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PREAMBLE

1. Rationale of the study

Since its discovery, graphene has become one of the most attractive two-
dimensional (2D) nanomaterials which have a lot of promising applications in sci-
ence and nanotechnology. However, in the form of semimetal with zero energy gap,
graphene has encountered many difficulties in its application in electronic devices,
such as field-effect transistors. In parallel with overcoming this disadvantage of
graphene, scientists have begun a new journey to explore other 2D graphene-like
materials.

Theoretical studies have shown that monochalcogenide materials have at-
tracted attention due to their outstanding properties. In particular, the group
III monochalcogenide nanosheets have been successfully synthesized recently by
several experimental methods. In recent years, the number of studies on this
family of materials has increased continuously due to their many attractive phys-
ical properties and promising applications in optoelectronic devices, gas sensors,
and photocatalytic technology. Although very recent studies theoretically on the
group III monochalcogenide monolayers, their electronic properties have been not
understood completely and need to be systematically investigated. In particular,
Janus structures of group III monochalcogenides have been expected to have many
novel physical properties. Therefore, we chose Study of electronic properties of
two-dimensional monochalcogenide materials for the thesis’s topic.

2. Research objective

We investigate the electronic properties of 2D group III monochalcogenide
monolayers MX (M = Ga, In and X = S, Se, Te) and Janus group III monochalco-
genide monolayers such as M2XY and GaInXO by density functional theory. The
structural properties and stability of each monolayer are examined. The influence
of strain engineering and the electric field on the electronic properties of these
materials is also studied. In addition, the fundamental characteristics of electrons,
such as work functions, mobility, are systematically investigated in this thesis.

3. Subject and content of the research

Research subjects of the thesis are 2D group III monochalcogenide monolayers
MX and Janus group III monochalcogenides M2XY and GaInXO ( M = Ga, In and
X/Y = S, Se, Te; X 6= Y). The main content is focused on the following problems:

• Designing the model and studying the structural properties of 2D group III
monochalcogenide monolayers MX and Janus group III monochalcogenides
M2XY and GaInXO.
• Calculating and examining the stability, elastic properties, and conditions for

the practical existence of 2D monolayer, especially Janus group III monochalco-
genide monolayers M2XY and GaInXO.
• Studying the electronic properties of 2D group III monochalcogenide mono-
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layers MX and Janus group III monochalcogenide monolayers M2XY and
GaInXO.
• Studying the electron mobility of Janus GaInXO monolayers.
• Studying the influence of external conditions such as strain engineering or the

electric field on electronic properties of group III monochalcogenide monolayers
and Janus group III monochalcogenide monolayers.

4. Methodology

All the calculations in this thesis were performed based on density func-
tional theory (DFT) as implemented in the Quantum Espresso simulation package.
This method has been widely used in computational studies of materials science
and computational chemistry. We used the generalized gradient approximations
(GGA) of Perdew-Burke -Ernzerhof (PBE) or HeydScuseriaErnzerhof (HSE06) hy-
brid functional to consider the exchange-correlation interaction. We also used the
DFT-D2 semi-empirical method to describe exactly the van der Waals interac-
tions, which may exist between neighboring layers. PBE+SOC methods were used
to study the influence of spin-orbit coupling (SOC) on the electronic properties of
the 2D layered materials. The electron mobility was calculated using deformation
potential approximation with feature parameters determined by DFT calculations.
The phonon spectra of materials were calculated by the density functional pertur-
bation theory (DFPT) method, and the thermal stability was checked by ab-initio
molecular dynamics (AIMD) simulations.

5. Scientific and practical significance of the thesis

The calculated results of the thesis provide an overall picture of electronic
properties of 2D group III monochalcogenide monolayers MX and Janus group III
monochalcogenide monolayers M2XY and GaInXO (M = Ga, In and X/Y = S, Se,
Te; X 6= Y). The research results have found the changing laws of the electronic
properties of monolayers in the same group as the X element change from S to Te
under the influence of external conditions on their electronic properties. Moreover,
the breaking of vertical mirror symmetry in monochalcogenide monolayers to form
the asymmetrical Janus structures gives them many new properties compared to
the original monochalcogenides. Our results not only contribute to more complete
fundamental properties of the group III monochalcogenide monolayers and the
Janus group III monochalcogenide monolayers but also provide useful information
to guide further research in both theory and experiment.

6. Structure of the thesis

Besides the introduction, the conclusion, the figures, list of published works
and the references, the content includes four chapters. Chapter 1 presents an
overview of two-dimensional materials and density functional theory. Chapter 2
studies the electronic properties of group III monochalcogenide monolayers MX (M
= Ga, In and X = S, Se, Te) and the effect of strain engineering on their electronic
properties. Chapter 3 presents the calculated results of electronic properties of
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Janus group III monochalcogenides M2XY and the influence of strain engineering
and electric field on their electronic properties. Chapter 4 presents the calculated
results of electronic and transport characteristics of carriers in Janus group III
monochalcogenides GaInXO.

CONTENTS

Chapter 1: INTRODUCTION TO TWO-DIMENSIONAL LAYERED
MATERIALS AND DENSITY FUNCTIONAL THEORY

1.1. Graphene and graphene-like structures

Graphene is the most representative of two-dimensional (2D) layered materi-
als. Graphene has a hexagonal structure with a single atom thickness (about 0.34
nm) and the C–C bonds in graphene are the sp2-bonds. The experimentally suc-
cessful exfoliation of graphene from graphite is an important milestone in the study
of 2D layered materials. It has truly ushered in a new era in the understanding
and discovery of 2D materials.

Silicene and germanene are two typical graphene-like materials that have been
successfully synthesized soon after graphene’s exfoliation was announced. These
are hexagonal two-dimensional structures formed from the group IV elements, i.e.,
silicon and germanium. The structural and electronic properties of 2D graphene-
like sheets of group IV elements (Si and Ge) have attracted interest in both physical
and chemical properties as well as the prospect for applications in next-generation
technologies.

