciton-polaron in four 1L TMDCs.
We �rst describe the exciton-polaron system in TMDCs. Then, we have
investigated some properties necessary to explore this topic. We have evalu-
ated the energies (ground and �rst excited states), the entropy of the de�ned
system, the lifetime and the relaxation time of exciton-polaron, the electrical
conductivity, the Seebeck coe�cient, the optical conductivity and the opti-
cal absorption coe�cient. The in�uence of both magnetic and electric �elds
have been shown and a comparison is made among the selected compounds:
MoSe2, MoS2, WSe2 and WS2.

Doctorate/Ph.D, Thesis 128 TEGUIMFOUET K. Arthur © 2024



GENERAL CONCLUSION

In this thesis, we investigated the relaxation and conductivity of exciton-
polaron in 1L TMDCs under a magnetic barrier and an electric �eld. This
was done for four di�erent TMDC compounds MoSe2 , WSe2 , WS2 and
MoS2 for comparison. We showed the e�ect of the temperature, the magnetic
�eld and the electric �eld on each property. In this way, we �rst explore the
dynamic of exciton-polaron to understand the behavior of this quasiparticle.
In addition, we look at the formation and the relaxation of exciton-polaron in
the perturbed system. Moreover, we have evaluated the transport properties
through electrical conductivity, Seebeck coe�cient, optical conductivity and
optical absorption coe�cient.

Concerning the dynamic of exciton-polaron, we have quanti�ed the 2D
exciton energy to obtain suitable ground state and �rst excited state energies
of exciton-polaron in TMDCs by combining the variational method and the
2D theory. This energy decreases as well as increases the magnetic length.
Then the exciton-polaron is con�ned in the magnetic barrier with lower mag-
netic length. However, the interplay that links the electron-hole pair is weak
as we apply electric �eld and therefore the electric �eld has the e�ect of re-
duce the energy of exciton-polaron. The highest energy is obtained for WS2

and the lowest forMoSe2. This favorable energy could have impact on other
properties of the system. For the entropy, there is no entropy in the exciton-
polaron system at zero temperature. It increases with the temperature and
then the disorder increases as the temperature enhances in the material and
there is loss of information in the system. From T > 25K it remains constant
and the thermodynamic equilibrium is reached for all TMDCs. Contrary to
the energy, the highest entropy is observed inMoSe2 and the lowest inWS2.
One can see that the more the system is con�ned or energetic and the less
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there is disorder in the system. This justify the increases of the entropy with
magnetic length and its decrease in electric �eld.

For the exciton-polaron formation, we showed that the greatest value
of lifetime is observed at zero temperature and it decreases as increases the
temperature in TMDCs. For high value of temperature, the lifetime vanishes
and we suspect then the appearance of either exciton or polaron. Also, the
exciton-polaron lifetime decreases when enhance the magnetic length and the
electric �eld. It means that the quasiparticle has long lifetime in the mag-
netic barrier with low magnetic lengths and for weak electric �elds. This
condition adheres with the results on dynamics of exciton-polaron. WS2 has
the highest lifetime.

The relaxation time is a decreasing function of the temperature. One
can say that due to temperature, the exciton interacts with more phonons
and then it takes few time to reach the equilibrium. In addition, increasing
the concentration of carriers leads to a cooling, opposes the previous e�ect of
temperature and increases the relaxation time up to a critical value around
6, 35.1012cm−2 . However, the relaxation increases when increase the mag-
netic length and the electric �eld. In fact, the magnetic barrier in�uence
on exciton-polaron is greater for low values of the magnetic length which is
inversely proportional to magnetic �eld while electric �eld causes relaxation
by perturbing the system.

For the electrical properties in TMDCs, we found that the electrical
conductivity decreases when increase the temperature and it increases with
the system's energy, the carriers concentration, the magnetic length of the
barrier and the electric �eld. In fact, at low temperature T < 25K, the
electronic transitions are possible but high temperatures (which also means
high entropy) much act as a disturbance for these movements. Moreover, the
electron to jump towards the conduction band needs energy to overcomes the
band gap. This explains the increase of this property with the system energy,
with electric �eld and magnetic barrier. In addition, as the concentration of
carriers grows the electrons move gradually to the conduction band and the
highest electrical conductivity is observed in MoSe2.
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The Seebeck coe�cient increases as function of the temperature up to a
peak and then it decreases. We observed that electrons highly contribute to
this property seen the dominance of negative values. The magnetic depen-
dence globally presents two ranges: low magnetic lengths lB < 2.5nm (great
magnetic strength) in which the Seebeck coe�cient decreases and high mag-
netic lengths lB > 2.5nm (weak magnetic strength) in which it increases.
Then as the temperature is applied, it meets the particles bound in the 2D
material and a challenge occurs. This explains the changes of the curve. How-
ever, the motion of hot carriers responsible of Seebeck coe�cient is perturbed
by the presence of the external electric �eld, then decreases the Seebeck co-
e�cient. MoSe2 presents the best performance for thermoelectric properties.

We show that the frequency dependence on optical conductivity is cru-
cial to the study of materials. The optical conductivity begins at a value
of the frequency characterized by a peak and then it decreases as the fre-
quency enhances. In fact, as the frequency increases, we observed the peak
of absorption in order for MoSe2,MoS2, WS2 and WSe2. Also, the optical
conductivity decreases when increase the magnetic length and the electric
�eld. In addition, the optical absorption coe�cient is more important when
photons reach with an incidence near to the TMDC surface. The absorp-
tion decreases with the increase of incident light energy. Nevertheless, the
light absorption by exciton-polaron begins when the photon energy is more
than twice phonon energy (ℏΩ > 2ℏω0). This is due to the presence of both
electron and hole in the system. Since the system needs more energy for
absorption, then the magnetic barrier can contribute to improve the process
of absorption. Among the selected TMDCs, MoS2 is the best for optical
transport properties.

This thesis provides data able to improve the transport properties in 1L
TMDCs and particular the conductivity. It highlights the environment in�u-
ence on the relaxation and the conductivity. The temperature e�ect confers
to this material a great capacity of thermoelectricity. The magnetic barrier
and the external electric �eld can be used to adjust the TMDC performance.
It is useful for the improvement of electronic, thermoelectric and optic de-

Doctorate/Ph.D, Thesis 131 TEGUIMFOUET K. Arthur © 2024



General conclusion

vices.

Nevertheless, there still have some ideas which we think can be the
subject of future works:

* For this study, we have taken the width of the magnetic barrier L =

150nm. We can explore the e�ect of varying this parameter on the exciton-
polaron properties.

* Investigate the in�uence of a substrate on our conductive properties.
* Study the Peltier e�ect in TMDCs.
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The dynamics and decoherence of excitonic polaron in a two-dimensional
monolayer transition metal dichalcogenides (TMDCs) in quantum dot have
been investigated using a variational method. We focused on confinement and
temperature effects on dynamics properties and decoherence of exciton po-
laron, and found that the entropy increases with increasing temperature and
dot radius. We observed that due to temperature the lifetime decreases and
exciton or polaron can exits independently in the system. The high mobility of
exciton-polaron decreases when enhancing the temperature and dot radius.
We show that the optical absorption of photon starts when the photon energy
is twice the phonon energy. Among the TMDCs studied, we observed the
lowest entropy for WS2, the longest lifetime for MoSe2, the highest mobility for
MoS2 and the greatest absorption for MoS2. We have also determined the
ranges of decoherence for each property, and it appears that the increase in
temperature, dot radius and photon energy does not favor decoherence. It is
seen that, in the decoherence phase, the system has lower disorder, higher
amplitude of lifetime, mobility and absorption.

Keywords: Exciton polaron, Decoherence, Transition metal dichalcogenides,
Quantum dot

INTRODUCTION

Transition metal dichalcogenides (TMDCs) are one
of the two-dimensional (2D) materials with a wide
range of applications, such as electronic device man-
ufacturing,1 spintronics,2 and qubit preparation.3 A
diversity of TMDC-based devices has been exhibited,
including field effect transistors, heterostructure
junctions4 and photodetectors.5 TMDCs compounds
are formulated as MX2 where M is the transition
metal and X is a chalcogen element. In the structure,
the M atoms are sandwiched between two layers of

chalcogen atoms coupled to each other by van der
Waals interactions. The layer can be subdivided into
different layers and provide another sample of
TMDCs materials.6,7 For these materials, the elec-
tronic transition from indirect to direct band gap
results in an enhancement of photoluminescence
spectral peaks,8,9 which are used for photolumines-
cence10 and optoelectric11 applications. The band gap
can also be fitted in TMDCs such as MoSe2, WSe2,
WS2, MoS2. The band gap changes depending on the
polar substrates and the internal distance between
the substrate and the monolayer TMDCs.12

An exciton–polaron arises when the electron and
the hole interact with the acoustic or optical
phonons due to lattice deformations. Both theoret-
ical13,14 and experimental15,16 studies have been(Received September 17, 2020; accepted February 5, 2021)
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realized in 2D and three-dimensional excitonic state
systems.17,18 Interactions with phonons have been
shown to contribute significantly to excitonic states.
Semiconductor quantum dots (QDs) are used as
basic building blocks for quantum information
processing, in which the operations are strongly
related to the presence of the coherence.19 For such
applications, it is necessary to understand decoher-
ence in QDs with the exciton relaxation process.

The interaction of phonons with excitons in QDs
has been found to control their decoherence at low
temperatures,20 and helps to understand their
optical properties. An important source of decoher-
ence of the QD exciton is the process of dressing
with bulk phonons.21 Experimental data indicate a
dressing time of the confined exciton to be of the
order of 1 picosecond and a decay time (of order of
100 picosecond) being shorter than the radiative
recombination time (� 1 ns) at absolute-zero tem-
perature.22 Also, there are theoretical23,24 and exper-
imental25,26 studies on decay rates, called lifetime of
quasi-particulate states. Electron–phonon scattering
influences the lifetime of excited electronic states and
hole states, especially for the former.27,28 The eval-
uation of lifetime contributes to understanding the
relaxation process of excitonic polaron in nanostruc-
tures. The decoherence effect due to exciton-phonon
interaction in CdSe quantum dots has been studied
and it has been seen that the scattering rate strongly
depends on the confinement: it decreases with
decreasing of dot radius.29 Excitons enclosed in
single-layer 2D QD TMDCs have been the subject of
scientific interest. The dot radius should be compa-
rable to the effective Bohr radius or a few tenths of an
angstrom.30 The type of confinement is therefore a
determining factor in the study of decoherence in
nanostructures.31,32

One of the theoretical difficulties of the polaron
excitonic model is the fact that Hamiltonian oper-
ators are not always diagonally shaped. Sometimes,
it may be necessary to employ diagonalization
techniques to determine the proper eigenvalues of
the Hamiltonian, the eigenfunctions of the system
or other parameters.33,34 Using a similar method,
the mass and the energy displacements of the
excitonic polaron at the ground state for some
single-layer of TMDCs have been determined.35

However, in order to explore the phenomenon of
information loss, entropy is a useful parameter in
this sense as it gives an idea of the behavior of the
superposition state. Some studies have been carried
out to derive entropy in small structures.36,37 In
addition, it has been demonstrated that TMDCs
materials have possibility of high charge carrier
mobility and precisely MoSe2 has high-performance
carrier transport.38 When considering the longitu-
dinal and surface optical (substrate-induced) pho-
non modes on the polaron in TMDCs, the behaviors
of absorption are determined by the interplays
between the strength of electron-optical phonon
coupling and the energy of optical phonon.39 It is

clear that entropy, lifetime, mobility and optical
absorption coefficients are significant properties
necessary to adequately qualify a polaronic exciton
system, despite the fact that little attention has
been paid to these characteristics.

In this paper, we determine the excitonic polaron
properties of common low-dimensional monolayer
TMDCs materials. Firstly, we present the model
and calculations in which analytical expressions of
Tsallis entropy, lifetime, mobility and the optical
absorption coefficient are derived. Secondly, in the
numerical results and discussion, a comparison is
made between the TMDCs materials, the tempera-
ture effect and the confinement influence evaluated
for these parameters. Finally, we conclude by
summarizing the results.

MODEL AND CALCULATIONS

We consider an exciton moving in a lab repre-
senting a monolayer TMDC, interacting with longi-
tudinal optical phonons in two dimensions.35 Here,
the particles are in a QD confinement and the
Hamiltonian of the system is taken as:

Ĥ ¼ Ĥ2D
ex þ Ĥr þ Ĥph þ Ĥ2D

ex�ph ð1Þ

In Eq. 1, the first term is the Hamiltonian of
exciton given by:

Ĥ2D
ex ¼

X

K

EexðKÞCþ
KCK ð2Þ

where Cþ
K and CK denote the creation and annihi-

lation operators of the exciton. K is the exciton wave
vector. Eex is the exciton energy in the layered slab
given explicitly by:

EexðKÞ ¼ Eg þ
�h2K2

2M� ð3Þ

Eg and M� are, respectively, the band gap in the
monolayer TMDC and the effective mass of the
exciton ðM� ¼ m�

e þm�
hÞ.

The second term of (1) represents the Hamilto-
nian of the exciton along the ðx; y; zÞ-direction:

Ĥr ¼
P2

e

2m�
e

þ P2
h

2m�
h

� Eb þUe þUh ð4Þ

where Pe (Ph) is the electrons (holes) momentum
and Eb the binding energy of the exciton including
the electron–hole Coulomb interaction. U is the QD
confining potential30 taken as:

UI ¼
0 for ri � R
1 for ri >R

�
ð5Þ

rI represents the position of the electron ðI ¼ eÞ and
hole ðI ¼ hÞ, and R is the dot radius.

The phonon energy operator appears as:
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Ĥph ¼
X

q

�hx bþq bq ð6Þ

where bþq ðbqÞ is the phonon’s creation (annihilation)

operator with the wave vector q.
The last term of (1) gives the Hamiltonian of the

exciton–phonon interaction by:

Ĥ2D
ex�ph ¼

X

K ;q==

Nop ðq==ÞCþ
ðKþq==ÞCK bq== þ bþ�q==

� �
ð7Þ

where q== represents the component of the phonon
wave vector in the x y plane. The exciton–phonon
coupling function is taken as:

Nop ðq==Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
�hq==
2Squ

s
Dop

c

1 þ b2
e

� �3=2 � Dop
v

1 þ b2
h

� �3=2

2
4

3
5 ð8Þ

with S, the surface area of the layer planes, q being
the area mass density and u the sound velocity of
the phonon mode. Dop

c and Dop
v denote, respectively,

the deformation potential constant for electron–
optical phonon interaction at the critical points
ðK;K 0Þ in the conduction band and the correspond-
ing expression for a hole in the valence band. We
consider be ; bh < < 1 and then (8) becomes:

Nop ðq==Þ ¼ Dop
c �Dop

v

� �
ffiffiffiffiffiffiffiffiffiffiffiffi
�hq==
2Squ

s

: ð9Þ

Using the Lee Low Pines transformation:

Uex ¼ expðiSÞ ð10Þ

where

S ¼
X

K ;q==

Cþ
Kþq==

CK f �exðK; q==Þbþ�q==
þ fexðK; q==Þ bq==

h i
:

ð11Þ

The functions are determined as:

f �ex ¼
Nop ðq==Þ

Eex
ðKþq==Þ � Eex

ðKÞ þ �hx

fex ¼
Nop ðq==Þ

Eex
ðKþq==Þ � Eex

ðKÞ � �hx
:

ð12Þ

The transformed Hamiltonian obtained after the
use of (10) is given as:

ĤT ¼ U�1
ex ĤUex � Ĥ2D

ex þ Ĥr þ Ĥph þ ĤT2D
ex�ph ð13Þ

where

ĤT2D
ex�ph ¼

X

K ;K 0;q==

Nop ðq==Þ
�� ��2

1

Eex
ðKþq==Þ � Eex

ðKÞ þ �hx
� 1

Eex
ðKþq==Þ � Eex

ðKÞ � �hx

" #
Cþ

ðKþq==Þ

CKC
þ
ðK 0þq==ÞCK 0

ð14Þ

Tsallis Entropy

In physics, entropy is a property which estimates
the disorder in a system,40,41 and the Tsallis
entropy42 depending on a degree ðaÞ takes the form:

Sa ¼
1 �

P
i¼1

Pa
I

a� 1
ð15Þ

This leads to:

Sa ¼
1 � Pa

1 � Pa
2

a� 1
ð16Þ

The probabilities are P1 for the ground state and
P2 for the first excited state given by:

P1 ¼
1 � bð1 � aÞE0

ex�pol

h i1=1 � a

Za
and P2

¼
1 � bð1 � aÞE1

ex�pol

h i1=1 � a

Za
ð17Þ

The partition function is defined as:

Za ¼ 1 � bð1 � aÞE0
ex�pol

h i1=1 � a

þ 1 � bð1 � aÞE1
ex�pol

h i1=1 � a
ð18Þ

where the parameter a 2 < is the entropy degree
and b is the inverse of temperature. E0

ex�pol and

E1
ex�pol are, respectively, the ground state and the

first excited state energy of the excitonic polaron.
For the ground state, we have:

E0
ex�pol ¼ W0h jĤT W0j i ð19Þ

with

W0j i ¼ uðre; rhÞj i K ;nðqÞj i ¼ uðre; rhÞj iCþ
K 0j ik 0j iph

ð20Þ

where

uðre; rhÞ ¼ Const � sin
p re
R

� �
sin

p rh
R

� �
ð21Þ
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0j ik and 0j iph represent, respectively, the exciton’s
and phonon’s vacuum states.

Thus

E0
ex�pol ¼

�h2k2

2M�

 !
1 � ~Bex2

� �
þ Eg þ Eex

r � Eb � Bex1

ð22Þ

where

Eex
r ¼ �h2p2

2m�
eR

2
þ �h2p2

2m�
hR

2
¼ �h2p2

2l�R2
ð23Þ

Bex1 ¼
p
ffiffiffiffiffiffiffi
�hx

p
Dop

c �Dop
v

� �2

ffiffiffi
2

p
�h2qu

m�
e þm�

h

� �3=2
and

~Bex2 ¼
3p Dop

c �Dop
v

� �2

4
ffiffiffi
2

p
�h2qu

m�
e þm�

h

� �3=2
ffiffiffiffiffiffiffi
�hx

p :

ð24Þ

Now, for the first excited state, one obtains the
energy:

E1
ex�pol ¼ W1h j ĤT W1j i ð25Þ

with

W1j i ¼ uðre; rhÞj iCþ
K 1j ik 0j iph: ð26Þ

According to Eq. 13, we have:

E1
ex�pol ¼ 4

�h2k2

2M�

 !
1 � 2 ~Bex2

� �
þ 4Eg þ 2Eex

r � 2Eb

� 8Bex1:

ð27Þ

Considering Eqs. 22 and 27, we obtain the
entropy of the system.

