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Abstract
Two-dimensional (2D) atomic layer crystals with exotic electronic, optical,
and mechanical properties have attracted tremendous attention in the last two
decades due to their potential applications in electronic, energy storage, and
conversion technologies. Among these 2D materials, metallic crystals are
relatively unexplored, although 2D allotropes of gallium (gallenene) have been
synthesized on various substrates. Motivated by these experimental findings,
this thesis systematically investigates group 13 metals (Al, Ga, and In) for
their novel 2D allotropes using first-principles density functional theory (DFT)
calculations and an unbiased structural search based on a particle swarm
optimization algorithm. The electronic structure, bonding characteristics, and
electronic and phonon properties of the predicted 2D allotropes of these metals
are calculated, including the expected effects of strain induced by substrates
on the dynamical stability. The theoretical results predict that most group 13
elements have one or more stable 2D allotropes, with the preferred allotrope
depending on the cell shape relaxation and strain, indicating that the substrate
will determine the overall allotrope preferred.
The second part of this thesis explores all possible 2D allotropes of an
emerging wide-bandgap transparent conductive oxide, β -Ga2 O3 , for their
structural and thermal stability using DFT calculations. Although β -Ga2 O3 is
not a van der Waals material, the results predict that one or two of its allotropes
are stable. In addition, accurate band structures of these 2D semiconducting
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oxides are calculated using both the generalized gradient approximation (GGA)
and LDA-1/2 method. Remarkably, monolayer Ga2 O3 (100) appears to be the
most stable and has a large indirect band gap of 4 eV.
The subsequent investigation examines the surface properties and electronic structures of low-index surfaces, i.e., (010), (100), and (001), of
β -Ga2 O3 using DFT calculations, as these are readily available for comparison
with the experimental findings. The stability of various surface planes and
terminations is assessed via the calculation of their respective surface energies.
From the considered surfaces, the most stable (100)-B surface, is consistent
with the observed tendency of β -Ga2 O3 single crystals to cleave on the (100)
plane. The band structures of all surfaces indicate the presence of surface states
on the top of valence band except for the most stable surface (100)-B having
the highest bandgap of 4.10 eV. These theoretical findings demonstrate a new
avenue for the discovery of thermodynamically stable 2D metallic layers and
β -Ga2 O3 –based nanodevices with enhanced electronic properties.
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Chapter 1
Introduction
Nanotechnology is at the forefront of modern research. It is a rapidly growing
research area involving structures, devices, and systems with novel properties
and functions due to the arrangement of their atoms on the 1 to 100 nm scale.
The application and development of nanotechnology have reshaped the world
around us, leading to revolutionary breakthroughs in various fields, such as
energy, communications, food safety, environmental protection, medicine,
healthcare, transportation, and manufacturing [1].
With the remarkable development of nanotechnology, the integration of
small-size electronic components and magnetic devices has improved rapidly,
making electronic devices smaller and faster. However, with the advancement in electronic devices, physical form factors and thermal problems are
becoming increasingly significant, hindering us from continuing to reduce
their sizes. It is the need of the hour to investigate substitute nanoengineered
materials to achieve high integration with low energy loss. Two-dimensional
(2D) nanomaterials are believed to be a promising solution to these issues.
Two-dimensional materials are crystalline solids with only one nano-sized
dimension, resembling a large but thin sheet of paper. Owing to their quantumconfined electronic structure and large surface-to-volume ratio, 2D materials
1
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exhibit diverse and tunable electronic, magnetic, and optical properties compared to their bulk counterparts [2, 3]. These unique and outstanding properties
of 2D nanomaterials have given rise to various potential applications in the
fields of optoelectronics, energy harvesting and storage, sensing, electronics,
magneto-electronics, thermo-electronics, and biomedicine [4, 5].
Graphene is the first 2D material to be isolated in 2004 [6]. Since then,
hundreds of graphene-like 2D materials have been synthesized and extensively studied. Recently, metallic layered atomic crystals have emerged as an
additional avenue in the field of 2D materials due to their promising potential applications in biosensing, imaging, catalysis, gas sensing, and magnetic
recording, making them an inviting research subject [7, 8]. They are relatively
unexplored, although 2D allotropes of gallium (gallenene) have been synthesized on a range of substrates. Elemental gallium is a unique metal with
extraordinary and unusual properties (e.g., a low melting point of 29◦ C) [9, 10]
and displays splendid potential for its use as a 2D material [11, 12, 13]. Motivated by the experimental findings of stable 2D sheets of gallium, it appears
worthwhile to systemically study the possible 2D allotropes of group 13 metals
aluminum (Al), gallium (Ga), and indium (In).
Moreover, not only element gallium but its oxide (β -Ga2 O3 ) has also
emerged as a wide- band gap (4.2–4.9 eV) transparent semiconducting oxide
with many promising properties [14, 15]. For example, quasi-2D Ga2 O3 -based
FETs exhibit high breakdown voltage from 113 to 344 V, even at 250◦ C.
Similarly, quasi-2D Ga2 O3 solar-blind photodetectors have extraordinarily
high responsivity (1.8 × 105 A/W) compared with bulk β -Ga2 O3 (851 A/W)
[16].
Given this rich array of properties and applications, this research focuses
on finding new thermodynamically stable 2D allotropes of metals Al, Ga,
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and In and metallic oxide β -Ga2 O3 with properties potentially suitable for
next-generation electronic and optoelectronic applications.
The surface properties of crystal structures are crucial to the understanding
and design of materials at the nanoscale level for material synthesis, catalysis,
and energy storage applications. Therefore, this research also focuses on
investigating the surface properties and electronic structures of low-index
surfaces, i.e., (010), (100), and (001), of β -Ga2 O3 .
The experimental discovery of new materials is always challenging and
requires intensive labor. Moreover, the perfection and physical properties
of atomically thin 2D materials are extremely sensitive to their synthesis
and growth process. However, with recent improvements in algorithms, advancements in material science theory, and exponential growth in computing
power, it has become possible to systematically discover new materials through
computational modeling. Several computational methods, especially density
functional theory (DFT), Monte Carlo simulations, and molecular dynamics,
allow researchers to efficiently explore a vast range of materials.
The research in this thesis uses DFT to theoretically predict and investigate
the stability, and structural and electronic properties of 2D Al, Ga, In, and
β -Ga2 O3 . Based on the foregoing discussion, the key motivation driving this
thesis is as follows:
To discover new thermodynamically stable 2D metals and metallic oxides
with properties potentially suitable for advanced electronic and optoelectronic applications and clean energy production.

Two-dimensional (2D) Materials
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Two-dimensional (2D) Materials

2D materials have received tremendous attention from both industry and
academia since the isolation of graphene, as they have an extensive range of
fascinating qualities [17, 18]. For instance, graphene has an intrinsic breaking
strength with an excessive charge carrier concentration and mobility. Moreover,
it has high thermal conductivity and can display the quantum spin Hall effect
even at room temperature [19, 20, 21, 22]. Similarly, transition metal carbides
are known for their high chemical and thermal stability and conductivity in
the field of electric charge carriers, such as capacitors and batteries [23]. Transition metal chalcogenides and hexagonal boron nitride are also known for
their unique properties and extraordinary applications, including transparent
conductive films, ultra-sensitive chemical sensors, thin-film transistors, quantum dot devices, and anti-corrosion coverings [24, 25, 26, 27]. In these layered
structured materials, the atoms within the layers are covalently bonded while
only weak van der Waals interactions contribute to the bonding in the third
dimension, resulting in layers that can be easily flaked off into 2D structures
[28, 29].

1.1.1

2D Metallic Materials

2D metallic nanomaterials are a pioneering research area of modern nanotechnology due to their anisotropic structures, intriguing properties, and multitude
of promising applications. So far, several metallic layered atomic crystals
have been successfully exfoliated and synthesized. The 2D metals produced
so far have displayed outstanding performance in thermal therapy, sensing,
bioimaging, and catalysis because of their large surface area, extended lateralto-thickness aspect ratio, and well-controlled geometry [30, 31]. Although
metallic thin films with a thickness of just a few atomic layers have been
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fabricated, either by confined growth inside the nanopores of 2D templates or
by epitaxial growth on substrates, e.g., K, Pb, and In on graphene and Si(111)
as substrates [32, 33] – still, the production of freestanding ultrathin metallic
crystals is nontrivial and encourages in-depth study of 2D metals [34, 35].
Recently, theoretical and experimental work published by Kochat et al.
has reported on the stability and successful exfoliation of atomically thin gallium layers on a silicon substrate. A new experimental solid–melt exfoliation
technique has confirmed the viability of these 2D Ga sheets, named gallenene
[36]. In their report, two distinctly oriented planes of α-Ga, along the [100]
and [010] directions, have been investigated by first-principles calculation and
prepared by solid–melt exfoliation.
The successful exfoliation and stability of 2D structures of gallium,
Ga(010), and Ga(100) on specific silicon substrates, excites the interest in
exploring other 2D metals that can be fabricated using different substrates. All
possible 2D allotropes of Al, Ga, and In with high energetic stability have
been predicted and analyzed for their structural and thermal stability using
first-principles calculation.

1.1.2

2D Metallic Oxides

2D metal oxides are another emerging class of nanomaterials with distinct
applications in biosensing and bioimaging analysis, gas sensing, and magnetic recording [37, 38, 39, 40]. The ultrathin nature of 2D metal oxides and
the presence of oxygen atoms on their surfaces have resulted in new properties and applications compared to their bulk counterparts [41]. In recent
years, layered 2D metal oxides (V2 O5 , WO3 , MnO2 , and MoO3 ), non-layered
2D metal oxides (TiO2 and ZnO), and complex oxides, such as perovskite
oxides (Bi4 Ti3 O12 , K2 Ln2 Ti3 O10 , KLnNb2 O7 , and RbLnTa2 O7 ), have also
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been investigated for their ultrathin morphology and extraordinary properties
[42, 43, 44, 45].
One of the most emerging and potential metal oxides is Ga2 O3 . It has five
different polymorphs, with the α and β variants being the most stable as wideband gap (4.2–4.9 eV) semiconducting oxides with many promising properties
[14, 15]. As a transparent conductive oxide, β -Ga2 O3 has revolutionized
the energy economy. It has efficient power switching capabilities, an on/off
ratio above 104 , and ultra-low power loss with high breakdown electric fields
(Ebr ≈ 8 MVcm−1 ) in high-power electronics and conversion devices, such
as those used in data center power management, the automotive industry, and
grid control [46]. Its high thermal stability and unique transmittance property
from deep-ultraviolet (UV) to the visible region make it a favorable constant
for optoelectronic devices operating at short wavelengths [47]. Mechanically
exfoliated β -Ga2 O3 nanoribbons have successfully been used in multimode
nanoresonators, field-effect transistors, and CO and deep-UV photodetectors,
resulting in a fast response and a high stability, signal-to-noise ratio, sensitivity,
and spectral selectivity [48].
Given the multitude of intriguing properties and applications, it is worthwhile to systemically study in detail the possible 2D allotropes of β -Ga2 O3
utilizing first-principles calculations. The stability, and structural and electronic properties of atomically thin layers of β -Ga2 O3 oriented in specific
crystallographic directions are thoroughly investigated in Chapter 6 of this
thesis.

1.2

Surface Properties of β -Ga2O3

The surface properties of crystal structures play a crucial role in the design and
understanding of materials for many applications in the fields of material syn-
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thesis, catalysis, microelectronics, and energy storage [49, 50]. Surface effects
are significant at the nanoscale and dominate the overall material’s physical
and chemical properties. For example, the surface energy can determine the
nanoscale stability of metastable polymorphs. Similarly, the surface chemistry
can be used to tune nanoporous gold and surface-engineered carbon aerogels
for sustainable energy applications [51].
However, due to the sensitivity of nanomaterials to their surrounding
environment, experimental determination of their surface properties can be
challenging. Thus, first-principles calculations have become an essential tool
to determine various surface properties, such as the surface electronic structure, surface thermodynamics, structural reconstructions, interlayer relaxation,
nanocrystal morphologies, and work functions [52, 53].
To understand the structural, electronic, and optical properties of mono-,
bi-, and multi-layer β -Ga2 O3 in detail, it is worthwhile to study the surface
properties of stable and low-index surfaces of β -Ga2 O3 . Chapter 7 focuses on
the first-principles study of low-index surfaces, i.e., (100), (010), and (001), of
β -Ga2 O3 .

1.3

First-principles Study of 2D Materials

First-principles calculation is a powerful research tool that can provide useful
information on the unit cell structure, optical, electronic, and thermodynamic
properties of materials at the atomic and molecular levels, which are difficult
to determine using conventional experimental approaches. The first-principles
method is based on solving the quantum mechanics Schrödinger equation to
obtain eigenvalues and eigenfunctions and, thus, determine the material properties. There are several methods, such as DFT for calculating the electronic
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properties and Monte Carlo simulations, and molecular dynamics method for
calculating structural properties of atomic systems.

1.3.1

Density functional theory (DFT)

Density functional theory is one the most widely used approximation methods
for dealing with multi-particle systems in quantum chemistry, condensed
matter physics, and material science. DFT not only determines the physical and
chemical properties of existing materials but can also predict new materials.
With some restrictions, this method can achieve a good balance between
computational cost and accuracy when calculating the ground-state electronic
structures of systems comprising up to several hundred atoms. It is the main
method used throughout this thesis to predict new 2D materials and study their
structural, thermal, and electronic stability.
DFT is beneficial for providing direct electronic structure information
and enabling some post-processing, such as of simulated scanning tunneling
microscope (STM) images, that can give extra information about a system
and provide a strong link to experimental work. An explanation of DFT’s
theoretical formalism is given in Chapter 2.

1.3.2

VASP (Vienna Ab initio Simulation Package)

In this theoretical investigation, the Vienna Ab initio Simulation Package is
used as the simulation tool for all DFT calculations to study the structural,
thermal, and electronic properties of the 2D materials being researched. This
is a leading DFT code that is extensively used to accurately determine the
structural, electronic, and magnetic properties of a wide range of materials,
including solids and low-dimension atomic crystals. It is a highly efficient
software for the structural optimization and ab-initio molecular dynamics
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calculation of all elements of the periodic table. The computational details of
VASP are presented in Chapter 3.

1.3.3

Crystal Structure Prediction

In this research, simple 2D candidate materials are cleaved from their bulk
counterparts oriented in specific crystallographic directions. To further investigate bulk Ga, Al, In, and β -Ga2 O3 for all possible 2D allotropes, we use
crystal structure prediction software.
Within the last few decades, various crystal structure prediction (CSP)
methods have been developed and successfully used [54, 55, 56], including
metadynamics, basin hopping, random sampling, genetic algorithm, particle
swarm optimization (PSO), simulated annealing, and ab initio random structure
search. In this study, we used PSO-based software, named CALYPSO (Crystal
structure AnaLYsis by Particle Swarm Optimization) for an unbiased structural
search [57, 58].

1.3.4

CALYPSO (Crystal structure AnaLYsis by Particle
Swarm Optimization)

CALYPSO is based on the particle swarm optimization (PSO) algorithm, a
method for multidimensional optimization inspired by the social behavior of
bird flocking. Researchers have widely accepted the CALYPSO methodology
to predict stable and realistic structures for various systems at given chemical
compositions and external conditions [59, 60]. Various low-lying 2D structures of the group 13 metals and metallic oxide β -Ga2 O3 are predicted using
CALYPSO and are discussed in Chapter 5.
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Research Objectives

The main goal of this research is to explore group 13 metals and metallic oxides
for novel 2D atomic layered crystal structures and study their structural and
electronic properties using first-principles calculations. The research objectives
are summarized as follows:
• Investigate all possible 2D allotropes of group 13 metals (Al, Ga, and
In) using the particle swarm optimisation algorithm combined with DFT
calculations.
• Systematically investigate β -Ga2 O3 for its stable 2D structures oriented
in specific crystallographic directions using first-principles DFT calculations and an unbiased structural search.
• Study and analyze the structural and thermal stability and electronic
properties of all the predicted 2D allotropes.
• Study the structural and electronic properties of low-index surfaces of
β -Ga2 O3 in detail.

1.5

Computational Methodology and Tools

This section provides an overview of the methods and computational tools
adopted to address the above mentioned research objectives.
I. Study of bulk crystal structure and prediction of possible 2D allotropes:
We first study the crystal structure and properties of bulk materials and then
construct simple 2D candidate materials by cleaving the bulk structures in
specific crystallographic directions.
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For each metallic element (Al, Ga, and In), those atomically thin layers
are theoretically predicted, which appears to be stable and then constructed
for further investigation. As Al, Ga, and In belong to the same group of the
periodic table and have the same number of valence electrons and chemical
behaviors, we assume structural symmetry between them and explore the same
crystallographic structure for all metals.
Similarly, for β -Ga2 O3 , four 2D-layered structures oriented along the
[100], [001], [010], and [2̄01] directions are considered to be realistic and are
constructed for further investigation.
II. Crystal structure prediction using CALYPSO:
To find all possible 2D structures of Al, Ga, In, and β -Ga2 O3 other than those
cleaved from the bulk structures, we use the structure prediction software
CALYPSO. The various low-lying 2D structures of the group 13 metals and
metallic oxide are predicted by specifying their chemical compositions.
III. Optimization of predicted 2D atomic layer crystal structures:
To study the stability of the predicted 2D atomic layer structures of Al, Ga,
In, and β -Ga2 O3 , their electronic, thermal, and bonding characteristics are
calculated using DFT calculations. However, before studying these properties,
all candidate structures are optimized and studied for their formation energy
and structural stability.
IV. Electron localization function (ELF) analysis:
The electron localization function (ELF) is a useful tool to classify and analyze
the electron localization and bonded interactions in molecules and solids.
Here, ELF calculations are performed to gain a deep understanding of the
relative stability and unique bonding nature of the predicted 2D structures.
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The theoretical background and computational details of the ELF analysis are
presented in Section 3.2 of Chapter 3.
V. Phonon calculation:
The thermodynamic and lattice dynamic stability of 2D structures are important
for their practical applications. Therefore, we calculate their formation energies
and phonon dispersion curves using the PHONOPY code under the harmonic
approximation to comprehensively investigate their stability. In addition, we
study the phonon density of state as a function of strain to understand the
importance of the substrate interactions of the predicted structures.
VI. Density of state and band structure calculations:
An insightful understanding of materials’ electronic structures can be obtained
by combining and comparing their band structures based on DFT calculations
and experimental measurements. This allows us to look inside the electronic
structures and manipulate them to achieve desired physical and chemical
properties. In this thesis, the electronic density of state (DOS) and band
structure are obtained for an in-depth investigation of the electronic properties
of the 2D materials studied.

Thesis Outline
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Thesis Outline

The remainder of the thesis is organized as follows:
Chapter 2: Theoretical Background
In Chapter 2, we review the background knowledge and core concepts of
DFT). We first review conventional many-body problem and the solution to
the many-body time-independent Schrödinger equation. Then, we focus on the
formalism and theorems that form the basis of DFT. To effectively perform
the DFT calculations, the use of periodic boundary conditions, basis sets,
pseudopotentials, and various exchange–correlation approximations are discussed in detail. The concepts highlighted in this chapter form the theoretical
foundation of the rest of the thesis.
Chapter 3: Computational Methodology
Chapter 3 provides the computational details required to perform the firstprinciples DFT calculations to study the structural, thermal, and electronic
stability and properties of the predicted novel 2D atomic layer crystals. An
overview of CALYPSO and its computational methodology to obtain stable
periodic structures is provided. Then, the computational details of VASP, the
ab initio code used throughout this research to perform all DFT calculations,
are reviewed. To gain a deep understanding of the relative stability, unique
bonding nature, and thermal and electronic properties of the predicted 2D
crystals, the theoretical backgrounds and computational details of the ELF,
phonon calculations, electronic DOS, and band structure calculations are
presented. Throughout this chapter, Ga(010) (the 2D structure of gallium along
the [010] direction) is used as an example to discuss the preliminary results of
all calculations performed.
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Chapter 4: Two-dimensional Aluminium, Gallium, and Indium Metallic
Crystals by First-principles Design
This chapter systematically investigates the group 13 metals for possible
2D allotropes using first-principles DFT calculations and an unbiased structural
search. The electronic structure, bonding characteristics, and phonon properties
of the predicted 2D allotropes are calculated, including the expected effects of
strain induced by substrates on the dynamical stability. The theoretical results
predict that most group 13 elements have one or more stable 2D allotropes,
with the preferred allotrope depending on the cell shape relaxation and strain,
indicating that the substrate will determines the overall allotrope preferred.
Chapter 5: Prediction of Two-dimensional Metals and Metallic Oxides using
CALYPSO
To investigate and find all possible 2D structures of the bulk metals and
metallic oxides studied, we use structure prediction software CALYPSO. This
chapter discusses the outcomes of the unbiased structural search performed
using CALYPSO. Based on PSO algorithm, it successfully predicts the groundstate candidate structures. Furthermore, all low-lying 2D structures obtained
from CALYPSO are optimized and studied for their lattice parameters and
formation energies.
Chapter 6: Structural, Thermal, and Electronic Properties of Twodimensional Gallium Oxide from First-principles Design
This chapter provides a detailed investigation of the possible 2D allotropes
of β -Ga2 O3 . The recent discovery of 2D gallenene motivates to explore new
2D allotropes of β -Ga2 O3 , an emerging wide- band gap transparent conductive
oxide with a wide range of semiconducting applications. All possible 2D
allotropes of β -Ga2 O3 with high energetic stability are predicted using PSO
combined with DFT calculations. The structural and thermal stability of the
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predicted 2D allotropes are analyzed. Although β -Ga2 O3 is not a van der
Waals material, the results predict that one or two of its allotropes are stable.
In addition, the accurate band structures of these 2D semiconducting oxide
are calculated using both the generalized gradient approximation (GGA) and
LDA-1/2 approaches.
Chapter 7: Surface Properties of Gallium Oxide
In Chapter 7, the surface properties and electronic structures of the lowindex surfaces of β -Ga2 O3 are addressed using ab initio theory. With largecore Ga and O pseudopotentials, DFT calculations are performed to optimize
the structures of the bulk and slab surfaces cleaved from the bulk structures in
the required orientations. The calculations are performed for all relaxed slab
surfaces to obtain their surface energies and projected band structures.
Chapter 8: Conclusions and Future Work
Chapter 8 provides concluding remarks and possible directions for the
future work.
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Chapter 2
Theoretical Background
Overview: This chapter provides a brief overview of the background knowledge and core concepts of density functional theory (DFT). We first review
the conventional many-body problem and solution to the many-body timeindependent Schrödinger equation. Then, we focus on the formalism and
theorems that form the basis of DFT. To effectively perform the DFT calculations, the use of periodic boundary conditions, basis sets, pseudopotentials,
and various exchange–correlation approximations are discussed in detail.
The concepts highlighted in this chapter form the theoretical foundation of
the rest of the thesis.