1.2. Transition metal dichalcogenides

2D layered compounds have been studied extensively both theoretically and
experimentally. Transition metal dichalcogenide (TMD) compounds are one of
a family of 2D materials of particular interest due to their remarkable physical
properties. The TMD monolayer MN2 is a compound formed from the transition
metal M and the chalcogen element N (N = O, S, Se, Te). MN2 has a layered
structure of three atomic layers stacked on top of each other. To date, more than
30 TMD structures have been successfully synthesized by various experimental
methods and have been studied extensively.

1.3. Two-dimensional monochalcogenide materials

Besides compounds based on transition metals, recent studies have focused
on other compounds formed from chalcogen elements and other metal groups,
especially two-dimensional group III monochalcogenide materials NX with N being
group III metals such as Al, B, Ga, In and X being chalcogen elements such as O,
S, Se, Te. The group III monochalcogenide monolayers NX are composed of four
atomic layers stacked in the order X–N–N–X. Group III monochalcogenides have a
hexagonal structure and a mirror-symmetric structure belonging to the symmetry
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groupD3h. This group has been successfully synthesized by many different methods
recently.

1.4. Asymmetric Janus structures

Recently, 2D Janus structures have been successfully synthesized experimen-
tally, opening a new approach in studying 2D layered materials. With vertical
asymmetrical structures, 2D Janus materials possess many new physical properties
that cannot exist in symmetric materials. In principle, we can form an asymmetric
Janus structure from asymmetry layered material by replacing one layer of atoms
with another. For example, Janus MoSSe is formed by replacing one layer of S
atoms in MoS2 with another layer of Se atoms. It is the difference in atomic size
between the two types of atoms in the two different (top/bottom) layers that leads
to the symmetry breaking in the Janus structure.

1.5. Density functional theory

The main goal of most quantum physics methods is to find an approximate
solution of the non-relativistic time-independent Schrödinger equation. The calcu-
lations in the thesis are based on density functional theory (DFT). In the traditional
theory of many-particle systems, the wave function to describe the N particle sys-
tem contains 3N variables. In the DFT approach, the electron density is used to
describe the state of a system instead of a wave function. Electron density is a
quantity that depends only on three space variables and is completely independent
of the number of electrons in the system. This is the outstanding advantage of the
DFT method. Thomas and Fermi first proposed using electron density to investi-
gate atomic and molecular systems. They proposed a homogeneous electron gas
model, in which the electron density was constant. This model only takes into ac-
count kinetic energy while the electron–electron and nuclear–electron interactions
are treated completely by classical theory.

1.5.1. The Hohenberg–Kohn theorems

The ground-state electron density in a quantum system is considered as a fun-
damental variable. The first Hohenberg–Kohn theorem states that: The external
field Vext(~r) is determined entirely by the ground-state electron density ρ(~r)”. All
properties of the system are determined by the ground-state density.

Up to this point, we have determined that the ground state density is sufficient
to obtain all the properties of the investigated systems. Hohenberg and Kohn
proposed the second theorem as follows:

”For any positive electron density expressed by the relation
∫
ρ(r)d(r) = N , we

always have E[ρ] ≥ E0, where E[ρ] is the energy corresponding to electron density
ρ and E0 is the energy at the ground state”.

The second Hohenberg–Kohn theorem is essentially about the variational prin-
ciple with respect to electron density, which is to find the energy of the electronic
system in the ground state based on a universal functional. However, the theorem
does not show how to construct this universal function. This problem can be solved
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by Kohn–Sham formalism.

1.5.2. Kohn–Sham equation

Idea of Kohn and Sham was to replace the problem of an interacting electron
system moving in a nuclear field with the problem of a non-interacting electron
system moving in an effective potential field. Based on the variational principle,
the Kohn-Sham equation has the following form(
−1

2∇
2 +

[∫ ρ(~r2)
r12

d~r2 + VXC (~r1)−
M∑
A

ZA

r1A

])
ϕi =

(
−1

2∇
2 + Veff (~r1)

)
ϕi = εiϕi.

(1.18)

If the exact forms of EXC and VXC are known, then the exact energy is ob-
tained. Therefore, the main goal is to find a better approximation for these two
quantities.

1.5.3. Exchange-correlation functional approximations

Local density approximation

If the form of the correlated exchange energy functional is assumed to be a
homogeneous electron gas, then EXC is written in the following form

ELDA
XC [ρ] =

∫
ρ(~r)εXC [ρ(~r)]d~r, (1.21)

where εXC(ρ(~r)) is the exchange-correlation energy in a homogeneous electron
gas with the density ρ(~r). This is the EXC form evaluated by the local density
approximation (LDA).

Generalized gradient approximations and Perdew–Burke–Ernzernhof functional

The LDA method gives inaccurate results for systems with rapidly changing
electron density. Generalized gradient approximation (GGA) was developed to
overcome the disadvantages of the LDA method. This is an extended form of the
LDA functional that adds the electron density gradient ∇ρ(~r) to account for the
heterogeneity of the electron density. In this method, the exchange-correlation
energy EXC is written as

EXC
GGA[ρα, ρβ] =

∫
f(ρα, ρβ,∇ρα,∇ρβ)d~r. (1.25)

The Perdew–Burke–Ernzerhof (PBE) functional is a new version of the GGA.
The PBE approximation is determined as follows

FXC
PBE(s) = 1 + k − k

1 + µs2/k
, (µ = 0, 21951; k = 0, 804). (1.28)

Heyd–Scuseria–Ernzerhof functional

In the LDA, GGA, PBE functionals, the electrons d and f are not treated
adequately due to insufficient electron correlation and relativistic effects. Heyd,
Scuseria, and Ernzerhof (HSE) proposed new hybrid functions that accurately
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describe short-range interactions in both Hartree–Fock and DFT:

EHSE
XC = aEHF,SR

X (ω) + (1− a)EPBE,SR
X (ω) + EPBE,LR

X (ω) + EPBE
C , (1.32)

where ω is an adjustable parameter.