Lifetime

As in other materials, phonons have a finite
duration in TMDCs, and then the excitonic polaron
life is closely related to the time of electron (hole)–
phonon interaction. The lifetime43 ðsÞ can be taken
as:

�h

s
¼ 2p

X

q

nq0 ;K
	 ��H2D

ex�ph K ;nq

�� 
���
���
2
d Ek � Ekþq þ �hx
� �

:

ð28Þ

We consider:

nq0 ¼ nq � 1: ð29Þ

Then, for the ground state, we have:

�h

s
¼2p

X

q

nq � 1
	 �� 0h jCK H2D

ex�ph C
þ
K 0j i nq

�� 
���
���
2
d

�h2

2M
q2 þ 2kq� 2M�hx

�h2


 �" #
:

ð30Þ

According to Eq. 7, and after averaging, we have:

�h

s
¼ 4pM

�h2
nq

X

q

Nop
ðqÞ

� �2
d q2 þ 2kq� 2M�hx

�h2

� �
: ð31Þ

The Dirac function is transformed, converting the
summation into integration and, according to Eq. 9,
we obtain:

1

s
¼ MðDop

c �Dop
v Þ2

2qu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 2M�hx

p nq

Z1

0

dq== q
2
== d q== � q1

� �
þ d q== � q2

� �� �

ð32Þ

where

q1 ¼ �kþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 2M�hx

p
and q2

¼ �k�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 2M�hx

p
: ð33Þ

After integrating, we have:

1

s
¼ 2MðDop

c �Dop
v Þ2

qu
nq

k2 þM�hx
� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 2M�hx

p : ð34Þ

The temperature dependence is obtained taking
the mean number of phonons according to the
quantum statistics theory:

nq ¼ exp b�hxð Þ � 1½ ��1: ð35Þ

Mobility

The electron and hole interact with phonons in
TMDCs and the mobility characterizes how quickly
the exciton moves in these materials. Let us take
the form of the mobility in the self-energy relaxation
time approximation38 as:

lex ¼ �e

V

Z
dK

@f0
@E0

ex�pol

v2
K sK ð36Þ

where V is the volume of crystalline unit cell, f0 is
the Fermi–Dirac distribution function and vk the
group velocity44 given by:

f0 ¼ 1 þ exp b E0
ex�pol � EF

� �h i�1
ð37Þ

vK ¼ 1

�h
@KE

0
ex�pol ¼

�h 1 � ~Bex2

� �

M
K : ð38Þ
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The Fermi energy is a function of the carrier
concentration, as follows:

EF ¼ �h2p
M

nex: ð39Þ

After derivation over the energy, one obtains:

lex ¼ e

V
b
Z

dK
exp b E0

ex�pol � EF

� �

1 þ exp b E0
ex�pol � EF

� �h i2
v2
K sK :

ð40Þ

Considering Eq. 34, the integration over the
exciton wave vector permits the obtaining of the
expression of the mobility:

lex ¼
equ 1 � ~Bex2

� �2

4M3p2ðDop
c �Dop

v Þ2

b
nq

Z1

0

dk
k4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 2M�hx

p

k2 þM�hx

exp
�h2 1� ~Bex2ð Þb

2M k2 � g


 �

1 þ exp
�h2 1� ~Bex2ð Þb

2M k2 � g


 �� �2

ð41Þ

where

g ¼ b EF � Eex
r þ Eb

� �
: ð42Þ

Optical Absorption

Here, we are interested in the property of TMDCs
to interact with an incident photon. Then, we
consider an exciton–polaron which absorbs light,
and this absorption depends on the possibility of
absorbing the photon in the ground state. Thus, the
optical absorption coefficient45 ðCÞ of the excitonic
polaron is given by:

Cð�hXÞ ¼ X
cne02E2

Pð�hXÞ ð43Þ

where Pð�hXÞ gives the probability of absorbing
photons and X stands for the frequency of light. e0

and c represent, respectively, the permittivity of
vacuum and the light velocity. n characterizes the
medium in which the exciton–polaron moves, and is
the index of refraction; E is the electric field
intensity induced by the incident photon. The
transition probability39 is given by:

Pð�hXÞ ¼ 2p
X

f

W0h jV Wf

�� 

Wf

	 ��V W0j id E0 þ �hX� Ef

� �

ð44Þ

W0 is the ground state wave function with energy
E0, Wf are the wave functions of all possible final

states and Ef their respective energies. V is the
time-dependent perturbation described by the elec-
tric dipole interaction V ¼ eE � r. Inserting the latter
in Eq. 44, we rewrite Eq. 43 as:

Cð�hXÞ ¼ X
cne0E2

e

�hX

� �2
Z0

�1

dt e�it Ieþ�hXð Þ W0h jE

� peð0Þ
me

þ phð0Þ
mh

� �
E � peðtÞ

me
þ phðtÞ

mh

� �
W0j i

:

ð45Þ

It is convenient to apply the unitary transforma-
tion (10) to obtain:

Cð�hXÞ ¼ X
cne0E2

e

�hX

� �2
Z0

�1

dt e�it Ieþ�hXð Þ nðqÞ;Kh jU�1
ex

E � peð0Þ
me

þ phð0Þ
mh

� �
UexU

�1
ex E � peðtÞ

me
þ phðtÞ

mh

� �
Uex K ;nðqÞj i:

ð46Þ

For P ¼ 0

U�1
ex E � pð0ÞUex ¼ �

X

q

�hxE � q	

bþq bq þ I
X

K ;q==

Cþ
Kþq==

CKðfexbq== � f �exb
þ
�q==

Þ

2
4

3
5:

ð47Þ

Thus:

Cð�hXÞ ¼ X
cne0E2

e�hx
l�hX


 �2 Z0

�1

dt e�it Ieþ�hXð Þ 	 nðqÞ;Kh j

X

q

ðE � qÞ2fexf
�
exC

þ
Kþq==

CKbq==C
þ
K 0þq==

ðtÞCK 0 ðtÞbþ�q==
ðtÞ K ;nðqÞj i:

ð48Þ

From the relationship:

dCðtÞ
dt

¼ I HT;CðtÞ
� �

: ð49Þ

We establish:

Cþ
K 0þq==

ðtÞCK 0 ðtÞ ¼ Cþ
K 0þq==

ð0ÞCK 0 ð0Þ exp �itðEex
ðK 0Þ � Eex

ðK 0þq==ÞÞ
h i

:

ð50Þ

And:

bþ�q==
ðtÞ ¼ bþ�q==

ð0Þ expðit�hxÞ: ð51Þ

Then, the absorption coefficient becomes:
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Cð�hXÞ ¼ X
cne0E2

e�hx
l�hX


 �2 Z0

�1

dt e�it Ieþ�hXð Þ

exp �itðEex
ðK 0Þ � Eex

ðK 0þq==Þ þ �hxÞ
h i

nðqÞh j 0h jCK

X

q

ðE � qÞ2fexf
�
exC

þ
Kþq==

CKbq==C
þ
K 0þq==

ð0ÞCK 0 ð0Þbþ�q==
ð0Þ

Cþ
K 0j i nðqÞj i

:

ð52Þ

After averaging, we have:

Cð�hXÞ ¼ pX
cne0E2

e�hx
l�hX


 �2X

q

E � qð Þ2fexf
�
ex

d �hXþ Eex
ðKÞ � Eex

Kþq==
� �hx

� �
:

ð53Þ

Let us take:

v ¼ X
x
: ð54Þ

According to Eqs. 3 and 12, converting summation
into integration, one can obtain:

CðvÞ ¼ pxe2

cne0l2E2v
s

2pð Þ2

Z2p

0

dh
Z1

0

dq==E
2q3

== cos2ðhÞ

�hðDop
c �Dop

v Þ2

2squ

q==d � �h2q==
M�

q==
2 þ K
� �

þ �hx v� 1ð Þ
h i

�h2q==
M�

q==
2 þ K
� �� �2

� �hxð Þ2
:

ð55Þ

For small wave vectors, we obtain:

CðvÞ ¼ �hx e2ðDop
c �Dop

v Þ2

8cne0qul2v

Z1

0

dq==
q4
==

�h2q2
==

2M�


 �2

� �hxð Þ2

d

�
�h2q2

==

2M� þ �hx v� 1ð Þ
" #

:

ð56Þ

We also take:

q2
0 ¼ 2M � �hxðv� 1Þ

�h2
: ð57Þ

Then:

CðvÞ ¼
ffiffiffiffiffiffiffi
�hx

p
e2ðDop

c �Dop
v Þ2 M�ð Þ9=2

2
ffiffiffi
2

p
�h5cne0qu m�

em
�
h

� �2

v� 1ð Þ3=2

v2ðv� 2Þ : ð58Þ

NUMERICAL RESULTS AND DISCUSSION

The characteristics of each material that we have
used for the calculations are given in Table I.

Figure 1 displays the excitonic polaron entropy as
a function of the temperature for various monolayer
TMDCs at a ¼ 1:1. It is shown that the entropy
increases when enhancing the temperature. When
thermal vibrations increase, the interatomic dis-
tance in the material increases and the band gap
energy decreases. The probability of the excitonic
polaron becomes small in the TMDCs and the
transition from ground state to first excited state
becomes faster. Then, the disorder increases and
there is a loss of information in the system. This
result is in accordance with the one in Refs. 37 and
46. The entropy becomes constant for T ¼ 25 K.
This behavior satisfies the third law of thermody-
namics, and the result shows that the system is
decoherent for T <25 K and coherent for T >25 K.
For T < 25 K, it is also observed that the system is
more decoherent in the MoSe2 and more coherent in
WS2. For T > 25 K, the thermodynamics equilibrium
is reached for all materials and then the system is
coherent.

Figure 2 plots the excitonic polaron entropy
versus the QD radius for various monolayer
TMDCs. Figure 2a shows that the entropy increases
when the dot radius is increased. This result
indicates that, at low temperatures, the system is
decoherent for R< 6 Å. For R > 6 Å the entropy
becomes constant and then the system is coherent
for each material. Fig. 2b indicates that the high
temperatures act in the system to be coherent for all
TMDCs materials. However, this is possible if R> 2
Å and for R < 2 Å it is decoherent at high
temperatures. It is also seen that the entropy
remains high for MoSe2 whereas MoS2 and WSe2

are challenged: WSe2 dominates when increasing
the dot radius. In the absence of the confinement, it

Table I. Parameters of monolayer TMDCs materials taken from Refs. 12 and 35

Material me mh �hx(eV) Dop
c (eV) Dop

v (eV) Eb (eV) Eg (eV)

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56
WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65
WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10
MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87
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is observed that the entropy is non-zero due to the
temperature effect.

We present in Fig. 3 the excitonic polaron lifetime
versus the temperature for various monolayer
TMDCs materials. We observe the decrease in the
lifetime with increasing temperature. In fact, when
the temperature increases, the lattice thermal
vibrations is enhanced, and this increases the
number of phonons interacting with the particles.

Then, the probability that the electron (hole)
absorbs a phonon can be probably larger. This is
in accordance with the results of Refs. 23 and 24.
The excitonic polaron lifetime is higher in MoSe2. It
is seen that the highest value of lifetime is observed
near absolute zero of temperature and it becomes
zero for higher temperature values. This explains
the death of the excitonic polaron.

Fig. 1. Excitonic polaron entropy as a function of the temperature for various TMDCs at a ¼ 1:1.

(a) (b)

Fig. 2. Excitonic polaron entropy versus the QD radius for different TMDCs for a ¼ 1:1, (a) T = 5 K and (b) T = 50 K.
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Thus, high temperature values are damaging for
the formation of exciton polaron. Among the
selected TMDCs, MoSe2 is the best that favors the
exciton polaron existence. For lifetime, the coher-
ence is observed at T> 25K (as for entropy) and the
system is not granted to the excitonic polaron. We
suspect the existence of either the exciton or polaron
according to the results of Ref. 47 since the lifetime
of the system vanishes. Also, our results are closed

to the experimental one48,49 where excitonic lifetime
is 0:02 � 0:16 ns at room temperature for MoSe2 and
WSe2 monolayer.

In Fig. 4, we plot the exciton–polaron mobility
versus the temperature for different monolayer
TMDCs materials for nex ¼ 2 	 1012 cm�2; R = 1 Å.
One can see that the mobility of exciton–polaron
decreases with increasing temperatures. This is in
agreement with Ref. 50. The result shows that an

Fig. 3. Excitonic polaron lifetime versus the temperature for various TMDCs.

Fig. 4. Exciton-polaron mobility versus the temperature for various TMDCs for nex ¼ 2	 1012 cm�2, R = 1 Å.
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increase in temperature increases the entropy in
the system and then reduces the mobility of the
exciton–polaron. Also, for the mobility, the system is
not coherent at low temperature T <25 K and
becomes coherent for T > 25 K. The highest mobility
is obtained for MoS2 and the lowest for MoSe2.

Figure 5 displays the reduction of mobility with
the quantum dot radius, respectively, at 5K and

50K. For a QD, the enhancement of the radius leads
to a decrease in confined energy and then a reduc-
tion in the exciton-polaron mobility. The result
indicates that at any temperature the system is
decoherent for R< 10 Å, and coherent for R> 10 Å.

According to the amplitudes, we observe that the
TMDCs materials have a high mobility, and it is

(a)

(b)

Fig. 5. Exciton–polaron mobility versus the QD radius for various TMDCs for nex ¼ 2	 1012 cm�2, (a) T ¼ 5 K and (b) T ¼ 50 K.

Fig. 6. Optical absorption coefficient versus the energy of incident photon for different TMDCs.
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interesting for thermoelectric power factors, as
shown by Ref. 38.

Figure 6 shows plots of the optical absorption
coefficient versus the energy of incident photon for
different monolayer TMDCs materials. We observe
that the absorption starts at a peak characterizing
the first relaxed excited state and decreases when
enhancing the photon energy. For v<2 (�hX< 2�hx),
the excitonic polaron does not absorb. The absorp-
tion starts when the photon energy is more than
twice the one of phonons. Then, the exciton polaron
needs more energy to absorb than the polaron. This
can be due to the presence here of hole–phonon and
electron–phonon interactions. This result is in
accordance with the one of Ref. 39 for the case of
the polaron and Ref. 51 for the positive energies.
Also, the coherence of the system is observed for
v> 2:5. The absorption of photon by exciton polaron
is highest in MoS2 and lowest in MoSe2.

CONCLUSION

The investigation of the Tsallis entropy, the
mobility, the lifetime and the optical absorption
coefficient of the excitonic polaron in quasi-2D
TMDCs QDs has been made. We extend the study
to four different monolayer TMDCs materials
MoSe2; WSe2; WS2;MoS2 whose parameters are
recorded in Table I. The entropy is an increasing
function of temperature and dot radius for each
TMDCs material. This indicates that either for
T < 25 K and R< 6 Å or T >25 K and R< 2 Å, the
system losses its quantum properties and conserves
them either for T > 25 K and R > 2 Å or T < 25 K
and R > 6 Å. The high mobility of TMDCs is a
decreasing function of temperature and radius for
each TMDCs material. For this property the exci-
ton–polaron is coherent for R>10 Å and decoherent
otherwise at all temperatures. The exciton–polaron
lifetime falls with increasing temperature and van-
ishes at high temperatures. So the temperature and
the quantum confinement are very important in
nanostructures. Such parameters can show the way
to adjust the material’s properties and then control
the electron (or hole) transitions. For TMDCs
materials, the exciton–polaron is coherent at high
temperature, but in a very short time, whereas it is
not coherent at low temperature for a longer period
of time. The absorption of photon by the exciton–
polaron needs twice the phonon energy as a polaron
and the system becomes coherent for v> 2:5.
Recently, interlayer excitons in TMDCs have
demonstrated good performances,52 such as large
exciton binding energy53 and longer lifetime54 at
room temperature. It will be interesting to evalu-
ated Tsallis entropy, mobility and optical absorption
in such heterostructures.
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Abstract
The relaxation and the transport of excitonic polaron are theoretically investigated in two-dimensional (2D) monolayer

(ML) transition metal dichalcogenides (TMDCs): MoSe2, WSe2, WS2, MoS2. It is found that the exciton-polaron relaxation

time occurs when the exciton effective kinetic energy is higher than phonon energy. For each TMDC, it decreases with the

enhancement of temperature, confinement length and carrier concentration above the critical value, whereas it increases for

concentrations below. The temperature effect is well pronounced in xy-plane than in z-direction and MoS2 relaxes the least.

In addition, the electrical conductivity decreases with the temperature, but increases with exciton-polaron energy and the

concentration of charge carriers. Seebeck coefficient increases for low temperatures, but it decreases in high temperatures.

It is seen that in the presence of exciton-polaron, the Seebeck coefficient strongly depends on temperature. For the

electrical conductivity and Seebeck effect, MoSe2 is the most interesting. Also, the optical conductivity occurs for some

values of the frequency for each TMDC. It is observed that the optical conductivity varies from one TMDC to another. The

highest amplitude is observed in MoS2 at low values of frequency and the lowest in WSe2 at large values of frequency.

Keywords Relaxation � Exciton-polaron � Conductivity � Seebeck coefficient � TMDCs

1 Introduction

One of the two-dimensional (2D) interesting materials is

transition metal dichalcogenides (TMDCs) because of their

various applications which are mainly due to their struc-

tures. Their general formula is in the form MX2 in which

the atoms of the transition metal M are sandwiched

between atoms of two layers of chalcogen X coupled to

each other by the interactions of Van der Waals. They

became particularly promising due to their semiconducting

characteristics with large flexibility and high stability

(Kormányos et al. 2014; Song et al. 2015; Pearce and

Burkard 2017), their electronic and optical properties (Fiori

et al. 2014; Bernardi et al. 2017) which indicate applica-

tions in transistors, photovoltaics, optoelectronics, molec-

ular sensing and photodetectors (Mak et al. 2013; Qiu et al.

2015; Yang et al. 2018), in spintronic and valleytronic

effects (Wang et al. 2017; Dey et al. 2017), in photolu-

minescence experiments (Ono and Tomohiro 2018).