2.1

Introduction

In recent years, density functional theory (DFT) has appeared to be the most
successful and extensively used method in the fields of computational physics,
quantum chemistry, and condensed matter physics to calculate the properties of
a wide variety of systems, including standard bulk as well as low-dimensional
materials, e.g., proteins, molecules, nanoparticles, and interfaces. The theory
is based on the concept of interpreting a many-body interacting system via
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its particle density rather than its many-body wave function. Using a particle
density functional to describe a system reduces the 3N degrees of freedom
of the N-body system to only three spatial coordinates. Density functional
theory is based on the well-known Hohenberg–Kohn theorem [61], which
states that all properties of a system can be considered unique functionals of
its ground-state density.
Accurate DFT calculations are performed using the Born–Oppenheimer
approximation [62] and Kohn–Sham theorems [63] in conjunction with the exchange–correlation (XC) potential, which accounts for the effects of the Pauli
principle and Coulomb potential beyond the pure electrostatic interactions of
electrons.
The exact XC potential cannot be calculated for the many-body problem.
Various approximations, such as Local density approximation (LDA), Generalized gradient approximation (GGA), and hybrid functionals, are used to solve
unknown XC potentials, as discussed in detail in the next section. In many
theoretical investigations, the DFT results for material systems agree quite
satisfactorily with experimental observations, and the computational costs
are relatively low compared with those of traditional methods based on the
complicated many-electron wave function, such as the Hartree–Fock theory
[64] and its descendants.
In this chapter, we provide an in-depth literature review and cover the
core concepts of DFT, starting with the Born–Oppenheimer and Hartree–Fock
approximations as a solution to the many-body problem. Then, we discuss the
Hohenberg–Kohn formalism and Kohn–Sham equations as the bases of DFT.
Finally, we focus on the theory of XC functionals and pseudopotentials.
The organization of this chapter is as follows: Section 2.2 presents the
solution of the many-body time-independent Schrödinger equation using the
Born-Oppenheimer and Hartree-Fock approximations. Section 2.3 presents the
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formulation of the DFT based on Hohenberg-Kohn and Kohn-Sham equations.
The XC functionals are discussed in Section 2.4. Section 2.5 presents the
use of periodic boundary conditions and basis sets to effectively solve the
Kohn-Sham equations. Section 2.6 discusses the theory of pseudopotentials
and the projector augmented wave (PAW) method used in this thesis, and
Section 2.7 provides the summary and contributions of this chapter.

2.2

Many-body Problem

When calculating the properties of a solid-state system consisting of electrons
and atomic nuclei, the dynamics can be described by the following many-body
time-independent Schrödinger equation:
⃗ I }) = EΨ({⃗ri }, {R
⃗ I })
Hψ({⃗ri }, {R

(2.1)

Here, ψ is the wave function, E is the corresponding energy, and H is the
Hamiltonian, which can be expressed as follows:
1
ℏ2 2 Nn ℏ2 2 1
e2
∇i − ∑
∇I + ∑
+
H = −∑
2 i, j |⃗ri −⃗r j | 2
i 2mi
I 2mI
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ZI ZJ e2
ZI e2
−∑
⃗J | i,I |⃗ri − R
⃗I|
I −R

∑ |R⃗

I,J
I̸=J

(2.2)
⃗ I , mI and ⃗ri , mi are the position and mass of the I th nucleus and ith
Here, R
electron, respectively. The first and second terms on the right hand side of the
equation account for the kinetic energies of the electronic and nuclear systems,
respectively, and the last three terms are for the electrostatic interactions
between the electrons and nuclei.

2.2.1

Born–Oppenheimer Approximation

To reduce the complexity of Eq. 2.1, we can use the Born-Oppenheimer
approximation [62]. According to this approximation, the motion of nuclei
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and electrons can be separated because nuclei are much heavier and slower
than electrons. Thus, the Hamiltonian for the many-body system in Eq. 2.2
can be simplified to describe the nucleus-frozen system, as:
Ne

H = −∑
i

ℏ2 2 1
e2
ZI e2
1
∇i + ∑
−∑
+
⃗I| 2
2mi
2 i, j |⃗ri −⃗r j | i,I |⃗ri − R
i̸= j

∑

I,J
I̸=J

ZI ZJ e2
⃗I − R
⃗J |
|R

(2.3)

The last term in the above equation is considered constant for a given structure,
as the position and charge of the nucleus are known. Thus, the electron-only
Hamiltonian can be written as:
Ne

H = −∑
i

ℏ2 2 1
e2
ZI e2
∇i + ∑
−∑
⃗I|
2mi
2 i, j |⃗ri −⃗r j | i,I |⃗ri − R

(2.4)

i̸= j

In this Hamiltonian, the first term represents the kinetic energy of electrons
(Te ), the second term is the external potential energy functional (Vext ) of the
electrons due to the frozen nucleus, and the third term is the Coulomb repulsion
induced potential energy functional (Vee ). The first and pioneering attempt to
solve Eq. 2.1 used the Hartree and Hartree-Fock methods.

2.2.2

Hartree–Fock Approximation

The Hartree Fock theory is one of the simpler approximation theories for
solving the many-body Hamiltonian [64]. It is based on the simple concept
that all electrons are moving independently; thus, the many-body electron
wave function can be simplified as a product of single-electron wave functions,
and we can obtain single-electron Hamiltonian equations using the variational
principle. The wave function is constructed in a single Slater determinant form.
However, the Hartree-Fock theory neglects the correlations between electrons, leading to an incorrect description of the electronic structure. Although
qualitatively correct for many solid-state systems, the theory is inadequate
to make accurate quantitative predictions. Moreover, for large systems, this
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method needs a large number of computational resources. For an N-electron
system, 4N variables are used to construct the wave function. Thus, the complexity increases sharply as the number of electrons increases. Another method
to solve the many-body Hamiltonian is based on the density functional theory, which has been widely adopted and used in computational studies of
condensed matter physics and chemistry.

2.3

Density functional theory (DFT)

In 1964, Hohenberg and Kohn proposed that all properties of a system can be
uniquely expressed as functionals of the ground-state density, ρ0 (r), as they
noted that there is one-to-one correspondence between the external potential
and ground-state density. This led to the formulation of DFT, a computational
scheme that uses the electron density as the basic component instead of the
complicated many-body wave function.

2.3.1

Hohenberg–Kohn Theorems

Hohenberg and Kohn unraveled the exact theory of interacting many-body
systems based on two statements [61].
First, for a system containing only equivalent Fermi particles without
considering spins, the ground-state energy is the unique function of particle
density distribution function ρ(r). Thus, we can fully determine a system
without knowing the wave functions or considering the spin densities.
Second, energy function E[ρ(r)] attains its minimum when ρ(r) corresponds to the ground state, and E[ρ(r)]min becomes the ground-state energy.
This theorem is a variational principle of DFT, which provides a method for
applying variational methods to solve specific problems.
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The Hohenberg-Kohn formalism reveals that particle density distribution
function ρ(r) is an essential variable of the properties of a many-body system’s
ground state. The variation of energy functional E[ρ(r)] is a route to determine
the ground state of a system.
In summary, according to Hohenberg and Kohn theorem, the ground-state
energy and particle density function can be determined by the minimum of the
energy functional E[ρ(r)].
E[ρ(r)] ≡

Z

drvext (r)ρ(r)+ < ψ|T +U|ψ >

(2.5)

Here, vext (r) is the external potential energy, T is the kinetic energy of the
electrons, and U is the interaction energy among the electrons. The < ψ|T +
U|ψ > term in Eq. 2.5 can be written as:
< ψ|T +U|ψ >= T [ρ(r)] +

1
2

′

Z

′

drdr

ρ(r)ρ(r )
+ Encl [ρ(r)]
′
|r − r |

(2.6)

The first and second terms are the kinetic energy functional and Coulomb
interactions among the electrons (Hartree term), respectively. The third term,
Encl [ρ(r)], is the non-classical term that includes the self-interaction, exchange,
and correlation effects. From Eqs. 2.5 and 2.6, we can have
Z

E[ρ(r)] =

drvext (r)ρ(r) + T [ρ(r)] + JHartree [ρ(r)] + Encl [ρ(r)]

(2.7)

where,
1
JHartree [ρ(r)] =
2

Z

′

ρ(r)ρ(r )
drdr
′
|r − r |
′

(2.8)

By minimizing energy functional E[ρ(r)], we can obtain the ground-state
density distribution and corresponding total energy. However, only the external
potential term and Hartree term in Eq. 2.7 are known, while the explicit forms
of all others still need to be determined. The approximation to the functional
Encl [ρ(r)] was proposed by Kohn and Sham [63].
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Kohn–Sham Equations

To obtain a proper solution for the unknown terms in the Hohenberg-Kohn
equation, Kohn and Sham presented a practical approach [63]. The KohnSham formalism replaces the kinetic energy, T [ρ(r)], and non-classical term,
Encl [ρ(r)], of the many-body system by a summation of the exact kinetic
energy of a non-interacting system, Ts [ρ(r)], with the same charge density
distribution and XC term Exc . Applying the Kohn-Sham formalism:
T [ρ(r)] + JHartree [ρ(r)] + Encl [ρ(r)] = Ts [ρ(r)] + JHartree [ρ(r)] + Exc [ρ(r)]
(2.9)
Here, Ts [ρ(r)] is a functional of the single-electron Kohn-Sham orbitals,
(ψi (r)), as:
Ts [ρ(r)] = −

ℏ2 occ
∑ < ψi|∇2i |ψi >
2me i=1

(2.10)

Thus, the energy functional of the system can be written as:
EKS [ρ(r)] = Ts [ρ(r)] + JHartree [ρ(r)] +Vext [ρ(r)] + Exc [ρ(r)]

(2.11)

In this formalism, the Ts [ρ(r)] and JHartree terms account for the distribution
of electrons and are universal for any system. The external potential, Vext [ρ(r)],
is different for different structures and depends on their electronic properties.
However, the XC term, Exc [ρ(r)], is still unknown and can be defined by
different efficient approximations.
Now, the ground-state energy can be obtained by minimizing the energy
functional and employing the Hohenberg-Kohn theorem. The minimum of
the energy functional with respect to the electron distribution, ρ(r), can be
described by the Schrödinger-like Kohn-Sham equation as:
1
HKS (r)ψi (r) = [− ∇2 +VKS (r)]ψi (r) = εi ψi (r)
2

(2.12)

VKS (r) = VHartree (r) +Vext (r) +Vxc (r)

(2.13)
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ρ(r2 )
dr2
|r − r2 |

(2.14)

The term Vxc is the XC potential, which is the partial derivative of the XC
energy, Exc , written as:
Vxc (r) =

δ Exc [ρ(r)]
δ ρ(r)

(2.15)

Then the electron density distribution of the ground state can be computed by
the following:
occ

ρ(r) = ∑ |ψ(r)|2

(2.16)

i=1

Now, the total energy can be calculated by the sum of the occupied eigenstate
energy values. The only term left in the equation is the XC term, Exc [ρ(r)], for
which several efficient approximations have been proposed.

2.4

Exchange–correlation (XC) Functionals

The Hohenberg, Kohn, and Sham equations successfully solve the interacting
many-body system based on the single-particle model and make the problem
much easier. However, the XC term, Exc [ρ(r)], in the equations is unknown.
Since the birth of DFT some sort of approximations for Exc [ρ(r)] have been
used. By now there is an almost endless list of approximated functionals with
varying levels of complexity. Rather recently John Perdew categorized the
many and varied Exc [ρ(r)] functionals that exist, onto the ladder with five
rungs, in a classification scheme known as “Jacob’s ladder” [65] as shown
in Figure 2.1. In this scheme functionals are grouped according to their complexity on rungs which lead from the Hartree approximation on “earth” to the
exact exchange-correlation functional in “heaven”. Furthermore, functionals
can be categorized as non-empirical (formulated only by satisfying some physical rules) and empirical (made by fitting to the known results of atomic or
molecular properties).
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Figure 2.1: Jacob’s ladder of density functional approximations to the
exchange-correlation energy
The first few rungs of this ladder are now briefly discussed as a means to
introduce some of the most common types of exchange-correlation functionals
in widespread use:

2.4.1

Local density approximation (LDA)

The first rung contains a functional that only depends on the density, namely,
the local density approximation (LDA) presented by Khon and Sham [63]. This
method approximates the XC energy density of a real spatially inhomogeneous
system at each point r by that of a homogeneous electron gas, εxc [ρ(r)].
LDA
Exc
(ρ) =

Z

drρ(r)εxc [ρ(r)]

(2.17)

The XC potential is written as:
Vxc [ρ(r)] =

δ Exc [ρ]
d
=
(ρ(r)εxc [ρ(r)])
δρ
dρ(r)

(2.18)
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The XC term, εxc , can be decomposed into exchange term εx and correlation
term εc . Exchange term εx was first defined by Dirac [66] and is written as:
3 3ρ 1
εx (ρ) = − [ ] 3
4 π

(2.19)

There is no analytical expression for the correlation term. Usually, the approximation is parameterized using results from exact quantum Monte Carlo
simulations.
When comparing LDA results with experimental results, the former usually
have several systematic problems, such as overestimation of the binding energy
and underestimation of the bond length and band gap. Moreover, for systems
in which the electron density is extremely uneven, e.g., transition metal oxide
systems, LDA does not perform well. Since the electron distribution is not
uniform, the XC energy in each position is dependent on the electron density
of the other positions. Thus, LDA is not adequate to give reliable results. An
attempt to improve LDA is generalized gradient approximation (GGA).

2.4.2

Generalized gradient approximation (GGA)

As explained before, LDA overlooks the inhomogeneities of the real charge
density, which can be very different than the homogeneous electron gas. This
has led to the development of GGA, which expresses the XC energy not only
in terms of the densities but also its local gradients.
Z

Exc [ρ] =

drρ(r)εxc [ρ(r), |∇ρ(r)|]

(2.20)

These generalized gradient approximation (GGA) functionals define the second
rung of Jacob’s Ladder and tend to improve significantly upon the LDA. The
three most widely used GGA approximations were proposed by Becke (BLYP)
[67], Perdew et al. (PW91) [68], and Perdew, Burke, and Enzerhof (PBE) [69].
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PBE

One of the recommended non-empirical GGA is that of Perdew, Burke, and
Ernzerhof (PBE) [69]. It has two different derivations, one which it shares
with its PW91 twin, and the other based upon satisfying constraints on the
exchange-correlation energy itself. Being a non-empirical functional with
reasonable accuracy over a wide range of systems and low computational
complexity, we have used the PBE approximation in most of our calculations
in this thesis.
2.4.2.2

HLE16

Another popular GGA for the studies of solid materials is the high local exchange functional (HLE16) [70]. These functionals gives good performance for
semiconductor band gaps and molecular excitation energies and is competitive
with hybrid functionals. By the simultaneous increase of the local exchange
and decrease of the local correlation, electronic excitation energies were improved without excessively degrading the ground-state solid-state cohesive
energies, molecular bond energies, or chemical reaction barrier heights.

2.4.3 meta-GGA
Adding the next natural set of local ingredients produces the meta-GGA or
third rung of Jacob’s ladder. These functionals use second derivative of the
density ∇2 ρ(r) and/or kinetic energy density τσ (ρ) as an additional degree of
freedom.
τσ (ρ) =

1
|∇ψi (ρ)|2
∑
2 i

(2.21)

Tao, Perdew, Staroverov, and Scuseria (TPSS) [71], Becke–Johnson (BJ) [72],
modified-BJ [73]and strongly constrained and appropriately normed (SCAN)
[74] are the most common and successful meta-GGA functionals being used.
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TPSS

The only non-empirical meta-GGA for exchange and correlation is that of
TPSS [71] which utilizes only the kinetic energy density τσ (ρ) without the
Laplacians ∇2 ρ(r). It is constructed by satisfying only constraints on the
exchange-correlation energy. Extensive numerical tests of TPSS suggest that
the non-empirical constraint satisfaction approach continues to work on the
meta-GGA level, producing a functional that is fully competitive with semiempirical ones.
2.4.3.2

BJ and modified BJ functional

Next on the list is the Becke–Johnson (BJ) functional [72]. This is a potentialonly approximation to the exchange contribution of Vxc [ρ(r)], built to resemble
the exact-exchange potential by using the Slater potential augmented by an
additional term:
BJ
Vx,σ

1
Slater
= Vx,σ
+
π

r

5
12

s

2τσ
ρσ

(2.22)

Modified Becke–Johnson (m-BJ) [73] is an adaptation of the BJ potential,
where each term is scaled by means of a new (density-dependent) parameter c:
r s
1
5 2τσ
mBJ
BR
Vx,σ
= cVx,σ
+ (3c − 2)
(2.23)
π 12 ρσ
BR is the approximation of Slater potential with the Becke-Roussel
Here, Vx,σ

(BR) [75] formula.
2.4.3.3

SCAN

Strongly constrained and appropriately normed (SCAN) functional [74] was
designed to obey 17 exact constrains, essentially using a function α as a
measure of electron localization (α ≈ 0 for single covalent bonds, α ≈ 1 for
metallic bonds, α > 1 for weak bonds), and using it to interpolate between
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well-approximated regimes. This machinery leads to a functional that is exact,
or very close to it, for a diverse range of model systems. In terms of results, it
represents a remarkable improvement for the calculation of formation energies
with respect to PBE, although it tends to overestimate them for magnetic alloys
by a factor of 2–3.

2.4.4

The Hybrid Functionals

These fourth generation functionals add “exact exchange” calculated from
the HF functional to some conventional treatment of DFT exchange and
correlation. The philosophy behind the hybrid functional is simple and rooted
in the “adiabatic connection” formula, which is a rigorous ab initio formula
for the exchange-correlation energy of DFT. One conventional expression of
this formula is:
Z 1

EXC =

0

Vxcλ dλ

(2.24)

where λ is an inter electronic coupling strength parameter that switches on the
1
|ri −r j |

Coulomb repulsion between electrons and Vxcλ is the potential energy

of exchange and correlation at λ . This formula connects the non-interacting
reference system with the fully interacting one at a density ρ(r). Recognizing
that the non-interacting λ = 0 limit is nothing more than HF exchange, it
is expected that exact exchange must play a role in “better” of exchangecorrelation functionals and thus LDA and GGA exchange and correlation
functionals are mixed with a fraction of HF exchange.
The most widely used functionals, particularly in the quantum chemistry
community, are the B3LYP, PBE0 and HSE.
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B3LYP

B3LYP [76] employs three parameters, a(1−3) (determined through fitting to
experiment) to control the mixing of the HF exchange and density functional
exchange and correlation. It has the following form:
LDA
EXC = EXC
+ a1 (ExHF − EXLDA ) + a2 ∆ExGGA + a3 ∆EcGGA

2.4.5

(2.25)

PBE0

The PBE0 functional [77] mixes the Perdew–Burke-Ernzerhof (PBE) exchange
energy and Hartree–Fock exchange energy in a set 3:1 ratio, along with the
full PBE correlation energy:
PBE0
HF
EXC
= (1 − α)EXC
+ α(ExPBE + EcPBE )

(2.26)

1
4

mixing, and this

A series of arguments exists to justify the use of a α =

is generally understood as an adequate value for a wide range of materials.
However, it has proved that this functional tends to overestimate band gaps of
semiconductors due to its constant mixing and to the lack of screening.
2.4.5.1

HSE

Another popular hybrid functional worth mentioning here is HSE
(Heyd–Scuseria–Ernzerhof) exchange–correlation functional [78]. The HSE
functional uses an error-function-screened Coulomb potential to calculate the
exchange portion of the energy in order to improve computational efficiency.
HF,SR
ωPBEh
(ω) + (1 − α)ExPBE,SR (ω) + EXPBE,LR + EcPBE
EXC
= αEXC

(2.27)

where α is the mixing parameter, and ω is an adjustable parameter controlling
the short-rangeness of the interaction. Standard values of α =

1
4

and ω = 0.2

(usually referred to as HSE06) have been shown to give good results for
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most systems. The HSE exchange–correlation functional degenerates to the
HF,SR
PBE0 hybrid functional for ω = 0. EXC
(ω) is the short-range Hartree–Fock

exact exchange functional, ExPBE,SR (ω) and ExPBE,LR (ω) are the short- and
long-range components of the PBE exchange functional, and EcPBE is the PBE
correlation functional.
LDA and GGA approximations accurately predict many ground-state properties, the band structures of semiconductors and insulators are significantly
underestimated compared with experimental results. These discrepancies are
caused by the lack of discontinuity of the XC potential. Several methods,
such as the hybrid functional scheme, incorporating exact exchange, and the
quasi-particle approach within the GW approximation, have been proposed
and implemented to overcome these limitations. They are computationally
demanding, complicating their applications. However, to accurately calculate
the band gap and band structures of semiconductors, we have used another
method based on LDA-1/2 approximation.