1.6. Density functional theory in Quantum Espresso simulation package

The main task of all DFT methods is to solve the Kohn–Sham equations (1.18)
for independent particles. Since the effective potential is determined through the
electron density and the density is inferred from the wave function, therefore the
conventional analytical methods cannot solve the Kohn-Sham equation. We should
use the self-consistent method to solve this problem. Quantum Espresso is one of
the popular software that can be used to perform DFT calculations.

1.7. Summary for Chapter 1

In this Chapter, we have presented an overview of 2D layered materials, in-
cluding graphene and graphene-like structures. The overview analysis has shown
the overall picture of studies on 2D materials, particularly the group of 2D materi-
als that the thesis will focus on. The density functional theory, which will be used
to calculate in the thesis, has also been detailed in this Chapter. Besides, density
functional theory with the Quantum Espresso package has also been introduced.

Chapter 2: ELECTRONIC PROPERTIES OF TWO-DIMENSIONAL
GROUP III MONOCHALCOGENIDE MATERIALS

2.1. Introduction

Metal monochalcogenide monolayers, especially the group III monochalco-
genides, have been extensively studied in recent times. 2D materials can exist
in many different crystal structures, such as the 2H, 1T , 1T ′, or 3R structures.
Besides, depending on the structural composition, monochalcogenide compounds
have different symmetry structures. In this Chapter, we will investigate the 2H-
structure of the group III monochalcogenide monolayers MX (M = Ga, In and X
= S, Se, Te).

2.2. Computational details

The first-principles simulations were performed within the framework of den-
sity functional theory (DFT) as implemented in the Quantum Espresso simula-
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Figure 2.1: Different views of atomic structure (a,b), unit-cell (c), and 2D Brillouin zone with high-symmetry points
Γ, K, and M (d) of monochalcogenide monolayers MX (M = Ga, In; X = S, Se, Te).
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Figure 2.2: Phonon spectra of group III monochalcogenide monolayers MX (M = Ga, In; X = S, Se, Te).

tion package. The generalized gradient approximations (GGA) of Perdew–Burke–
Ernzerhof (PBE) were selected to describe the exchange-correlation interaction.
The effect of the long-range weak van der Waals interactions is also considered by
using the DFT-D2 method suggested by Grimme. Also, the spin–orbit coupling
(SOC) was included in self-consistent calculations for electron states. The dynam-
ical stability was examined through analysis of the phonon dispersions, which were
calculated by the density functional perturbation theory employed in the Quantum
Espresso simulation package. The elastic coefficients and mechanical characteris-
tics of the monolayers were calculated by investigating the total energy change
under the small strain along the axes x and y in the 2D plane.

2.3. Atomic structure and structural properties of the group III monochalco-
genide monolayers MX (M = Ga, In; X = S, Se, Te)

2.3.1. Atomic structure

The group III monochalcogenide monolayers MX (M = Ga, In; X = S, Se,
Te) have a layered structure with four atomic layers stacked in the order X–M–M–
X as shown in Fig. 2.1. Calculated results show that the bond length dM−X and
the lattice constant a depend strongly on the atomic radii of the chalcogen ele-
ments. They increase as the chalcogen atom changes from S to Te. The structural
parameters of the MX monolayers are listed in Tab. 2.1.

2.3.2. Phonon dispersions

We can evaluate the dynamical stability of materials through an analysis of
their phonon spectra. With a unit cell containing 4 atoms, the phonon spectrum of
the MX contains 12 vibrational branches (three acoustic and nine optical branches).
Figure 2.2 shows that there are no negative frequencies in the vibrational spectrum,
which proves that the MX monolayers are dynamically stable.

2.4. Elastic constants and mechanical stability

Elastic constants are important parameters in evaluating the mechanical prop-
erties of materials. Our calculated results indicate that GaX has elastic con-
stants C11 and C12 greater than InX and all six MX monolayers have elastic con-
stants satisfying the Born-Huang’s criteria for mechanical stability (C11 > 0 and
C2

11−C2
12 > 0). Young’s modulus Y2D of MX ranges from 39.32 N/m to 78.60 N/m,
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Table 2.1: Lattice constant a, bond lengths dM–X and dM–M,
thickness ∆h, and bond angle φ∠ of group III monochalco-
genide monolayers MX (M = Ga, In; X = S, Se, Te).

a dM–X dM–M ∆h φ∠XMM φ∠XMX

(Å) (Å) (Å) (Å) (deg) (deg)

GaS 3.59 2.47 2.46 4.65 117.40 100.50

GaSe 3.82 2.50 2.47 4.81 117.96 99.59

GaTe 4.08 2.68 2.47 5.00 118.18 99.58

InS 3.80 2.53 2.80 5.27 117.52 100.36

InSe 3.89 2.58 2.81 5.35 118.46 99.17

InTe 4.38 2.89 2.82 5.60 118.75 98.80

Table 2.2: Elastic constant Cij , Young’s modu-
lus Y2D, and Poisson’s ratio ν of monochalcogenide
monolayers MX (M = Ga, In; X = Se, Se, Te).

C11 C12 C66 Y2D ν

(N/m) (N/m) (N/m) (N/m)

GaS 83.14 19.42 31.86 78.60 0.23

GaSe 70.52 16.26 27.13 66.77 0.23

GaTe 57.20 12.44 22.38 54.50 0.22

InS 58.30 16.63 20.83 53.55 0.29

InSe 50.17 13.69 18.24 46.43 0.27

InTe 41.90 10.41 15.75 39.32 0.25
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Figure 2.3: Angle-dependent Young’s modulus and Poisson’s ratio of the MX monolayers.
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Figure 2.4: Electrostatic potential of the MX monolayers. Fermi level EF is indicated by the dashed line. Evac and
Φ are the vacuum level and work function, respectively.

which is less than the Y2D of most similar 2D structures. This suggests that MX
monolayers can be more flexible than these materials mechanically and they can
withstand strain with larger amplitudes.