Yang et al. (2014) studied the layer-dependence on

electricity and optoelectronic properties. It is shown that

the number of layers considerably influences these prop-

erties. The band gap increases when decreases the number

of layers and single-layers provide best performance. Chen

et al. (2014) demonstrated that the electrical conductivity

increases with the decrease in thickness layer. That implies

the probable surface dominance of electrical conduction in

TMDC layer structures results from either the intrinsic high

surface conductivity or the anisotropic conductivity. Qin
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et al. (2018) studied the effect of electron (hole) concen-

tration at 300 K of the transport coefficient along the x and

y directions. Anisotropic behavior is observed for ther-

mopower and electrical conductivity. The electrical con-

ductivity increases when enhances the carrier

concentration, whereas it is decreasing for Seebeck coef-

ficient. They found a larger asymmetry of the Seebeck

coefficient for p-type doping than for n-type doping. High

amplitudes of Seebeck coefficient are seen, and a peak is

observed as the carrier concentration reaches

1:25� 1011 cm�2. In addition, recently Ge et al. (2020)

have combined first principle calculations and Boltzmann

theory to demonstrate that TMDC materials have possi-

bility of high-performance carrier transport. High Seebeck

coefficient at low temperature and low electrical conduc-

tivity at high temperatures are observed. They showed that

carrier transport can be due to the modest carrier effective

mass and the weak electron (hole)—phonon coupling.

As the material is subject to an excitation, it generates

electrons and holes which propagate in opposite directions

with the same velocity. Since an exciton-polaron results

from the interaction of a pair of electron–hole with pho-

nons in the structure, then the relaxation phenomenon is

determinant to understand such systems limited by the

process of dressing with phonons (Favero et al. 2003; Jacak

et al. 2003; Krummheuer et al. 2002). Relaxation is a good

concept in the study of excitonic polaron systems precisely

optical excitation, exciton formation and recombination

(Jankovic and Vukmirovic 2015; Brem et al. 2018).

Authors experimentally studied this time, and it appears

that the range of relaxation time is around the femtosec-

onds (fs) and picosecond (ps) (Maidannyk and Roos 2016;

Singh et al. 2014; Foglia et al. 2019). The exciton gener-

ation and the relaxation of intraconduction band are

investigated in quantum dot (El-Ballouli et al. 2014). It is

shown that the confinement has an important role in this

process (Kandada and Silva 2020) and also in optical

conductivity (Jia et al. 2016). The appearance of excitonic

signal in optical conductivity has been demonstrated by

Khoirunnisa and Majidi (2018) and Havener et al. (2014)

revealed that the effects of exciton play a crucial role in the

optical spectra. For energies below the gap, it appears as a

well-defined peak in the absorption spectra, in the region

within the energy gap. For energies above the gap, a

renormalization of the band and an enhancement of the

optical conductivity are observed and attributed to the

Coulomb-mediated scattering between the electron–hole

pair (Haug and Koch 1989; Ell et al. 1989). In addition,

Peres et al. (2010) showed that excitonic resonances are

responsible for several features of the experimentally

measured midinfrared response of graphene such as the

increase in the conductivity beyond the universal value

above the Fermi blocked regime, the broadening of the

absorption at the threshold and the decrease in the optical

conductivity at higher frequencies.

Excitonic polaron systems have been modeled, but

sometimes operators are not diagonally shaped and the

techniques of diagonalization become necessary (Akay

2018, 2021; Kandemir and Akay 2018). In this context,

Thilagam (2015) presented a model of the system and

determined the effective mass, the ground state energy of

monolayer (ML) TMDCs. Kenfack et al. (2021) investi-

gated the exciton-polaron dynamics via the entropy, the

lifetime, the mobility and the optical absorption for some

TMDC materials: molybdenum diselenide (MoSe2),

molybdenum disulfide (MoS2), tungsten diselenide (WSe2)

and tungsten disulfide (WS2). It is seen that the entropy

increases when the temperature and dot radius are

increased, the lifetime decreases with the enhancement of

temperature and then either the polaron or the exciton can

exist separately in the structure. The excitonic polaron

mobility decreases with an increase in the quantum con-

finement and temperature. Also, the absorption of photon

begins when the photon energy reaches the energy of two

phonons. Highest mobility and absorption are observed for

MoS2. It is shown that temperature and confinement

influence considerably these optical properties. However,

to explore the phenomenon of carrier transport, it is clear

that the relaxation time, the electrical conductivity, the

Seebeck coefficient and the optical conductivity are useful

properties.

In this paper, we investigate the excitonic polaron

transport properties for these four ML TMDCs. Section 2

is devoted to the model and calculations. Here, we derive

the analytical expressions of relaxation time, electrical

conductivity, Seebeck coefficient and optical conductivity.

In Sect. 3, we present the numerical results and discussion.

A comparison is made among the selected TMDC mate-

rials. The temperature effect, the confinement effect and

the influence of carrier concentration are evaluated. We

end with a conclusion which summarizes the results.

2 Model and Calculations

We consider an exciton moving in a slab representing a

monolayer TMDC, interacting with longitudinal optical

phonons in two dimensions. The total Hamiltonian is taken

as (Thilagam and Singh 1996):

Ĥ ¼ Ĥ2D
ex þ Ĥz þ Ĥph þ Ĥex�ph ð1Þ

The first term of Eq. 1 is the Hamiltonian of exciton in

the xy� plane given by:
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Ĥ2D
ex ¼

X

K==

EK==
Cþ
K==

CK==
ð2Þ

where Cþ
K==

and CK==
denote the creation and annihilation

operators, whereas K== is the 2D exciton wave vector.

EðK==Þ is the exciton energy in the layered slab given

explicitly by (Thilagam 2015):

EK==
¼

�h2K2
==

2M
þ Eg � Eb ð3Þ

Eg and Eb are, respectively, the band gap and exciton

binding energies in the monolayer TMDC with the effec-

tive mass of the exciton ðM ¼ m�
e þ m�

hÞ. Ĥz descripts the

particles motion in the z-direction, and it takes the form:

Ĥz ¼
P2
e;z

2m�
e

þ
P2
h;z

2m�
h

þ veðzeÞ þ vhðzhÞ ð4Þ

Pe;zðPh;zÞ is the electron (hole) momentum and m�
eðm�

hÞ
is the effective mass of electron (hole). veðzeÞ and vhðzhÞ
are confinement potential of electron and hole, respec-

tively, for a quantum well of width ðLÞ and infinite depth.

The third term in Eq. 1 represents the Hamiltonian of

optical phonon ðĤph ¼
P
q
�hx0 b

þ
q bqÞ with wave vector ðqÞ

and bþq ðbqÞ the phonon’s creation (annihilation) operator.

The Hamiltonian of exciton–phonon interaction is given

by:

Ĥex�ph ¼
X

K;q

N ðqÞCþ
KþqCK bq þ bþ�q

� �
ð5Þ

where the exciton–phonon coupling function can be taken

as (Shree et al. 2018):

N ðqÞ ¼ Dc � Dvð Þ
ffiffiffiffiffiffiffiffiffiffi
�hq

2Squ

s

ð6Þ

with S, the normalization area, q being the area mass

density and u the sound velocity of the phonon mode.Dc

and Dv denote, respectively, the deformation potential

constant for electron-optical phonon interaction at the

critical points ðK; K 0Þ in the conduction band and the

corresponding expression for hole in the valence band.

The exiton-polaron ground state energy appears on the

form:

e ¼ e2D þ ez ð7Þ

where e2D is the exciton-polaron energy in the xy-plane

given by (Thilagam 2015):

e2DðK==Þ ¼
�h2K2

==

2M

 !
1� ~Bex2

� �
þ Eg � Eb � Bex1 ð8Þ

with

Bex1 ¼
p
ffiffiffiffiffiffiffiffi
�hx0

p
Dop

c � Dop
v

� �2
ffiffiffi
2

p
�h2qu

m�
e þ m�

h

� �3=2
; ~Bex2

¼
3p Dop

c � Dop
v

� �2

4
ffiffiffi
2

p
�h2qu

m�
e þ m�

h

� �3=2
ffiffiffiffiffiffiffiffi
�hx0

p ð9Þ

and the corresponding energy in the z-direction is taken

as:

ez ¼ �h2p2

2lL2
¼

�h2K2
z

2l
ð10Þ

here, the motion of the exciton reduced mass

(1=l ¼ 1=m�
e þ 1=m�

h) with a momentum Pz ¼ �hKz is

observed.

2.1 Relaxation Time

The transport and dynamics of polaronic systems are

governed by the fact that the time of optical phonon is

finite and approximately constant in materials. The exci-

ton-polaron relaxation time (s) can be written in the form

(Ge et al. 2020):

1

s
¼ 2p

�h

X

q

N ðqÞj j2 ðnB þ fKþqÞdðe� eKþq þ �hx0Þ
�

þðnB þ 1� fKþqÞdðe� eKþq � �hx0Þ
�

ð11Þ

where nB is the Bose–Einstein distribution function and

f ðe;EFÞ is the Fermi–Dirac distribution function with the

Fermi energy ðEFÞ which is related to the concentration of

charge carriers n (Al-Jaber 1999).

We first evaluate the relaxation time in the xy-plane as:

1

s2D
¼ 2p

�h

X

q==

N ðq==Þ
		 		2 ðnB þ fK==þq==Þdðe2DK==

� e2DK==þq==
þ �hx0Þ

n

þðnB þ 1� fK==þq==Þdðe2DK==
� e2DK==þq==

� �hx0Þ
o

ð12Þ

Let use the following relation:

d gðqÞ½ � ¼
X

i

dðq� qiÞ
g0ðqiÞj j ð13Þ

where qi are the roots of the function g. Therefore, with

respect to Eq. 8, the Dirac delta functions are transformed

as:

dðe2DK==
� e2DK==þq==

þ �hx0Þ ¼
M

�h2ð1� ~Bex2Þ
dðq== � q1Þ þ dðq== � q2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2
== cos

2 hþ 2M�hx0=�h
2ð1� ~Bex2Þ

q
ð14Þ

and
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dðe2DK==
� e2DK==þq==

� �hx0Þ

¼ M

�h2ð1� ~Bex2Þ
dðq== � q3Þ þ dðq== � q4Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2
== cos

2 h� 2M�hx0=�h
2ð1� ~Bex2Þ

q

ð15Þ

where

q1 ¼ �K== cos hþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
== cos

2 hþ 2M�hx0=�h
2ð1� ~Bex2Þ

q

q2 ¼ �K== cos h�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
== cos

2 hþ 2M�hx0=�h
2ð1� ~Bex2Þ

q

8
<

:

ð16Þ

and

q3 ¼ �K== cos hþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
== cos

2 h� 2M�hx0=�h
2ð1� ~Bex2Þ

q

q4 ¼ �K== cos h�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
== cos

2 h� 2M�hx0=�h
2ð1� ~Bex2Þ

q

8
<

:

ð17Þ

The summation of Eq. 12 is converted into integration

and we integrate over q== to obtain:

1

s2DðK==Þ
¼ M Dc � Dvð Þ2

pqu�h2ð1� ~Bex2Þ
nB þ 1þ exp b e2D þ �hx0 � EF

� �� ��1
h i

K==I
þ

þ M Dc � Dvð Þ2

pqu�h2ð1� ~Bex2Þ
1þ nB � 1þ exp b e2D � �hx0 � EF

� �� ��1
h i

K==I
�

ð18Þ

where

Iþ ¼ 4ffiffiffiffiffi
A2

p
Zp=2

0

A1 � sin2 hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� A2 sin2 h

p dh; I�

¼ 4ffiffiffiffiffi
B2

p
Zp=2

0

B1 � sin2 hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� B2 sin2 h

p dh ð19Þ

with

A1 ¼
�h2K2

==ð1� ~Bex2Þ þM�hx0

�h2K2
==ð1� ~Bex2Þ

; A2

¼
�h2K2

==ð1� ~Bex2Þ þ 2M�hx0

�h2K2
==ð1� ~Bex2Þ

; A2 ¼ 1=A2 ð20Þ

B1 ¼
�h2K2

==ð1� ~Bex2Þ �M�hx0

�h2K2
==ð1� ~Bex2Þ

; B2

¼
�h2K2

==ð1� ~Bex2Þ � 2M�hx0

�h2K2
==ð1� ~Bex2Þ

; B2 ¼ 1=B2 ð21Þ

One can see the two terms of Eq. 18 which are attrib-

uted, respectively, to electron and hole contributions on the

excitonic polaron relaxation time.

Since A2\1, Iþ can be solve using the elliptic integrals

of the first and second kind. However, to integrate I� it is

convenient to take (B2 ! 1):

�h2K2
==ð1� ~Bex2Þ[ [ 2M�hx0 ð22Þ

This leads to:

I� � Iþ ¼ 4

Zp=2

0

cosðhÞdh ð23Þ

Then, the final expression of the 2D-relaxation time

reads:

1

s2DðK==Þ
¼ 4M Dc � Dvð Þ2

pqu�h2ð1� ~Bex2Þ
ð1þ 2nBÞK== ð24Þ

This time is proportional to the factor ð1þ 2nBÞ which
indicates both the phonon emission and absorption pro-

cesses (Shree et al. 2018).

In the z-direction, we start from:

1

sz
¼ 2p

�h

X

qz

NðqzÞj j2 ðnB þ fKzþqzÞdðez � ezKzþqz
þ �hx0Þ

n

þðnB þ 1� fKzþqzÞdðez � ezKzþqz
� �hx0Þ

o

ð25Þ

In the same manner, we transform the Delta Dirac

functions using:

q01 ¼ Kz �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
z þ 2l�hx0=�h

2
q

q02 ¼ Kz þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
z þ 2l�hx0=�h

2
q

8
><

>:
;

q03 ¼ Kz �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
z � 2l�hx0=�h

2
q

q04 ¼ Kz þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
z � 2l�hx0=�h

2
q

8
><

>:

ð26Þ

and obtain a similar relation as Eq. 24 for the z-

direction:

1

szðKzÞ
¼ l Dc � Dvð Þ2

qu�h2
nB þ fKzþ�hx0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
z þ 2l�hx0=�h

2
q þ 1þ nB � fKz��hx0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2
z � 2l�hx0=�h

2
q

8
><

>:

9
>=

>;
Kz

ð27Þ

The relaxation time is given by Eqs. 24 and 27,

respectively, for xy-plane and z-direction. It is seen that the

temperature, the concentration of charge carriers and the

confinement length act on this property.

2.2 Seebeck Coefficient

The thermoelectric power (Seebeck’s effect) of a material

can be seen as its property to transform heat into electricity

or the fact of generating a current when it is subjected to a

thermal variation. The Seebeck coefficient can be written

as (Huang et al. 2018):
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S ¼ eb
r

Z
kðEÞ � of

oE


 �
E � EFð ÞdE ð28Þ

r is the electrical conductivity taken in the relaxation

time approximation as (Pizzi et al. 2014):

r ¼ e2
Z

kðEÞ � of

oE


 �
dE ð29Þ

and kðEÞ is the transport function given by:

kðEÞ ¼ 1

S

X

K

v2g s d E � eð Þ ð30Þ

where vg represents the group velocity (Tomczak et al.

2010) taken, according to the total energy, as:

vg ¼
oe
oP

¼
�hK== 1� ~Bex2

� �

M
þ �hKz

l
¼ v== þ vz ð31Þ

One gets, respectively:

k2D ¼ 1

S

X

K==

v2== s
2D d E � e2D

� �
and kz

¼ 1

S

X

Kz

v2z s
z d E � ezð Þ ð32Þ

According to Eq. 7 and using Eq. 13, we have:

d E � e2D
� �

¼ M

�h2 1� ~Bex2

� � 1

K0

d K== � K0

� ��

þd K== þ K0

� �� ð33Þ

and

d E � ezð Þ ¼ l

�h2
1

K 0
0

dðKz � K 0
0Þ þ dðKz þ K 0

0Þ
� �

ð34Þ

with

K0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M E þ Eb þ Bex1 � Eg

� �q

�h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ~Bex2

p and K 0
0 ¼

ffiffiffiffiffiffiffiffiffi
2lE

p

�h

ð35Þ

Then, Eq. 32 becomes:

k2D ¼
1� ~Bex2

� �

2pMK0

Z1

0

dK==K
3
==s

2DðK==Þ dðK== � K0Þ
�

þdðK== þ K0Þ
�

ð36Þ

After integrating with respect to Eq. 35, the 2D transport

function gives:

k2D ¼ qu�hð1� ~Bex2Þ3=2

2
ffiffiffi
2

p
M3=2 Dc � Dvð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ Eb þ Bex1 � Eg

p

ð1þ 2nBÞ
ð37Þ

In other hand, we have:

kz ¼ 1

2plK 0
0

Za

0

dKz K
2
z s

zðKzÞ dðKz � K 0
0Þ þ dðKz þ K 0

0Þ
� �

¼ 0

ð38Þ

From the latest, the transport function is globally in the

xy-plane for our 2D TMDCs. Then, considering the

approximation of Boltzmann (Shree et al. 2018) in Eq. 29

that means �of=oE � bf , the electrical conductivity reads:

r2D ¼ e2qu�hð1� ~Bex2Þ3=2

2
ffiffiffi
2

p
M3=2 Dc � Dvð Þ2

b
ð1þ 2nBÞ

Z1

0

dE f ðEÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ Eb þ Bex1 � Eg

p ð39Þ

Since the electrical conductivity depends on tempera-

ture, a variation of temperature can induce the Seebeck’s

effect.