2.4.6

LDA-1/2 Approximation for Band Structure
Calculations

Ferreira et al. proposed a method called LDA-1/2, which calculates band gap
energies and band structures in good agreement with experimental data via
quick and simple calculations [79]. This method uses LDA approximation
together with the half-occupation technique to calculate the band gaps in
semiconductors [80]. Its low computational cost and simple implementation
within several ab initio approaches (e.g., pseudopotential calculations) make it
a promising method for studies of large and complex semiconducting systems.
Thus, we also use the LDA-1/2 method to accurately determine the band gap
energies and band structures of the 2D allotropes of β -Ga2 O3 in this thesis.
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The LDA-1/2 method is used to study the band structures of the predicted
2D structures in detail, and the LDA-1/2 pseudopotentials are generated by the
ATOM program [81]. The theoretical formulation and details of the LDA-1/2
method were originally presented by Ferreira et al. [79, 82], where they have
introduced the self-energy term Sα . Sα is a quantum-mechanical average of
self-energy potential Vs (r) with state α and electron density nα , expressed as:
Z

Sα =

d 3 rnα (r)Vs (r)

(2.28)

The self-energy potential Vs (r) is the difference between the Kohn–Sham
effective potential of the half-ionized state and the neutral state. Vs (r) is
added to the LDA pseudopotentials for the calculation of solids, especially
semiconductors and insulators. However, for long ranges, Vs (r) → 1/r, so
Vs (r) is multiplied by spherical step function Θ(r):




r
m 3
 [1 − ( CUT ) ]

Θ(r) = 
0

r ≤ CUT 

r > CUT

(2.29)

The usual and most effective choice is m = 8 [79]. Therefore, we set m = 8
in our calculations. The precise cutoff parameter CUT is determined by its
variation until the band gap of 2D β -Ga2 O3 is maximized. With this cutoff
radius, the spherical step function covers as much of the region occupied by
the valence band holes as possible.

2.5
2.5.1

Periodic DFT Calculations
Periodic Boundary Conditions and Bloch’s Theorem

The Kohn-Sham equations can only be solved for systems with finite electrons,
such as molecules and atoms, but crystal systems always have infinite electrons.
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However, this can be prevented by starting with a unit cell of a solid and
periodically repeating this in all (x, y, z) spatial directions. In a solid crystal
system, Bloch’s theorem is used to apply the periodic boundary condition,
which can be used to simplify and solve the translation vector equations. In a
periodic crystal with lattice translation vector R, the effective potential VKS
satisfies:
VKS (r + R) = VKS (r)

(2.30)

The Kohn-Sham wave function satisfies the boundary condition:
ψl,k (r + R) = eik.R ψl,k (r)

(2.31)

ψl,k (r) = eik.R ωl,k (r)

(2.32)

ωl,k (r) = ωl,k (r + R)

(2.33)

Here, k is the Bloch wave vector, l is the band index, ψl,k (r) is the Bloch wave
function, and ωl,k (r) is the periodic function.

2.5.2

Basis Sets

Single-electron wave functions must be expressed in terms of a good basis
set to solve the single-particle Kohn-Sham equations. A basis set is a set
of functions (called basis functions) linearly combined to create molecular
orbitals. Due to their different numbers of electrons and nuclear charges,
each atom’s basis function is different. This modifies the series of integrodifferential single-particle Schrödinger equations into a matrix equation that
can be solved computationally. These basis sets are classified into three types:
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Plane-Wave Basis Set

In this type of basis set, the wave functions (eigenfunctions of the Kohn-Sham
equations) are extended into a complete set of plane waves. We can write the
periodic wave function as a Fourier series:
ωl,k = ∑ cl,G eiG.r

(2.34)

G

Here, G is the reciprocal lattice vector satisfying G.r = 2πm, where m is an
integer and cl,G is the plane-wave expansion coefficient. Now, the Kohn-Sham
orbitals can be written as a linear combination of the complete plane-wave
basis set ei(k+G).r :
ψl,k (r) = ∑ cl,k,G ∗
G

Here,

1
Ω

1 i(k+G).r
e
Ω

(2.35)

is the normalization factor. For an infinite lattice, there are infinite

numbers of reciprocal lattice vectors. However, we do not need to expand all
plane waves of a system, and an expansion can be trimmed at a reasonable
approximation with a certain cutoff. The introduction of the plane-wave energy
cutoff reduces the basis set to a finite size, such that
Ecuto f f

ℏ2
=
|k + Gmax |2
2me

(2.36)

The cutoff results in a less accurate wave function and raises the system’s
energy but also improves the computational feasibility. This is because the
original wave function that spreads over the periodic lattice’s infinite space has
been transformed into a wave function localized inside just one of the periodic
cells. However, this wave function must be calculated at an infinite number of kpoints. The system must be tested for convergence to ensure that the truncation
effects are not affecting the conclusions drawn from the calculations. Quantum
ESPRESSO, VASP, and ABINIT are the most extensively used codes based
on the plane-wave basis set and pseudopotentials.
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Atomic Orbitals

In this method, atomic orbitals are used as the basis set to expand the oneelectron wave function in the Kohn-Sham equations. The most widely used
methods in this category are the linear combination of atomic orbitals (LCAO),
also called tight-binding (TB) [83], and the full-potential non-orthogonal local
orbital (FPLO) [84].
2.5.2.3

Atomic Sphere Methods

This basis set is a combination of the plane-wave basis set and localized
atomic orbitals. It uses the localized atomic orbital presentation near the nuclei
and plane waves in the interstitial region. The most well-known methods
are the full-potential linear muffin-tin orbital (LMTO) [85], as implemented
in LmtART, and full-potential linear augment plane wave (LAPW) [86], as
implemented in WIEN2K.

2.6

Pseudopotentials

In a crystal, the core electrons are tightly bound to the nuclei, and the Coulomb
potential is extremely strong near the nuclei. To balance the Coulomb potential,
the kinetic energy of the wave function becomes very large, and consequently,
the wave function oscillates many times and requires a considerable number of
Fourier components to be accurately represented. This calculation complexity
is reduced by using pseudopotentials, which approximate the interactions
between the core and valence electrons rather than treating them exactly. This
approximation is feasible because most physical properties of solids depend
upon the valence electrons; in contrast, the core electrons are almost inactive.
The pseudopotential is defined so that its wave function has no radial nodes
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within the core region, and the defined pseudo wave functions and potential
agree with the actual wave function and potential outside the cutoff radius rcut .
The pseudopotential theory is based on the orthogonalized plane-wave
(OPW) method. With the core states |ψc ⟩, and valence states |ψv ⟩ of an atom,
the Schrödinger equation can be written as follows:

Ĥ|ψc ⟩ = Ec |ψc ⟩

Ĥ|ψv ⟩ = Ev |ψv ⟩

(2.37)

Here, Ec and Ev are the energy eigenvalues of the core electrons and valence
electrons, respectively. The wave function of the valence electrons can be
written as a linear combination of the core states and pseudo wave functions:
|ψv ⟩ = ∑ |ψc ⟩acv + |ψ ps ⟩

(2.38)

c

Here, acv is the coefficient for the oscillating region. Applying the orthogonality condition ⟨ψc |ψv ⟩ = 0 and multiplying Eq. 2.38 by ⟨ψc |, we obtain the
following:
acv = −⟨ψc |ψ ps ⟩

(2.39)

|ψv ⟩ = |ψ ps ⟩ − ∑ |ψc ⟩⟨ψc |ψ ps ⟩

(2.40)

c

Using Eq. 2.40, the Schrödinger equation (Eq. 2.37) can be written as:
Ĥ|ψv ⟩ = Ĥ|ψ ps ⟩ − Ĥ ∑ |ψc ⟩⟨ψc |ψ ps ⟩ = Ĥ|ψ ps ⟩ − ∑ Ec |ψc ⟩⟨ψc |ψ ps ⟩
c

c

(2.41)
Multiplying Ev by Eq. 2.40 and putting the value of Ev |ψv ⟩ in Eq. 2.41, the
Schrödinger equation becomes:

Ĥ|ψ ps ⟩ + ∑(Ev − Ec )|ψc ⟩⟨ψc |ψ ps ⟩ = Ev |ψ ps ⟩

(2.42)

c

The above equation can be written as follows:
(Ĥ + V̂nl )|ψ ps ⟩ = Ev |ψ ps ⟩

(2.43)
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V̂nl = ∑(Ev − Ec )|ψc ⟩⟨ψc |

(2.44)

c

We can combine V̂nl with effective potential term V̂e f f in the Hamiltonian and
then obtain the pseudopotential:
V̂ps = V̂e f f + V̂nl

(2.45)

Here, V̂nl is repulsive in nature and can cancel parts of the Coulomb potential
in V̂e f f , making V̂ps weaker than the real potential.
The two most widely used forms of pseudopotentials in modern quantum
chemistry are the norm-conserving [87] and ultrasoft pseudopotentials [88].
The norm-conserving pseudopotentials require the norm of the pseudo wave
function to be identical to that of its corresponding wave function inside
cutoff radius rcut . Outside of rcut , the pseudo wave function is the same as the
corresponding all-electron wave function. Ultrasoft pseudopotentials forgo
the norm-conserving constraint and, hence, further reduce the basis set size.
The strategy is to make the pseudopotential fully non-local and take the form
of a sum of separable terms. Typically, using ultrasoft pseudopotentials for
calculations requires only half of the cutoff energy compared with using normconserving pseudopotentials. Ultrasoft pseudopotentials are related to the
projector augmented wave (PAW)technique.

2.6.1

Projector augmented wave (PAW) method

In this thesis, most of the DFT calculations are performed using the firstprinciples plane-wave method with PAW pseudopotentials [89, 90].
The PAW method was first defined by Blöch and is based on the pseudopotential method. It divides the wave function into two parts: the wave function
in the augmented (core) area and the wave function in the area outside the core
region. The two wave functions are connected continuously at the interface of

Pseudopotentials

38

the two regions. For the real all-electron wave function ψ(r) the number of
partial waves φ (r) needed in the core region is huge; thus, we need a smooth
auxiliary wave function ψ̃(r) to describe it with lower numbers of partial wave
functions φ̃ (r). The relationship between the real all-electron wave function
ψ(r) and the auxiliary pseudo wave function ψ̃(r) can be described by a linear
transformation T which is defined as:
T = 1 + ∑ TR

(2.46)

R

Here, TR is always zero outside the core region. For the core states, the partial
wave functions are orthogonal. Thus, the all-electron wave function can be
written as a linear combination of the partial waves.
|ψ(r)⟩ = ∑ pi |φi (r)⟩

(in the core region)

(2.47)

i

Here, pi is the expansion coefficient of the plane wave φi . Outside the core
region, the all-electron wave function and pseudo wave function should be
identical. Thus, we have the following:
φi (r) = φ̃i (r)

(outside the core region)

(2.48)

The operator TR and the coefficient pi can be written as:
TR |φ̃i = |φi ⟩ − |φ̃i ⟩

(2.49)

pi = ⟨qi |ψ̃⟩

(2.50)

Here, |qi ⟩ is the set of project functions. The functions satisfy the relation of
the completeness and orthogonality:

∑ |φ̃i⟩⟨q̃i| = 1

(2.51)

⟨φ̃i |q̃ j ⟩ = δi, j

(2.52)

i

and
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Thus, the pseudo wave function is written as:
|ψ̃⟩ = ∑ |φ̃i ⟩⟨q̃i |ψ̃⟩

(2.53)

i

Putting the value of TR in the above equation, the all-electron wave function
can be described as:
|ψ⟩ = |ψ̃⟩ + ∑(|φi ⟩ − |φ̃i ⟩)⟨q̃i |ψ̃⟩ = |ψ̃⟩ − ∑ |φ̃i ⟩⟨q̃i |ψ̃⟩ + ∑ |φi ⟩⟨q̃i |ψ̃⟩
i

i

i

(2.54)
Then, we can obtain the exact form of the operator between the pseudo wave
function and the real all-electron wave function:
T = 1 + ∑(|φi ⟩ − |φ̃i ⟩)⟨q̃i |

(2.55)

i

Using the transform operator, the Kohn-Sham equation can be written as
(H̃ − ε Õ)|ψ̃⟩ = 0

(2.56)

Here,
H̃ = T ⊤ HT

2.6.2

and

Õ = T ⊤ T

(2.57)

Hellmann–Feynman Force

In a DFT calculation, to optimize the structure to the local minimum in the
energy surface, we can compute the first derivative of the energy surface
(force). This should be exactly zero at the local minimum. The force on an
atom can be computed by the first derivative of energy E as:
Fi = −

∂E
∂ Ri

(2.58)

Here, Ri is the position of atom i, and
E=

⟨ψ|H|ψ⟩
= ⟨ψ|H|ψ⟩
⟨ψ|ψ⟩

(2.59)
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By substituting E in the Eq. 51, we obtain:


 

 
∂H
∂ψ
∂ψ
Fi = − ψ
|H|ψ − ψ|H|
ψ −
∂ Ri
∂ Ri
∂ Ri

(2.60)

By substituting H|ψ⟩ with E|ψ⟩, we get:





∂H
∂H
∂ ⟨φ |ψ⟩
=− ψ
ψ −E
ψ
Fi = − ψ
∂ Ri
∂ Ri
∂ Ri


(2.61)

This is the representation of the Hellmann–Feynman force. In a geometry
optimization calculation, the Hellmann–Feynman force on each atom should
be smaller than the convergence criteria.

Summary
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Summary

In this chapter, we highlighted the theoretical concepts of DFT calculations.
Both the Hohenberg-Kohn and Kohn-Sham theorems were discussed in detail, as they form the basis of DFT. Exchange–correlation (XC) potentials are
essential components of DFT calculations, describing the effects of the Pauli
principle and the Coulomb potential beyond the pure electrostatic interactions
of the electrons. To solve these XC potentials, various approximations, e.g.,
LDA, GGA, and LDA-1/2, discussed in this chapter are used in rest of the thesis. To simplify and solve the Kohn-Sham equations, the Bloch theorem is used
to apply the boundary conditions. A plane-wave basis set is used to express the
single-particle wave function to solve the Kohn-Sham equations. Moreover, in
this thesis, most DFT calculations are performed using PAW pseudopotentials
to reduce the calculation complexity by balancing the Coulomb potential of
tightly bound core electrons and kinetic energy of wave functions. Chapter 3
highlights the use of DFT for calculating the structural, thermal, and electronic
properties of novel 2D metals and metallic oxides.

Chapter 3
Computational Methodology
Overview: Chapter 3 provides the computational details needed to perform
first-principle calculations for studying the structural, thermal, and electronic stability and properties of predicted 2D atomic layer crystals. We
first present an overview of the structure prediction software CALYPSO
and its computational details to obtain stable periodic structures. Then, we
review the basics of VASP, an ab initio code used throughout this research
to perform all DFT calculations. Finally, to gain a deep understanding of
the relative stability, unique bonding nature, and thermal and electronic
properties of the predicted 2D crystals, the theoretical backgrounds and
computational details of the ELF, phonon calculations, and electronic DOS
and band structure calculations are presented. Throughout this chapter,
Ga(010) (the 2D atomic layer of gallium along the [010] direction) is used as
an example to discuss the preliminary results of all calculations performed.
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Introduction

To explore group 13 metals Al, Ga, and In and metallic oxide β -Ga2 O3 for stable 2D atomic layer crystals using first-principles design, we have constructed
simple 2D candidate materials from their known bulk structures. Atomic layer
crystal structures along specific crystallographic directions, e.g., [100], [010],
[001], [1̄00], and [2̄01], have been cleaved from their bulk counterparts, and
investigated for their structural stability. From these cleaved 2D candidate materials, only the structures that appear realistic and stable have been considered
for further investigation.
In addition to the chosen 2D structures, we have also considered two known
2D allotropes of Ga: Ga(100) and Ga(010) [36]. As Al, Ga, and In belong to
the same group of the periodic table, we have assumed structural symmetry
among them and explored the known 2D structures of Ga for Al and In. To
further explore and validate the prediction of the 2D candidate structures, we
have performed an unbiased structural search for the 2D allotropes of these
materials using the particle swarm optimization (PSO) methodology available
in CALYPSO.
The structural, electronic, and thermal stability of these predicted 2D
materials has been studied by calculating their electronic structures and properties and thermal and bonding characteristics using VASP, employing density
functional theory (DFT). Moreover, electron localization function (ELF) calculations have been performed to gain comprehensive insight into the relative
stability and unique bonding nature of the predicted 2D structures.
Their stability has been further verified by studying their thermodynamic
properties using the PHONOPY code under the harmonic approximation. We
have calculated the dynamical stability via the phonon density of state as a
function of strain to understand the importance of substrate interactions for the
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predicted structures. Furthermore, the electronic density of state (DOS) and
band structures have also been obtained for an in-depth investigation of their
electronic properties.
This chapter is focused on the computational details required to perform
all these calculations and provides an overview of VASP and CALYPSO.
The organization of this chapter is as follows: Sections 3.2 presents the
methodology and computational details of CALYPSO. Then, Section 3.3
provides the theoretical backgrounds and computational details of the VASP
code used to calculate the ELF, the phonon calculations, and the electronic
DOS and band structure calculations. Finally, Section 3.4 outlines the summary
and contributions of this chapter.

3.2

CALYPSO (Crystal structure AnaLYsis by
Particle Swarm Optimization)

In this work, 2D candidate materials were cleaved from their bulk counterparts
oriented in specific crystallographic directions. However, to further investigate
bulk metals Ga, Al, and In and metallic oxide β -Ga2 O3 for more stable 2D
allotropes, we used crystal structure prediction software.
Within the last few decades, various crystal structure prediction methods
have been proposed and successfully used for structural predictions [54, 55,
56], including random sampling, simulated annealing, metadynamics, genetic
algorithm (GA), particle swarm optimization (PSO), basin hopping, and ab
initio random structure search. In this research, we used PSO-based software
CALYPSO for the crystal structure prediction [57, 58].
The global optimization method PSO is a distributed behavior algorithm
that performs multidimensional optimization inspired by the choreography
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Generation of random
structures with the constraint
of symmetry
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List the geometric structure parameters
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Generation of new structures by
PSO (some structures are
generated randomly)
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Yes

Stop the structure search !

Figure 3.1: Flowchart of major steps in 2D structure search in CALYPSO
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of bird flocking. As a numerical method for structure prediction based on
this algorithm, CALYPSO has been widely accepted by researchers to predict
stable and realistic structures for given chemical compositions [59, 60].
CALYPSO performs four main steps to obtain stable periodic structures,
as depicted in the flowchart shown in Figure 3.1: (1) formation of the initial
structures with symmetry constraint; (2) local optimization of these structures
performed using DFT using VASP; (3) identification of unique local minima
using the geometrical structure parameter; and, (4) more crucially for an
unbiased structural search, generation of new structures by a PSO algorithm.
This code has been successfully used to predict the crystal structures of many
elements and compounds like lithium–boron [91, 92, 93]. In the presented
work, we predicted various low-lying 2D structures using CALYPSO by
specifying their chemical compositions.

3.2.1

Computational Details

Preferable 2D structures of Al, Ga, and In were obtained by conducting an
unbiased structure prediction in CALYPSO. The structure predictions were
performed using a unit cell containing up to four atoms. Each generation
contained 100 structures, and 60% of the structures were generated from
the lowest-enthalpy structures via the PSO algorithms. The remaining 40%
were new and randomly generated to ensure the diversity of the structures. A
high cutoff energy of 200–400 eV was used to optimize and relax the lattice
parameters. A k-point spacing of 0.2 Å was adapted to sample the Brillouin
zone to ensure the energy convergence to 0.04 eV. For the structural prediction
of 2D β -Ga2 O3 , a unit cell with three Ga2 O3 units was considered, and the
cutoff energy was set at 400–500 eV for the optimization and relaxation of the
structures.
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Figure 3.2: Crystal structure of Ga(010) predicted by CALYPSO
We obtained low-lying 2D structures for Al, Ga, and In from CALYPSO.
Figure 3.2 shows one of the 2D crystal structures of gallium obtained by CALYPSO. After further optimization using VASP, we found that the formation
energy and lattice parameters of this low-energy structure were indistinguishable from the crystallographic structure of 2D Ga cleaved from bulk gallium
along the [010] direction. The unit cell structures and lattice parameters of all
2D structures of Al, Ga, and In predicted by CALYPSO are presented in detail
in Chapter 5.