The dependency of Young’s modulus Y2D and Poisson ratio ν on angle θ

(Fig. 2.3) can be described as perfect circles. This implies that Y2D and ν of
MX are directionally isotropic. This is due to the isotropic structure of the MX
monolayers in the xy plane.

8



Table 2.3: Vacuum level Evac (eV), Fermi level EF (eV), work function Φ (eV), and band gap calculated by the
PBE EPBE

g and PBE+SOC EPBE+SOC
g methods of the monochalcogenide monolayers MX (M = Ga, In; X = Se,

Se, Te).

Evac (eV) EF (eV) Φ (eV) EPBE
g (eV) EPBE+SOC

g (eV)

GaS 2.91 −3.29 6.20 2.38 2.38

GaSe 2.61 −3.17 5.78 1.90 1.88

GaTe 2.89 −2.38 5.27 1.41 1.29

InS 3.04 −3.27 6.32 1.68 1.67

InSe 2.76 −3.16 5.91 1.38 1.36

InTe 2.92 −2.47 5.38 1.25 1.23
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Figure 2.5: Band structure of GaX (a) and InX (b) (X = S, Se, Te) monolayers.

2.5. Electronic properties of the group III monochalcogenide monolayers
MX

2.5.1. Electrostatic potential and work function

Figure 2.4 shows the electrostatic potential of the MX monolayers. Our calcu-
lated results show that there is no vacuum level difference between the two surfaces
of the MX monolayer. Besides, the depth of branches in the electrostatic poten-
tial is the same and the shape of the electrostatic potential is symmetric across a
vertical line. Work function Φ is calculated based on the vacuum energy level Evac

and the Fermi level EF through the expression Φ = Evac − EF . Obtained results
(Tab. 2.3) demonstrate that the work function of MX decreases when the chalcogen
element X changes from S to Te and the difference in work function between GaX
and InX is quite small.

2.5.2. Band structure
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Figure 2.8: Weighted bands of the group III monochalcogenide monolayers MX (M = Ga, In; X = S, Se, Te).

The energy electronic band structure is one of the most important features of
electronic properties. Figure 2.5 shows that at equilibrium, all six MX monolayers
are indirect semiconductors at the PBE level. From Tab. 2.3, we can see that the
bandgap of GaX and InX monolayers decrease as the chalcogen element X changes
from S to Te. In addition, the bandgap of GaX is larger than that of InX for the
same X element.

2.5.3. Spin-orbit coupling effect

To investigate the influence of spin-orbit coupling (SOC) on electronic states,
we used the PBE+SOC method to calculate the band structure of the MX mono-
layers. The calculated results indicate that the influence of the SOC on the band
structure of the MX monolayers is very weak, especially in the cases of GaS and
InS. The bandgap of the MX monolayers changes almost insignificantly (see Tab.
2.3) and the band splitting due to SOC is also very small.

2.5.4. Density of states

To evaluate the contribution of atomic orbitals to the formation of electronic
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Figure 2.13: Band structure of GaS (a), GaSe (b), and GaTe (c) monolayers under biaxial strain εxy.

bands, we calculated the partial density of states (PDOS) of the MX monolayers.
The obtained results reveal that the valence band is contributed mainly by the
p orbitals of chalcogen X atoms and the p orbitals of M metals. Meanwhile, the
conduction band near the Fermi level is formed by the contribution of the s and
p orbitals of the metal atom M and the p orbital of the chalcogen X atom. The
contribution of the atomic orbitals to the formation of electronic bands is shown
in Fig. 2.8.

2.6. Electronic properties of strained monochalcogenide monolayers MX

2.6.1. Model of applied strain and structural properties of MX under strain

There are two types of strain commonly used to investigate the strain effect on
the physical properties of 2D monolayer: uniaxial strains εx/εy and biaxial strain
εxy. In this thesis, we study the influence of biaxial strain εxy on the electronic
properties of MX monolayers.

The bond lengths dMM are independent on the biaxial strain εxy (since they
lie along the z axis) while the bond length dMX depends linearly on the strain
εxy. The calculated results indicate that the total energy of the MX monolayers
increases slightly when the monolayers are deformed in the range from −10% to
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10%. However, the increase in total energy of the systems under compressive and
tensile strain is quite large. The total energy of the system changes faster in the
case of the compressive strain.

2.6.2. Effect of biaxial strain on band structure

The band structure of the MX monolayers under biaxial strain is shown in
Figs. 2.13 and 2.14. In the strain range from −10% to 10%, biaxial strain signifi-
cantly affects the band structure of the monolayers. The transition from indirect
bandgap to direct bandgap is found in InSe when the compressive strain was in-
troduced. The strain has greatly changed the bandgap, especially in the case of
tensile strain. The trend of changing bandgap Eg due to the biaxial strain of GaX
and InX is quite similar. While the bandgap of MX monolayers is rapidly reduced
due to the tensile strain, the compressive strain has slightly increased the bandgap,
and then Eg tends to decrease as the compressive strain value continues to increase
as shown in Fig. 2.15.

Compressive strain Tensile strain
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Figure 2.14: Band structure of InS (a), InSe (b), and InTe (c) monolayers under biaxial strain εxy.

2.7. Summary for Chapter 2

In this Chapter, we have systematically studied the structural and electronic
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Figure 2.15: Dependence of band gap on the biaxial strain εxy of GaX (a) and InX (b) (X = S, Se, Te) monolayers.
Indirect and direct band gaps are presented by solid and empty markers.

properties of 2D group III monochalcogenide monolayers MX (M = Ga, In; X =
S, Se, Te) by the density functional theory. Based on the analysis of the phonon
spectra, the MX monolayers were confirmed to be dynamically stable. Besides,
the mechanical stability of the monolayers was also tested through the evaluation
of the elastic constants and compared with Born–Huang’s criteria for mechanical
stability. The lattice constant of MX depends on the size of the atoms. The lattice
constant increases as the chalcogen X atoms change from S to Te. At equilibrium,
all six MX monolayers are indirect bandgap semiconductors at the PBE level. In
addition, the influence of the SOC on the band structure of the MX monolayers is
negligible.