Then, substituting Eq. 39 into Eq. 28, we obtain the

Seebeck coefficient:

S ¼ b
e

C1

C2

ð40Þ

where

C1 ¼
Z1

0

dE f ðEÞðE � EFÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ Eb þ Bex1 � Eg

p
; C2

¼
Z1

0

dE f ðEÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ Eb þ Bex1 � Eg

p

ð41Þ

2.3 Optical Conductivity

In an excitonic system, the excited electron can transit via

an absorption or emission process of phonons. This motion

of the electron (and its corresponding hole) contributes to

the conductivity. Here, the optical conductivity represents

the optical response of the TMDC materials and it can be

expressed through the Kubo formula (Devreese 2018):

rðxÞ ¼ i
2e2

SMx
þ 1

S�hx

Z1

0

dt eixt JxðtÞ; Jxð0Þ½ �h i ð42Þ

where Jx is the x-component of the current operator J

which is related to the momentum operator of the charge

carriers by:

J ¼ q

m

XN

j¼1

pj ¼
e

mh
ph �

e

me
pe ð43Þ
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The real part of the optical conductivity at zero tem-

perature can be written as:

RerðxÞ

¼ 1

S�hx
Im

Z1

0

dt eix t e2

m2
h

pxhðtÞ; pxhð0Þ½ � þ e2

m2
e

pxeðtÞ; pxeð0Þ½ �
� 
8

<

:

9
=

;

ð44Þ

From the vanish of the total momentum of the system,

one gets:

pe ¼ ph ¼ p ¼ � 1

2

X

q

�hqbþq bq ð45Þ

Integrating by parts, we have:

RerðxÞ ¼
�e2 m2

h þ m2
e

� �

Sm2
em

2
h�hx

3
Im

Z1

0

dt eix t FðtÞ;Fð0Þ½ �h i

8
<

:

9
=

;

ð46Þ

where

FðtÞ ¼ i

�h
H; pxðtÞ½ � ¼

¼ �i

2

X

q

qxN ðqÞCþ
KþqðtÞCKðtÞ bqðtÞ � bþq ðtÞ

� �

ð47Þ

The operators are given by:

bþq ðtÞ ¼ expðix0tÞbþq ð0Þ
bqðtÞ ¼ expð�ix0tÞbqð0Þ

�

and
Cþ
KþqðtÞ ¼ expðit

�h
EKþqÞCþ

Kþqð0Þ

Cþ
K ðtÞ ¼ expð� it

�h
EKÞCþ

K ð0Þ

8
><

>:

ð48Þ

Substituting the latest relations in Eq. 46, the real part of

the optical conductivity gives:

RerðxÞ ¼
e2ðm2

h þ m2
eÞ

4Sm2
em

2
h�hx

3
Im

Z1

0

dt eix t
X

q

q2x N
2ðqÞ UðtÞ � TðtÞf gCþ

Kþqð0ÞCKð0Þ
* +8

<

:

9
=

;

ð49Þ

with

TðtÞ ¼ exp
it

�h
EKþq � EK � �hx0

� �
and UðtÞ

¼ exp
it

�h
EKþq � EK þ �hx0

� �
ð50Þ

Let us average with /0j i ¼ UexC
þ
K 0j ik 0j iq and integrate

over t, one gets for �h ¼ 1:

RerðxÞ ¼
Me2ðm2

h þ m2
eÞ Dc � Dvð Þ2

8quS2m2
em

2
h x

3

X

q

q3
1

q2 þ 2kq cos hþ 2Mðxþ x0Þ




� 1

q2 þ 2kq cos hþ 2Mðx� x0Þ

�
ð51Þ

Transforming the summation into integration and inte-

grating over h, it gives:

RerðxÞ ¼
e2Mðm2

h þ m2
eÞ Dc � Dvð Þ2

16pquSm2
em

2
h x

3

Z1

0

dq q4
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q4 � 4k2q2 þ 4Mq2ðxþ x0Þ þ 4M2ðxþ x0Þ2
q

0
B@

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q4 � 4k2q2 þ 4Mq2ðx� x0Þ þ 4M2ðx� x0Þ2

q

1
CA

ð52Þ

The real part of the optical conductivity of exciton-po-

laron is finally obtained as:

RerðxÞ ¼
n0e

2Mðm2
h þ m2

eÞ
8pqu

Dc � Dvð Þ2

m2
em

2
h

1

x3

Z1

0

dq q4

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q4 � 4k2q2 þ 4Mq2ðxþ x0Þ þ 4M2ðxþ x0Þ2

q

0
B@

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q4 � 4k2q2 þ 4Mq2ðx� x0Þ þ 4M2ðx� x0Þ2

q

1
CA

ð53Þ

3 Results and Discussion

The characteristics of each material that we have used for

calculations are given in Table 1, and the mass of electron

(hole) is in the free electron mass unit. From Eq. 22, it is

seen that the relaxation appears when the exciton effective

kinetic energy is very higher than the phonon energy, else

it is an electron (or polaron) relaxation.

Figures 1 and 2 present the temperature dependence on

the relaxation time in xy-plane and z-direction, respec-

tively. The greatest amplitudes are observed for lower

temperatures, and it decreases when the temperature is

increased. In fact, the increase in temperature perturbs the

electron (hole) distribution and increases the diffusion

coefficient in the excitonic network of TMDC. This leads

to the appearance of loss power in the system and then, the

decrease in the exciton-polaron relaxation time. For high

temperatures (T[ 25 K in the plane and T[ 150 K in

z-direction), the relaxation time becomes constant and the
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system reaches the thermal equilibrium. The relaxation of

exciton-polaron is related to the process of dressing with

phonon: more the carriers interact with the structure and

less they relax. One can say that due to temperature, the

exciton interacts with more phonons and then, it takes few

time to reach the equilibrium. The result agrees with the

works of Glazov (2020) and Maidannyk et al. (2016). In

addition, it is shown that the temperature effect is well

pronounced in the plane because the drop observed in

Fig. 1, while in Fig. 2 it is a low decrease. This difference

Table 1 Parameters of

monolayer TMDCs materials

taken from (Thilagam 2015;

Xiao et al. 2017)

Material meðm0Þ mhðm0Þ �hx0ðeVÞ DcðeVÞ DvðeVÞ Eb(eV) Eg(eV)

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56

WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65

WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10

MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87
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Fig. 1 2D excitonic polaron

relaxation time as function of

temperature for different

TMDCs
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Fig. 2 Exciton-polaron

relaxation time in z-direction

versus temperature for different

TMDCs at L = 1 nm
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is related to the confinement since in the z-direction; the

system needs more thermal energy (temperatures) to

dominate the confinement energy and acts on confined

exciton-polaron.

Figure 3 shows the influence of carrier concentration on

the exciton-polaron relaxation. It is seen that due to the

increase in the carrier concentration, the relaxation time

does not have a monotonic behavior. This influence is

observed only for concentrations around a critical value

corresponding to the peak. The increase in the carrier

concentration means the increase in electrons and holes

number in the structure. It is seen that at a low fixed

temperature there is a corresponding critical value of car-

rier concentration. Up to this value, the particles interact

with phonons that lead to their cooling, contributing then to

the increase in the relaxation time. However, above this

critical value it is higher concentrations, the collisions

between carriers can enhance the heat in the material and

then decreases the relaxation time as seen for the previous

figures. The latest is in agreement with the study of Huang

et al. (2018). Also, MoS2 has the lowest peak appearing at

lowest critical value.

Figure 4 presents the confinement effect on the exciton-

polaron relaxation time. It appears that the increase in the

confinement length leads to a decrease in the relaxation

time. This is explained by the fact that exciton-polaron is

well confined in the structure for lower values of confine-

ment length since it is inversely proportional to the energy.

A great confinement does not obstruct the interaction with

phonon. It is shown that for the excitonic polaron system,

the time to return into equilibrium is reduced when the

particles are confined. This result adheres with the ones of

Singh et al. (2014) and (Tong and Wu 2018). In the other

hand, the results indicate that MoS2 is the most interesting

for this first property since it has the lowest amplitude

which can be attributed to its highest excitonic deformation

potential Dc � Dvð Þ according to Eqs. 24 and 27.

Figure 5 plots the electrical conductivity as function of

the temperature for four materials. It is seen that the

electrical conductivity of TMDCs decreases when increa-

ses the temperature. In fact, when raises the temperature in

the medium, that enhances the lattice vibrations, modifies

the particles direction and therefore reduces the electron

(hole) motion. The enhancement of temperature creates a

disorder that perturbs the electronic transitions. This is in

agreement with the work of Xu et al. (2020). At very low

temperature, it is highest conductivities in TMDCs,

whereas at high temperatures it is lower conductivity, it

becomes constant and can vanish. The curve presents two

ranges of temperature: T\ 20 K, a drop of conductivity is

observed and it can be related to the appearance of con-

ductor-semiconductor phase transition. T[ 20 K, we

observe a slowly decreasing of conductivity which char-

acterize a metallic behavior. This joins the work of

Meziane et al. (2016).

Figure 6 displays the electrical conductivity versus the

excitonic polaron energy for four materials. It is observed

that the electrical conductivity is an increasing function of

the system energy. This is explained by the fact that par-

ticles in the valence band need to be energetic for transition

toward the conduction band. Seen Eq. 38 and this figure,

the conductivity appears when the energy of the system

reaches to the gap energy and it increases to a maximum

then becomes constant. Since there is a gap between

valence and conduction bands in TMDCs, the electron with

energy lower than the gap energy remains in the valence

Fig. 3 Exciton-polaron

relaxation time in z-direction

versus the carrier concentration

for different TMDCs at

T = 20 K and L ¼ 1 lm
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band and, the more it gains in energy the more its possi-

bility of reaching the conduction band enhances. Also from

Fig. 7, it is shown that the conductivity increases when

enhances charge carriers concentration. In fact, as the

number of carriers increases, the particles move gradually

toward the conduction band up to the Fermi energy and

then, saturation occurs meaning that the conduction band is

full. The number of particles increases the transitions, the

more the energy of particles increases and it becomes easy

to move toward the conduction band. Among the selected

materials,MoSe2 is the most interesting for electrical con-

ductivity and is due to the fact that it has the lowest gap

energy. This result is in accordance with (Wickramaratne

et al. 2014; Ge et al. 2020). Moreover, as was pointed

Seung-il (2012), it is seen from different TMDCs that the

greater the relaxation time and the higher the electrical

conductivity. Therefore, when the exciton-polaron lasts

before reaching equilibrium that favors the electronic

jumps in the material.

Figure 8 plots the Seebeck coefficient as function of the

temperature for various ML TMDCs. It is seen that the

Seebeck coefficient of TMDCs behaves differently at low

temperature and high temperature. At very low tempera-

ture, the Seebeck coefficient approaches zero, meaning that

the change of temperature is too weak and not sensitive for

the material. It increases to a maximum when enhances

Fig. 4 Exciton-polaron

relaxation time in z-direction

versus the confinement length

for different TMDCs at

T = 20 K

Fig. 5 Electrical conductivity

versus temperature for different

TMDCs
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temperature and the peak is observed at temperature close

to 15 K. The low change of temperature (T\ 15 K) cre-

ates the movement of hot particles, inducing a voltage and

then appears the Seebeck effect. This induction is attenu-

ated in high temperatures range because particles are very

hot and favor a collision motion in the structure. High

temperatures (T[ 15 K) act in the system as a perturba-

tion which favors the disorder and then reduce the Seebeck

voltage. Therefore, TMDCs generate an electric current

when they are subject of temperature least than 15 K, but

this current is dominated by the thermal disorder due to

high temperatures. The result agrees with (Selvaggi 2019;

Ashraf 2019).

Figure 9 plots the Seebeck coefficient versus the carrier

concentration for various ML TMDCs. It is shown that the

Seebeck coefficient is a decreasing function of the carrier

concentration. In the case of exciton-polaron, we observe

negative and positive values of the Seebeck coefficient

which refer to the presence of electron and hole, respec-

tively, in the system. The result indicates the dominance of

the electrons in this thermoelectric property when enhances

the carriers concentration. In fact, the Seebeck effect

implies the creation of a low electric field and the elec-

tron’s charge favors an electric force opposite to the field in

direction. Then, more the structure is concentrated in

electrons, and the stronger is the opposition to the

appearance of the current induced by the temperature

Fig. 6 Electrical conductivity

versus exciton-polaron energy

for different TMDCs at T ¼ 5K

and n ¼ 30 cm�2

Fig. 7 Electrical conductivity

versus the concentration of

charge carriers for different

TMDCs at T ¼ 5K
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change; this explains the decrease observed on the curves.

Also, MoSe2 has the highest magnitude for this property

and the result adheres with (Qin et al. 2018; Ge et al. 2020).

Figure 10 presents the real part of optical conductivity

as a function of the frequency for different monolayer

TMDCs. It is shown that the conductivity appears when the

system absorbs the phonon and this is observed by the

appearance of the peak which characterizes the first relaxed

excited state. From Eq. 53, one can see that the optical

conductivity is inversely proportional to the frequency and

then, it falls when the frequency is increased. This result is

in accordance with that obtained by previous authors

(Huang et al. 2018; Glen et al. 2011). It is noticed that this

behavior is observed for all materials, but the optical

conductivity starts at a different value of frequency for

each material showing the difference of vibration in these

TMDCs. MoS2 and MoSe2 are interesting for optical con-

ductivity because of their high magnitudes and it occurs at

low frequencies.

Fig. 8 Seebeck coefficient

versus temperature for different

TMDCs

Fig. 9 Seebeck coefficient

versus the concentration of

charge carriers for various

TMDCs at T = 100 K
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4 Conclusion

The investigation of exciton-polaron transport in quasi-

two-dimensional transition metal dichalcogenides has been

made. Electrical conductivity, optical conductivity and

Seebeck coefficient have been determined analytically. We

extend the study to four different monolayer TMDC

materials (MoSe2; WSe2;WS2;MoS2) which parameters are

registered in Table 1. It follows that the relaxation time of

exciton-polaron decreases with higher carrier concentra-

tions and when increase the temperature, the confinement

length. MoS2 is the most interesting for this property. In

addition, the electrical conductivity is a decreasing func-

tion of temperature, whereas it increases when enhances

the system energy and the carrier concentration. The

highest magnitude of electrical conductivity is observed for

very low temperatures and at high temperatures, it is low

magnitude. The electrical conductivity appears when the

energy of the system reaches the gap energy and the

increase in carrier concentration favors this property up to a

saturation. Seebeck coefficient increases for low tempera-

tures (T\ 15 K), but it decreases for high temperatures

(T[ 15 K) and carrier concentration. For these electric

and thermoelectric power properties, MoSe2 is the one

having the highest amplitude. The optical conductivity is

not a monotonic function of the frequency. It increases

after absorbing phonons, and then, it falls. It starts at dif-

ferent value of frequency for each material showing the

optical differences between the selected TMDC materials.

Also, MoS2 and MoSe2 are more interesting for this last

property.
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A B S T R A C T   

We theoretically investigate the properties of exciton-polaron moving through a magnetic barrier in monolayers 
(1Ls) transition metal dichalcogenides (TMDs): MoS2, WS2, MoSe2, and WSe2. We find that the exciton-polaron 
has the highest ground state energy in WS2 and the lowest one in MoSe2. It is seen that the magnetic barrier 
stabilizes the excitonic polaron system subjected to thermal perturbation. We demonstrate that the entropy of the 
system is very sensitive to the type of monolayers TMDs, the length scale of the barrier, the temperature. We 
observe that the higher the magnetic length, the greater the disorder in exciton-polaron system and the highest 
entropy is in MoSe2. Also, the mobility and the lifetime of exciton-polaron decrease with the enhancement of the 
magnetic length. We observe the highest mobility and lifetime in WS2. Moreover, We show that the optical 
absorption appears when the photon energy is more than twice phonon energy and the absorption coefficient is 
higher when the incident photon induces an in plane field. MoS2 presents the highest amplitude of optical 
absorption.   

1. Introduction 

In both molecular lattices (agregats) and large molecules, excitons 
play important roles as transmitting of informations, carrying energy 
and activating some chemical reactions. More recently, excitons in 
monolayers (1Ls) transition metal dichalcogenides (TMDs) [1,2] have 
grown very rapidly due to the optical and electronic characteristics. 
These structures are considered as one of the most interesting 2D ma
terials due to their large band of applications such as fabrication of 
electronic devices [3], spintronics and valleytronic [4], preparation of 
qubit [5]. Additionally, the magneto-optical mechanisms of 1Ls TMDs 
[6–8] have stimulated some new opportunities for applications where a 
comprehensive insight of the action of a magnetic field affecting the 

excitons is desired. Indeed, excitons in TMD’s monolayers submitted to a 
magnetic field show interesting optical and electronic characteristics 
[9–11] due to the large binding energy of the excitons [12–14]. It has 
been shown that the external magnetic field applied to a 1L TMD pro
vides an experimental understanding of the characteristics of excitons, 
such as their spatial extent [15,16]. 

Unfortunately, in practice, the exciton does not spread freely, but it is 
constantly interacting with the other degrees of freedom in the crystal 
lattice. At a finite temperature, a strong coupling appears with low in
ternal vibrations so called as phonons or polaronic effects [17,18]. The 
main idea is to say that phonons cause random fluctuations of energy 
from each local state. Therefore, identifying the nature and properties of 
the exciton’s motion appear to be a difficult task, crucial for 
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understanding its role in various transport processes. 
The principle of exciton-polaron has been elaborated extensively by 

a number of authors who have demonstrated that the exciton behavior is 
modified according to the coupling with phonons [19–25]. In confined 
system, this interaction is more obvious and presents some interesting 
futures mainly in 2D materials. It has been thoroughly explored both 
theoretically and experimentally by several authors [26–30]. In low 
dimensional system, the interaction between electron-hole pair and 
phonon is recognized to change the real apparent mass of exciton and 
reduces its energy, leading to a shift of the energy difference. Confined 
particles are relevant in nanostructures applications [31–33], so, several 
potential models have been developed in order to describe and control 
the dynamics of quasiparticles. Several parameters as the width, the 
depth of Gaussian well and temperature turned out to be significant in 
the study of energy levels and lifetime of polaron [34]. In the latter, it is 
found that lifetime decays with temperature. Also, Li [35] revealed that 
one can adjust the polaron ground state lifetime by changing the tem
perature, the polaron radius, the pseudoharmonic potential and the 
external field. This is interesting for application in quantum 
computation. 

Inspired by the invention of an exceptional optical and electronic 
system [36–38], the class of 2D monolayers TMDs has attracted the 
attention of the scientific community. The dynamics of excitons and 
carriers in monolayers TMDs were examined by absorption or reflec
tivity of the pump-probe experiences [39–43]. Owing to a high temporal 
resolution (~100 fs), these experimental results have highlighted a 
complex dynamic generally described by multi-exponential decay times 
[44]. Wu et al. [45] examined the optical absorption of cross-layer ex
citons in TMD heterolayers, they showed a diversity of cross-layer ex
citons in the two directions of optical activity and energies occur at any 
given valley. It has been demonstrated that excitons between layers 
possess a long-lived and easily electro-tunable energy due to their 
spatially indirect character [46]. However, they continue to exhibit a 
fairly high electron-hole binding energy. Moreover, the large band gap 
confers to TMD materials the possibility of high charge carrier mobility 
and high absorption coefficient [47]. From the work of Li et al. [48], the 
optical absorption appears when the incident photon energy exceeds the 
energy of optical phonon. Also, Thilagam [49] studied the ground state 
energy and the mass change of exciton-polaron for some monolayers. It 
is shown that under impurity effect, the exciton is localized in a quantum 
well. In this nanostructure, the transport of excitons is mostly quasi-2D 
and the variation in the size of the exciton alters the impact of its 
interplay with phonons. Consequently, it is advisable to explore how the 
features of an exciton-polaron in TMDs subjected to magnetic barrier. 