3.3

VASP (Vienna Ab initio Simulation Package)

In this research, VASP was used as a simulation tool for studying the structural,
thermal, and electronic properties of all predicted 2D atomic layer structures. It is a leading ab initio density functional code used for atomic-scale
modeling of a wide range of materials. It accurately computes the structural,
energetic, electronic, and magnetic properties of materials by approximating the solution to the many-body Schrödinger equation using either DFT
based on the Kohn-Sham equations or the Hartree-Fock approximation, solv-
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ing the Roothaan equations. Furthermore, many-body perturbation theory
(second-order Møller–Plesset), hybrid functionals, and Green’s functions (GW
quasiparticles and ACFDT-RPA) are also available in VASP.
VASP uses plane-wave basis sets to describe quantities, e.g., one-electron
orbitals, the local potential, and the electronic charge density. The interactions
between electrons and ions are expressed using norm-conserving or ultrasoft
pseudopotentials or the PAW method. The theoretical backgrounds of DFT,
plane-wave basis sets, pseudopotentials, and the PAW method were discussed
in Chapter 2.

3.3.1

Computational Details

In this thesis, all electronic structures and properties, thermal and bonding
characteristics were calculated using the VASP code based on DFT [94, 95,
96, 97]. The first-principles plane-wave method with projected-augmented
wave pseudopotentials (PWA) was used for these calculations [98, 99]. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation (XC) functional was
approximated in the generalized gradient approximation (GGA) [100].
For all the three elements (Al, Ga, In), a single unit cell was used to
simulate isolated sheets. Gallium was modeled using eight atoms per unit cell
and aluminium and indium using four and two atoms per unit cell, respectively.
The plane-wave cutoff energy was considered to be 200 eV for gallium and
indium but was 400 eV for aluminium. A 16 × 16 × 16 Monkhorst–Pack (MP)
k-mesh was used to sample the Brillouin zone for optimization of the bulk
aluminium, gallium, and indium [101].
The detailed structural parameters and computational methodologies used
to study the 2D allotropes of Al, Ga, and In are discussed in Chapter 4. To
avoid artificial interactions between the layers of the 2D structures, vacuum
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regions of ≈ 20 Å in the direction perpendicular to the plane were used. For
2D structures, the Brillouin zone integration was performed using a wellconverged 2D MP grid, and the Fermi surface smearing width was set at 0.2
eV for all self-consistent calculations.
Here, one of the 2D allotropes of gallium, Ga(010), is taken as an example.
Ga(010) is a zigzag rhombic lattice with bond lengths δ1 = 2.72 Å and δ2 = 2.69
Å and the angles α1 = 114.43◦ and α2 = 111.87◦ , as shown in Figure 3.3 (a).
It retained its original shape after complete relaxation with nearly equal Ga-Ga
bond lengths, δ1 = δ2 = 2.69 Å, angles, α1 = 113.97◦ and α2 = 113.29◦ , and
buckling height ∆ = 1.39 Å.
For bulk β -Ga2 O3 , a single unit cell consisted four Ga2 O3 units with cell
dimensions of a = 12.23 Å, b = 3.04 Å, and c = 5.80 Å and β = 103.7◦ [102].
A plane-wave cutoff energy of 650 eV and 16 × 16 × 16 MP k-mesh was used
to sample the Brillouin zone for the optimization of the bulk β -Ga2 O3 . The
unit cell structures and lattice parameters of the 2D allotropes of β -Ga2 O3 are
presented in detail in Chapter 6.
We explored the stability of the predicted 2D layered structures by optimizing the structures and using an ELF analysis to interpret their bonding
nature.

(a)

Top View

Side View

(b)

Top View

Side View

Relaxed

x

x

z

z

Figure 3.3: Crystal structure of Ga(010) (a) Original, (b) Optimized
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Electron localization function (ELF) Analysis

To gain a deep intuition into the relative stability and unique bonding nature of
these predicted 2D sheets, we performed ELF calculations. First introduced by
Becke and Edgecombe, the ELF is a valuable tool to analyze and classify the
bonded interactions and electron localizations in molecules and solids [103].
In ELF calculations, the electron localization is associated with the probability density to find a second like-spin electron near the reference point. The
Pauli repulsion D(r) between two like-spin electrons is defined as:
σ

D(r) = ∑ |∇ψi (r)|2 −
i

1 |∇ρ(r)|2
4 ρ(r)

(3.1)

The size of D(r) is the measure of the electron localization. For small probability densities, D(r) is also small, and the electron is more localized.
For a uniform electron gas,
3
Dh (r) = (6π 2 )2/3 ρ(r)5/3
5

(3.2)

Using this corresponding factor Dh (r) for a uniform electron gas, Becke and
Edgecombe defined the ELF as:
η(r) =

1
2 (r)
1 + χBE

(3.3)

where,
χBE (r) =

D(r)
Dh (r)

(3.4)

Becke and Edgecombe defined the ratio χBE (r) as a dimensionless localization index calibrated with a uniform electron gas. ELF is just a relative
measure of the electron localization and ranges between zero and one. High
ELF values greater than 0.7 show that the electrons are more localized at the
examined position, indicating that there may be core or bonding regions or
lone pairs. However, for low ELF values, i.e., 0.7 < η(r) < 0.2, the electron
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localization resembles the electron gas, representing the metallic nature of the
bonds. The localization domains are defined by the isosurfaces of the ELF, and
they may enclose one or more local maxima (points). The ELF of a system
can be demonstrated through 3D ELF images, for which a suitable isosurface
value of η(r) (Eq. 3.3) needs to be chosen.

(a)

(b)

(c)

(d)

(e)
(f)

Figure 3.4: ELF images of (a) C2 H6 (b) trans-butadiene (c) ammonia molecule
(NH3 ) (d) H2 O (e) NaCl and (f) I2 molecule, at an isosurface value of η = 0.8

VASP (Vienna Ab initio Simulation Package)

52

Figure 3.4 shows shows typical examples of covalent, ionic and molecular
bonds identified using ELF analysis. The isourface value of all the ELF images
was set at η = 0.8. Typical covalent bonds, such as in C2 H6 show that ELF
achieves to describe regions of space that can be attributed to electron pairs
as shown in Figure 3.4 (a). ELF basins for lone pairs are similar to those for
bonds. One can see their tetrahedral arrangement in NH3 (Figure 3.4 (b). The
lone pairs tend to be less well separated than the bond pairs as in H2 O, the
bifurcation of the lone pairs occurs at a higher value than for the OH bonds.
The eye has more difficulty to recognize immediately the delocalization effect.
In ethane (Figure 3.4 (a)), the f-localization domain was close to cylindrically
symmetric around the line joining the two C nuclei. In trans-butadiene, Figure
3.4 (d), the central C-C bond gets a deformation toward the shape of a double
bond.
In ionic solids, spherical distribution of ELF around the nuclei is obtained
that resembles that of a noble-gas atom. Figure 3.4 (e) shows an ELF isosurface
in NaCl. Small Na and large Cl species can be easily identified. Whereas
chlorine shows three shells, the last (third) shell of sodium is not present
suggesting the charge transfer from Na to Cl. The spherical character of the
ELF distribution is more pronounced for the harder Na cation than for the
softer Cl anion. The fact that the ions get together in spite of the repulsion is
due to some attractive force that is not visible in the picture and we know that
it is the electrostatic force that brings together the ions. The I2 molecules form
a molecular crystal. When a high values for ELF is chosen, one can identify
the electron pair domains making the bond between I atoms, and a torus, for
the three lone pairs on each of the I atoms as shown in Figure 3.4 (f). Now,
getting some idea of how different bond types have different ELF images, we
can analyse the ELF images of 2D structures of metals and metallic oxide.
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(b) Tilted View

Figure 3.5: ELF image of Ga(010) at an isosurface value of 0.63
Figure 3.5 represents the ELF image of Ga(010) at an isosurface value
of 0.63. As shown in the figure, the regions between the Ga atoms along
the horizontal direction are characterized by overlapping circular localization
domains, indicating a covalent character, while smaller values of electron
localization are found in other (vertical) direction, thus predicting a metallic
character.

3.3.3

Phonon Calculations

The thermodynamic and lattice dynamic stabilities of predicted 2D structures
are important for their practical applications. To comprehensively investigate
the stability of the predicted 2D structures studied in this thesis, we calculated
their formation energies and phonon dispersion curves.
The DFT calculations of materials provide information about the energy
and stress of the system as well as the force acting on each atom. When
an atom in a crystal is displaced from its equilibrium position, the forces
on all atoms in the crystal increases. Analysis of the forces associated with
a systematic set of displacements provides a series of phonon frequencies.
The relationship between the phonon frequencies and the wave number is
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called phonon dispersion. We have used the PHONOPY toolbox to perform
first-principles phonon calculations based on the finite displacement method
[104]. Using VASP, the force constant of each atom in a crystal structure is
calculated, and then PHONOPY analyze this data to provide a series of phonon
frequencies.
In a crystal lattice, atoms keep moving with displacements u(lk) around
their equilibrium positions r(lk), where l and k are the unit cell and the number
of atoms in each unit cell, respectively. Now, the crystal potential energy Φ, a
function of the atom displacement, is defined as:
Φ = Φ0 + ∑ ∑ Φα (lk)uα (lk) +
lk α

1
Φαβ (lk, l′ k′ )uα (lk)uβ (l′ k′ )
∑
2 ll∑
′ kk′ αβ

1
+
Φαβ γ (lk, l′ k′ , l′′ k′′ )uα (lk)uβ (l′ k′ )uγ (l′′ k′′ ) + ...
∑
∑
3! ll′ l′′ kk′ k′′ αβ γ

(3.5)

Here, α, β , γ..... are the Cartesian indices. The coefficients of the series
expansion, Φ0 , Φα , Φαβ , and Φαβ γ , are the zeroth-, first-, second-, and thirdorder force constants, respectively. At a constant volume and small displacements, the atomic vibrations are calculated by treating the second-order terms
as the harmonic approximation, and the higher-order terms are calculated using
the perturbation theory.
With the force Fα (lk) = − ∂ u∂αΦ(lk) , an element of second-order force constants Φαβ is defined as:
∂ uβ (l′ k′ )
∂ 2Φ
=
−
∂ uα (lk)
∂ uα (lk)∂ uβ (l′ k′ )

(3.6)

Crystal symmetry is used to increase the numerical accuracy of force constants
and lower the computational cost.
The dynamical property of atoms in the harmonic approximation is obtained by solving the eigenvalue problem of dynamical matrix D(q):
D(q)eq j = ωq2j eq j

(3.7)
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Figure 3.6: Phonon dispersion curve for Ga(010)
or

∑′ Dkk′ (q)eq j = ωq2j eαk
qj
αβ

(3.8)

βk

with
αβ

Dkk′ (q) = ∑
l′

Φαβ (0k, l′ k′ ) iq[r(l′ k′ −r(0k)]
e
√
mk mk′

(3.9)

Here, mk is the mass of the atom k, q is the wave vector, and j is the band
index. Now, the phonon frequencies can be calculated as square roots of the
eigenvalues of the dynamical matrix D(q) as shown by [104].
3.3.3.1

Computational detail

For 2D Al, Ga, and In, the interatomic forces were calculated with an energy
cutoff of 500 eV. Then, their phonon dispersion was calculated with a supercell
size of 9 × 9 × 1. To analyze the effect of the lattice parameters on the dynamical stability of the 2D structures, phonon dispersion curves were calculated for
all monolayer structures by applying uniform in-plane strain.
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For β -Ga2 O3 , the energy cutoff was set to 650 eV, and a supercell size of
3 × 3 × 1 was used to calculate the phonon spectrum.
Figure 3.6 shows the phonon spectrum of Ga(010). The negative frequencies in the Ga(010) phonon spectrum vanishes after applying uniform in-plane
strain, as explained in detail in Chapter 4, Section 4.3.4.

3.3.4 Electronic density of state (DOS) and Band Structure
Calculations
Two-dimensional materials provide an excellent demonstration of the close
relationship between quantum mechanics and the invention of novel materials.
The Schrödinger equation for electrons in crystal can be written as:
Hn (k)ψn = En (k)ψn

(3.10)

The graph between the eigenenergies En obtained from the above equation and
the wave vector k provides the dispersion relationship, commonly called the
band structure. The formation of energy bands in solids resembles the energy
levels in molecule orbitals. When isolated atoms are brought together in a solid,
they form discrete energy levels based on the Pauli exclusion principle. These
are so dense that they can be considered as continuum and are called energy
bands. Band structures are beneficial for explaining the different chemical and
physical properties of a material, such as the electrical resistivity and optical
absorption.
An insightful understanding of the electronic structure of materials can be
obtained by combining and comparing their band structures based on DFT
calculations and experimental measurements. Such knowledge allows us to
look inside the electronic structure and provide us with the ability to manipulate
it to achieve desired physical and chemical properties. Figure 3.7 shows the
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Figure 3.7: Band structure of β -Ga2 O3
calculated band structure of β -Ga2 O3 as an example. The band gap obtained
is Eg = 4.501 eV, which seems to be in good agreement with the experimental
data [105], indicating the validity of the theory and reliability of the method in
interpreting the electronic structure of β -Ga2 O3 .
The band structure provides information on the dispersion relation between
the wave number k and energy for each band. However, we cannot directly
observe how the energy states are distributed in the energy scale, but this
information can be given by the DOS, which describes the number of states
per interval of energy. If the DOS at a specific energy is high, that means
there are many available states for occupation, while zero on the DOS graph
indicates zero occupancy. Experimentally speaking, hard X-ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS) are powerful tools
to characterize occupied and unoccupied states, respectively [106]. However,
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Figure 3.8: Projected band structure and DOS of Ga(010)
the spectral measurement process involves core-hole and screening effects,
which are not considered in ground-state DOS calculations.
Therefore, for an in-depth investigation of the electronic properties of
predicted 2D allotropes, their electronic DOS and band structures are obtained.
3.3.4.1

Computational details

In this work, to calculate the band structure and DOS of 2D metals Al, Ga,
and In, the k-point sampling was set as 9 × 9 × 1 and 30 × 30 × 1 for the self
consistent and non-self consistent calculations, respectively. Figure 3.8 shows
the band structure and DOS of Ga(010); the zero on the graph corresponds to
the Fermi energy. Ga(010) is indicating the metallic behavior because of the
finite DOS at the Fermi energy. A detailed explanation of the band structure
calculation of the 2D allotropes of Ga, Al, and In is presented in Chapter 4.
We used the generalized gradient approximation (GGA) XC potential
within the DFT calculations to study most of the thermal and electronic properties of the 2D structures. However, while the GGA can accurately predict many
ground-state properties, it significantly underestimates the band structures of
semiconductors and insulators compared with experimental results. Thus, we
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also used the LDA-1/2 method to accurately determine the band gap energies
and band structures of the 2D allotropes of semiconductor oxide β -Ga2 O3
[79, 80]. Theoretical formulation and details of LDA-1/2 method are presented
in Chapter 2, and results are discussed in detail in Chapter 7.

Summary

3.4
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Summary

In this chapter, we presented theoretical insights and computational methodologies for studying the various structural, thermal, and electronic properties
of novel 2D metallic elements Al, Ga, and In and metallic oxide β -Ga2 O3 .
The detailed working of CALYPSO was highlighted, and the results of the
structural prediction of the 2D atomic layers of Ga were discussed. The theoretical backgrounds and computational details of the ELF, phonon calculations,
and electronic DOS and band structure calculations using VASP were also
presented.

Chapter 4
Two-dimensional Aluminium,
Gallium, and Indium Metallic
Crystals by First-principles Design
Overview: Rapidly emerging 2D atomic layer crystals exhibit diverse, tunable electronic properties. They appear to be more flexible than 3D crystals,
with greater versatility and improved functionality in a wide range of potential applications. Among these 2D materials, metallic crystals are relatively
unexplored, although two allotropes of gallenene (i.e., 2D gallium) have
been synthesized on a range of substrates. Based on these experimental findings, we systematically investigate the group 13 metals using first-principles
DFT calculations and an unbiased structural search. In this chapter, the
electronic structure, bonding characteristics, and phonon properties of the
predicted 2D allotropes of the group 13 metals are calculated, including the
expected effects of strain induced by substrates on the dynamical stability.
The theoretical results anticipate that most of these elements have one or
more stable 2D allotropes. It is indicated that the substrate determines the
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preferred allotrope, as the allotrope depends on the cell shape relaxation
and strain.

4.1

Introduction

Two-dimensional materials have compelling chemical and physical features
compared to their bulk counterparts, making them favorable contenders for
next-generation electronic, optical, and sensor applications [2, 3]. Since the
isolation of graphene, these materials have received significant attention in the
fields of condensed matter physics, material science, biomedicine, composite
materials, and microelectronics [4, 5, 107].
Covalently bonded two-dimensional materials have an extensive range of
intriguing qualities [17, 18]. For instance, graphene has an intrinsic breaking
strength alongside an excessive charge carrier concentration and mobility.
Moreover, it has high thermal conductivity and can display the quantum spin
Hall effect even at room temperature [19, 20, 21, 22]. Similarly, transition
metal carbides have high chemical and thermal stability and conductivity
in electric charge carriers, e.g., capacitors and batteries [23]. Additionally,
transition metal chalcogenides and hexagonal boron nitride are known for
their unique properties and applications, e.g., transparent conductive films,
ultra-sensitive chemical sensors, thin-film transistors, quantum dot devices,
and anti-corrosion coverings [24, 25, 26, 27]. The atoms within the layers are
covalently bonded in these layered structured materials, and only weak van
der Waals interactions contribute to the bonding in the third dimension. Thus,
the layers can be easily flaked off into 2D structures [28, 29].
Recently, metallic layered atomic crystals have emerged as an additional
avenue in the field of 2D materials due to their promising potential applications
in biosensing and bioimaging, catalysis, gas sensing, and magnetic recordings,
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making them an inviting research subject [7, 8]. However, they are largely
unexplored. Although several physical deposition techniques have been used
to fabricate metallic thin films with a few atomic layers, e.g., K, Pb, and
In on graphene and Si(111) as substrates [32, 33] – still, the production of
freestanding ultrathin metallic crystals is nontrivial. The latest research [34, 35]
also encourages further study of 2D metals.
A recent experimental solid–melt exfoliation technique presented by
Kochat et al. [36], has made the viability of 2D Ga, i.e., gallenene, apparent. Their theoretical work reports on the stability and successful exfoliation
of atomically thin gallium layers on a silicon substrate. Two distinctly oriented
planes of α-Ga, along the [100] and [010] directions, have been investigated
by first-principles calculation and prepared by solid–melt exfoliation. The
successful exfoliation and stability of 2D structures of gallium, Ga(010), and
Ga(100) on certain silicon substrates indicates that we can have other 2D
metals that can be extracted using different substrates, where the dynamical
stability of the metal depends sensitively on the substrate-induced strain, as
shown in phonon density of state calculations.
Although extensive work has been done on borophene, a systematic investigation of the group 13 elements is still needed [108, 109, 110, 111]. Using
the known structures of 2D gallium as a guide for calculations based on DFT,
this chapter is focused on the investigation of Al, Ga, and In. For each element,
different atomically thin layers oriented in specific crystallographic directions
have been theoretically predicted and termed as “aluminene,” “gallenene,” and
“indenene,” respectively.
As Al, Ga, and In belong to the same group of the periodic table, having
the same number of valence electrons and chemical behaviors, we can assume
they have a certain ability to adopt the same structure. Assuming structural
symmetry between the same group elements and considering the successful ex-
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foliation of gallenene sheets, we have explored the same structures of Ga(100)
and Ga(010) for Al and In. Similarly, the Al(111) plane has been investigated
and considered for both Ga and In.
To further investigate and find stable 2D structures of Al, Ga, and In besides
the (100), (010), and (111) layered structures, we have used the structure
prediction software CALYPSO [57, 58], discussed in detail in the next chapter.
To investigate the stability of these elemental 2D metals, their electronic
structure and bonding characteristics have been calculated using PAW pseudopotentials based on DFT. Their stability has further been verified by studying
their thermodynamic properties using PHONOPY code under the harmonic
approximation. We have calculated their dynamical stability via the phonon
density of state as a function of strain to understand the importance of the
substrate interactions for the predicted structures. Furthermore, the electronic
DOS and band structures have been obtained for an in-depth investigation of
their electronic properties.
The organization of this chapter is as follows: Section 4.2 briefly outlines
the computational details and methodologies used to predict and optimize
the 2D structures and to study their electronic and thermodynamic properties.
Section 4.3 presents the results and discusses the potential of these materials
to be obtained experimentally. Section 4.4 gives some concluding remarks and
finally Section 4.5 presents the list of publications extracted from this chapter.

4.2

Computational Methodology

We first studied the crystal structure and properties of the bulk materials and
then constructed simple 2D candidate materials by cleaving the bulk structures
in specific crystallographic directions.
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(111)

(a) The unit cell of aluminium and the plane (111)

(i)

(ii)
(100)

(010)

(b) Crystal structure of gallenene polymorphs (i) Crystal structure of α-Ga and
monolayer gallenene structures obtained after cleaving along the [100] and [010]
direction from the bulk α-Ga as shown by red and blue planes, respectively. (ii) The
unit cell of α-Ga showing covalently bonded dimers

(100)

(010)

(c) Crystal structure of indium showing face-centred tetragonal structure.