The band structure and bandgap of the MX monolayers depend strongly on
the biaxial strain. The trend of bandgap change due to strain in GaX and InX is
quite similar. The biaxial strain not only changes the bandgap but also changes
the position of the valence band maximum (VBM) and conduction band minimum
(CBM). Consequently, the phase transition from indirect bandgap semiconductor
to direct bandgap semiconductor occurred in the InSe monolayer under the com-
pressive strain. With their electronic properties that can be easily controlled by
strain, group III monochalcogenide monolayers can be potential for applications in
nanoscale optoelectronic devices.

Chapter 3: TWO-DIMENTIONAL ASYMMETRIC JANUS GROUP
III MONOCHALCOGENIDE MATERIALS

3.1. Two-dimensional Janus materials

In 2017, 2D asymmetric Janus structures have been successfully synthesized
experimentally. It is found that the lacking of mirror symmetry in the Janus
structure has led to novel physical properties, which cannot exist in symmetric
materials. In this Chapter, we investigate the structural and electronic properties
of the Janus group III monochalcogenides M2XY (M = Ga, In; X/Y = S, Se, Te;
X 6= Y).
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Table 3.1: The lattice constant a, bond lengths d, thickness
∆h, X–M–M φ∠XMM bond angle and M–M–Y φ∠MMY bond
angle of Janus monolayers M2XY (M = Ga, In; X/Y = S,
Se, Te; X 6= Y).

a dM–X dM–Y dM–M ∆h φ∠XMM φ∠MMY

(Å) (Å) (Å) (Å) (Å) (deg) (deg)

Ga2SSe 3.73 2.39 2.47 2.47 4.73 115.75 119.64

Ga2STe 3.90 2.45 2.64 2.47 4.80 113.47 121.47

Ga2SeTe 3.97 2.53 2.69 2.47 4.90 115.25 120.48

In2SSe 4.01 2.58 2.65 2.83 5.27 116.27 119.31

In2STe 4.17 2.62 2.84 2.83 5.37 113.37 121.93

In2SeTe 4.23 2.71 2.85 2.83 5.47 115.51 121.07

Table 3.2: The calculated band gap by the
PBE EPBE

g , HSE06 EHSE06
g , and PBE+SOC

EPBE+SOC
g methods. Spin–orbit splitting energy

by PBE+SOC method ∆Esplit. All quantities
are in eV.

EPBE
g EHSE

g EPBE+SOC
g ∆Esplit

Ga2SSe 2.07 2.91 2.05 0.09

Ga2STe 0.91 1.55 0.69 0.57

Ga2SeTe 1.16 1.81 0.85 0.42

In2SSe 1.54 2.24 1.51 0.20

In2STe 0.90 1.50 0.68 0.48

In2SeTe 1.08 1.66 0.83 0.30

3.2. Atomic structure of two-dimensional Janus group III monochalco-
genide monolayers M2XY (M = Ga, In; X/Y = S, Se, Te; X 6= Y)

The Janus structures M2XY (M = Ga, In; X/Y = S, Se, Te; X 6= Y) can
be formed from MX monolayers. By replacing one layer of chalcogen X atoms
in the MX monolayer with a single layer of chalcogen Y atoms we can obtain
the asymmetric Janus structure M2XY. Janus M2XY belongs to the symmetry
group P3m1 (C3v) without vertical mirror symmetry as Fig. 3.1. The structural
parameters of the six Janus monolayers M2XY are listed in Tab. 3.1. The lattice
constant of the Janus structures M2XY lies between the lattice constant values of
the monochalcogenide monolayers MX and MY.

3.3. Phonon dispersions and thermal stability

3.3.1. Phonon dispersions and lattice vibrational characteristics of Janus monolayers

M2XY

Similar to the MX monolayers, we calculate and analyze the phonon spectrum
of the M2XY monolayers to evaluate their dynamical stability. The calculated re-
sults show that there are no negative frequencies in their phonon spectra, indicat-

x

y

M

X

Y

z

x y

z

M = Ga, In 
X/Y = S, Se, Te

Figure 3.1: Atomic structure from different views of
Janus monochalcogenide group III M2XY (M = Ga, In;
X/Y = S, Se, Te; X 6= Y).
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Figure 3.2: Phonon spectra of Janus monolay-
ers Ga2XY (a) and In2XY (b).
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Figure 3.3: AIMD simulation of temperature fluctuation of the Janus Ga2SSe (a), Ga2STe (b), Ga2SeTe (c), In2SSe
(d), In2STe (e) and In2SeTe (f). Insets are the AIMD snapshots for the Janus M2XY monolayer before and after
heating.

ing that the M2XY monolayers are dynamically stable and they can be fabricated
experimentally (Fig. 3.2).

3.3.2. Thermal stability

Figure 3.3 shows ab initio molecular dynamics (AIMD) simulations of temper-
ature fluctuation of the Janus monolayer M2XY at room temperature. The results
show that there is no structural phase transition and the bonds are not broken in
structures M2XY.

3.4. Electronic properties of Janus monolayers

The band structures of the M2XY monolayers calculated by different meth-
ods are shown in Fig. 3.4. While MX monolayers are indirect semiconductors,
Janus monolayers M2XY can be either direct or indirect semiconductors. The
calculated band structure of M2XY by PBE and HSE06 methods are the same
profile. However, the HSE06 method determines the bandgap of semiconductors
more accurately than the PBE calculations. The bandgap results listed in Tab.
3.2 show that the bandgap value calculated by the HSE06 method is larger than
that obtained by the PBE method. The bandgap of Ga2XY is larger than that of
In2XY respectively and EM2STe

g < EM2SeTe
g < EM2SSe

g .