As mentioned by several authors, exciton-polarons are ideal candi
dates for transmitting information and carrying energy. This inspires us 
to derive the lifetime, mobility, Tsallis entropy and the optical absorp
tion coefficient. These are important properties necessary to describe the 
behavior of exciton-polaron in TMDs in order to ameliorate and un
derstand the transport properties. In this paper, we determine theoret
ically the above properties of exciton-polaron in various monolayer 
TMD materials under magnetic field characterized by a magnetic length 
scale. The paper is organized as follows: in Sec. 2, we present the theory 
in which we describe the model of exciton-polaron system and derive the 
analytical expressions while in Sec. 3, we present our main results on 
energy, lifetime, mobility, entropy and optical absorption coefficient for 
the common 1Ls TMDs (MoSe2, WSe2, WS2, MoS2). Finally, in Sec. 4, we 
provide the conclusion. 

2. Theoretical model 

2.1. Hamiltonian of the system 

Let us consider the motion of an exciton through a panel depicting a 
1L TMD which interacts with longitudinal optical (LO)-phonons in 
presence of a magnetic strength. The total Hamiltonian of the system can 

be written as: 

Ĥ = Ĥ
2D
ex + Ĥph + Ĥ

2D
ex− ph (1)  

where Ĥ
2D
ex is the Hamiltonian of electron and hole [50,51] taken here as: 

Ĥ
2D
ex =

1
2m*

e

(
P→e + e A→e

)2
+

1
2m*

h

(

P→h − e A→h

)2

−
e2

ε
⃒
⃒
⃒ ρ→e − ρ→h

⃒
⃒
⃒

(2)  

where P→e ( P→h) is respectively the momentum vector of electron (hole) 
while ρ→e ( ρ→h) represents the electron (hole) position-vector in the xy- 
plane. m*

e (m*
h) is the effective mass of electron (hole). The last term of 

Eq. (2) is the coulomb interaction between electron and hole in the 
monolayer TMD. The magnetic barrier [52] is characterized by the field 
B→= (0,0,Bz) with Bz(x) = B0 lB[δ(x) − δ(x − L)]. L is the barrier width 
taken at 150 nm, lB indicates a length measure based on a standard 
magnetic flux field given by B0 = ℏ/(el2B). 

From the definition of the Dirac delta function, this magnetic field 
can also take the form: 

Bz =

⎧
⎨

⎩

B0 lB ; if x = 0
− B0 lB ; if x = L
0 ; otherwise

(3) 

Such barrier can be constructed as shows Ghosh et al. [53] and Fig. 1 
illustrates the present case. Here, two long narrow magnetic stripes are 
placed perpendicular to the TMD layer respectively at x = 0 (with B0 lB) 
and x = L (with − B0 lB). It is convenient to use the relation B→= rot A→ to 
obtain the vector potential of the magnetic barrier as A→ = (0,Ay,0): 

Ay(x)=B0 lB [Θ(x) − Θ(x − L)] =
{

A ; 0 < x < L
0 ; otherwise (4)  

where A = ℏ/(elB) and Θ is the Heaviside function. 
The phonon energy operator appear as: 

Ĥph =
∑

q
ℏω b+

q bq (5)  

with b+q and bq denote the creation and annihilation operators of 
phonon, q the phonon wave vector with component q// in the xy-plane. 

The last term of Eq. (1) stands for the Hamiltonian of exciton-phonon 
interaction given by Ref. [49]: 

Ĥ
2D
ex− ph =

∑

K,q//

Ξop
(

q//

)
C+

K+q//
CK

(
bq// + b+

− q//

)
(6)  

where C+
K (CK) denotes the creation (annihilation) operator of an exciton 

Fig. 1. Magnetic barrier using two long narrow magnetic stripes perpendicular 
to the monolayer TMD. 
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and K is the two-dimensional exciton wave vector. The exciton-optical 
phonon coupling function is taken as: 

Ξop
(

q//

)
=
(
Dop

c − Dop
v

)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏq//

2ηuS2D

√

(7)  

where S2D represents the area of the layer plane, η denotes the area mass 
density and u is the sound velocity of the mode. Dop

c and Dop
v are 

respectively the deformation potential constant for electron-LO phonon 
coupling at some critical points (K,K′

) inside conduction band and the 
corresponding expression for hole in the valence band. These critical 
points are used to better estimate the polaronic effect on excitons. 

Eq. (2) can be rewritten as: 

Ĥ
2D
ex =

(
P2

e,x + P2
e,y

)

2m*
e

+

(
P2

h,x + P2
h,y

)

2m*
h

+
e2A2

2μ* −
e2

ε
⃒
⃒
⃒ ρ→e − ρ→h

⃒
⃒
⃒

(8)  

μ* is the effective exciton reduced mass given by: 

1
μ* =

1
m*

e
+

1
m*

h
(9) 

Using the center of mass ( R→ =
m*

e
M* ρ→e +

m*
h

M* ρ→h) and the relative coor
dinate ( ρ→ = ρ→e − ρ→h),Eq. (8) becomes:  

H2D
ex =

− ℏ2

2M*∇
2
R −

(
ℏ2

2μ*∇
2
ρ +

e2

ερ −
e2A2

2μ*

)

=HR − Hρ,A (10)  

M* = m*
e + m*

h represents the effective mass of an exciton. Let us check 
the 2D energy so that: 

Ĥ
2D
ex =

∑

K
λC+

K CK (11) 

This leads to the Schrodinger equation: 

H2D
ex Ψex = λ Ψ ex (12) 

The exciton wave function is considered as [51,54]: 

Ψ ex =φ (R) φ1s(ρ) = exp
(

iK→
*
. R→

)
̅̅̅̅
2
π

√
1
a

exp
(
−

ρ
a

)
(13)  

with K→
*
= K→− e

ℏ A→ and a the exciton Bohr radius. 
For the center of mass, we have: 

− ℏ2

2M*∇
2
R φ(R)=E(K, lB) φ(R) (14)  

Thus 

E(K, lB)≈Eg +
ℏ2

2M*

(

K2 +
1
l2
B

)

(15)  

Eg stands for the gap energy in the MX2 monolayer. 
Also, for the relative coordinate, we have: 

− 〈φ1s|Hρ, A |φ1s〉 = − Eb +
ℏ2

2μ*l2
B
= Eb(lB) (16) 

Here, Eb comes from the general formula Eb =
Ry

(n− 0.5)2 , n = 1 being the 
principal quantum number and Ry the Rydberg’s constant. Then ac
cording to Eqs. (15) and (16), one gets:  

λ=E(K, lB) + Eb(lB) (17) 

We obtain the expression of the exciton eigen energy as: 

λ(K, ξ)=Eg +
ℏ2K2

2M* − Eb + ξ2 (18)  

where ξ is the magnetic parameter given by: 

ξ=
ℏ
lB

(
1

2M* +
1

2μ*

)1 /

2

(19) 

It is seen that the magnetic barrier contributes on kinetic and binding 
energies respectively. 

We use the following unitary transformation [49] to diagonalize the 
Hamiltonian of the system: 

Uex = exp(iS) (20)  

with 

S=
∑

K,q//

C+
K+q//

CK

[
f *
ex

(
K, q//

)
b+
− q//

+ fex

(
K, q//

)
bq//

]
(21)  

Uex is called the displaced-oscillator which is related to the phonon 
operators via Eq. (20). This transformation enables us to consider the 
dressed electron states due to the phonon field. It generates coherent 
states from the phonon vacuum. The variational functions fex and f*

ex 
provide the phonon distribution function induced by the electron dy
namics are determined as: 

f *
ex

(
K, q//

)
=

Ξop
(

q//

)

λ
(

K + q//, ξ
)
− λ(K, ξ) + ℏω

and fex

(
K, q//

)

=
Ξop

(
q//

)

λ
(

K + q//, ξ
)
− λ(K, ξ) − ℏω

(22) 

Theses functions shift the position of the vibrational modes quanti
fying the strength of the coupling between electron and lattice 
displacement. 

According to Eq. (20), the transformed Hamiltonian gives: 

Ĥ
T
=U− 1

ex ĤUex ≈ Ĥ
2D
ex + Ĥph + Ĥ

T2D
ex− ph (23)  

where   

We can now use the approximate diagonalized form of the Hamil
tonian given by Eq. (23) to easily obtain the properties of the system like 
energy, mobility, entropy, optical absorption. Let us proceed by the 
calculation of entropy. 

2.2. Tsallis entropy 

In this section, we will evaluate the Tsallis entropy which depends of 

Ĥ
T2D
ex− ph =

∑

K,K′
,q//

⃒
⃒
⃒Ξop

(
q//

)⃒
⃒
⃒

2

⎡

⎣ 1

λ
(

K + q//, ξ
)
− λ(K, ξ) + ℏω

−
1

λ
(

K + q//, ξ
)
− λ(K, ξ) − ℏω

⎤

⎦ C+
K+q//

CKC+

K′
+q//

CK′ (24)   
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a degree (j) [55–58] as: 

Sj =

1 −
∑

i=1
Pj

i

j − 1
(25) 

The probabilities are P1 for ground state and P2 for the first excited 
state given by: 

P1 =

[
1 − β(1 − j)E0

ex− pol

] 1
1− j

Zj
and P2 =

[
1 − β(1 − j)E1

ex− pol

] 1
1− j

Zj
(26)  

and the partition function is defined as: 

Zj =
[

1 − β(1 − j)E0
ex− pol

] 1
1− j

+
[

1 − β(1 − j)E1
ex− pol

] 1
1− j (27)  

the parameter j is a real number and represents the entropy degree and β 
is the inverse of temperature. E0

ex− pol and E1
ex− pol are respectively the 

fundamental state and the first excited level energies of the excitonic 
polaron. For the ground state, we have: 

E0
ex− pol = 〈Ψ 0|Ĥ

T
|Ψ 0〉 (28)  

with the ground state wave function 

|Ψ 0〉=C+
K |0〉k|0〉ph (29)  

|0〉k and |0〉ph represent respectively the exciton’s and phonon’s vacuum 
state vectors. The state energies are obtained after straightforward cal
culations made in Eq. (23). 

E0
ex− pol =Eg +

(
ℏ2K2

2M

)

(1 − G̃ex2) − Eb − Gex1 + ξ2 (30)  

where 

Gex1=
π

̅̅̅̅̅̅̅
ℏω

√ (
Dop

c − Dop
v

)2

̅̅̅
2

√
ℏ2ηu

(
m*

e +m*
h

)3 /

2 and G̃ex2=
3π

(
Dop

c − Dop
v

)2

4
̅̅̅
2

√
ℏ2ηu

(
m*

e +m*
h

)3 /

2

̅̅̅̅̅̅̅
ℏω

√

(31) 

Using |Ψ1〉 = C+
K |1〉k|0〉ph, the first excited state energy is obtain as: 

E1
ex− pol = 4Eg + 4

(
ℏ2K2

2M

)

(1 − 2G̃ex2) − 4Eb − 8Gex1 + 4ξ2 (32) 

Inserting Eqs. (30) and (32) in Eq. (23), we obtain the entropy of the 
system. 

2.3. Lifetime and mobility of the excitonic polaron 

The form of energies obtained allows to investigate the lifetime of 
exciton-polaron in TMDs under magnetic field. To calculate this prop
erty, the following expression [59] is used: 

ℏ
τ = 2π

∑

q

⃒
⃒
⃒〈n q′ ,K

⃒
⃒H2D

ex− ph

⃒
⃒K, nq〉

⃒
⃒
⃒

2
δ
[
λK − λK+q +ℏω

]
(33)  

where 

nq′ = nq − 1 (34) 

For the ground state, we have: 

ℏ
τ = 2π

∑

q

⃒
⃒
⃒〈n q − 1

⃒
⃒〈0|CK H2D

ex− ph C+
K |0〉

⃒
⃒nq〉

⃒
⃒
⃒

2
δ
[
λK − λK+q +ℏω

]
(35) 

After averaging, Eq. (33) gives: 

ℏ
τ = 2π

∑

q//

n
(

Ξop
(q//)

)2
δ
[

ℏ2

2M

(

q2
// + 2K. q// −

2Mℏω
ℏ2

)]

(36) 

According to Eq. (7) and converting the summation into integration, 
we obtain: 

ℏ
τ =

M
2ℏπηu

(
Dop

c − Dop
v

)2
∫2π

0

dθ
∫∞

0

dq// n q2
// δ

[

q2
// + 2Kq// cos θ −

2Mℏω
ℏ2

]

(37) 

The Dirac function is transformed by using δ[g(q)] =
∑

i

δ(q− qi)

|g′ (qi)|
with qi 

the roofs of g. 
One gets:  

where 

q1 = − k cos θ +
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
and q2

= − k cos θ −
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
(39) 

The mean number of phonons in the ground state is taken from the 
quantum statistics as: 

n=
[
exp

(
β E0

ex− pol

)
− 1

]− 1
(40) 

The integration over q// gives: 

ℏ
τ =

M
(
Dop

c − Dop
v

)2

4πηu
n
∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
(
q2

1 + q2
2

)
(41) 

Thus, the expression of exciton-polaron lifetime is: 

1
τ =

M
(
Dop

c − Dop
v

)2

ℏ3πη u
n
∫2π

0

dθ
(
ℏ2K2cos 2 θ + Mℏω

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√ (42) 

The mobility can be related to the mean number of phonons as [60]: 

μ≈
1
n
=
[
exp

(
β E0

ex− pol

)
− 1

]
(43) 

From here we observe that the lifetime and the mobility depend on 
the magnetic barrier and the TMD’s characteristics. Thus, these prop
erties can be affected by those parameters. 

2.4. Optical absorption coefficient 

When the exciton-polaron absorbs the light of frequency (Ω), the 
optical absorption coefficient Γ(ℏΩ) is related to the probability P(ℏΩ)

of absorbing a photon in the ground state [61]:  

ℏ
τ =

M
(
Dop

c − Dop
v

)2

4πηu

∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√

∫∞

0

dq// n q2
//

[
δ
(

q// − q1

)
+ δ

(
q// − q2

)]
(38)   
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Γ(ℏΩ)=
Ω

cnε0
(
2E2

)P(ℏΩ) (44)  

where ε0 is the vacuum’s permittivity, c is the light’s velocity, n is the 
medium’s refractive index and E represents the strength of the electric 
field vector of the incident photon. The transition probability is taken as 
[48]:  

P(ℏΩ)= 2π
∑

f
〈Ψ | V

⃒
⃒Ψf 〉〈Ψ f

⃒
⃒ V|Ψ〉δ

(
E0 +ℏΩ − Ef

)
= 2Re R(ℏΩ) (45) 

Ψ (Ψ f ) is the ground state (possible final) wave function with energy 
E0 (Ef ) and R(ℏΩ) is given by: 

Re R(ℏΩ)=

(
1

ℏΩ

)2 ∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ | [H,V]0[H,V]t|Ψ〉 (46)  

V is the time-dependent perturbation describes by the electric dipole 
interaction V = eE. r. 

According to Eq. (8), the previous equation gives [62]: 

ReR(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dte− it(iε+ℏΩ)〈Ψ |E.
{

pe(0)
me

+
ph(0)

mh

}

E.
{

pe(t)
me

+
ph(t)
mh

}

|Ψ〉

(47) 

Now, let us apply the unitary transformation:  

We have for P = 0: 

U− 1
ex pUex=p+[iS,p]=p+i

[
∑

K,q
C+

K+qCK

(
f *
exb

+
− q+fexbq

)
,P−

∑

q
ℏωqb+

q bq

]

=p− iℏω
∑

K,q
qC+

K+qCK

(
fexbq − f *

exb
+
− q

)

(49) 

Therefore:  

By using the relation dC(t)
dt = i [H, C(t)], the time dependence of the 

different operators is 
Obtained as: 

C+
K+q(t)CK(t)=C+

K+qCK e− it(λK − λK+q) : b+
− q(t) = b+

− q eitℏω and p (t) = p (0)

= p
(51)  

with the previous relation and after averaging with respect to Eq. (29), 
the real part is written as: 

ReR(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)

⎧
⎨

⎩

2ℏ2E2K*2

M2 −
ℏ2E2

(
m2

e + m2
h

)

m2
em2

ha2

+
ℏ2ω2

μ2

∑

q//

(
E. q//

)2
fexf *

ex e− itg

⎫
⎬

⎭
(52)  

where 

g=
(

λK − λK+q// − ℏω
)

(53) 

We consider the ratio of frequencies χ = Ω/ω. The optical absorption 
coefficient reads: 

Table 1 
The performed physical parameters of 1L TMD materials used in calculation 
taken from Refs. [63,64]. ℏω, Dop

c , Dop
v , Eb and Eg are given in unit of (eV); me and 

mh are in unit of free electron mass.  

Materials me mh ℏω Dop
c Dop

v Eb Eg 

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56 
WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65 
WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10 
MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87  

Fig. 2. Exciton-polaron ground state energy versus the length scale lB of 
magnetic barrier for various 1Ls TMDs. 

Re R(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ |E. U− 1
ex

{
pe(0)

me
+

ph(0)
mh

}

Uex E. U− 1
ex

{
pe(t)
me

+
ph(t)
mh

}

Uex|Ψ〉 (48)   

R(ℏΩ) =
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ | E.

⎧
⎨

⎩

pe

me
+

ph

mh
−

iℏω
μ

∑

K,q//

q//C+
K+q//

CK

(
fexbq// − f *

exb
+
− q//

)
⎫
⎬

⎭
×

E.

⎧
⎨

⎩

pe(t)
me

+
ph(t)
mh

−
iℏω

μ
∑

K,q//

q//C+
K+q//

(t)CK(t)
(

fexbq// (t) − f *
exb

+
− q//

(t)
)
⎫
⎬

⎭
|Ψ〉

(50)   
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Γ(χ) = πe2

cnε0ℏ(ℏω)2χ

{
2ℏ2K*2

M2 −
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}

δ(χ)

+
πe2ω

cnε0μ2E2χ
∑

q//

(
E. q//

)2
fexf *

ex δ
[

−
ℏ2

2M

(
q2
// + 2kq// cos θ

)
+ ℏω(χ − 1)

]

(54) 

Transforming the summation into an integration, one gets:  

γ is the angle between the field induced by incident photon (E) and the 
normal of TMD. 

Let us take q2
0 = 2Mℏω(χ − 1)/ℏ2 for χ > 1 ; 

We first integrate over q// in Eq. (55), it gives:  

where 

q3 = − k cos θ +
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

: q4

= − k cos θ −
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

(57) 

This leads to:  

Fig. 3. Exciton-polaron entropy as function of the temperature for various 1L TMDs at j = 1.1 (a) lB = 5 nm and (b) lB = 50 nm.  