Figure 4.1: Crystal structure of aluminium, gallium, and indium
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2D Structures from Bulk Al, Ga, and In

Aluminium is an important metal among the group 13 elements. Owing to
its high strength-to-weight ratio and natural abundance, it has become the the
second most used metal in the world. Thus, it is particularly interesting to
explore its potential 2D allotropes.
Bulk Al exists in a face-centered cubic lattice and belongs to the space
group Fm-3m, with cell parameters a = 4.05 Å, b = 4.05 Å, and c = 4.05 Å.
In this work, we have selected one of the most stable planes of face-centered
aluminium oriented along crystallographic direction [111] and explored the
stability of this close-packed plane: Al(111), as shown in Figure 4.1(a). Assuming potential for the structural similarity between Al, Ga, and In, the same
structure has also been considered for Ga and In.
Elemental gallium is a unique metal with extraordinary and unusual properties [9, 10]. Among its allotropes, α-Ga is the most stable at an ambient
pressure and temperature and displays high potential for use as a 2D material
[11, 12]. α-Ga belongs to the space group Cmca and has a base-centered
orthorhombic crystal structure. It contains eight atoms in its conventional unit
cell, with lattice parameters a = 4.53 Å, b = 7.78 Å, and c = 4.52 Å, as shown in
Figure 4.1(b), taken from [112]. We have extracted two thin layers of gallenene
with a distinct atomic arrangement, one along the [010] direction and the other
along the [100] direction, from parent α-Ga. Both the Ga(100) and Ga(010)
structures had four atoms in the unit cell. These planes of α-Ga were also
considered for Al and In.
Indium, a soft post-transition metal, crystallizes at a standard temperature and pressure into a face-centered tetragonal structure with space group
14/mmm and has lattice parameters a = b = 3.25 Åand c = 4.95 Å. A peculiar
feature of this structure is that each indium atom has four neighbors centered at
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3.24 Å and eight neighbors slightly further apart at 3.36 Å [113]. Despite the
great success of 2D metallic nanomaterials, to the best of our knowledge, no
one has studied indium for its 2D allotropes. Planes oriented along the [100],
[010], and [111] crystallographic directions were extracted from In but they
were not stable when relaxed and had a smaller binding energy by 0.2–0.3 eV
compared to the allotropes obtained from the Al and Ga crystals.

4.2.2

Computational Details

The electronic structure and properties, thermal and bonding characteristics of
aluminene, gallenene, and indenene were calculated using VASP employing
DFT [94, 95, 96, 97]. We used the first-principles plane-wave method with
projected-augmented wave (PAW) pseudopotentials for these calculations
[98, 99] and approximated the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation (XC) functional in the generalized gradient approximation (GGA)
[100].
For each element, a single unit cell was used to simulate isolated sheets.
Eight atoms per unit cell were used to model gallium, and four and two atoms
per unit cell were used to model aluminium and indium, respectively. We
considered the plane-wave cutoff energy as 200 eV for gallium and indium but
set it to 400 eV for aluminium. For the optimization of the bulk aluminium,
gallium, and indium, a 16 × 16 × 16 Monkhorst-Pack (MP) k-mesh was used
to sample the Brillouin zone [101].
We explored the stability of the predicted 2D layered structures by optimizing their structures and then using an ELF analysis to interpret their bonding
nature. To avoid artificial interactions between the layers of the 2D structures,
vacuum regions of ≈ 20 Å in the direction perpendicular to the plane were
used. For the 2D structures, Brillouin zone integration was performed using a
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well-converged 2D MP grid. The Fermi surface smearing width was set at 0.2
eV for all self-consistent calculations.
PHONOPY is a toolbox for performing first-principles phonon calculations.
To investigate the thermodynamic properties of 2D layered structures, data
on the force constants of atoms in a crystal structure are calculated using
VASP, and then PHONOPY analyzes this data to provide a series of phonon
frequencies using the Parlinski–Li–Kawazoe method as implemented in the
PHONOPY package, with which the stability of predicted 2D allotropes at a
non-zero temperature can be checked [104].
In the present study, the interatomic forces were calculated with an energy
cutoff of 500 eV. The phonon dispersion of the (010) and (100) structures was
calculated with a supercell size of 9 × 1 × 9 and 9 × 9 × 1, respectively. To
analyze the effect of the lattice parameters on the dynamical stability of the
2D structures, we performed phonon dispersion of all monolayer structures by
applying uniform in-plane strain.
For the DOS and band structure calculations, the k-point sampling was set
as 9 × 9 × 1 and 30 × 30 × 1 for self consistent and non-self consistent calculations, respectively. The VESTA (Visualization for Electronic and STructural
Analysis) package was used to visualize and create the graphics and images of
all crystal structures [114].

4.3
4.3.1

Results and Discussion
Structural Properties of 2D Allotropes of Al, Ga and
In

We first investigated the structural aspects of different 2D layers of Al, Ga, and
In. For each element, three different layers oriented in specific crystallographic
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directions were considered and completely relaxed.
Three different 2D crystal structures were examined for aluminium; of
these, Al(010) and Al(100) were considered assuming structural symmetry
with Ga, and the third one was Al(111). For Al(010) and Al(100), the unit cells
have four atoms each. Al(010) is a zigzag rhombic lattice with bond lengths
δ1 = 2.73 Å and δ2 =2.69 Å and angles α1 = 114.43◦ and α2 = 111.87◦ , as
shown in Figure 4.2(a). After complete relaxation, Al(010) formed a quasi-2D
multidecker hexagonal structure, where two Al atoms were separated by 1.41
Å along the out-of-plane direction (buckling height ∆), with bond lengths δ1 =
2.65 Å and δ2 = δ3 = 2.75 Å and angles α1 = 118.91◦ and α2 = 119.28◦ .
The Al(100) forms a 2D square lattice after atomic position relaxation and
has bond lengths δ1 = δ2 = 2.60 Å and angles α1 = 112.61◦ , α2 = 140.30◦ ,
and α3 = 117.09◦ . However, upon complete relaxation, Al(100) converts to a
hexagonal structure with an Al-Al bond length of 2.69 Å, as indicated in Figure
4.2(b). The Al(010) structure has a lower symmetry than the planar Al(100).
The formation energy (with respect to bulk aluminum) of Al(010) (0.68 eV
per atom) is smaller than that of Al(100) (0.70 eV per atom), indicating that
Al(010) is more stable.
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Figure 4.2: Monolayer aluminene structure: (a) Al(010) transforms into an
multidecker hexagonal structure after complete relaxation, (b) Al(100) structure forms a 2D square lattice upon atomic position optimization and then
hexagonal structure after cell shape relaxation. The bond lengths and bond
angles are shown by δ (in angstrom) and α, respectively. The symbol ∆ (in
angstrom) represents the buckling height of the aluminene structures.

Results and Discussion

71

Thus, our hypothesis that the most stable structure of gallenene might be
a candidate for the most stable form of aluminene was shown to be correct –
Aluminene would exist in the same structural form as gallenene at this level of
theory, ignoring substrate effects.
Ga(010) is a zigzag rhombic lattice with bond lengths δ1 = 2.72 Å and δ2 =
2.69 Å and angles α1 = 114.43◦ and α2 = 111.87◦ , as shown in Figure 4.3(a).
Ga(010) retains its original shape after complete relaxation with nearly equal
Ga-Ga bond lengths δ1 = δ2 = 2.69 Å, angles α1 = 113.97◦ and α2 = 113.29◦ ,
and ∆ = 1.39 Å. It transforms into a honeycomb structure after atomic position
relaxation, but upon cell shape optimization, it forms a β -Ga like structure, as
indicated in Figure 4.3(b).
The formation energy (with respect to α-Ga) of Ga(010) (0.35 eV per
atom) is smaller than that of Ga(100) (0.43 eV per atom), indicating better
stability. This is consistent with previous reports, and even the change of
structure observed for Ga(100) upon cell shape relaxation is consistent with
its experimental stabilization upon a hexagonal substrate.
Figure 4.4 presents the structural details of In(010) and In(100): In(010)
is a zigzag rhombic lattice with bond lengths δ1 = 3.15 Å and δ2 = 3.03 Å
and angles α1 = 115.07◦ and α2 = 122.61◦ , whereas In(100) has bond lengths
δ1 = δ2 = 2.7 Å and angles α1 = 113.61◦ and α2 = 106.28◦ .
In(010) and In(100) behaves exactly the same as Al(010) and Al(100) upon
geometric optimization. The formation energy of In(010) is 0.35 eV per atom
with respect to its parent indium and is smaller than the formation energy of
In(100) (0.43 eV per atom), indicating better stability.
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Figure 4.3: Monolayer gallenene structure: (a) Ga(010) forms a quasi-2D multidecker structure upon complete relaxation, (b) Ga(100) forms a honeycomb
structure upon atomic position optimization and then β -Ga–like structure after
cell shape relaxation
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Figure 4.4: Monolayer indenene structure: (a) In(010) forms a quasi-2D multidecker structure upon complete relaxation. (b) The In(100) structure forms a
2D square lattice on atomic position optimization and then forms a hexagonal
structure after cell shape relaxation
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The bond lengths calculated for the 2D allotropes of Al, Ga, and In are in
good agreement with the bond lengths calculated by Nevalaita and Koskinen
[34]. In contrast to all the previous calculations based on experimentally known
gallenene structures, we also studied the stability of close-packed hexagonal
plane (111), shown in Figure 4.1(a), to enable a full comparison between Al,
Ga, and In. Before and after relaxation, the structure of plane (111) remains
the same for Al, Ga, and In having the bond lengths of 2.64, 2.75, and 2.86
Å, respectively. The formation energies of Al(111), Ga(111), and In(111) are
0.70, 0.43, and 0.43 eV per atom, respectively.
Thus, the above results predict that buckled plane (010) extracted from
bulk α-Ga is the most stable 2D form for each of these group 13 metals.

4.3.2

Electron localization function (ELF) Analysis

To gain a deep understanding of the relative stability and unique bonding nature
of the predicted 2D sheets of Al, Ga, and In, we performed ELF calculations.
The ELF is a useful tool that was first introduced by Becke and Edgecombe
to analyze and classify the bonded interactions and electron localizations in
molecules and solids [103].
To understand the differences in the bonding natures of the 2D sheets of
Al, Ga, and In, we first examined the ELF diagram of their bulk counterparts.
Figure 4.5 shows the ELF images of bulk aluminium, gallium, and indium
at an isosurface value of 0.63. For the same localization (isosurface value of
0.63), we can see that Al does not show much, predicting its metallic nature;
however, Ga has covalently bonded pair bonds, and for In, we can see the
electron localization density around the atoms showing d-orbital electrons.
Next, for getting insight into the bonding nature of the 2D allotropes of
Al, Ga, and In, their ELF images are shown in Figure 4.6 with an isosurface
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(b) Gallium

(c) Indium

Figure 4.5: ELF images of (a) Al, (b) α-Ga, and (c) In at an isosurface value
of 0.63
value of 0.63. The ELF of Al(010) shows large isosurface areas between the Al
atoms, indicating the much stronger covalent nature of Al(010) relative to the
bulk. After complete relaxation, Al(100) has the same geometry as Al(111),
and its ELF image predicts a strong covalent character.
The ELF images for Ga(010) and Ga(100) are shown in Figure 4.6(b). For
Ga(010), the core regions are characterized by circular localization domains
along the z-axis, indicating a covalent character, while smaller values of
electron localization are shown in other directions, thus predicting a metallic
character. The topography of the atomic optimized Ga(100) presented in Figure
4.6b(i) shows the maximum electron charge density at the center between the
bonds, representing a strong covalent nature. For the fully optimized Ga(100)
geometry, shown in Figure 4.6b(ii), very strong localization domains for bonds
in one direction are also observed.
The ELF image of In(010) shows core regions with strong localization
and the delocalization of electrons along bonds, indicating the metallic nature
of In(010). The stronger localization at the core region of In(010) can be
attributed to the presence of d-orbital electrons as indicated by the electronic
configuration of In ([Kr]4d 10 5s2 5p1 ). For In(100), which is equivalent to the
Al(111) structure after optimization, the ELF image shows a more metallic
nature than that for Ga and Al.
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(ii)

Al(010)

Al(100)

(a) Aluminene

(i)

Ga(010)

(ii)

(iii)

Ga(100)

Ga(100)

(b) Gallenene
(i)

In(010)

(ii)

In(100)

(c) Indenene
Figure 4.6: ELF image at an isosurface value of 0.63 of (a) (i) Al(010) and
(ii) Al(100)/(111), (b) (i) Ga(010) and (ii) Ga(100) atomic position relaxed
structures (iii) Ga(100) completely relaxed structure, (c) (i) In(010) and (ii)
In(100)/(111)
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Phonon Calculations

To investigate the dynamic instability of the 2D sheets of Al, Ga, and In,
we calculated their phonon dispersion. With the exception of Ga(010) and
In(010), the phonon dispersion of all other 2D allotropes, i.e., Al(010), Al(100),
Ga(100), and In(100), display imaginary frequencies indicative of some dynamical instability. We applied different amounts of strain to the 2D structures
and calculated their respective phonon spectra. A uniform strain of -8%, -6%,
-4%, − − −, 4%, 6%, 8% on both sides (x and y direction) of 2D structure has
been applied to obtain the most stable phonon dispersion curve.
The phonon dispersion of the 6% uniformly strained Al(010) and 8%
uniformly strained Al(100) does not display any imaginary frequencies, as
shown in Figure 4.7(a). Similarly, both Ga(100) and In(100) shows stability
for the 6% strained structure. The strain results in stable structures with bond
lengths similar to those of the bulk counterparts [36].
The strained structures of Al, Ga, and In were further studied by performing
geometric optimization and an ELF analysis. Figure 4.8 shows the strained
and optimized structures of aluminene, gallenene, and indenene; their ELF
images are presented in Figure 4.9.
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Figure 4.7: Phonon dispersion of (a) (i) 6% strained Al(010) and (ii) 8%
strained Al(100), (b) (i) Ga(010) and (ii) 6% strained Ga(100), and (c) In(010)
and (ii) 6% strained In(100)
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Figure 4.8: Optimized and strained structures of (a) (i) Al(010) and (ii) Al(100),
(b) (i) Ga(010) and (ii) Ga(100), and (c) (i) In(010) and (ii) In(100)
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Figure 4.9: ELF images of optimized and strained (a) (i) Al(010) and (ii)
Al(100), (b) (i) Ga(010) and (ii) Ga(100), and (c) (i) In(010) and (ii) In(100)
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After complete optimization of 6% strained Al(010), the distorted rhombic
lattice retains its original shape with the bond lengths and bond angles listed
in Table 4.1. Meanwhile, the strained structures of Al(100), Ga(100), and
In(100) form a honeycomb structure after atomic position and cell shape
relaxation, as presented in Figure 4.8. The ELF images of Al(010), Ga(010),
and In(010) indicates that the covalent nature decreases from Al to Ga and then
to In. In(010) appears to be more metallic, but In(100) shows more covalent
character compared to Ga(100) and Al(100).
4.3.3.1

Comparison of unstrained and strained structures

Table 4.1 presents the comparison of the strained and unstrained structures of
all proposed 2D allotropes along with their bond lengths and bond angles.

Unstrained Structure
Before Optimization

After Optimization

Strained Structure
Before Optimization

After Optimization

Al(010)

δ1 = 2.73A◦ , δ2 = 2.69A◦

δ1 = 2.65A◦ , δ2 = δ3 = 2.75A◦

δ1 = 2.89A◦ , δ2 = 2.81A◦

δ1 = 2.68A◦ , δ2 = 2.68A◦

α1 = 114.43◦ , α2 = 111.87◦

α1 = 118.91◦ , α2 = 119.29◦

α1 = 111.87◦ , α2 = 117.43◦

α1 = 118.36◦ , α2 = 127.55◦

Results and Discussion

Table 4.1: Compression of unstrained and strained structures of aluminene, gallenene, and indenene

Al(100)

δ1 = δ2 = 2.60A◦ ,α1 = 112.60◦

δ = 2.69A◦

δ1 = δ2 = 2.8A◦ ,α1 = 112.60◦

δ1 = δ2 = 2.59A◦

α2 = 140.30◦ , α3 = 107.08◦

α1 = α2 = 120.00◦

α2 = 140.30◦ , α3 = 107.08◦

α1 = α2 = 120.0◦
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Before Optimization

Strained Structure

After Optimization

Before Optimization

After Optimization

Ga(010)

δ1 = 2.73A◦ , δ2 = 2.69A◦

δ1 = δ2 = 2.70A◦

δ1 = 2.73A◦ , δ2 = 2.69A◦

δ1 = δ2 = 2.70A◦

α1 = 114.43◦ , α2 = 111.87◦

α1 = 113.97◦ , α2 = 123.73◦

α1 = 114.43◦ , α2 = 111.87◦

α1 = 113.97◦ , α2 = 123.73◦

Results and Discussion

Unstrained Structure

Ga(100)

δ1 = δ2 = 2.51A◦
δ1 = δ2 = 2.60A◦ α1

= 112.60◦

α2 = 140.30◦ , α3 = 107.08◦

δ1

= 2.69A◦

, δ2

= 2.60A◦

δ3 = 2.66◦

δ1 = δ2

= 2.75A◦

,α 1

= 112.61◦

α1 = α2 = 120.00◦

α2 = 140.31◦ , α2 = 107.08◦
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Before Optimization

After Optimization

Strained Structure
Before Optimization

After Optimization

In(010)

δ1 = 3.15A◦ , δ2 = 3.03A◦

δ1 = δ3 = 3.11A◦ , δ2 = 3.16A◦

δ1 = 3.15A◦ , δ2 = 3.03A◦

δ1 = δ3 = 3.11A◦ , δ2 = 3.16A◦

α1 = 115.07◦ , α2 = 122.61◦

α1 = 108.40◦ , α2 = 119.15◦

α1 = 115.07◦ , α2 = 122.61◦

α1 = 108.40◦ , α2 = 119.15◦

Results and Discussion

Unstrained Structure

In(100)

δ1 = δ2 = 2.70A◦ ,α1 = 113.62◦

δ = 3.20A◦

δ1 = δ2 = 3.14A◦ ,α1 = 115.83◦

δ1 = δ2 = 2.89A◦

α2 = 140.11◦ , α3 = 106.29◦

α1 = α2 = 120.00◦

α2 = 139.68◦ , α3 = 104.48◦

α1 = 124.41◦ , α2 = 117.59◦
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Density of state (DOS) and Band Structure
Calculations

Finally, we calculated the DOS and projected band structure of both the original
and stabilized (strained) structures for aluminene, gallenene, and indenene.
Figure 4.10 represents the DOS for the strained structures.
The Ga(010) structure has a DOS consistent with previous results given in
[36]. Regarding Al(010) and In(010), the behavior of the DOS is as expected,
and the gap in the DOS observed for In, lying well below the Fermi level,
will not affect its metallic properties. Under strain, the honeycomb structures,
i.e., Al(100), Ga(100), and In(100), show more metallic behavior. The band
structure and DOS of the original (unstrained) 2D structures are presented
in Figure 4.11. In summary, the band structure of the different elements is
sensitive to the optimized structures but consistent among the elements.