Figure 3.6 shows the energy band structure of M2XY in the presence of the
SOC effect. When the SOC effect is included, spin degeneracy at the conduction
band minimum (CBM) and valence band maximum (VBM) is eliminated and the
energy band splits in the Janus M2XY is found. The SOC effect strongly reduces
the bandgap of monolayers, especially in monolayers Ga2SeTe and In2SeTe. At the
Γ-point, a spin-orbit splitting energy ∆Esplit occurs in the valence band. Depending
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Figure 3.4: The electronic band structures of the Ga2XY(a) and In2XY (b) monolayers by the PBE (solid line) and
HSE06 (dashed line) methods.

on the type of Janus, the value of ∆Esplit ranges from 0.09 to 0.57 eV (see Tab. 3.2).

3.5. Effect of biaxial strain and external electric field on electronic
properties of Janus M2XY

3.5.1. Electronic properties of strained Janus M2XY

The physical properties of 2D layered materials are very sensitive to applied
strain. Our calculated results show that strain not only tunes the bandgap of the
materials but also changes the position of CBM or VBM. Consequently, the direct–
indirect bandgap transition (and vice versa) occur in the Janus structures M2XY.
The trend of bandgap change under strain εxy of Ga2XY and In2XY is relatively
similar. Figure 3.10 shows that while tensile strain rapidly reduces the bandgap of
monolayers, compressive strain increases the bandgap slightly, and then Eg tends
to decrease when continuing to increase the compressive strain εxy.

3.5.2. Janus M2XY in the presence of external electric field

Unlike the case of strain, the influence of the external electric field on the
energy band structure of Janus monolayers M2XY is quite weak. The bandgap
energy depends linearly on the electric field as shown in Fig. 3.12. However, the
bandgap energy does not change significantly, especially in M2SSe monolayers.

3.6. Summary for Chapter 3

The atomic structure and electronic properties of 2D Janus monochalcogenide
group III monolayers M2XY (M = Ga, In and X/Y = S, Se, Te; X 6= Y) was
studied by using DFT. Through the calculation of phonon dispersion and AIMD
simulation, the stability characteristics of materials were analyzed in detail. The
calculated results showed that all Janus M2XY are semiconductors with a direct
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Figure 3.6: The calculated band structure of Ga2XY (a) and In2XY (b) by the PBE+SOC method.
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Figure 3.10: Band gap of Ga2XY (a) and In2XY (b) as a
function of biaxial strain εxy. Filled and empty symbols
refers to the direct and indirect gaps, respectively.
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Figure 3.12: Band gap of Ga2XY (a) and In2XY (b)
as a function of external electric field E. Filled and
empty symbols refers to the direct and indirect gaps,
respectively.

or indirect bandgap. Their electronic band structures were calculated by different
methods and the influence of the SOC effect on the band structure was also inves-
tigated in detail. The results showed that the strain not only significantly changes
the bandgap of M2XY but also alters some basic characteristics of the electronic
structure. The direct–indirect gap transitions and vice versa have been observed in
the Janus M2XY when the strain is applied. Unlike the case of strain, the effect of
external electric field on electronic properties in M2XY is relatively weak. However,
phase transition was also found in In2SeTe in the presence of electric field.

Chapter 4: OXYGENATION OF TWO-DIMENSIONAL JANUS
GROUP III MONOCHALCOGENIDES

4.1. Diversity of two-dimensional Janus materials

Hundreds of Janus structures have been theoretically designed and studied in
recent times and new structures are constantly being updated. A lot of works have
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been done on 2D Janus materials based on the group III chalcogenides. However,
studies on chalcogen materials often focus on compounds containing the S, Se,
and Te elements, and pay little attention to compounds containing an O element
even though O is also a group VI chalcogen element. We first design and study
the physical properties of Janus GaInXO monolayers (X = S, Se, Te). All six
possible configurations of GaInXO were investigated. We focused on the stability,
structural, electronic, and transport properties of GaInXO monolayers.

4.2. Structural characteristics of Janus GaInXO

4.2.1. Atomic structure

The Janus GaInXO can be constructed from the group III monochalcogenide
GaO (or InO) by simultaneously replacing a layer of Ga atoms with another layer
of the In atom and a layer of O atoms with a layer of the X atoms (X = S, Se,
Te) as shown in Fig. 4.1. Depending on the stacking configuration of the atomic
layers, we can obtain different configurations (three XGaInO and three OGaInX
configurations). The lattice constants a of XGaInO are larger than that of OGaInX
monolayers. The Ga–X and In–X bond lengths increase as the X element change
from S to Te. Janus OGaInTe has a very long InTe bond length compared to other
structures.

4.2.2. Cohesive energy

To evaluate the possibility of interatomic bonding, we calculated the cohe-
sive energy in the Janus GaInXO monolayers. The calculated results show that
the GaInXO monolayers have a quite large cohesive energy Ecoh. In both stacking
configurations of XGaInO and OGaInX, the cohesive energy decreases as the X ele-
ment moves down from S to Te. The calculated results of the structure parameters
and Ecoh are listed in Tab. 4.1.