Γ(χ) = πe2

cnε0ℏ(ℏω)2χ

{
2ℏ2

M2

(

k2 +
1
l2
B

)

−
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}

δ(χ)

+
Mℏωe2( Dop

c − Dop
v

)2

4πcnε0ηuℏ2μ2χ
sin 2(γ)

∫2π

0

dθ
∫∞

0

dq//

q4
// δ

[

q2
// + 2kq// cos θ −

2Mℏω(χ − 1)
ℏ2

]

ℏ4

4M2

(
q2
// + 2kq// cos θ

)2
− (ℏω)2

(55)   

Γ(χ) = e2 ̅̅̅
π

√

cnε0ℏ(ℏω)2

{
2ℏ2

M2

(

k2 +
1
l2
B

)

−
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}
exp( − χ2/α2)

|α|χ +
Mℏωe2( Dop

c − Dop
v

)2

8πcnε0ηuℏμ2 ×

sin 2(γ)
χ

∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

⎧
⎪⎪⎨

⎪⎪⎩

q4
3

ℏ4

4M2

(
q2

3 + 2kq3 cos θ
)2

− (ℏω)
2
+

q4
4

ℏ4

4M2

(
q2

4 + 2kq4 cos θ
)2

− (ℏω)
2

⎫
⎪⎪⎬

⎪⎪⎭

(56)   

A.K. Teguimfouet et al.                                                                                                                                                                                                                        



Physica E: Low-dimensional Systems and Nanostructures 144 (2022) 115448

7

The final expression of the absorption coefficient is obtained by 
integrating the previous equation over θ. It is proportional to the pho
ton’s incidence, the photon’s frequency, the magnetic length and the 
TMD’s parameters. 

3. Results and discussion 

We have derived the analytical expression of Tsallis entropy, 
mobility, lifetime and optical absorption coefficient of an exciton- 
polaron in 1L TMDs submitted to a magnetic barrier. The Fröhlich 
unit and the data of each material are given in Table 1. 

Fig. 2 displays the fundamental state energy of an exciton-polaron 
versus magnetic length for different monolayers. As we can see from 
this figure, the exciton polaron ground state energy is very sensitive to 
the applied magnetic field in all considered 2D materials. The variation 
of magnetic field in the increasing direction enhances the ground state 
energy of the system. Therefore, since the magnetic length is a function 
of 1/B, the exciton-polaron interaction becomes stronger as well as the 
magnetic length reduces and inversely. It is seen that the fundamental 
state energy drops with the expansion of lB and there is a shift between 
the monolayers. The magnetic field plays an interesting role on the en
ergy of an exciton-polaron in TMDs. Due to magnetic barrier, the 
interaction between particles is strengthened and the exciton-polaron is 
more confined in TMDs. This result is in accordance with what was 
found by Myoung et al. [52]. The authors have proved that magnetic 
gate is suitable for use as base elements for one-electron tunneling sys
tems or spin-polarized devices. In fact, the decrease in the length scale 
enhances the barrier height and the exciton-polaron is well confined in 
the ground state. This assumption is found spectacularly in systems like 

TMDs where the electronic structure changes abruptly when they are 
stripped down from few to a single atomic layer [65]. WS2 has the 
highest ground state energy and MoSe2 the lowest one. 

In Fig. 3, we have plotted the entropy of an excitonic polaron versus 
temperature for some monolayers respectively for lB = 5 nm Fig. 3a and 
lB = 50 nm Fig. 3b. Each figure shows the increase of entropy with 
temperature and an approximately change in evolution for all consid
ered monolayers when the magnetic length is modified. From the fig
ures, it becomes evident that the entropy for all compounds expands up 
to T = 25 K and then remains constant. The entropy starts from zero and 
increases until reaches the thermodynamic equilibrium which confirms 
the principle of the third law of thermodynamic and it is in accordance 
with physics laws and the work of [19]. The main explanation of the 
increasing entropy can also be due to the fact that phonons cause 
random fluctuations of energy from each local state. These fluctuations 
break the coherence of the excitonic states and lead to a process of 
relaxation at the origin of various phenomena like decoherence. Then, as 
a result, the system is decoherent for T < 25 K, coherent for T > 25 K and 
MoSe2 has the highest entropy. From Fig. 3b, it can be seen that the 
magnetic barrier modifies the entropy behavior. We may see that, the 
entropy of the system is very sensitive to monolayers TMDs, magnetic 
length and temperature. We find that the magnetic barrier controls the 
system disorder. This result is in accordance with the one obtained by 
Fobasso et al. [66]. 

We observe in Fig. 4 that entropy increases and reaches an equilib
rium state with the enhancement of magnetic length. The higher the 
magnetic length, the longer the disorder until a certain period and then, 
coherence can be restored in the system. Then it is possible to control the 
information of the system. This means that it is possible to encode 
quantum information on the high-frequency vibrations of excitonic 

Fig. 4. Excitonic polaron entropy versus the length scale (lB) of the magnetic barrier for various monolayers TMDs for j = 1.1 (a) T = 2K and (b) T = 20K.  
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polaron in quantum communication protocol. The exciton-polaron is 
confined in TMD materials when lB decreases (as seen in Fig. 2) and the 
disorder can be control by the temperature and magnetic length. It is 
well recognized that an accumulation of entropy signifies the deficiency 
of information within the system. The variation of the magnetic length 
plays an essential role in the coherence control of systems [67–69]. 

In Fig. 5, we present the exciton-polaron mobility as function of the 
temperature. It is observed that the mobility of exciton-polaron de
creases with the increase in temperature. This behavior is understood 
when we look at the entropy. In fact, as the temperature enhances that 
generates disorder in excitonic network and then perturbs the motion of 
particles. In presence of temperature, the exciton-polaron has a random 
movement leading to the reduction of this transport property. Also, as 
for Fig. 3, at very high temperatures (T > 25 K) the mobility becomes 
constant and the movement of electron (hole) is dominated by high 
disorder contributing then to the lowest values of mobility. The result is 
in agreement with [70] and with Djomou et al. [71] who show that it is 
possible to accelerate the movement of a quasiparticle in nanostructures. 
Contrary to the entropy case, the highest mobility is obtained for WS2 
and the lowest for MoSe2. In addition, Fig. 6 represents the mobility of 
an excitonic polaron versus magnetic length. It is observed that mobility 
decreases slowly with the magnetic length. As it was seen for energy, the 
exciton-polaron in TMDs is localized and its motion is modified by the 
magnetic barrier. In fact, from Eq. (15), it follows that low values of the 
magnetic length (high magnetic field) enhance the kinetic energy of 
exciton-polaron and as the magnetic length increases its influence on 
kinetic energy vanishes. One can say that for high values of the magnetic 

length, the magnetic barrier doesn’t more act on the excitonic polaron 
mobility. Among the selected TMD materials, the mobility is most sen
sible for WS2 and this result is in accordance with the one of Pouthier 
[72]. 

Fig. 7 presents the exciton-polaron lifetime as function of the mag
netic length for the four TMDs. It is observed that the exciton-polaron 
lifetime decreases with the increase of the length scale. This is in 
agreement with [28]. This can be explained through the confinement of 
exciton motion. In the presence of magnetic field, the distance between 
particles is reduced, the binding energy is enhanced and electron (hole) 
better interacts with the structure. This interaction is reduced when 
enhances the magnetic length and then the existence of excitonic 
polaron becomes weak in the barrier. We can confirm that the change in 
exciton-polaron can alter the interplay effects with phonons, thus affects 
the decay time. The more the particle is confined in the barrier, the 
higher the mobility and the higher the lifetime. As it was predicted with 
mobility, the monolayer with long decay time is WS2. At low magnetic 
length, the exciton-polaron has a long decay time and great energy, this 
result is in agreement with [47,48]. These characteristics make the TMD 
sheets a robust system for performing indirect exciton-polaron 
condensation in space. 

Fig. 8 displays the behavior of the optical absorption as function of 
the photon incidence. It is observed that the peak of absorption appears 
at γ = π/2 corresponding to the incident photon in the plane. In fact, for 
this value of the angle, the total strength of the field induced by incident 
photon interactes with exciton-polaron in TMD materials. Also, the 
lowest absorption of photon by excitonic polaron is obtained for 

Fig. 5. Exciton-polaron mobility versus the temperature for different 1L TMD 
materials at lB = 5 nm. 

Fig. 6. Exciton-polaron mobility versus the magnetic barrier length (lB) for 
different 1L TMD materials at T = 5 K. 

Fig. 7. Exciton-polaron lifetime versus the length scale (lB) of the magnetic 
barrier for different monolayers TMDs. 

Fig. 8. Optical absorption coefficient versus the incidence angle of photon for 
different TMDs at χ = 2.01 and lB = 10 nm. 
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incidence normal to the plane. The result indicates that as the angle 
varies from the normal to π/2, the stronger the interaction with photon 
and then increases the probability of absorbing photon. Moreover, from 
Eq. (58) one can see that for χ < 2 it is negative values of absorption 
coefficient and also χ = 2 leads to Γ→∞. It is also convenient to take χ >

1 − (ℏ2k2cos 2 θ /2Mℏω) due to the presence of the square root. There
fore, the result reveals that the absorption of light by exciton-polaron 
starts when the photon energy is more than twice phonon energy (χ >

2) and it falls as shown Fig. 9. This is in agreement with the recent work 
of [62]. We can say that exciton-polaron may have similar properties as 
polaron alone. The result also quantifies the photonic impact on the 
exciton. This result is linked with the experimental one of Lengers et al. 
[73]. The optical absorption coefficient is highest for MoS2 and lowest 
for MoSe2. 

Fig. 10 presents the reduction of the optical absorption with the in
crease of magnetic length since it is proportional to 1/ (l2B) as shows Eq. 
(58). The spectra of absorption in 1Ls TMDs exhibits strong signatures of 
the unusually pronounced exciton-polaron interference in such mate
rials of short magnetic length. This good absorption at low magnetic 
length delivers a useful utility for quantifying absorption spectra in 
popular monolayers materials. This result is in agreement with existing 
theoretical explanations of optical devices that are focused mainly on 

basic excitonic resonances by using a simple Wannier scheme for 
correlated electron-hole couples [74–76] or the Ab-initio Bethe-Salpeter 
equation [77–79]. But in these works, the linear form of the excitonic 
resonance tends to be incorporated phenomenologically like a Lor
entzian. As the source of line forms is diverse [80], some works are 
dedicated to the description of the impact of excitonic phonon interac
tion [81]. Here, we add the influence of magnetic barrier on the spectra 
since the presence of magnetic field enhances the probability of 
absorbing the photon by exciton-polaron in the ground state. Thus, the 
results show that as the electron and hole need more phonon energy to 
absorb light, the absorption can be adjusted by the magnetic barrier. 

4. Conclusion 

The exciton-polaron properties have been studied in monolayers 
TMDs. We precisely investigated the Tsallis entropy, the mobility, the 
entropy and the optical absorption coefficient of the system through 
magnetic barrier. The results are obtained for different TMD materials 
(MoSe2, WSe2, WS2, MoS2) for comparison. We found that the exciton- 
polaron is confined in the magnetic barrier and the energy of exciton- 
polaron is lower than that of the polaron states. This favorable energy 
could have impact on other properties of the excitonic polaron. Also, the 
entropy increases with temperature and approximately changes in 
evolution for the different monolayers when the magnetic length is 
modified. We showed that the entropy of the system is very sensitive to 
monolayers TMDs, magnetic length and temperature. The magnetic 
barrier can be used to restore order in a system subject of thermal 
perturbation, control experimental disorder and influence quantitative 
measurements. It is seen that the exciton-polaron lifetime decreases with 
the increase of the length scale. We confirm that the transport of exciton- 
polaron affects the decay time. A good absorption at short magnetic 
length supplies a valuable tool for quantifying the absorption spectra in 
widely used single-layer substrates. The orientation of the field induced 
by the incident photon modifies the amplitude of the optical absorption 
coefficient. These results are useful for the improvement of electronic 
and optic devices. 
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Fig. 9. Optical absorption coefficient as function of the incident photon energy 
for different TMDs at lB = 10 nm and γ = π/2. 

Fig. 10. Optical absorption coefficient versus the magnetic length for various TMDs at χ = 2.01 and γ = π/2.  
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Magnetic barrier and electric field effects on exciton-polaron relaxation
and transport properties in transition metal dichalcogenide monolayers
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The relaxation of excitonic polaron and the transport properties in two-dimensional monolayers of transition
metal dichalcogenides (TMDCs) such as MoS2, MoSe2, WSe2, and WS2 are investigated under the influence of a
magnetic barrier and an electric field using the relaxation-time approximation and the Kubo formula. We find that
the presence of magnetic barrier strengthens the electron-hole interaction and stabilizes the exciton-polaron while
the electric field alters this stability. In addition, exciton-polaron is more relaxed as the electric field increases but
due to the magnetic barrier it quickly returns into its equilibrium. Moreover, the electrical conductivity of TMDCs
is favored by the electric field and a barrier of high magnetic lengths. MoSe2 is the compound that presents the
highest relaxation time and electrical conductivity. The result indicates that the electrical conductivity grows
when the system is relaxed. The thermoelectric power of TMDCs falls when the electric field increases, whereas
it does not present a monotonic behavior in the magnetic barrier. It globally decreases for weak values of the
magnetic length and enhances for high values. The highest thermoelectricity is obtained in MoSe2. A high optical
conductivity is observed in TMDCs. The result shows that optical transitions rise as the magnetic strength of
the barrier increases, but the electric field presents an opposite effect. The probability of absorb energy h̄ω by
the exciton-polaron steps up when the magnetic length and electric field increase. The highest value of optical
conductivity and oscillator strength is observed for MoS2. We demonstrate that the magnetic barrier and electric
field are suitable parameters which can be used to improve the performance of TMDCs materials.

DOI: 10.1103/PhysRevB.107.075134

I. INTRODUCTION

Due to their structures and different applications, tran-
sition metal dichalcogenides (TMDCs) are suitable two-
dimensional (2D) materials with formula MX2, where the
transition metal atoms M are sandwiched between two layers
of chalcogen atoms X, and the MX2 layers are coupled to
each other by van der Waals interactions. Their semiconductor
characteristics presenting high stability and flexibility [1–3]
makes them highly interesting in many areas [4–6]. Their
optical and electronic properties [7,8] reveal applications in
valleytronics and spintronics [9,10], as well as in photolumi-
nescence experiments [11].

An exciton-polaron is a quasiparticle resulting from the
interaction of exciton (pair of electron-hole) with phonons,
which are present in TMDCs [12,13]. Some authors have
developed excitonic polaron systems where diagonalization

*kevinsadem@yahoo.fr

techniques are needed for suitable energy spectra and prop-
erties in 2D materials [14–16]. Excitonic systems are limited
by the process of dressing with phonons [17–19], which itself
can be understood through the relaxation phenomenon. The
relaxation time is a good concept to study these systems due to
the fact that exciton generation and recombination, and optical
excitation depend on it [20,21]. Experimentally, it is found
that the relaxation-time range is around femtosecond (fs) and
picosecond (ps) [22–24]. The relaxation and the exciton gen-
eration are studied in PbS quantum dots [25]. It is seen that
the confinement has an important role in these processes [26],
and also in optical conductivity [27]. The appearance of an
excitonic signal in the optical conductivity response has been
demonstrated in ZnO [28] and graphene [29], revealing that
exciton effects play an important role in the optical spectra.
In semiconductors GaAs [30,31], the excitonic signal is ob-
served for energies below the gap, by a peak in the absorption
spectra. Above the gap, a renormalization of the band and the
increase of the optical conductivity occur due to the scattering
between electrons and holes. In addition, Peres et al. [32]

2469-9950/2023/107(7)/075134(14) 075134-1 ©2023 American Physical Society

https://orcid.org/0000-0003-2177-0824
https://orcid.org/0000-0003-3446-8958
https://orcid.org/0000-0001-6167-3995
https://orcid.org/0000-0001-9261-2394
https://orcid.org/0000-0001-6126-1966
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.075134&domain=pdf&date_stamp=2023-02-14
https://doi.org/10.1103/PhysRevB.107.075134


C. KENFACK-SADEM et al. PHYSICAL REVIEW B 107, 075134 (2023)

proved that an excitonic resonance in graphene is responsible
for the measured midinfrared response, the broadening of the
absorption at the threshold, the increase of the conductivity
beyond the universal value above the Fermi blocked regime,
and the reduction of the conductivity at high frequencies.

Yang et al. [33] studied the layer dependence on electri-
cal and optoelectronic properties in ReSe2. It is shown that
the number of layers considerably influences these proper-
ties. For example, the band gap increases when the number
of layers decreases, and a single layer provides best per-
formance for mobility. Chen et al. [34] demonstrated the
increase of electrical conductivity with the decrease in thick-
ness layer. This implies the probable surface dominance of
electrical conduction in TMDC layers resulting from either
the intrinsic high surface conductivity or the anisotropic con-
ductivity. Qin et al. [35] studied the in-plane effect of electron
(hole) concentration at 300 K on the transport coefficients.
Anisotropic behavior is observed for the thermopower and
electrical conductivity. The electrical conductivity enhances
when the carrier concentration increases, whereas the Seebeck
coefficient decreases. They found that the Seebeck coefficient
presents a lower asymmetry for n-type doping than for p-
type doping. High amplitudes for the Seebeck coefficient are
seen and a peak is observed at a carrier concentration of
1.25 × 1011cm−2. In addition, recently Ge et al. [36] have
combined first-principles calculations and Boltzmann theory
to demonstrate the high performance for the carrier transport
in TMDCs. High Seebeck coefficient at low temperature and
low electrical conductivity at high temperature are observed.
They showed that the carrier transport can be due to the mod-
est carrier effective mass and the weak electron (hole)-phonon
coupling. It is clear that these properties are crucial in the
study of charge-carrier transport in TMDC materials. It is well
known that the behavior of quasiparticles such as polaron and
exciton is considerably influenced by its environment, which
can be an external magnetic field [37,38] or an electric field
[39,40].