Results and Discussion

86

Al(010)

Al(100)

Ga(010)

Ga(100)

In(010)

In(100)

Figure 4.10: Projected band structure and DOS of the strained structures of
aluminene, gallenene, and indenene
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Al(010)

Al(100)

Ga(010)

Ga(100)

In(010)

In(100)

Figure 4.11: Projected band structure and DOS of unstrained aluminene,
gallenene, and indenene. Note that the optimized Al and In structures are
equivalent to the (111) plane; the optimized Ga(100) structure is unique, as
summarized in Table 4.1

Summary

4.4

88

Summary

In summary, using a theoretical approach, we demonstrated that aluminene,
gallenene, and indenene with distinct atomic arrangements oriented along
the [010] and [100] directions of the α-Ga lattice and the [111] direction of
the fcc Al lattice show stability in their 2D forms, with the most stable form
of gallenene, i.e., (010), also being the most stable form of aluminene and
indenene. Their stability, based on the formation energies relative to the bulk,
increases as we move down the group 13 from Al to In, with 2D Ga and
In showing similar stability. The phonon dispersion calculations show that
other forms of aluminene and indenene can also be stabilized on appropriate
substrates, with the lattice parameters matching the bulk parameters. Our
theoretical studies suggest that these 2D metallic layers should be further
explored experimentally, which would lead to the addition of new 2D materials
to those already known.
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• B. Anam and N. Gaston, “Two-dimensional aluminium, gallium, and
indium metallic crystals by first-principles design,” J. Phys.: Condens.
Matter, vol. 33, no. 12, p. 125901, 2021

Chapter 5
Prediction of Two-dimensional
Metals and Metallic oxides using
CALYPSO
Overview: Structure prediction at the atomic level is rising as a cutting-edge
method for discovering novel materials with desired functionalities. We use
structure prediction software to investigate and find all possible 2D structures
of bulk metals and metallic oxides. This chapter discusses the outcomes of the
unbiased structural search performed using CALYPSO. By combining the
PSO algorithm with first-principles thermodynamic calculations, CALYPSO
predicts the ground state and metastable structures of the materials with
only the given knowledge of their chemical compositions. Furthermore, all
low-lying 2D structures obtained from CALYPSO are optimized and studied
for their lattice parameters and formation energies.
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Introduction

The initial isolation of graphene from graphite greatly attracted the interest of researchers in the field of novel 2D materials as a building block of
nanoelectronics [6]. To date, hundreds of graphene-like 2D materials with
unique structures and extraordinary properties have been discovered experimentally and theoretically, including graphene derivatives, transition metal
dichalcogenides (TMDs), single elements (e.g., silicene, germanene, black
phosphorene, arsenene, stanene, and borophene), hexagonal boron nitride, and
MXenes [23, 24, 25, 26, 27].
The experimental discovery of new 2D materials is always challenging
and requires intensive labor. Although experimental methods, e.g., chemical
vapor deposition [115] and mechanical exfoliation [36], are well developed, it
is still difficult to isolate high-quality atomic layers because the perfection and
physical properties of atomically thin 2D materials are extremely sensitive to
their synthesis and growth process. Moreover, as there are many possible 2D
structures, trial-and-error experiments without any guidelines or instructions
are potentially a waste of time and effort. Therefore, theoretical prediction and
design would significantly decrease the expense and accelerate the discovery
of new 2D materials with novel properties.
With recent improvements in algorithms, advancements in material science
theory, and exponential growth in computing power, it has become possible
to systematically predict new materials using the various crystal structure
prediction methods. Several crystal structure prediction methods have been
developed and effectively used for this purpose [54, 55, 56], including random
sampling, simulated annealing, metadynamics, genetic algorithm, particle
swarm optimization (PSO), basin hopping, and ab initio random structure
search.
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CALYPSO allows researchers to efficiently explore and predict a vast
range of materials [57, 58]. This code has been successfully utilized to predict
the crystal structures of many functional materials, including lithium-boron
compounds at high pressure, superconductors, photovoltaics, electronics, and
superhard and deep earth materials. [59, 60].
Furthermore, the CALYPSO methodology also plays a vital role in the
structure prediction of low-dimensional materials [91, 92, 93]. Based on this
code, a variety of new 2D atomic layer crystals with extraordinary and unique
properties have been discovered, leading to their large-scale applications in
spintronics, electronics, magnetronics, photovoltaics, and optoelectronics, as
outlined in Table 5.1 [116].
To explore the group 13 metals Al, Ga, and In and metallic oxide β -Ga2 O3
for stable 2D atomic layer crystals using first-principles design, we have

Table 5.1: 2D materials and their properties predicted via CALYPSO
Predicted 2D Materials

Properties

Potential Applications

Carbon, M3C2 , SixCy , BH,
Silicon, Boron, FeB2 ,CoB6 ,
NiB2 , B2 S, Mg3 X2

Dirac dispersion
(semimetals)
[117, 118, 119, 120]

Electronics
Quantum Hall effect
devices

AuS6 , Be2 N6 , BP3 , PC6 ,
Cd2C, AuMX2 ,CuS, B2 S2 ,
MOx , Six Py , Gex Py

High carrier mobility
(Opto)electronics
(semiconductors)
Catalysis
[121, 122, 123, 124, 125,
126]

α − BeH2 ,CO2 , MB2 , SiO2 ,
Zn2C, BexCy , BP5

Negative Poisson’s ratio
[127, 128, 129, 130, 131]

Nanomechanics

CrW I6 ,V SSe, SbN, BiP

(Multi)ferromagnetism
[132, 133, 134]

Magnetronics

MH2 , MnX2

Half metallicity
[135, 136]

Spintronics

Mo2 B2 , TiSi4

Superconductivity
[137, 138]

Superconductors
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constructed simple 2D candidate materials from their known bulk structures,
as described in Chapters 4 and 6. However, to further explore for 2D candidate
structures in addition to the chosen 2D structures cleaved from their bulk
counterparts along specific crystallographic directions, we have performed an
unbiased structural search for the 2D allotropes of these materials using the
PSO methodology available in CALYPSO.
Energetically stable 2D structures of Al, Ga, In, and β -Ga2 O3 have been
obtained using CALYPSO by specifying their chemical compositions. From
all the predicted 2D candidate materials, only those structures are considered
for further investigation, which appears to be more realistic and stable. This
chapter describes all candidate structures obtained by CALYPSO in detail.
The organization of this chapter is as follows: Section 5.2 presents the
methodology and computational details of CALYPSO. Then, Section 5.3 provides the results. Finally, Section 3.4 outlines the summary and contributions
of this chapter.

5.2

CALYPSO Methodology

As a numerical method for structure prediction, CALYPSO is based on the
particle swarm optimization (PSO) algorithm. PSO is a population-based
optimization method developed by Kennedy and Eberhart [139, 140]. This
optimization method is motivated by the choreography of bird flocking and
is based on a distributed behavior algorithm that executes a multidimensional
search. According to this algorithm, a bird is treated as a point in an Mdimension space, and the status of a bird is characterized by its position
and velocity. Initialized with a swarm of random birds, PSO is achieved
through bird flying along the trajectory that will be adjusted based on the
best experience or position of the one bird (called local best) and ever found
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by all birds (called global best). PSO updates a population of birds with the
internal velocity and attempts to profit from the discoveries of themselves and
previous experiences of all other companions. Thus, all birds in a swarm can
rapidly assemble to the global position. The PSO methodology is a highly
effective global optimization algorithm that has been efficiently used for many
optimization problems, e.g., transactions and modeling in power systems.
Combining the advantages of the PSO algorithm with first-principles calculation, the CALYPSO methodology has been proposed by Wang et al. [57, 58].
CALYPSO performs four main steps to obtain stable periodic structures, as
explained in Chapter 3 and depicted in Figure 3.1: (1) formation of initial
structures, carried out with the constraint of symmetry; (2) local optimization
of these structures, performed using DFT using VASP; (3) identification of
unique local minima using a geometrical structure parameter; and, (4) most
crucially for an unbiased structural search, generation of new structures by a
PSO algorithm.

5.3

Computational Details

In this thesis, preferable 2D structures of Al, Ga, and In were obtained by
conducting unbiased structure prediction in CALYPSO. All calculations were
performed using the local PSO algorithm. For each element Al, Ga, and In, the
structure predictions were performed using a unit cell containing up to four
atoms. Total of 100 structures were generated of which 60% were generated
from the lowest-enthalpy structures utilizing the PSO algorithms, while the
remaining 40% were new and randomly generated to ensure the diversity of the
structures. A high cutoff energy of 200–400 eV was used to optimize and relax
the lattice parameters. A k-point spacing of 0.2 Å was adopted to sample the
Brillouin zone to ensure energy convergence to 0.04 eV. The number of layers
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was set to one, with a vacuum gap of 20 Å between the periodic repetition of
layers.
For the structure prediction of 2D β -Ga2 O3 , a unit cell with one and three
Ga2 O3 units was considered. The precision of the k-point sampling for the
local optimization was set to 0.12, 0.06. Again, the number of layers was set
to one, with a vacuum gap of 20 Å between the periodic repetition of layers.
Several calculations were performed by varying the distortion value along the
axes perpendicular to the 2D surface.
All low-lying 2D structures obtained were then optimized and studied for
their lattice parameters and formation energies. The cutoff energy was set at
400–500 eV for β -Ga2 O3 for the optimization and relaxation of the structures.

5.4

Results and Discussion

CALYPSO predicts not only the most stable structure but also a variety of
metastable structures under each stoichiometric composition. Here, we discussed only the most stable structures that have the lowest enthalpy. Upon
further relaxation, several of these "metastable" structures form a stable structure.

5.4.1

2D Structure Prediction of Al

For the 2D structural prediction of Al, the chemical composition, layer numbers, and distance of the layer gaps were given as the input parameters. CALYPSO suggested 12 different structures with lowest enthalpy values, of which
six structures appears to be more stable, as presented in Figure 5.1. The lattice
parameters and formation energy of each of these structures are presented
in Table 5.2. It is clear from the lattice parameters, formation energy, and
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crystal structure of Structures 1 and 6 that they are exactly like Al(010) and
Al(111), respectively, i.e., the 2D allotropes we cleaved from bulk Al as shown
in Chapte 4, Figure 4.2.
Structures 2, 3, 4, and 5 are roughly similar to Structure 6. The lattice
parameters and formation energy data of these 2D candidate materials indicated
that Structure 6 is the most stable among them.
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Side View

Top View

(a) Structure 1

(b) Structure 2

(c) Structure 3

(d) Structure 4

(e) Structure 5

(f) Structure 6

Figure 5.1: 2D structures of Al predicted by CALYPSO

Side View
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Moreover, upon further optimization of these structures, they form a hexagonal planer structure similar to that of Al(111). The electronic and thermal
properties of Structures 1 and 6 were studied in detail in Chapter 4 of this
thesis. These CALYPSO results for the possible 2D structures of Al validated
our prediction of the 2D allotropes cleaved from bulk Al.

Table 5.2: Lattice parameters and formation energy of 2D structures of Al, Ga,
and In predicted by CALYPSO
Element

Aluminium

Gallium

Indium

Structure

Lattice parameters

Formation energy
(eV)

Structure 1

δ1 = δ2 = 2.71 Å

0.68

Structure 2

δ1 = 2.69 Å, δ2 = 2.73 Å

0.74

Structure 3

δ1 = δ2 = 2.72 Å

0.72

Structure 4

δ1 = δ2 = 2.8 Å

0.73

Structure 5

δ1 = δ2 = 0.73 Å

0.72

Structure 6

δ1 = δ2 = 2.65 Å

0.7

Structure 1

δ1 = δ2 = 2.72 Å

0.35

Structure 2

δ1 = 2.69 Å,δ2 = 2.63 Å,
δ3 = 2.70 Å

0.45

Structure 3

δ1 = δ2 = 2.5 Å

0.44

Structure 1

δ1 = δ2 = 3.18 Å

0.43

Structure 2

δ1 = δ2 = 2.43 Å

0.52

Structure 3

δ1 = δ2 = 2.51 Å

0.49

Structure 4

δ1 = 2.73 Å, δ2 = 2.64 Å,
δ3 = 2.81 Å

0.89
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2D Structure Prediction of Ga

For the structure prediction of 2D Ga, a unit cell with four Ga atoms was
considered. Several calculations were performed under the same stoichiometric
composition, with a varying buckling height (i.e., the distortion along the axes
perpendicular to the 2D structure). Based on the calculations, three structures
appeared to be more stable, as shown in Figure 5.2.
Top View

Side View

Top View

(b) Structure 2

(a) Structure 1

Top View

Side View

(c) Structure 3

Figure 5.2: 2D structures of Ga predicted by CALYPSO

Side View
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Structure 1 is similar to the quasi-2D multidecker structure of Ga(010)
depicted in Figure 4.3(a) of Chapter 4. The second structure is β -Ga-like, as
obtained by the cell shape relaxation of Ga(100), shown in Figure 4.3(b). The
only difference is that the β -Ga–like structure predicted by CALYPSO has a
small buckling height of 0.03 Å; however, it has the same formation energy.
We completed the analysis of the electronic structure and phonon density of
states for these planar structures in Chapter 4.
The third structure obtained by CALYPSO is a honeycomb structure similar
to the relaxed Ga(100) structure as the one predicted by Kochat et al. [36],
and explained in detail in Chapter 4. The formation energy values for all
these structures is similar to those of the 2D structure cleaved from bulk Ga,
presented in Table 5.2.

5.4.3

2D Structure Prediction of In

Using four In atoms per unit cell, CALYPSO suggested 10 out of 100 different
stable 2D structures, of which 4 are more stable and realistic with the lowest
enthalpy values. All four of these structures are shown in Figure 5.3, and their
lattice parameters and formation energies are given in Table 5.2.
Structure 1 is similar to the In(111) (predicted and studied in Chapter 4),
the possible 2D allotrope of In cleaved from bulk In along the [111] direction.
Structure 2 is similar to relaxed In(100) (Figure 4.4(a)), which upon further
optimization, forms the hexagonal structure of In(111), shown in Figure 5.3(a).
Structure 3 is a 2D square structure, and upon optimization, it turns into In(111),
just as Structure 2. Structure 4 is similar to the β -Ga–like structure obtained
for gallium, but its formation energy values are considerably higher than those
of the other three structures obtained. Therefore, we have not consider this
structure for further calculation and study.
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Side View

Top View

(a) Structure 1

(b) Structure 2

(c) Structure 3

(d) Structure 4

Figure 5.3: 2D structures of In predicted by CALYPSO

Side View
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After optimization, we found that the formation energies and lattice parameters of these low-energy structures are indistinguishable from the crystallographic structures of Al, Ga, and In obtained along the [100], [010], and
[111]. The electronic structure, bonding characteristics, phonon properties,
and electronic DOS and band structure of these predicted 2D allotropes of the
group 13 metals were calculated and discussed in Chapter 4.

5.4.4

2D Structure Prediction of β -Ga2 O3

Three low-energy 2D structures of β -Ga2 O3 were obtained from CALYPSO,
as shown in Figure 5.4. Two of the structures obtained by CALYPSO have
the same geometry structure and parameters as the optimized Ga2 O3 (001)
and Ga2 O3 (100) cleaved 2D structures of β -Ga2 O3 along the [001] and [100]
directions. These structures are studied in detail in Chapter 6 of this thesis and
shown in Figures 6.4(a) and 6.4(c).
The third structure in bilayer Ga2 O3 , having a single Ga2 O3 in its unit cell.
The optimized lattice parameters of the bilayer Ga2 O3 are a = 3.33 Å, b = 3.19
Å, and c = 20 Å. The Ga-O bond length for the top layer is 1.8 Å along the b
direction and 2.04 Å along the a direction. Similarly, for the bottom layer, the
bond length is 2.00 Å along the b direction and 1.82 Å along the a direction.
These Ga-O bond lengths indicated a strong covalent character between them,
as evidenced by the ELF in Figure 6.7 of Chapter 6. The separation between
the layers along the out-of-plane direction (buckling height) is 1.2 Å.
Studying all the structures obtained from CALYPSO and the cleaved
structures from bulk β -Ga2 O3 , we obtained a total of four structures, i.e.,
Ga2 O3 (001), Ga2 O3 (100), bilayer Ga2 O3 , and GaO(2̄01), for the investigation
of their thermal and electronic properties. These structures are shown in Figure
5.5 and are studied in detail in the next chapter.
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(b) Structure 2

(a) Structure 1

(c) Structure 3

Figure 5.4: 2D structures of β -Ga2 O3 predicted by CALYPSO

Ga2 O3 (001)

Bilayer Ga2 O3

Ga2 O3 (100)

GaO(2̄01)

Figure 5.5: Predicted and optimized 2D structures for β -Ga2 O3
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Summary

The plane and multidecker 2D structure of Al, Ga, and In, and β -Ga2 O3
were systematically predicted via first-principles calculations combined with
CALYPSO. Two-dimensional configurations of Al, Ga, and In with high
symmetry were screened out from 100 structures, namely Al(010), Al(111),
Ga(010), Ga(100), In(100), and In(111), among which Ga(100) and Ga(010)
have been reported previously. For β -Ga2 O3 , three structures, i.e., Ga2 O3 (100),
Ga2 O3 (001), and bilayer Ga2 O3 , out of 100 structures appeared to be more
stable and were considered for further study of their thermal and electronic
stability. These CALYPSO results validated our choice of the 2D candidate
structures possible for metals and metallic oxides, studied in Chapters 4 and 6
of this thesis, respectively.

Chapter 6
Structural, Thermal, and
Electronic properties of
Two-dimensional Gallium Oxide
from First-principles Design
Overview: Two-dimensional materials with exotic electronic, optical, and
mechanical properties have attracted tremendous attention within the last
two decades due to their potential applications in electronics, energy storage,
and conversion technologies. However, only a few dozen 2D materials have
been successfully synthesized or exfoliated. Motivated by the recent discovery
of 2D gallenene, we explore new 2D allotropes of β -Ga2 O3 , an emerging
wide- band gap transparent conductive oxide (TCO) with a wide range of
semiconducting applications. All possible 2D allotropes of β -Ga2 O3 with
high energetic stability are predicted using particle swarm optimization,
combined with DFT calculations. The structural and thermal stability of
the predicted 2D allotropes are also analyzed. Although β -Ga2 O3 is not
a van der Waals material, the results predict that one or two allotropes
104

Introduction

105

of β -Ga2 O3 are stable. In addition, the accurate band structures of these
2D semiconducting oxides are calculated using both the GGA and LDA1/2 approaches. Remarkably, monolayer Ga2 O3 (100) has a large indirect
band gap of 4 eV, demonstrating a new avenue for the discovery of 2D
β -Ga2 O3 –based nanodevices with enhanced electronic properties.

6.1

Introduction

Two-dimensional (2D) materials have received tremendous attention from
both industry and academia since the isolation of graphene [6]. Owing to
their quantum-confined electronic structure and large surface-to-volume ratio,
they exhibit diverse and tunable electronic, magnetic, and optical properties
compared to their bulk counterparts [2, 3]. These unique and outstanding
properties of 2D nanomaterials have given rise to various potential applications in optoelectronics, energy harvesting and storage, sensing, electronics,
magneto-electronics, thermo-electronics, and biomedicine [4, 5]. To date, hundreds of graphene-like 2D materials have been synthesized and extensively
studied, including graphene derivatives, TMDs, single elements (e.g., silicene,
germanene, black phosphorene, arsenene, stanene, and borophene), hexagonal
boron nitride, and MXenes [23, 24, 25, 26, 27].
However, there is another emerging class of 2D metal oxides with distinct
applications in biosensing and imaging analysis, gas sensing, and magnetic
recordings [37, 38, 39, 40]. The ultrathin nature of these oxides and the presence of oxygen atoms on their surfaces result in new properties and applications
compared to their bulk counterparts [41]. Binary metal oxides, Mx Oy , where
M is metal and O is oxygen, predominate the current literature. These oxides
are categorized as layered and non-layered depending on their crystal structure. In the layered 2D metal oxides, such as V2 O5 , WO3 , MnO2 , and MoO3 ,
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the atoms within the layers exhibit strong covalent bonds, while relatively
weak interlayer van der Waals interactions contribute to the bonding in the
out-of-plane direction [42]. Non-layered 2D metal oxides are synthesized by
the limited growth of single or a few unit cells of bulk crystals and come
in a wide verity, e.g., TiO2 and ZnO [43]. In addition to these binary metal
oxides, complex oxides, such as perovskite oxides (Bi4 Ti3 O12 , K2 Ln2 Ti3 O10 ,
KLnNb2 O7 , and RbLnTa2 O7 ), have also been investigated for their ultrathin
morphology [44, 45].
One of the most interesting potential metal oxides is gallium oxide (Ga2 O3 ),
which has five different polymorphs, with the α and β variants as a wide- band
gap (4.2–4.9 eV) semiconducting oxides with many promising properties [14,
15]. Of these, β -Ga2 O3 has been demonstrated to have a transformative impact
on the energy economy as a transparent conductive oxide (TCO). It has efficient
power switching capabilities, an on/off ratio above 104 , and ultra-low power
loss with high breakdown electric fields (Ebr ≈ 8MV cm−1 ) in high-power
electronics and conversion devices, such as those used in data center power
management, the automotive industry, and grid control [46]. Its high thermal
stability and unique transmittance property from deep-UV to the visible region
make it a favorable constant for optoelectronic devices operating at short
wavelengths [47]. A further source of the interest in β -Ga2 O3 is the recent
work on nanowires and nanoribbons (or nanobelts). Mechanically exfoliated
β -Ga2 O3 nanoribbons are successfully used in multimode nanoresonators,
field effect transistors, and CO and deep-UV photodetectors, resulting in a
fast time response and a high stability, signal-to-noise ratio, sensitivity, and
spectral selectivity [48].
In recent years, quasi-2D layers of β -Ga2 O3 cleaved by mechanical exfoliation and plasma etching methods have shown enhanced and extended
performance compered to the bulk oxide. For example, quasi-2D Ga2 O3 –based
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FETs exhibit high breakdown voltage from 113 to 344 V, even at 250◦ C. Similarly, quasi-2D Ga2 O3 solar-blind photodetectors have extraordinarily high
responsivity (1.8 × 105 A/W) compared to bulk β -Ga2 O3 (851 A/W) [16].
Previous experimental studies have demonstrated that the performances of
2D materials depend on their thicknesses. Thus, reducing the thickness of quasi2D Ga2 O3 might improve its performance because of the enhanced surfaceto-volume ratios and quantum confinement effects. Over the last few years,
researchers have studied the electronic and optical properties of monolayer and
bilayer β -Ga2 O3 , demonstrating some potential for 2D structures of gallium
oxide [141, 142, 52].
In view of this rich array of properties and applications, it appears worthwhile to systemically study the possible 2D allotropes of β -Ga2 O3 in detail
utilizing first-principles calculations. In this paper, atomically thin layers of
β -Ga2 O3 oriented in specific crystallographic directions have been theoretically predicted and investigated for their stability and structural and electronic
properties using DFT.
Simple 2D candidate materials have been cleaved from bulk β -Ga2 O3
oriented in four different crystallographic directions. To further investigate
β -Ga2 O3 for stable 2D allotropes, we have used CALYPSO [57, 58], which is
based on PSO algorithms, a method for multidimensional optimization inspired
by the social behavior of bird flocking. The CALYPSO methodology has
been widely accepted by researchers to predict stable and realistic structures
for various systems at given chemical compositions and external conditions
[59, 60, 143].
To study the stability of the predicted 2D allotropes of β -Ga2 O3 in detail,
their structural, electronic, and bonding characteristics have been calculated
using DFT with projected-augmented wave (PAW) pseudopotentials. The
thermodynamic properties of predicated 2D allotropes have been studied by
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calculating the phonon dispersion under the harmonic approximation using
the PHONOPY code. Furthermore, the electronic DOS and band structures
have been obtained for an in-depth investigation of their electronic properties.
We have used the generalized gradient approximation (GGA) XC potential
within the DFT calculations to study the thermal and electronic properties of
2D β -Ga2 O3 . However, while the LDA and GGA accurately predict many
ground-state properties, the band structures of semiconductors and insulators
are significantly underestimated compared to experimental results, as explained
in Chapter 2, Section 2.4.2. Therefore, we have also used the LDA-1/2 method
to accurately determine the band gap energies and band structures of the 2D
allotropes of β -Ga2 O3 .
The structure of this chapter is as follows: Section 6.2 presents the methodology and computational details used to predict the 2D structures and optimize
and study their electronic and thermodynamic properties. Section 6.3 outlines
the results and discusses the potential for these 2D materials to be obtained
experimentally. Section 6.4 gives the concluding remarks and finally Section
6.5 presents the list of related publications.
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Computational Methodology

We studied the crystal structure of β -Ga2 O3 and constructed simple 2D candidate materials from the bulk structure. Four 2D layered structures, oriented
along the [100], [001], [010], and [2̄01] directions, were considered to appear
realistic and constructed for further investigation. In addition, we performed
an unbiased structural search for the 2D allotropes of β -Ga2 O3 using the PSO
methodology available in CALYPSO. Two of the three structures (along the
[100] and [001] directions) obtained by CALYPSO were the same as those
cleaved from the bulk β -Ga2 O3 , validating our prediction of atomically thin
structures.