(a)

(b)

Janus OGa In X 
X = S, Se, Te

x

y

z

x y

z

Figure 4.1: Atomic structure of Janus OGaInX
(X = S, Se, Te) from different views: side view (a)
and top view (b). By replacing element X with O
and vice versa simultaneously, a structure of Janus
XGaInO will be built.
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Figure 4.2: Phonon dispersion curves of GaInXO mono-
layers (X = S, Se, Te).
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Table 4.1: Lattice constant a (Å), bond length d (Å), bond angle φ (deg), thickness ∆h (Å) and cohesive energy
Ecoh (eV/atom) of the Janus GaInXO monolayers (X = S, Se, Te).

a dGa−In dGa−X dGa−O dIn−X dIn−O φ∠XGaIn φ∠OInGa φ∠XInGa φ∠OGaIn ∆h Ecoh

SGaInO 3.52 2.65 2.33 – – 2.16 119.34 110.03 – – 4.53 4.75

SeGaInO 3.60 2.64 2.44 – – 2.19 121.49 108.15 – – 4.59 4.54

TeGaInO 3.74 2.64 2.60 – – 2.23 124.08 104.71 – – 4.53 4.24

OGaInS 3.47 2.63 – 2.07 2.48 – – – 126.01 104.64 4.66 4.61

OGaInSe 3.47 2.66 – 2.06 2.62 – – – 130.17 103.71 4.61 4.40

OGaInTe 3.21 2.77 – 1.97 3.67 – – – 149.73 109.74 4.85 4.22

Table 4.2: Elastic constants Cij (N/m), Young's mod-
ulus Y2D (N/m) and Poisson's ratio ν of the Janus 
GaInXO monolayers.

C11 C12 C66 Y2D ν

SGaInO 113.36 38.60 37.38 100.21 0.34

SeGaInO 103.51 34.60 34.46 91.95 0.33

TeGaInO 67.06 31.02 18.02 52.71 0.46

OGaInS 90.84 32.73 29.06 79.06 0.36

OGaInSe 57.41 27.08 15.17 44.64 0.47

OGaInTe 114.19 41.21 36.49 99.31 0.36

Table 4.3: Bandgap Eg (eV) and work functions ΦO (eV)
and ΦX (eV) of the two surfaces in GaInXO monolayers.
M refers to metal.

EPBE
g EHSE06

g ΦX ΦO

SGaInO 1.64 2.59 6.34 6.11

SeGaInO 1.11 1.84 5.65 5.39

TeGaInO M 0.15 4.42 4.20

OGaInS 0.09 0.60 4.96 5.88

OGaInSe M M 4.54 4.97

OGaInTe M M 5.24 4.95
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Figure 4.3: Young's modulus (a) and Poisson's ratio (b) of GaInXO monolayers (X = S, Se, Te).

4.3. Phonon dispersion and mechanical stability

Figure 4.2 shows phonon spectra of Janus GaInXO monolayers. We can see
that the phonon spectrum of Janus OGaInTe contains imaginary frequencies. If
the phonon spectra contain negative frequencies, then there is no restoring force
against the displacement of atoms and the structure of the material will be un-
stable. Except for the Janus OGaInTe monolayer, the other five configurations
are dynamically stable. Besides, the elastic constants Cij of GaInXO were also
calculated to evaluate their mechanical stability. Table 4.4 shows that all six
Janus GaInXO monolayers satisfy the BornHuang’s criteria for mechanical stabil-
ity. The Janus GaInXO monolayers have low in-plane stiffness, suggesting that the
Janus GaInXO monolayers are more flexible and can withstand strain engineering
in large magnitude. With their hexagonal crystal, the Janus GaInXO monolayers
have directionally isotropic mechanical properties. The angular-dependent Young’s
modulus and the Poisson’s ratio of GaInXO are shown in Fig. 4.3.
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Figure 4.4: Calculated band structures of GaInXO monolayers (X = S, Se, Te) using the PBE (solid) and HSE06
(dashed) methods.
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Figure 4.5: Calculated band gaps of six configurations of GaInXO (X = S, Se, Te) using different methods. M stands
for the metal.

4.4. Electronic properties of the Janus GaInXO monolayers

Janus GaInXO monolayers have diverse and interesting electronic properties.
Our calculated results show that they can be either semiconductors or metal. Fur-
thermore, while SGaInO is an indirect semiconductor, other structures are direct
semiconductors. Figure 4.4 shows the energy band structures of six Janus GaInXO
monolayers calculated by PBE and HSE06 methods. We see that the PBE method
shows TeGaInO, OGaInSe, and OGaInTe as metals, while TeGaInO is a semicon-
ductor with a bandgap of 0.15 eV by the HSE06 method. The bandgap values of
all configurations are listed in Tab. 4.3 and shown in Fig. 4.5.

The contribution of atomic orbital to the band structure in the four semicon-
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Figure 4.6: Weighted bands of (a) SGaInO, (b) SeGaInO, (c) TeGaInO, and (d) OGaInS monolayers.

ductors SGaInO, SeGaInO, TeGaInO, and OGaInS (by HSE06 method) is shown
in Fig. 4.6. Our calculated results show that the CBM of SGaInO and SeGaInO,
and TeGaInO monolayers are mainly composed of the In-s and In-p orbitals, while
the contribution of Ga-s and Ga-p to the CBM of OGaInS monolayer is dominant.
Meanwhile, the p-orbitals of the S, Se, Te atoms make a great contribution to
the VBM of OGaInS, and SeGaInO, and TeGaInO monolayers, respectively. The
VBM of SGaInO is significantly composed of the O-s orbitals.

The electrostatic potential of Janus GaInXO monolayers is shown in Fig. 4.7.
The Janus structures possess an intrinsic built-in electric field due to the vertical
asymmetry resulting in a distinct vacuum level difference between the two sides
of materials. This leads to the difference in the work functions of the two sides.
The value of distinct vacuum level difference between the two sides depends on the
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Figure 4.7: Electrostatic potential of GaInXO monolayers (X = S, Se, Te). ΦX and ΦO are work functions of the X
and O sides, respectively. ∆Φ is a vacuum level difference between the two sides of Janus.

difference in the electronegativity of atoms. Calculated work functions of the two
sides ΦX and ΦO in the Janus GaInXO monolayers are listed in Tab. 4.3.

4.5. Carrier mobility

The transport properties, especially carrier mobility, is one of the most impor-
tant characteristics of materials. The mobility of carriers can be calculated using
deformation potential approximation, which can be written as:

µ2D =
e~3C2D

kBTm∗mE2
d

, (4.4)

where e is the elementary charge, C2D is the elastic modulus, Ed is the deformation
potential constant, kB is the Boltzmann constant, m∗ and m =

√
mxmy are the

carrier effective masses and average effective mass, respectively. We select T =
300 K (room temperature) in the calculations for the carrier mobility.