It has been shown that the applying of magnetic field on
TMDCs leads to the increase of exciton binding energy with
the magnetic strength [41]. Nam et al. [42] proved that the
role of external magnetic field is minor on the electrical con-
ductivity for very strong magnetic strength, and it becomes
relatively significant for temperatures less than 200 K. Das
et al. [43] showed a reduction of the Seebeck coefficient
with an applied magnetic field and it enhances globally when
the chemical potential and temperature increase. Tahir et al.
[44] showed that the magneto-optical transport properties in
monolayer (1L) 2D phosphorene are very influenced by a
magnetic field. It is found that the optical conductivity has an
oscillatory dependence on the magnetic field and the strength
of optical transitions is a function of the xy−plane momentum
operator. The magneto-optical response in TMDCs can be
tuned in the visible, in the range of microwave to terahertz,
contrary to graphene or a 2D electron gas, which are limited
to the terahertz range. Reference [45] revealed that the real
part of the optical conductivity is an increasing function of the
temperature for WTe2. In TMDCs [46], the attractive branch
of excitonic polaron is not influenced enough by the magnetic
strength, while the repulsive ones exhibit magnetic peaks and
oscillations reflecting combined exciton-cyclotron resonance.

In 2D materials, the anomalous transport of exciton in re-
sponse to an in-plane electric field is studied [47]. It is shown
that during a very short time, there is a regime in which the
velocities of electron and hole (which constitute the exciton)
are in the same direction. The electron and hole initially move
in separate directions until reaching an equilibrium, in which
the Coulomb interaction is closer to the force of the elec-
tric field. In addition, applying an electric field considerably
increases the relaxation time [48] and reduces the optical
absorption [49] in GaAs quantum wells. The exciton binding
energy decreases with the increase of the electric field and
quantum-dot radius [50].

In this paper, we theoretically investigate the transport
properties in typical 1L TMDCs: MoSe2, WS2, WSe2, and
MoS2. The paper organization is as follows: the second sec-
tion is the model and calculations in which we derive the
analytical expressions of the ground-state (GS) energy, the
relaxation time, the electrical conductivity, the optical conduc-
tivity, the Seebeck coefficient, and the oscillator strength. In
Sec. III, we present the results and discussion of the magnetic
barrier and in-plane electric field effects on these properties,
whereas the conclusion summarizes in the last section.

II. MODEL AND CALCULATIONS

The system is taken as an exciton under the influence
of a magnetic barrier and an electric field, interacting with
longitudinal optical (LO) phonons in a 1L TMDC. The total
Hamiltonian is written as

Ĥ = Ĥ2D
ex + Ĥph + Ĥ2D

ex−ph. (1)

Here, Ĥ2D
ex represents the Hamiltonian of the exciton

(electron-hole) [49,51] in the TMDC xy plane, including the
magnetic barrier and the electric field as

Ĥ2D
ex =

(
P2

e,x + P2
e,y

)
2me

− eEel ye +
(
P2

h,x + P2
h,y

)
2mh

+ eEel yh

+ e2A2
y

2μ
− e2

ε|ρe − ρh| . (2)

where �Ph( �Pe) is the hole (electron)-momentum vector, ρe(ρh)
represents the electron (hole) coordinate in the TMDC xy
plane, and Eel is the electric field along the y direction. me(mh)
is the effective mass of electron (hole), μ is the effective
reduced mass of the exciton (1/μ) = (1/me) + (1/mh), e(−e)
is the hole (electron) charge, and ε is the TMDC permittivity.

The magnetic barrier is characterized by the magnetic
strength [52] �B(0, 0, Bz ), with Bz(x) = B0lB[δ(x) − δ(x−L)].
The width of the barrier is denoted by L taken at 150 nm,
and lB is the magnetic length related to a standard magnetic
field given by B0 = h̄/(el2

B). From the Dirac delta function,
the magnetic field can also take the form

Bz(x) =
⎧⎨
⎩

B0 lB; if x = 0
−B0 lB; if x = L
0; otherwise

. (3)

Such magnetic barrier can be constructed as shown by
Ghosh et al. [53]. Figure 1 illustrates the present case where
two long narrow magnetic stripes are placed perpendicular
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FIG. 1. Schematic of a TMDC system (light-brown 2D plane)
under a magnetic barrier using two long narrow magnetic stripes with
a magnetic field B (red arrows) along the z axis, and an electric field
Eel along the y axis (blue arrow).

to the TMDC layer, respectively, at x = 0 (with B0lB) and
x = L (with −B0lB). The magnetic vector potential �A(0, Ay, 0)
is given by

Ay(x) = B0 lB [�(x) − �(x − L)]

=
{

A; 0 < x < L
0; otherwise , (4)

where A = h̄/(elB) and � is the Heaviside function.
The phonon’s Hamiltonian appears as Ĥph =∑
q h̄ω0 b+

q bq. h̄ω0 denotes the phonon’s energy while bq

and b+
q are, respectively, the annihilation and creation phonon

operators, q is the phonon wave vector. The third term
of Eq. (1) denotes the Hamiltonian of the exciton-phonon
interaction taken as [54,55]

Ĥ2D
ex−ph =

∑
K,q

�op (q)C+
K+qCK (bq + b+

−q), (5)

where C+
K (CK ) denotes the creation (annihilation) operator of

an exciton, and K is the 2D wave vector of the exciton. The
exciton-optical phonon-coupling function is given by

�op (q) = (
Dop

c − Dop
v

)√
h̄q

2Sηu
. (6)

S represents the area of the TMDC layer, η denotes the area
mass density, and u is the sound velocity. The deformation
potential constant is Dop

v (Dop
c ) for hole (electron)–LO phonon

coupling at some critical points (K ′, K ) inside the valence
(conduction) band.

In order to simplify the calculations, we can do a useful
transformation for the exciton Hamiltonian term in Eq. (2) as

Ĥ2D
ex =

∑
K

λC+
K CK . (7)

We use the relative coordinate (�ρ = �ρe − �ρh), the cen-
ter of mass ( �R = me

M �ρe + mh
M �ρh), and the 2D wave function


2D = exp(i �K∗. �R)
√

2
π

1
a exp(− ρ

a ), with �K∗ = �K − e
h̄

�A, a the
exciton Bohr radius [51,56]. Then, the eigenenergy λ for the
2D exciton is obtained as

λ(K, lB, Eel ) = Eg + h̄2 K2

2M
− Eb + ξB − ξel . (8)

The exciton energy is then quantified. Eg stands for the gap
energy of the 1L MX2, the second term of Eq. (8) is the kinetic
energy with the exciton effective mass M = me + mh, Eb is
the free-exciton binding energy, while ξel and ξB represent,
respectively, the electric and magnetic parameters appearing
as

ξB = h̄2

l2
B

(
1

2M
+ 1

2μ

)
; ξel = 2eaEel/π. (9)

In the latest equation, the terms h̄2

2M and h̄2

2μ
refer, re-

spectively, to the kinetic and binding energies. The magnetic
barrier contributes both in the kinetic and binding energies
of exciton, whereas the electric field which is directly linked
to the charge (e) modifies the Coulomb interaction of the
electron-hole pair. The barrier acts as an effective potential for
the exciton motion and modifies the kinetic-energy operator.
Moreover, the field is along the z direction confining the
particles in the plane; then, electron and hole can acquire great
kinetic energy.

We use an approximate method to diagonalize the full
Hamiltonian (see Appendix A). The transformed Hamilto-
nian (
̂) is averaged with the GS wave function |
0〉 =
C+

K |0〉k|0〉ph to obtain the energy as

EK =
(

h̄2 K2

2M

)
(1 − Gex2) − Gex1 + Eg − Eb + ξB − ξel .

(10)
One can see that the magnetic barrier and electric field

modify the GS energy of excitonic polaron.

A. Relaxation time

The dynamic of polaronic systems is related to the fact
that the time of optical phonons is approximately constant
and finite. The presence of both electric and magnetic fields
perturbs the excitonic states and the behavior of the system.
The relaxation time (τ ) of the exciton-polaron can take the
form [37]

1

τ
= 2π

h̄

∑
q

{|� (q)|2{[nB + f (EK+q)]δ(EK − EK+q + h̄ω0)

+ [1 + nB − f (EK+q)]δ(EK − EK+q − h̄ω0)}, (11)

where nB is the Bose-Einstein function and f is the Fermi-
Dirac distribution with the Fermi energy (EF ),

nB = [exp(βEK ) − 1]−1

f (EK+q) = [1 + exp β(EK+q − EF )]−1. (12)

β denotes the inverse of the temperature. We develop the
Dirac delta functions to obtain suitable forms for calculations
(see Appendix B). Then, converting the summation of Eq. (11)
into an integration, and integrating over q, one gets

1

τ
= M

(
Dop

c − Dop
v

)2

πηu(1 − Gex2)h̄2 K{[nB + f (EK + h̄ω0)] I+
K

+ [1 + nB − f (EK − h̄ω0)] I−
K }, (13)
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where the integrals I+
K and I−

K are given by

I+
K =

∫ 2π

0
dθ

cos2θ + Mh̄ω0

h̄2 K2(1−Gex2 )√
cos2θ + 2Mh̄ω0

h̄2 K2(1−Gex2 )

, (14)

I−
K =

∫ 2π

0
dθ

cos2θ − Mh̄ω0

h̄2 K2(1−Gex2 )√
cos2θ − 2Mh̄ω0

h̄2K2(1−Gex2 )

. (15)

These integrals are solved using the elliptic integrals of the
first and second kind. This leads to

I+
K ≈ π

[√
h̄2 K2(1 − Gex2) + 2Mh̄ω0

h̄K
√

1 − Gex2

+ h̄3 K3(1 − Gex2)3/2 + Mh̄ω0 h̄K
√

1 − Gex2

2(h̄2 K2(1 − Gex2) + 2Mh̄ω0)
3/2

]
, (16)

I−
K ≈ π

[
2h̄2 K2(1 − Gex2) − 2Mh̄ω0

h̄2 K2(1 − Gex2)

+ 2(Mh̄ω0)2 − Mh̄ω0h̄2 K2(1 − Gex2)

2h̄4 K4(1 − Gex2)2

]
. (17)

Therefore, the relaxation time for the exciton-polaron is
obtained since I+

K and I−
K are determined analytically accord-

ing to Eq. (13).

B. Electrical conductivity and Seebeck coefficient

The electrical conductivity evaluates the motion of charge
carriers in TMDC materials responsible for the current. As
for each semiconductor, applying an external field modifies
this property. Based on the relaxation-time approximation, the
electrical conductivity is given by [57]

σel = e2
∫

�(E )

(
− ∂ f

∂E

)
dE , (18)

where �(E ) is the transport function taken as

�(E ) = 1

S

∑
K

v2
g τ δ(E − EK ). (19)

vg corresponds to the group velocity [58] obtained as

vg = h̄K (1 − Gex2)

M
. (20)

After the integration over K , one gets

� = (1 − Gex2)K2
0

2πM
{ τ (K0) − τ (−K0)}, (21)

with

K0 =
√

2Md

h̄
√

1 − Gex2
;

d = E + Eb + Gex1 − Eg − ξB + ξel . (22)

Then, substituting the latest relations in Eq. (18), the elec-
trical conductivity reads

σel = 32ηuh̄4(1 − Gex2)3

πM3
(
Dop

c − Dop
v

)4 βe2
∫ ∞

0
dE

(d − h̄ω0)
√

d

γ 2 − χ2
f (E ),

(23)

where

γ = [nB + f (E + h̄ω0)]

(
8d2 + 9h̄ω0d + 4(h̄ω0)2

(d + h̄ω0)3/2

)

+ 2 [1 + nB − f (E − h̄ω0)]

(
5d − h̄ω0√

d − h̄ω0

)
, (24)

and

χ = 4 [1 + nB − f (E − h̄ω0)]

(
h̄ω0 − d√

d

)
. (25)

Since the electrical conductivity depends on temperature, it
is convenient to explore the Seebeck effect (or thermoelectric
power) which evaluates the electric current generated by a
gradient of temperature. The Seebeck coefficient takes the
form [59]

S = β

e

C1

C2
, (26)

where

C1 =
∫ ∞

0
dE

(d − h̄ω0)
√

d

γ 2 − χ2
f (E )(E − EF )

C2 =
∫ ∞

0
dE

(d − h̄ω0)
√

d

γ 2 − χ2
f (E ). (27)

C. Optical conductivity and oscillator strength

The optical conductivity represents the optical response of
the TMDC materials and it can be expressed through the Kubo
formula [60] at zero temperature by

σ(ω) = i
2e2

SMω
+ 1

Sh̄ω

∫ ∞

0
dt eiωt 〈[J (t ), J (0)]〉. (28)

J is the total current operator. Taking into account the
electron- and hole-current operators [61], σ(ω) becomes

σ(ω) = i
2e2

SMω
+ 1

Sh̄ω

∫ ∞

0
dt eiω t

〈
e2

m2
h

[ph(t ), ph(0)]

+ e2

m2
e

[pe(t ), pe(0)]

〉
. (29)

After integrating by parts [60], one gets

σ(ω) = i
2e2

SMω
− e2

Sh̄ω

1

ω2

∫ ∞

0
dt eiω t

〈
1

m2
e

[Fe(t ), Fe(0)]

+ 1

m2
h

[Fh(t ), Fh(0)]

〉
. (30)

As shown in Appendix C, we evaluate the commuta-
tors of Eq. (30) and the average is done with respect
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to the ground state. We get

σ(ω) = i
2e2

SMω
+ e2

Sh̄ω

1

ω2

∫ ∞

0
dt eiω t

⎧⎨
⎩−i

∑
q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)( f ∗

ex − fex )

+ i
∑

q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)(U (t ) f ∗

ex − T (t ) fex ) +
(
m2

h + m2
e

)
m2

e m2
h

∑
q

q2�2 (q)(U (t ) − T (t ))

⎫⎬
⎭.

(31)

The imaginary part of the optical conductivity is obtained after integrating over t as

Im [σ (ω)] = 2e2

SMω
+ h̄e2

Sh̄ω

(
m2

h + m2
e

)
m2

em2
hω

2

∑
q

q2�2 (q)

(
1

λK+q − λK + h̄ω − h̄ω0
− 1

λK+q − λK + h̄ω + h̄ω0

)
. (32)

It is seen that the imaginary part represents the optical conductivity out of any field. For the present case in which we
investigate the effect of fields, we will focus on the real part. It reads

Re [σ(ω)] = e2

Sh̄ω

1

ω2

⎧⎨
⎩ 1

ω

∑
q//

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

−eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)( f ∗

ex − fex )

+ h̄
∑

q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)

(
fex

λK+q − λK + h̄ω + h̄ω0
− f ∗

ex

λK+q − λK + h̄ω − h̄ω0

)}
.

(33)

The final expression of the real part of optical conductivity is determined by replacing the summation into integration. It takes
the form

Re [σ (ω)] = σB(ω) − σel (ω), (34)

with

σB(ω) = e2
(
Dop

c − Dop
v

)2

16Sηuπ2 h̄ω

h̄3
(
m3

e + m3
h

)
m3

e m3
h ω2 l2

B

∫ ∞

0
dq

∫ 2π

0
dθ q3

{
1/ω

h̄2 q2

2M + h̄2

M Kq cos θ − h̄ω0

− 1/ω

h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω0

+ h̄(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω + h̄ω0

)(
h̄2 q2

2M + h̄2

M Kq cos θ − h̄ω0

)

− h̄(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω − h̄ω0

)(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω0

)
⎫⎪⎬
⎪⎭, (35)

and

σel (ω) = e3
(
Dop

c − Dop
v

)2

16Sηuπ2

(
m2

h − m2
e

)
m2

e m2
h ω3

Eel

∫ ∞

0
dq

∫ 2π

0
dθ q3

{
1/ω

h̄2 q2

2M + h̄2

M Kq cos θ − h̄ω0

− 1/ω

h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω0

+ h̄(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω + h̄ω0

)(
h̄2 q2

2M + h̄2

M Kq cos θ − h̄ω0

)

− h̄(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω − h̄ω0

)(
h̄2 q2

2M + h̄2

M Kq cos θ + h̄ω0

)
⎫⎪⎬
⎪⎭. (36)

Now that the optical conductivity is obtained, let us evalu-
ate the strength of optical transitions by the formula [62]

Fosc(ω) = 2πε0M

ne2ω2

1

τl
. (37)

Fosc is the oscillator strength and τl is the ground-state
exciton-polaron lifetime taken as [63]

1

τl
= 2π

h̄

∑
q

∣∣〈nq′ , K
∣∣H2D

ex−ph

∣∣K, nq
〉∣∣2

δ[λK − λK+q + h̄ω0].

(38)
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TABLE I. Characteristics of each TMDC taken from Refs. [14,65].

me mh h̄ω0 Dop
c Dop

v Eb Eg

(m0) (m0) (eV) (eV) (eV) (eV) (eV)

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56
WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65
WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10
MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87

Here we consider nq′ = nq − 1 and the summation is
transformed into integration. The integration over q, after
averaging with |
0〉, gives

1

τl
= M

(
Dop

c − Dop
v

)2

h̄3 πηu
N̄0

∫ 2π

0
dθ

(h̄2 K2cos2θ + Mh̄ω0)√
h̄2 K2cos2θ + 2Mh̄ω0

,

(39)
where N̄0 is the mean number of phonons [64] and the final
expression of the oscillator strength is determined by substi-
tuting the latest relation in Eq. (37). This leads to

Fosc = 2ε0
(
Dop

c − Dop
v

)2
M2

nηue2 h̄3

1

[exp(β EK ) − 1] ω2

×
∫ 2π

0
dθ

(h̄2 K2 cos2θ + Mh̄ω0)√
h̄2 K2 cos2θ + 2Mh̄ω0

. (40)

From Eqs. (13), (23), (26), (34), and (40) it is clear
that the relaxation time, the electrical conductivity, the See-
beck coefficient, the optical conductivity, and the oscillator
strength calculated for 1Ls TMDCs are influenced by both the
magnetic barrier and the electric field acting on the TMDC
monolayer.

III. RESULTS AND DISCUSSION

For calculations of the properties we have described above,
we use the following data showing some materials character-
istics (see Table I).

Figures 2 and 3 plot the variation of the exciton-polaron
ground-state energy for various monolayers TMDCs. Figure 2
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FIG. 2. GS energy of exciton-polaron as function of the magnetic
length for zero electric field.
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FIG. 3. GS energy of exciton-polaron vs the electric parameter
for lB = 2 nm.

shows the decrease of the exciton-polaron energy when en-
hancing the magnetic length and one can say that the energy
is sensitive to the applied magnetic barrier.

Since the magnetic strength is inversely proportional to
the magnetic length, it follows that the excitonic polaron en-
ergy increases with the enhancement of the magnetic field.
In fact, the magnetic field reduces the interparticle distance
and increases the Coulomb interaction of the electron-hole
pair [41]. This leads to the increase of the binding energy.
The excitonic polaron is then confined in the magnetic barrier
and that favors its stability. Also, for lB > 15 nm the energy
becomes constant, meaning that the magnetic barrier loses its
influence and it corresponds to weak magnetic range.