Figure 6.1: Crystal structure of β -Ga2 O3
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2D Structures from Bulk β -Ga2 O3

Ga2 O3 is a unique metal oxide with extraordinary and unusual properties. It exhibits five different polymorphs (α, β , γ, σ , ε) [14]. Among these, β -Ga2 O3 is
the most stable, both thermally and chemically, and displays splendid potential
for use as a 2D material.
β -Ga2 O3 belongs to space group 12 (C2/m) and has a base-centered
monoclinic crystal structure, as shown in Figure 6.1. The monoclinic crystal
has the cell dimensions a = 12.23 Å, b = 3.04 Å, and c = 5.80 Å and β =
103.7◦ [102]. There are four Ga2 O3 in its conventional unit cell and two
crystallographically different Ga atoms, one with tetrahedral coordination
geometry and the other with octahedral coordination geometry, labeled Ga(I)
and Ga(II), respectively (Figure 6.1). The average interionic distances are as
follows: tetrahedral Ga-O, 1.83 Å; octahedral Ga-O, 2.00 Å; tetrahedron edge
O-O, 3.02 Å; and octahedron edge O-O, 2.84 Å. Additionally, the closest
approach of two Ga+3 ions in Ga2 O3 is 3.04 Å.
Here, we extracted four 2D structures from parent β -Ga2 O3 with distinct
atomic arrangements along the [001], [100], and [010] directions and another
along the [2̄01] direction, as shown in Figures 6.2 and 6.3. These four structures were then optimized and further studied for their electronic and thermal
properties using the DFT calculations.

6.2.2 2D Structure Prediction of β -Ga2 O3 using CALYPSO
Energetically stable 2D structures of β -Ga2 O3 were obtained using CALYPSO
by specifying their chemical compositions and then optimized and investigated
for their electronic and thermal properties using VASP.
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Ga2 O3 (001)

Ga2 O3 (100)

Figure 6.2: Crystal structure of β -Ga2 O3 and 2D structures obtained after
cleaving along the [001] and [100] directions, as shown by the red and green
planes, respectively

Ga2 O3 (010)

GaO(2̄01)

Figure 6.3: Crystal structure of β -Ga2 O3 and 2D structures obtained after
cleaving along the [010] and [2̄01] directions, as shown by the blue and purple
planes, respectively
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Computational Details

To obtain the preferable structures of 2D β -Ga2 O3 , we conducted unbiased
structure prediction based on the PSO techniques and obtained several structures, as implemented in CALYPSO. The structure predictions were performed
using unit cells containing up to three Ga2 O3 units. A high cutoff energy of
400–500 eV was used to optimize and relax the lattice parameters. A k-point
spacing of 0.2 Å was adopted to sample the Brillouin zone to ensure energy
convergence to 0.04 eV.
The electronic structure and properties, thermal and bonding characteristics
of the predicted 2D allotropes of β -Ga2 O3 were calculated using the VASP
code employing DFT [94, 95, 96, 97]. The first-principles plane-wave method
with projected-augmented wave pseudopotentials (PAW) was used for these
calculations [98, 99]. The Perdew-Burke-Ernzerhof (PBE) XC functional was
approximated. [100].
We explored the stability of the predicted 2D layered structures first by
optimizing the structures and then using an ELF analysis to interpret their
bonding natures. To avoid artificial interactions between the layers of 2D
structures, vacuum regions of ≈ 20 Å in the direction perpendicular to the
plane were used. The Brillouin zone integration was performed using a wellconverged 2D Monkhorst-Pack (MP) grid [101]. The Fermi surface smearing
width was set at 0.2 eV for all self-consistent calculations.
PHONOPY is a toolbox for performing first-principles phonon calculations.
To investigate the thermodynamic properties of the 2D layered structures, data
on the force constants of the atoms in a crystal structure were calculated using
VASP. Then, PHONOPY was used to analyze these data to provide a series of
phonon frequencies using the Parlinski–Li–Kawazoe method as implemented
in the PHONOPY package, with which we could check the stability of the
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predicted 2D allotropes at a non-zero temperature [104]. The interatomic forces
were calculated with an energy cutoff of 650 eV. The phonon dispersion of the
(001), (100), and bilayer Ga2 O3 structures was calculated with a supercell size
of 3 × 3 × 1 and for (2̄01) the supercell size was 1 × 3 × 3.
To calculate the band structure and electronic DOS, the k-point sampling
was set as 5 × 5 × 1 and 17 × 17 × 1 for the self consistent and non-self consistent calculations, respectively. The images and graphics of all crystal structures
were created and visualized using VESTA (Visualization for electronic and
structural analysis) [114].
The LDA-1/2 method was used to study the band structure of the predicted
2D structures in detail, and the LDA-1/2 pseudopotentials were generated
by the ATOM program [81]. The theoretical formulation and details of the
LDA-1/2 method were presented in Chapter 2, Section 2.4.3.
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Results and Discussion
Structural Properties 2D Allotropes of β -Ga2 O3

We investigated the structural aspects of all 2D structures cleaved from
β -Ga2 O3 as well as those obtained from CALYPSO.
Four different 2D crystal structures cleaved from β -Ga2 O3 were examined;
of these, two, i.e., Ga2 O3 (001) and Ga2 O3 (100), have a single Ga2 O3 in their
conventional unit cells. Their original and optimized crystal structures are
shown in Figures 6.4(a) and (b), respectively. The optimized Ga2 O3 (001) has
lattice parameters a = 3.39 Åand b = 5.80 Å, which are almost similar to the
lattice parameters of bulk β -Ga2 O3 . All Ga atoms in the Ga2 O3 (001) unit cell
have only tetrahedral coordination geometry, with Ga-O bond lengths of 1.79
Å along the b direction and 1.95 Å along the a direction. For Ga2 O3 (100), the
optimized cell dimensions are a = 3.17 Å and b = 5.23 Å. Unlike Ga2 O3 (010),
it has two crystallograpically different Ga atoms: one with tetrahedral coordination geometry and the other with pentahedral coordination geometry. The
tetrahedral Ga-O ionic distance is 1.85 Å, and the pentahedral Ga-O is 2 Å.
Moreover, Ga2 O3 (010) has four Ga2 O3 in its unit cell, with the Ga atoms
having only tetrahedral coordination geometry. The lattice parameters of
Ga2 O3 (010) are a = 12.70 Å, b = 20 Å, and c = 5.99 Å. After optimization,
Ga2 O3 (010) has a crystal structure similar to that of optimized Ga2 O3 (001),
as shown in Figures 6.4(a) and (c). These structures have the same bond
lengths and formation energies, so they are identified as identical and labeled
as Ga2 O3 (001) for further study of their thermal and electronic properties.

Results and Discussion

115

Original

Optimized

(a) Ga2 O3 (001)

Optimized
Original

(b) Ga2 O3 (100)

Original

Optimized

(c) Ga2 O3 (010)

Original
Optimized

(d) GaO(2̄01)

Figure 6.4: Original and optimized structures cleaved from β -Ga2 O3

The atomically thin layered structure along the [2̄01] direction has slightly
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different structure parameters than the rest of the predicted 2D allotropes of
β -Ga2 O3 . It has 1 to 1 Ga, O ratio with six Ga atoms and six O atoms in its unit
cell. To differentiate this structure (Ga:O = 1:1) from the other 2D allotropes
(Ga:O = 2:3), we named it GaO(2̄01). The original and optimized GaO(2̄01)
crystal structures are presented in Figure 6.4(d). Its lattice parameters are a =
20 Å, b = 3.083 Å, and c = 17.10 Å, with each Ga atom forming a bond with
three O atoms. The Ga-O bond lengths ranges from 1.98 to 2.15 Å, slightly
higher then the corresponding bond lengths of bulk β -Ga2 O3 , suggesting a
weaker covalent character for the Ga-O bonds in GaO(2̄01), as expected from
the stoichiometry.

6.3.2

Predicted 2D Structures from CALYPSO

Three low-energy 2D structures of β -Ga2 O3 , named Ga2 O3 (001), Ga2 O3 (100),
and bilayer Ga2 O3 , were obtained from CALYPSO, as shown in Figure 6.5.
Two of the structures obtained by CALYPSO have the same geometrical
structure and parameters as the optimized Ga2 O3 (001) and Ga2 O3 (100), as
shown in Figures 6.4(a) and (b).
The third structure in bilayer Ga2 O3 , having a single Ga2 O3 in its unit
cell. Its optimized lattice parameters are a = 3.33 Å, b = 3.19 Å, and c = 20
Å. The Ga-O bond length of the top layer is 1.8 Å along the b direction and
(a) Ga2 O3 (001)

(b) Ga2 O3 (100)

(c) Bilayer Ga2 O3

Figure 6.5: 2D structures of β -Ga2 O3 predicted by CALYPSO
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(a) Ga2 O3 (001)

(c) Ga2 O3 (100)

(b) Bilayer Ga2 O3

(d) GaO(2̄01)

Figure 6.6: Predicted and optimized 2D structures of β -Ga2 O3
2.04 Å along the a direction. Similarly, for the bottom layer, the Ga-O bond
length is 2.00 Å along the b direction and 1.82 Å along the a direction. These
Ga-O bond lengths indicates a strong covalent character between them, as
evidenced by the ELF in Figure 6.7. The separation between the layers along
the out-of-plane direction (buckling height) is 1.2 Å.
Studying all structures obtained from CALYPSO as well as the cleaved
structures from bulk β -Ga2 O3 , as shown in Figure 6.6, we have a total of four
structures, i.e., Ga2 O3 (001), Ga2 O3 (100), bilayer Ga2 O3 , and GaO(2̄01), for
further investigation of their thermal and electronic properties.

6.3.3

Electron localization function (ELF) Analysis

The ELF calculations were performed to gain a deep understanding of the
relative stability and unique bonding nature of the predicted 2D allotropes of
β -Ga2 O3 . The ELF aids in classifying and analyzing the electron localization
and bonded interactions in molecules and solids [103].
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To gain insight into the bonding nature of the 2D allotropes of β -Ga2 O3 ,
we obtained ELF images, shown in Figure 6.7, with an isosurface value of
0.55. The ELF image of Ga2 O3 (001) shows large isosurface areas between
the Ga-O atoms along the b direction, indicating a strong covalent nature.
For Ga2 O3 (100), the core regions are characterized by circular localization
domains along both the a and b directions, indicating the overall covalent
nature of plane (100).
The topography of optimized bilayer Ga2 O3 presented in Figure 6.7(b)
shows the maximum electron charge density at the center between the bonds,
representing its strong covalent nature in both layers. The ELF image of
GaO(2̄01) is different from that of the other three allotropes, as shown in
Figure 6.7(d). GaO(2̄01) have less isosurface area around its atoms, indicating
the delocalization of electrons along the bonds, thus predicting its metallic
nature.
(a) Ga2 O3 (001)

(c) Ga2 O3 (100)

(b) Bilayer Ga2 O3

(d) GaO(2̄01)

Figure 6.7: ELF image of the 2D allotropes of β -Ga2 O3 at an isosurface value
of 0.55
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Phonon Calculations

The thermodynamic and lattice dynamic stability of predicted 2D structures are
important for their practical applications. To comprehensively investigate the
stability of the 2D structures predicted, we calculated their formation energies
and phonon dispersion curves.
The calculated formation energies for all 2D allotropes are shown in Table
6.1. Here, Ga2 O3 (100) has formation energy of 5.67 eV, indicating it is the
most favorable 2D allotrope. These results suggest that all predicted allotropes
of gallium oxide are thermodynamically stable, except GaO(2̄01), having
formation energy value of 4.99 eV.
Figure 6.8 demonstrates the phonon dispersion curves for these structures.
With the exception of GaO(2̄01), the phonon dispersion of all other 2D allotropes have no imaginary frequencies indicative of dynamical stability. Thus,
our hypothesis that β -Ga2 O3 can have one or more stable structures is shown
to be correct at this level of theory, ignoring substrate effects.
We applied different amounts of strain to the 2D structure of GaO(2̄01)
and calculated the respective phonon spectra to find the most stable phonon
dispersion curve. However, the phonon dispersion (–8%, –6%, —, 6%, 8%) of
the uniformly strained GaO(2̄01) structure still display imaginary frequencies,
indicating that it might not be a suitable candidate for the 2D allotropes of
β -Ga2 O3 .
Table 6.1: Formation energies of 2D allotropes of β -Ga2 O3
2D structures
Ga2 O3 (001)
Ga2 O3 (100)
Bilayer Ga2 O3
GaO(2̄01)

Formation energy
(eV)
5.7
5.76
5.7
4.99
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(a) Ga2 O3 (001)

(c) Ga2 O3 (100)

(b) Bilayer Ga2 O3

(d) GaO(2̄01)

Figure 6.8: Phonon dispersion curves of 2D β -Ga2 O3

6.3.5

Density of states (DOS) and Band Structure
Calculations

Finally, we calculated the DOS and projected band structure of the 2D allotropes of β -Ga2 O3 . The density of states, and projected band structure
obtained by using the GGA approximation are presented in Figure 6.9. As
seen in the figure, Ga2 O3 (001), Ga2 O3 (100), and bilayer Ga2 O3 are indirect
band gap semiconductors with the conduction band minimum (CBM) at Γ
point and valence band maximum (VBM) at Y. These 2D structures have a
DOS consistent with the results shown by Su et al. [141].
Oxygen, specifically the O-p orbital, contributes the most to the valence
band region near the VBM, while Ga contributes more to the conduction band.
Additionally, hybridization between the different orbitals can been seen in
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both the conduction and valence bands. The conduction band is composed of
Ga-s and a little bit of Ga-p, while the valence band is mainly composed of
O-p, with a small amount of Ga-p and Ga-d orbitals.
For GaO(2̄01), the indirect band gap is almost 0.25 eV from the CBM at Γ
point to the VBM at the D point. As seen in Figure 6.9(d), for GaO(2̄01), the
conduction and valence bands are mostly occupied by Ga-p and Ga-d orbitals.
It is clear from both the band structure and phonon spectrum that GaO(2̄01)
with non-standard stoichiometry (1:1) is not a stable 2D allotrope.
The calculated band gap of Ga2 O3 (001) and bilayer Ga2 O3 is 2 eV but
for Ga2 O3 (100) its value is almost 2.75 eV. These calculated band gap values
are very small compared to the experimental values for bulk β -Ga2 O3 , indicating that the GGA approximation underestimates the band structure of the
semiconductor materials.
(a) Ga2 O3 (001)

(c) Ga2 O3 (100)

(b) Bilayer Ga2 O3

(d) GaO(2̄01)

Figure 6.9: DFT calculations of the projected band structure (left) and DOS
(right) of 2D β -Ga2 O3
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(a) Ga2 O3 (001)

(b) Ga2 O3 (100)

(c) Bilayer Ga2 O3

Figure 6.10: Comparison of band structures obtained by LDA-1/2 (red) and
GGA (black) approximation.
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Thus, we used the LDA-1/2 method to calculate the accurate band gaps for
these predicted 2D semiconducting oxides. Figure 6.10 shows the comparison
between the band structures obtained from the LDA-1/2 and GGA approximation. The differences between these band gap values are consistent with the
values Ferreira et al. obtained for different structures [82]. With the LDA-1/2
approach, the accurate indirect band gaps of Ga2 O3 (001), Ga2 O3 (100), and
bilayer Ga2 O3 were 3.82, 4, and 3.212 eV respectively. These larger band gaps
indicates that nanodevices based on 2D Ga2 O3 , especially Ga2 O3 (100), could
have enhanced electronic properties, e.g., a larger on/off ratio and threshold
voltage.
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Similarities in the Crystal Structure of 2D gallium
sheets and 2D β -Ga2 O3

After the successful exfoliation and intriguing properties of 2D Ga structures,
there is a quest for the stable 2D oxides of Ga. Therefore, we have investigated
for the new novel 2D allotropes of β -Ga2 O3 . Another way to obtain the oxides
of 2D Ga is to oxidize Ga sheets. The first step for this studies is to compare
the structures of the Ga sheets with those of the 2D allotropes of β -Ga2 O3 to
see what possible structures can be obtained if the Ga sheets are oxidized.
We compared the structure of all Ga sheets with the atomic layer structures of β -Ga2 O3 , but unfortunately, we did not find any similarities between
them, except for a slight resemblance of the multidecker structure of Ga(010)
shown in Figure 4.3 to the original structure of GaO(2̄01) presented in Figure 6.4. While Ga(010) is an multidecker structure with a buckling height of
approximately 1.4 Å, the Ga in GaO(2̄01) is in the same plane.

Summary
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Summary

In summary, by combining first-principles calculations with CALYPSO, we
discovered energetically stable allotropes of β -Ga2 O3 . The calculations of their
structural parameters, ELF images, and phonon dispersion curves confirmed
their structural and thermal stability, with Ga2 O3 (100) being the most stable
allotrope among them with a formation energy value of 5.67 eV. Moreover, we
performed a thorough investigation to study their band structures using both
the GGA and LDA-1/2 methods as the XC functional of DFT. We found that
2D β -Ga2 O3 , especially Ga2 O3 (100), exhibited large ban dgaps comparable to
those of bulk β -Ga2 O3 . Our theoretical studies suggest that these 2D metallic
layers should be further explored experimentally to extend the applications of
β -Ga2 O3 in electronic and optoelectronic devices with high performance.
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Chapter 7
Surface Properties of Gallium
Oxide
Overview: The surface properties and electronic structures of low-index
surfaces of β -Ga2 O3 are addressed in this chapter. Density functional theory
calculations, with large-core Ga and O pseudopotentials, are performed to
optimize the structures of first the bulk and, then, the slab surfaces cleaved
from the bulk in the required orientations. For all relaxed slab surfaces,
calculations are performed to obtain the surface energies and projected band
structures.

7.1

Introduction

The surface properties of crystal structures play a crucial role in the design
and understanding of the materials for many applications in the fields of
material synthesis, catalysis, microelectronics, and energy storage [49, 50].
The surface effects are significant at the nanoscale and dominate the material’s
overall physical and chemical properties. For example, the surface energy can
determine the nanoscale stability of metastable polymorphs. Similarly, the
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surface chemistry can be used to tune nanoporous gold and surface-engineered
carbon aerogels for sustainable energy applications [51].
However, due to the sensitivity of materials to their surrounding environment, experimentally determining the surface properties of nanomaterials can
be challenging. For this reason, first-principles calculations have become an
essential tool in determining various surface properties, e.g., the surface electronic structure, surface thermodynamics, structural reconstructions, interlayer
relaxation, nanocrystal morphologies, and work functions [52, 53].
Monoclinic β -Ga2 O3 has many interesting bulk and surface properties,
with a wide range of applications from semiconducting lasers and UV detectors
to high-temperature gas sensors, as highlighted in Chapter 6. Its high thermal
stability with a melting point of 18,00◦C makes it a favorable contestant for
gas sensors operating at a very high temperature [144]. It has been proven
that it is sensitive to gases such as CO, H2 , and CHx based on the surface
reactions below 700◦C. A further source of interest in β -Ga2 O3 is the recent
work on nanowires and nanoribbons (or nanobelts). Mechanically exfoliated
β -Ga2 O3 nanoribbons are successfully used in multimode nanoresonators,
field-effect transistors, and CO and deep-UV photodetectors, resulting in a
fast time response and a high stability, signal-to-noise ratio, sensitivity, and
spectral selectivity [48].
To understand the structural, electronic, and optical properties of mono-, bi, and multi-layer β -Ga2 O3 , it is worthwhile to study the surface properties of
stable and low-index surfaces of β -Ga2 O3 . In the literature, theoretical studies
have been extensively used to investigate the various physical and chemical
properties of bulk β -Ga2 O3 . However, few studies have been reported on the
ab initio study of β -Ga2 O3 surfaces. The only theoretical investigation on the
surface properties of β -Ga2 O3 that we are aware of is by Bermudez [145].
Moreover, few DFT studies on the hydrogen and water adsorption on the
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(100) surface of β -Ga2 O3 have been reported [146]. For instance, Anvari et
al. performed a DFT simulation of water adsorption on the (2̄01) surface of
β -Ga2 O3 [52].
This chapter focuses on the first-principles ab initio study of the structure
and electronic properties of the low-index surface planes of β -Ga2 O3 . Attention is focused on the (100), (010), and (001) faces since these surfaces appear
to be the most technologically important. First, the structure of the bulk and
then the slabs cut in the required orientations was optimized. The slab unit
cells were fully relaxed during the optimization. For the relaxed slabs, DFT
calculations using the GGA and LDA-1/2 approximation and plane-wave basis
sets were performed to obtain the surface energies and band structures.
The organization of this chapter is as follows: Sections 7.2 outlines the
computational details and methodologies used to construct the surface slabs in
particular directions and study their surface energy and electronic properties.
Section 7.3 presents the results and discusses the potential for these surfaces to
be used in future electronic devices. Finally, Section 7.4 gives the concluding
remarks.