The effective masses m∗ (e) of electron and hole (h) can be obtained by fitting
parabolic function to the CBM (electron) and VBM (hole). The flatter the energy
band structure around the CBM and VBM, the larger the effective mass. The
deformation potential constant Ed is calculated by the energy shift of CBM and
VBM with respect to the vacuum level. By linear fitting of the band energy of the
VBM and CBM with respect to the vacuum level as a function of lattice strain
εx/y along the x and y directions (Fig. 4.8), the fitting slopes represent as the
deformation potential constant Ed.

We focus only on three semiconductors by PBE (SGaInO, SeGaInO, and
OGaInS). Calculated results for the electron mobility µe and hole mobility µh

along the x and y directions are listed in Table 4.4. Due to the isotropic behavior
of materials, the results show that there is no significant difference in the carrier
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Figure 4.8: The band energies of the CBM/VBM with respect to the vacuum level of SGaInO (a), SeGaInO (b)
and OGaInS (c) monolayers as a function of uniaxial strain along the x and y directions. The solid lines are linear
fitting curves and fitting slopes represent as the deformation potential constant Ed.

Table 4.4: The effective mass m∗ (m0), elastic modulus C2D (N/m), deformation potential Ed (eV) and carrier
mobility µ (cm2/Vs) along the x and y directions for SGaInO, SeGaInO and OGaInS monolayers. m0 is the free
electron mass.

m∗
x m∗

y Cx
2D Cy

2D Ex
d Ey

d µx µy

Electron SGaInO 0.40 0.40 80.78 80.60 −5.37 −5.37 370.48 369.64

SeGaInO 0.39 0.39 74.53 73.77 −4.46 −4.46 532.78 525.99

OGaInS 0.55 0.55 71.13 71.88 −3.52 −3.45 408.16 430.89

Hole SGaInO 1.36 1.61 80.78 80.60 −2.13 −2.16 53.75 45.38

SeGaInO 0.76 0.77 74.53 73.77 −7.11 −7.24 54.79 51.05

OGaInS 1.11 1.12 71.13 71.88 −8.09 −8.26 18.52 17.73

mobility between the transport directions x and y. However, due to the large dif-
ference in the effective mass m∗ as well as the deformation potential constant Ed of
the electron and hole, the electron mobility is much larger than the hole mobility
in each monolayer. With high electron mobility, Janus GaInXO monolayers can
be potential materials for applications in nanoscale electronics.

4.6. Prospects of two-dimensional asymmetric Janus materials

With the simple principle of forming two-dimensional asymmetrical Janus
structures and heterostructures based on Janus materials, we will have a huge
number of materials. The future of 2D materials will have many contributions
from Janus structures and we will continue to study them in the near future with
great expectation of discovering more interesting physical properties.

4.7. Summary for Chapter 4

GaInXO (X = S, Se, Te) monolayers are new Janus structures with many
interesting characteristics. Calculated results show that in the ground state, Janus
GaInXO can be either a semiconductor or a metal. The effective mass of electrons
is directionally isotropic along the two transport directions and is smaller than that
of holes in GaInXO. In addition, the difference in deformation potential constants
of electrons and holes leads to the difference in the mobility between electrons and
holes. With high electron mobility, Janus GaInXO monolayers have great potential
for applications in nanoelectronic devices.
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CONCLUSION
For more than a decade, 2D layered nanomaterials have been the hot topic

that has attracted many scientists because of their outstanding electronic, mechan-
ical, and chemical properties. Motivated by that, we have studied the electronic
properties of 2D group III monochalcogenide materials and 2D Janus group III
monochalcogenide monolayers. The main results of the thesis are as follows:

– The 2D group III monochalcogenide monolayers MX (M = Ga, In; X =
S, Se, Te) are mechanically and dynamically stable. At equilibrium, all six MX
monolayers are indirect bandgap semiconductors with band gaps ranging from
1.25 eV (InTe) to 2.38 eV (GaS). The energy band splitting and bandgap change
due to the SOC effect in the MX monolayers are relatively small. In addition, the
strain has significantly changed the energy band structure, especially the bandgap
of the investigated monolayers. The compressive strain caused the indirect–direct
bandgap transition in InSe monolayer.

– The 2D Janus monochalcogenide group III monolayers M2XY (M = Ga,
In and X/Y = S, Se, Te; X 6= Y) have stable structures and can be synthesized
experimentally. All Janus monolayers M2XY can be either direct or indirect semi-
conductors. The influence of the SOC effect on the electronic properties of Janus
monolayers M2XY is very significant. The SOC effect not only changes the bandgap
but also causes a band splitting in the band structure of Janus monolayers M2XY.
The electronic properties of Janus M2XY are changed significantly under external
conditions, especially under strain. The indirectdirect bandgap transitions (and
vice versa) have been found in M2XY in the presence of strain or external electric
field.

– At the ground state, Janus GaInXO monolayers (X = S, Se, Te) can be
either semiconductors or metal. Due to the vertical asymmetry, the Janus struc-
tures possess an intrinsic built-in electric field resulting in a difference in the work
functions of the two sides. Calculated results show that electrons are easiest to
escape from the surface of TeGaInO. The transport characteristics of GaInXO are
isotropic along the x and y directions due to the isotropic behavior of their atomic
structure. Electrons in Janus GaInXO have high mobility and are much larger
than hole mobility. With high electron mobility, Janus GaInXO monolayers have
great potential for applications in nanoelectronic devices.

In summary, our results not only contribute to more complete fundamental
properties of the group III monochalcogenide monolayers and the Janus group III
monochalcogenide monolayers but also provide useful information to guide further
research in both theory and experiment.
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