However, from the curves of Fig. 3, we observe a mono-
tonic decrease of the GS energy when the electric parameter
increases. Even if the excitonic polaron is a neutral set, it
remains a two-particle system of opposite charges and then
the presence of electric field affects the excitonic components.

In fact, the hole tends to move in the electric field direction,
whereas its corresponding electron moves against the electric
field. Because of this opposition in direction, one can say that
due to the applied electric field the binding energy is reduced
and it brings down the excitonic polaron stability. It adheres
with the work of Oukerroum et al. [66]; Ref. [50] predicts
the dissociation of exciton by electric field. The highest GS
energy is obtained in WS2 and the lowest in MoSe2.

Figures 4 and 5 show the relaxation time of the exciton-
polaron as a function of the magnetic length (lB) and the
electric parameter (ξel ) respectively. The result indicates that
the relaxation time increases as the magnetic length and elec-
tric parameter increase, and it saturates for high values of the
parameters.

The relaxation of exciton-polaron is related to the process
of phonons’ absorption-emission in TMDCs. This process
is influenced by the interaction with phonons: the less the
exciton interacts in the structure, the more it relaxes. In fact,
from the results of GS energy, it is shown that the enhance-
ment of the magnetic length leads to the reduction in exciton
binding energy. As the binding energy decreases, the inter-
play between exciton and phonon is lowered. This justifies
the increase of the relaxation time observed in Fig. 4 and it
adheres with Ref. [67]. In addition, it is observed that the
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FIG. 4. Exciton-polaron relaxation time vs the magnetic length
at T = 70 K.

saturation occurs at lB = 15 nm, meaning that the exciton-
polaron reaches its maximum relaxation time and one can say
that the phenomenon of relaxation is sensitive to the magnetic
barrier. In the same way, as the electric field is applied, it
delocalizes the hole and electron toward different directions.
This generates the decrease of exciton binding energy con-
tributing to the reduction of particle interactions. Therefore,
the electron and hole are more relaxed in the presence of an
external electric field and the exciton-polaron relaxation time
enhances as shown in Fig. 5. The lowest relaxation time is
observed in MoS2 and the highest in MoSe2. Also, Yan et al.
[68] used a spectroscopic method in WSe2 and found the
relaxation time of free exciton about 2 ps at 70 K. Here, the
relaxation time for WSe2 is about 105 ps. Thus, we predict
that the relaxation time of exciton-polaron in the presence of
electric field and magnetic barrier is 50 times larger than that
of free exciton.

Figures 6 and 7 present the electrical conductivity for
TMDCs as a function of the magnetic length and electric
parameter, respectively. One can see from Eq. (23) that the
electrical conductivity is proportional to

√
d and according

to Eq. (22), we have
√

d = √
E + Eb + Gex1 − Eg when the

fields are zero. Then, in the absence of any field, the electrical
conductivity appears when the system’s energy overpasses the
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FIG. 5. Exciton-polaron relaxation time vs the electric parameter
at T = 70 K.

FIG. 6. Electrical conductivity vs the magnetic length at
T = 25 K.

band-gap energy, so that the electron can transit toward the
conduction band.

Now from Fig. 6, it follows that there is no electrical
conductivity for low values of the magnetic length. This result
indicates that at very high magnetic strength, there is no elec-
trical conductivity in TMDCs. Moreover, the system’s energy
should be greater than the band gap and the magnetic param-
eter since the electrical conductivity becomes proportional to√

E + Eb + Gex1 − Eg − ξB according to Eq. (22).
As the magnetic length increases, it favors the attenuation

of the magnetic strength, and the electrical conductivity be-
comes possible. This occurs when the magnetic length reaches
a value around 2.5 nm and from this value the electrical
conductivity increases as the magnetic length increases. This
enhancement of the electrical conductivity is in accordance
with Refs. [69,70]. Also, applying the magnetic field along
the z direction induces the confinement and carriers’ concen-
tration in the xy plane. Then, as lB increases, electron- and hole
interactions with phonons grow because the particles motion
increases. In Ref. [71] it is shown that the polaron motion is
fast with higher magnetic barrier lengths.

Figure 7 shows the enhancement of electrical conductiv-
ity when the electric parameter increases. Reference [50]

FIG. 7. Electrical conductivity vs the electric parameter at
T = 25 K.
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FIG. 8. Seebeck coefficient vs the magnetic length for (a) T =
5 K and (b) T = 150 K.

demonstrated that the exciton energy level decreases when the
electric field increases. In addition, the applied electric field
induces an electric force responsible for the increase of elec-
tron’s motion in TMDCs. Thus, the electric field facilitates the
electronic transitions and it agrees with Ref. [72]. In addition,
Fig. 7 shows a very low electrical conductivity in MoS2 for
ξel = 0 (Eel = 0) at 25 K. This is a good result, adhering
with the experiment of Kim et al. [73]. The latest observed
the increase of electrical conductivity with temperature and a
weak value (close to zero) in 1L MoS2 without heterostructure
at 300 K.

Among the selected TMDCs, MoSe2 has the greatest am-
plitude and its electrical conductivity begins at a low value
(lB ≈ 2 nm), meaning that it is a suitable TMDC for studies
in high magnetic fields. This can be due to its lowest band-
gap energy which favors the electronic transition between
valence- and conduction bands. This result of MoSe2, also
suggested by Figs. 4 and 5, fits with Ref. [42], which showed
that the electrical conductivity rises when the relaxation time
increases.

The Seebeck coefficient as a function of the magnetic
length for low- and high temperatures and diverse TMDCs
is presented in Figs. 8(a) and 8(b), respectively. It is observed
that the curves do not present monotonic shapes. The Seebeck
coefficient falls until to a critical value of the magnetic length,
and above this value it increases. In fact, as the temperature
changes in TMDCs, it generates excitations and increases the
motion of particles. This leads to the appearance of a voltage
responsible for the Seebeck effect. At a fixed temperature and
for low values of the magnetic length, which means high mag-
netic field, the magnetic influence dominates. Then, electron
(hole) is more confined than subjected to thermal perturbation
and it explains the decrease of this property.

In the opposite way, above the critical value of the mag-
netic length, which means low magnetic field, the temperature
effect dominates and enhances the Seebeck coefficient. It is in
agreement with Refs. [70,74].

Also, the result shows that the magnetic effect is less
significant in high-temperature range since one can observe
the regression of the critical value range [from 5–7 nm in
Fig. 8(a) to 2.5–3.5 nm in Fig. 8(b)] and the reduction of the
Seebeck coefficient values regarding Fig. 8(a) and Fig. 8(b).
In addition, for very high values of the magnetic length (lB >

18 nm) in Fig. 8(a) and lB > 10 nm in Fig. 8(b)), the Seebeck
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FIG. 9. Seebeck coefficient vs the electric parameter at T = 25 K.

coefficient becomes constant and the magnetic barrier does
not influence this property more. At T = 5 K, the highest
amplitude is obtained for WS2 at low magnetic length and for
MoSe2 at high magnetic length.

Figure 9 presents the evolution of the Seebeck coefficient
of TMDCs in the presence of the external electric field. The
result shows the highest amplitudes of the coefficient at zero
electric field. It decreases gradually as the field increases. This
decrease of Sb is in agreement with Ref. [75] and the experi-
ment of Ref. [76]. Thus, the Seebeck effect as a thermoelectric
power property is favored by the absence of the electric field.
In this case, when the temperature changes, the electron (hole)
moves directed only by the temperature gradient from the hot
source to the cold source, and then it generates the Seebeck
voltage.

In the presence of the electric field, the particles’ motion is
governed by the field. As the strength of the electric field in-
creases, it overcomes the temperature gradient and the curves
of the Seebeck coefficient decrease.

Figures 10 and 11 present the real part of the optical
conductivity of TMDCs versus the magnetic length and elec-
tric field, respectively. The optical conductivity of TMDCs
presents a high amplitude and this is also observed at room
temperature by Kravets et al. [77]. The figures show that this

FIG. 10. Real part of the optical conductivity vs the magnetic
length at h̄ω = 0.1 eV and Eel = 0.
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FIG. 11. Real part of optical conductivity vs the electric field for
lB = 2 nm and h̄ω = 0.1 eV.

property decreases when the magnetic length and electric field
increase. It adheres, respectively, with Refs. [61,49]. As the
applied energy h̄ω is more than twice the phonon energy,
the exciton-polaron becomes more energetic and then optical
transitions can occur [55,78].

Moreover, the particles are well confined in the presence of
the magnetic barrier favoring the growth of their energies. The
increase of the magnetic length has the effect of reduce the
exciton-polaron energy, then decreasing the optical conductiv-
ity as pointed out in Fig. 10. The highest optical conductivity
is obtained for MoS2.

Also, the presence of the electric field modifies the
Coulomb force between electrons and holes reducing the ex-
citon binding energy. In addition, according to Eq. (10) it is
seen that the increase of the electric field leads to the decrease
of the system energy. Therefore, the electric field does not
favor the optical transitions. The negative sign in Fig. 11 is
justified by the dominance of the electric field effect against
the magnetic barrier according to Eq. (34).

Figures 12 and 13, respectively, show the evolution of the
excitonic polaron oscillator strength when the magnetic length
and the electric parameter change. The results indicate that it
increases with the magnetic length and electric field. One can
say that this property is very sensitive to low magnetic lengths

FIG. 12. Oscillator strength vs the magnetic length at T = 25 K.

FIG. 13. Oscillator strength vs the electric parameter at T = 25 K.

(high magnetic strength) due to the rapid growth observed in
Fig. 12.

From Eq. (37), it is seen that the lifetime is inversely
proportional to the oscillator strength. The curve presents a
saturation when lB > 2 nm; the oscillator strength reaches its
maximum and becomes constant. This range also corresponds
to the shortest lifetime characterizing the lowest stability of
exciton-polaron, since when the lifetime is zero it means
the death of this quasiparticle [54]. Hence, the result shows
that the less the exciton is confined, the lower its lifetime,
the greater the oscillator strength, and it joins the work of
Ref. [79]. From Fig. 13, it is seen that as the electric field in-
creases, the particles’ motions grow and the optical transition
is faster. Moreover, it is in agreement with Ref. [72] which
shows the decrease of lifetime when the electric field rises.
Among the TMDCs, the highest value of oscillator strength is
observed in MoS2.

IV. CONCLUSION

The relaxation of exciton-polaron and the transport prop-
erties under a magnetic barrier and an electric field have been
investigated in various TMDCs. The analytical study of the
relaxation time, the electrical conductivity, the Seebeck co-
efficient, the optical conductivity, and the oscillator strength
has been done. It follows that the relaxation time of the
exciton-polaron grows when the magnetic length and electric
field increase. Also, the electrical conductivity increases as
the magnetic length and electric field increase. It reaches at
different values of the magnetic length characterizing each
TMDC material. In addition, the Seebeck coefficient presents
a monotonic decrease under the electric field, whereas the
magnetic barrier changes its behavior. The low values of the
magnetic length favor the decrease of this coefficient while the
high values increase it. Moreover, the optical conductivity of
TMDCs decreases with increasing both the magnetic length
and electric field. The oscillator strength of the excitonic
polaron is an increasing function of both magnetic length
and electric field. It increases gradually as the electric field
increases. This work shows that the magnetic barrier and the
electric field can be used to adjust these transport properties
and relaxation of the exciton-polaron in TMDCs. This could
be useful to improve optical- and electronic device properties.
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APPENDIX A: DIAGONALIZATION METHOD

Let us use the unitary transformation:

Uex = exp (iSa), (A1)

with

Sa =
∑
K,q

C+
K+qCK [ f ∗

exb+
−q + fex bq]. (A2)

The fex functions are variational parameter. We apply the
unitary transformation to the full Hamiltonian and get


̂ = U −1
ex ĤUex ≈ Ĥ2D

ex + Ĥph + 
̂2D
ex−ph. (A3)

The transformed Hamiltonian can be separated as


̂ = Ĥ0 + 
̂2D
ex−ph, (A4)

where the free part Ĥ0 and the interacting part 
̂2D
ex−ph of 
̂ are

given by

Ĥ0 = Ĥ2D
ex + Ĥph, (A5)


̂2D
ex−ph =

∑
K,K ′,q

|�op (q)|2( f ∗
ex − fex )C+

K+qCKC+
K ′+qCK ′ . (A6)

Using a series expansion of (A4) and the perturbation the-
ory [14], we obtain the fex functions as

f ∗
ex = �op (q)

λ(K + q, lB, Eel ) − λ(K, lB, Eel ) + h̄ω0

fex = �op (q)

λ(K + q, lB, Eel ) − λ(K, lB, Eel ) − h̄ω0
. (A7)

Therefore, according to (A7) and Eq. (6), we evaluate the
summation over q in (A6). This leads to


̂2D
ex−ph = −

∑
K,K ′

[G̃ex2 + Gex1]C+
K+qCKC+

K ′+qCK ′ , (A8)

with

Gex1 = π
√

h̄ω0
(
Dop

c − Dop
v

)2

√
2 h̄2ηu

(me + mh)3/2, (A9)

G̃ex2 =
(

h̄2 K2

2M

)
3π

(
Dop

c − Dop
v

)2

4
√

2 h̄2 ηu

(me + mh)3/2

√
h̄ω0

=
(

h̄2 K2

2M

)
Gex2. (A10)

Thus, the Hamiltonian in its approximate diagonalized
form, taking into account Eq. (7), becomes


̂ =
∑

K

λC+
K CK + Ĥph −

∑
K,K ′

[G̃ex2 + Gex1]C+
K+qCKC+

K ′+qCK ′ .

(A11)

APPENDIX B: DEVELOPMENT OF THE DIRAC DELTA
FUNCTION

Let us use the following relation:

δ[g(q)] =
∑

i

δ(q − qi )

|g′(qi )| , (B1)

where qi are the roots of the g functions contained in the Dirac
delta function and g′ its derivative. From Eq. (12), we consider

g1 = EK − EK+q + h̄ω0, (B2)

g2 = EK − EK+q − h̄ω0. (B3)

According to Eqs. (10) and (B1), we establish

δ(g1) = M

h̄2(1 − Gex2)

δ(q − q1) + δ(q − q2)√
K2cos2θ + 2Mh̄ω0/h̄2(1 − Gex2)

,

(B4)

δ(g2) = M

h̄2(1 − Gex2)

δ(q − q3) + δ(q − q4)√
K2cos2θ − 2Mh̄ω0/h̄2(1 − Gex2)

,

(B5)

with

q1 = −K cos θ +
√

K2cos2θ + 2Mh̄ω0/h̄2(1 − Gex2)

q2 = −K cos θ −
√

K2cos2θ + 2Mh̄ω0/h̄2(1 − Gex2), (B6)

q3 = −K cos θ +
√

K2cos2θ − 2Mh̄ω0/h̄2(1 − Gex2)

q4 = −K cos θ −
√

K2cos2θ − 2Mh̄ω0/h̄2(1 − Gex2). (B7)

These expressions (B4) and (B5) of the Dirac delta func-
tions are suitable for integration or summation.

APPENDIX C: COMMUTATOR OF FORCE OPERATORS AND AVERAGING

The force operator is defined as Fα (t ) = (i/h̄)[H, pα], with the linear momentum operator taken in the second quantization
as pα = h̄KαC+

KαCKα [60], α standing for electron (e) or hole (h).
Thus,

Fe(t ) = −i

⎧⎨
⎩

(
e2 B2

2me
− eEel

)
C+

Ke(t )CKe(t ) +
∑

q

q � (q)C+
K+q(t )CK (t ) (bq(t ) + b+

−q(t ))

⎫⎬
⎭, (C1)
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Fh(t ) = −i

⎧⎨
⎩

(
e2 B2

2mh
+ eEel

)
C+

Kh(t )CKh(t ) +
∑

q

q � (q)C+
K+q(t )CK (t ) (bq(t ) + b+

−q(t ))

⎫⎬
⎭ . (C2)

Also, the time dependence of the operators is given by

bq(t ) = e−iω0 t bq(0); b+
−q(t ) = eiω0 t b+

−q(0), (C3)

and

C+
Kα (t )CKα (t ) = e(it/ h̄)λKC+

K (0) e[(−it )/ h̄]λKCK (0)

C+
K+q(t )CK (t ) = e(it/ h̄)λK+qC+

K+q(0) e[(−it )/ h̄]λKCK (0). (C4)

After straightforward calculations made in Eq. (30), we evaluate the commutator taking into account (C1), (C2), and the time
dependence of the operators. This leads to〈

1

m2
e

[Fe(t ), Fe(0)] + 1

m2
h

[Fh(t ), Fh(0)]

〉
=

〈{∑
q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)C+

K+qCK (bq + b+
−q)

−
∑

q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)C+

K+qCK (U (t )bq + T (t )b+
−q)

−
(
m2

h + m2
e

)
m2

e m2
h

∑
q

q2 �2 (q)C+
K+qCKC+

K+qCK (U (t ) − T (t ))

}〉
, (C5)

where

T (t ) = exp
it

h̄
(λK+q − λK + h̄ω0);

U (t ) = exp
it

h̄
(λK+q − λK − h̄ω0). (C6)

We then apply the unitary transformation and obtain〈
1

m2
e

[Fe(t ), Fe(0)] + 1

m2
h

[Fh(t ), Fh(0)]

〉
=

〈{∑
q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)

× q� (q)C+
K+qCK (bq + b+

−q + iC+
K+qCK ( f ∗

ex − fex ))

−
∑

q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)

× q� (q)C+
K+qCK (U (t )bq + T (t )b+

−q + iU (t )C+
K+qCK f ∗

ex − iT (t )C+
K+qCK fex )

−
(
m2

h + m2
e

)
m2

e m2
h

∑
q

q2 �2 (q)C+
K+qCKC+

K+qCK (U (t ) − T (t ))

}〉
. (C7)

The average is done using the ground-state wave function. We have

〈
1

m2
e

[Fe(t ), Fe(0)] + 1

m2
h

[Fh(t ), Fh(0)]

〉
=

⎧⎨
⎩i

∑
q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)

× q� (q)( f ∗
ex − fex ) − i

∑
q

(
e2 B2

(
m3

e + m3
h

)
2m3

e m3
h

− eEel
(
m2

h − m2
e

)
2m2

e m2
h

)
q� (q)(U (t ) f ∗

ex

− T (t ) fex )−
(
m2

h + m2
e

)
m2

e m2
h

∑
q

q2 �2 (q)(U (t ) − T (t ))

⎫⎬
⎭. (C8)
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