7.2

Computational Details

The surface and electronic properties of the low-index surfaces of β -Ga2 O3
were calculated using VASP with the plane-wave method and projectedaugmented wave pseudopotentials (PAW) [98, 99]. For bulk β -Ga2 O3 , a single
unit cell with eight Ga2 O3 units was used. For the optimization of the bulk
β -Ga2 O3 , a 5 × 17 × 11 Monkhorst-Pack (MP) k-mesh was used to sample the
Brillouin zone, and the plane-wave cutoff energy was considered to be 520 eV.
To calculate the band structure, four unit cells of β -Ga2 O3 were considered,
with the k-point sampling set as 3 × 1 × 5 and 5 × 1 × 11 for the self consistent
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and non-self consistent calculations, respectively. A tetrahedron method was
used for the optimization and band structure calculations, with a smearing
width of 0.2 eV.
β -Ga2 O3 , (010), (100), and (001) surfaces were created by cleaving the
optimized bulk cell in the [010], [100], and [001] directions, respectively, and
modeled as periodically repeated slabs. The slabs were cut from the optimized
bulk lattice rather than from the experimental lattice. The calculations were
done using slabs of N = 6 and 8 layers, with convergence achieved for N = 8
for all surfaces. The geometry optimization was done by allowing complete
freedom of movement to all atoms in a slab’s two top and bottom layers. The
symmetry of the middle layers was maintained so that the slabs behave as a
bulk material with two surfaces on the top and bottom.
To avoid artificial interactions between the periodically repeated slabs,
vacuum regions of ≈ 20 Å in the direction perpendicular to the plane were
used. The Brillouin zone integration was performed using a well-converged
2D Monkhorst-Pack (MP) grid to calculate the surface properties. The Fermi
surface smearing width was set at 0.2 eV for all self-consistent calculations
using the tetrahedron method.
We used the generalized gradient approximation (GGA) XC potential
within the DFT calculations to study most of the properties of β -Ga2 O3 . However, while LDA and GGA approximations accurately predict many groundstate properties, the band structures of semiconductors and insulators are
significantly underestimated compared to the experimental ones, as explained
in Chapter 2, Section 2.4.2. Considering this, the LDA-1/2 method was used
to study the band structure of the predicted 2D structures in detail, and the
LDA-1/2 pseudopotentials were generated by the ATOM program [81].
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Results and Discussion

We first studied the crystal structure and electronic properties of the bulk
β -Ga2 O3 and then constructed slabs cleaved in specific crystallographic directions for studying their surface and electronic properties.

7.3.1

Bulk Properties

As stated previously, β -Ga2 O3 belongs to space group 12 (C2/m) and has a
base-centered monoclinic crystal structure, shown in Figure 7.1. The monoclinic crystal cell dimensions of β -Ga2 O3 are given in Table 7.1 [102].
There are four Ga2 O3 units in its conventional unit cell and have two
crystallographically different Ga sites and three inequivalent O sites. The Ga(I)
atoms form slightly distorted tetrahedra with four O atoms, and the Ga(II)
atoms form highly distorted octahedra with six O atoms. Each O(I) is threefold
coordinated and lies at the intersection of two octahedra and one tetrahedron.
Each O(II) is also threefold coordinated and is shared between one octahedron
and two tetrahedra. Each O(III) is fourfold coordinated and lies at the corner of
three octahedra and one tetrahedron. Figure 7.1 illustrates the structural details
noted above. The average interionic distances are: tetrahedral Ga-O, 1.83 Å;
octahedral Ga-O, 2.00 Å; tetrahedron edge O-O, 3.02 Å; and octahedron edge
O-O, 2.84 Å. The closest approach of two Ga+3 ions in Ga2 O3 is 3.04 Å.

Table 7.1: Experimental and calculated structural parameters for β -Ga2 O3
Parameter
a
b
c
β
a

Calculated
12.45 Å
3.08 Å
5.87 Å
103.68◦

Experimentala
12.23 ± 0.02
3.04 ± 0.01
5.80 ± 0.01
103.7◦ ± 0.3

Results taken from Geller ([102], Table II). The values listed above in the table were slightly
revised by Ahman et al. [147]
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O(I)
O(II)
O(III)
Ga(I)
Ga(II)

Figure 7.1: Crystal structure of β -Ga2 O3 . The different inequivalent atom
types are labeled, and the slightly different sizes shown for the two different
Ga and three different O sites are not significant
We first investigated the structural aspects of β -Ga2 O3 and then studied its
band structure in detail. Table 7.1 gives the lattice parameters of the β -Ga2 O3
obtained using structural optimization. The optimization was done iteratively
by alternately refining the lattice constants and atom positions in separate
calculations until convergence was achieved. The calculated structure is seen
to be in good agreement with the experimental results.
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(a) Band structure of β -Ga2 O3

(b) Projected band structure of β -Ga2 O3

Figure 7.2: The band structure of β -Ga2 O3 . The k-points are Γ = (0,0,0), Y =
(1/2,1/2,0), V = (1/2,0,0), A = (0,0,1/2), M = (1/2,1/2,1/2), L = (1/2,0,1/2)
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Table 7.2: Comparison of calculated indirect band gaps (eV) using different
approximations
β -Ga2 O3
Bulk
Surface (010)
Surface (100)-A
Surface (100)-B
Surface (001)-A
Surface (001)-B

GGA approx.
2.032
1.028
0.503
0.503
0
0

LDA approx.
1.865
1.052
0.214
0.214
0
0

LDA-1/2 approx.
4.501
2.638
2.209
4.104
2.099
2.018

The bulk band structure of β -Ga2 O3 was computed using DFT with planewave basis sets. The band gap obtained here using the LDA-1/2 method is
Eg = 4.501 eV versus the experimental values in the range of 4.5–4.9 eV
[105, 148], as shown in Figure 7.2(a). Table 7.2 shows the values of the
indirect band gap calculated for the bulk and different surfaces of β -Ga2 O3
using GGA, LDA, and LDA-1/2 approximation.
The projected band structure for the bulk β -Ga2 O3 presented in Figure 7.2
(b) indicates that the top of the valence band (VB) is mainly occupied by O-p
states, making it very flat. The local maxima in the VB occur at the Γ points of
the Brillouin zone. The lower part of the conduction band (CB) is composed
of hybridized Ga-s and O-p states, with a well-distinguished local minimum at
Γ point and high dispersion, leading to a relatively low effective electron mass
and high electron mobility.

7.3.2

The (010) Surface

The (010) surface was created by cleaving the optimized bulk cell and modeled
as a periodically repeated slab. Figure 7.3 indicates the termination of the (010)
surface from the bulk β -Ga2 O3 .
There is only one termination site for (010) surface, containing all five
atom types. This surface is formed by cleaving Ga(I)-O(II), Ga(II)-O(I), and
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Top view of surface 010

Ga and O atoms at 010 surface
O(I)

O(I)

Ga(I)

Ga(II)

O(III)

O(II) O(III)

O(II)

O(I)

Ga(II)

Ga(I)

O(I)

Figure 7.3: Relaxed β -Ga2 O3 with a plane along the [010] direction. Red and
green represent the oxygen and gallium atoms, respectively
Ga(II)-O(III) bonds. At the surface, Ga(I) is singly unsaturated, back-bonded
by the other three oxygen atoms, and Ga(II) is terminated from O(I) and O(III),
back bonded with the remaining four O atoms. All surface atoms are singly
unsaturated, except for Ga(II), which is doubly unsaturated.
Figure 7.4 shows the periodic slab structure of β -Ga2 O3 along the [010]
direction with a vacuum of ≈ 20 Å between two slabs. The slabs were cut
from the optimized bulk lattice rather than from the experimental lattice. The
calculations were done using N = 6 and 8 layers of slabs, with convergence
achieved for N = 8. The geometry optimization was done by allowing complete
freedom of motion to all atoms in the two top and bottom slab layers. The
symmetry of the middle layers was maintained so that the slabs behaves as a
bulk material with two surfaces on the top and bottom.
At the surface, the distances from Ga(I) to O(I), O(II), and O(III) (1.77,
1.88, and 1.84 Å, respectively) are all shorter than those in the bulk. Likewise,
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Figure 7.4: β -Ga2 O3 (010) surface slab
the distances from Ga(II) to O(I), O(II), and O(III) (1.82, 1.91, and 1.96 Å,
respectively) are shorter than in bulk. These results indicate an increased
covalent interaction between the pairs of surface atoms. The surface energy
was calculated to be 0.098 eV Å−2 , which is in agreement with the surface
energy calculated by Anvari et al. for the (010) surface [52]. The surface has
an area of 71.095 Å2 . The surface energies of the different slabs are listed in
Table 7.3.
7.3.2.1

Electronic Band structure

To examine the possibility of surface states, the surface band structure was
computed for the fully relaxed (1×1) slab with the (010) structure, and the
results (near the band edges) are shown in Figure 7.5. The band structure for
the (010) slab was also calculated using the LDA-1/2 method.
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Figure 7.5: Band structure of β -Ga2 O3 (010) surface
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Figure 7.6: Projected band structure of β -Ga2 O3 (010) surface
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The surface Brillouin zone, which is simple for the (010) plane, was
constructed using the monoclinic reciprocal lattice vectors.
The calculated indirect band gap for the (010) surface is narrowed down to
2.64 eV from a bulk band structure of 4.55 eV, shown in Figure 7.5, indicating
the presence of surface-related features in the band gap. The results show deep
CBM at Γ, as is seen for the bulk shown in Figure 7.2, with the surface states
visible at the top of the VB.
Figure 7.6 indicates that the VB of the (010) surface is made up of the
hybridization of Ga-d, with the p orbital of the surface O, whereas the CB at
the surface mainly consists of the s, p, and d orbitals of all surface gallium
hybridized with the s and p orbitals of the surface oxygen, which is slightly
different from that of bulk, where Ga-s dominates the other orbitals.
For a detailed comparison of the bulk and surface band structures, Figure
7.7 plots both the surface band structure and band structure of bulk β -Ga2 O3
in the direction of the (010) surface. The zero-energy level in this figure
represents the center of the band gaps for both the surface and bulk to make
a valid comparison between them. The figure clearly shows the presence of
surface states at the VB, whereas the CB pattern is almost similar to that of
the bulk.

Table 7.3: Surface energies (σ ) for different surfaces of β -Ga2 O3
Surfaces
(010)
(100)-A
(100)-B
(001)-A
(001)-B

Area (Å2 )
71.096
35.204
35.204
38.391
38.391

σ (eV Å−2 )
0.098
0.056
0.0325
0.11
0.080

Area (Å2 ) is that of the primitive (1×1) surface unit cell. The labels “A” and “B” refer to
different lattice terminations.
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Figure 7.7: Band structure comparison of the bulk and β -Ga2 O3 (010) surface
slab. The zero-energy level in this figure represents the center of the band gaps
for both the surface and bulk

7.3.3

The (100) Surface

Unlike (010), (100) surface termination from the optimized bulk is possible
from two different points labeled A and B, as shown in Figure 7.8. These are
described as follows:
Plane A was terminated in rows of O(II) by cleaving Ga(II)-O(II) with
each O(II) back bonded to two Ga(I) atoms. Surface atoms Ga(II) and O(II)
are missing a single nearest neighbor compared to the corresponding bulk sites,
whereas Ga(I), O(I), and O(III) are fully coordinated on the surface.
Plane B was terminated in rows of Ga(II) and O(III), as shown in Figure
7.8. Surface atoms Ga(II) and O(III) are singly unsaturated, with Ga(I) and
O(I) fully coordinated. There are no O(II) atoms on the surface.
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B
A

Figure 7.8: β -Ga2 O3 unit cell with plane A and plane B along the [100]
direction
The most stable and extensively studied surface of β -Ga2 O3 is the (100)
surface, as proven by various theoretical calculations and experiments [149,
145, 150]. It appears to be a robust photocatalyst for water-splitting [151] and
has been studied for the decomposition and adsorption of many materials, such
as H, CH4 , CO2 , and CH3 OH [152]. In their investigation of CH4 adsorption,
Kohl et al. used the (100)-A surface but with a complete layer of O(II) atoms
for which all Ga sites were fully coordinated [153]. Gonzalez et al., in their
study of H adsorption, used this polar Ga-terminated surface as a model for a
surface with O vacancies [146].
First we discuss the structural properties for (100)-A surface. Figure 7.9 (a)
shows a single unit cell for the (100)-A surface slab with fourfold-coordinated
Ga(I), fivefold-coordinated gallium Ga(II), threefold-coordinated O(I), and
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(b) β -Ga2 O3 (100)-B surface slab

Figure 7.9: Crystal structure of β -Ga2 O3 (100)-A and (100)-B surface slab
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threefold-coordinated O(III) exposed on the surface, among which Ga(II) and
O(III) were unsaturated. The calculations for (100)-A surface were done using
a slab of N = 8 atomic layers with 16 Ga2 O3 units. A vacuum of 20 Å between
successive slabs was used to separate the two heterostructures to avoid spurious
interactions due to the non-local nature of the correlation energy. The four
middle layers were fixed in their bulk positions in all calculations, whereas the
two top and bottom layers were allowed to relax. The surface energy for the
(100)-A surface is 0.056 Å−2 eV, in agreement with the surface energy values
calculated by Bermudez [145].
Similar calculations were done for a (1×1) unit cell with (100)-B termination. The slab structure for the (100)-B termination is shown in Figure 7.9
(b). The surface energy is 0.032 Å−2 eV, which is lower for this structure than
for (100)-A surface. The fact that the relaxed (100)-B surface has the lowest
energy of those considered here (Table 7.3) is consistent with the observation
[15,16] that β -Ga2 O3 cleaves easily on the (100)-B plane.
The greater stability of the (100)-B versus (100)-A surface is probably
due to it’s higher degree of saturation. On (100)-B, the surface O(III) atoms
are missing one out of four Ga nearest neighbors, whereas on (100)-A, the
surface O(II) atoms are missing one out of three bulk nearest neighbor Ga
atoms. The (100)-B surface has also been proposed [24,28,29] for crystalline
β -Ga2 O3 films formed by oxidation of CoGa (100) and (001) surfaces. It
has also been noted that β -Ga2 O3 nanoribbons grow with (100) as the broad
surface, consistent with the relatively lower surface energy of the (100)-B
surface.
7.3.3.1

Electronic Band Structure

To examine the possibility of surface states, the surface band structure was
computed for the fully relaxed (1×1) 8-layer slab for the (100)-A structure
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(a) Band structure of β -Ga2 O3 (100)-A

(b) Band structure of β -Ga2 O3 (100)-B

Figure 7.10: Band structure of β -Ga2 O3 (100)-A and (100)-B surfaces
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and 10-layer slab for the (100)-B structure. The results (near the band edges)
are shown in Figure 7.10. The surface Brillouin zone, which is simple for the
(100) plane, was constructed using the monoclinic (space group 10) reciprocal
lattice vectors.
For the (100)-A surface, the calculated indirect band gap is 2.209 eV, with
surface states in the VB. The CBM is at Γ point. For (100)-B, the results show
basically the same nearly flat VBM and deep CBM at Γ point as is seen for
the bulk in Figure 7.2, and there is no indication of surface-related features in
the band gap. The band gap value for (100)-B is 4.104 eV , nearly similar to
the band gap value for bulk β -Ga2 O3 .
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The (001) Surface

As in the case of (100), two non-polar (001) terminations of the β -Ga2 O3 unit
cell are possible, as shown in Figure 7.11.
Plane A was cleaved in rows of singly unsaturated O(I) atoms back
bonded to two Ga(II) atoms. The O(I) rows are separated by rows of singly
unsaturated Ga(I) atoms. The Ga(II) and O(II) atoms in the surface plane are
fully coordinated, with no O(III)s in the plane.
Plane B was cleaved in rows of doubly unsaturated O(III) atoms back
bonded to one Ga(I) and one Ga(II) and separated by rows of doubly unsaturated Ga(II) sites. The Ga(I) and O(II) atoms in the surface plane are fully
coordinated, with no O(I)s in the surface plane.

B

A

Figure 7.11: β -Ga2 O3 unit cell with plane A and plane B along the [001]
direction
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(b) β -Ga2 O3 (001)-B surface slab

Figure 7.12: Crystal structure of β -Ga2 O3 (001)-A and (001)-B surface slabs
Global geometry optimizations were performed for N = 6 and 8 layers, with
convergence achieved for N = 8. The surface energy of the ideally terminated
surfaces (001)-A and (001)-B (Table 7.3) is relatively high, as expected from
the high degree of unsaturation noted above.

7.3.5

Electronic Structures

To examine the possibility of surface states, the surface band structure was
computed for the fully relaxed (1×1) eight-layer slab with the (001)-A and
(001)-B structures. The results (near the band edges) are shown in Figure 7.13.
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(a) Band structure of β -Ga2 O3 (001)-A

(b) Band structure of β -Ga2 O3 (001)-B

Figure 7.13: Band structure of β -Ga2 O3 (001)-A and (001)-B surfaces
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The surface Brillouin zone was constructed using the monoclinic (space
group 12) reciprocal lattice vectors. For the (001)-A surface, the calculated
indirect band gap is 2.209 eV, and for (001)-B, the band gap comes out to be
2.018 eV, with the presence of surface states in the VB for both the surfaces.
The CBM is at Γ point.

7.3.6

Projected Band Structure of β -Ga2 O3 (100)-A,
(100)-B, (001)-A, and (001)-B surfaces

The projected band structures for the β -Ga2 O3 (100)-A, (100)-B, (001)-A,
and (001)-B surfaces are presented in Figure 7.14. It is clear from the figure
that all surfaces have almost the same contribution of orbitals in the VB and
CB. The VB of the (100)-A and (100)-B surfaces indicates that the top of the
VB is composed mainly of O-p states, with a small contribution of Ga-d and
Ga-p orbitals, whereas for (001)-A and (001)-B, it is mainly composed of O-p
orbitals, with a small contribution of Ga-d states. The local minimum in the
CB occurs at the Γ points of the Brillouin zone for all surfaces. The bottom
part of the CB is dominated by hybridized Ga-s and O-p states.
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(a) β -Ga2 O3 (100)-A

(c) β -Ga2 O3 (001)-A
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(b) β -Ga2 O3 (100)-B

(d) β -Ga2 O3 (001)-B

Figure 7.14: Projected band structure of the β -Ga2 O3 (100)-A, (100)-B, (001)A, and (001)-B surfaces

7.3.7

Compression of Electronic Band Structure of Slab
Surfaces and 2D Allotropes of β -Ga2 O3

To thoroughly understand the electronic properties of β -Ga2 O3 , we compared
the electronic band structure of the slab surfaces and 2D allotropes of β -Ga2 O3
flaked off in the same crystallographic directions. As both the slabs and 2D
structures were cleaved in the same direction, we expected some similarity
between their band structures and electronic properties. Figure 7.15 presents
the band structures for the 2D allotropes and slab surfaces along the [100],
[001], and [010] directions.
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Figure 7.15: Compression of electronic band structure of slab surfaces and 2D
allotropes of β -Ga2 O3
Interestingly, both the atomic layered structure and slab surface along the
[100] direction have almost the same band structure and band gap. The 2D
Ga2 O3 (100) is the most stable allotrope among all predicted allotropes, as
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discussed in Chapter 6, and the slab surface along [100] is the stable, with
the lowest surface energy value (σ = 0.0325eV −2 ). The only difference is the
density of the band states because of the higher number of Ga2 O3 units in the
slab.
Along the [001] direction, the band structures are different with a band gap
of 3.98 and 2 eV for the 2D structure and slab surface, respectively, as shown
in Figure 7.15(b). The VB are almost the same, with prominent surface states
in the surface band structure. The presence of band states near the CBM in
the slab surfaces can be related to the interaction of the surface atoms with
the atoms in the underneath layers (bulk layers). However, regarding the band
structure along [010], the 2D structures have a lower band gap with more band
states near the CBM, but surprisingly, the VB are the same.

7.3.8

Low-index surfaces of β -Ga2 O3 and Surface
solidification of liquid metals forming oxide layers

Gallium and several of its alloys are liquid metals at or near room temperature.
Gallium has low toxicity, essentially no vapor pressure, and a low viscosity.
Despite these desirable properties, applications calling for liquid metal often
use toxic mercury because gallium forms a thin oxide layer on its surface.
The oxide interferes with electrochemical measurements, alters the physicochemical properties of the surface, and changes the fluid dynamic behavior
of the metal. However, this solid oxide “skin” have shown a potential for
many new applications for liquid metals including soft electrodes and sensors,
functional microcomponents for microfluidic devices, self-healing circuits,
shape-reconfigurable conductors, and stretchable antennas, wires, and interconnects [154, 155]. The study of electronic properties of low-index surfaces
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of β -Ga2 O3 can enable us to understand the properties of these oxide layers,
enhancing their applications in advance nano-electronics.

Summary

7.4
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Summary

In conclusion, the physical and electronic structures of the (010), (100), and
(001) faces of β -Ga2 O3 were addressed using ab initio theory. The theoretical
results for the bulk β -Ga2 O3 are in good agreement with the available experimental data (i.e., crystal structure and band gap data). The results provide a
physical picture of each surface structure and how that structure is derived by
relaxing the corresponding ideally terminated surface. The surface energies
were calculated to assess the stability of all surface planes. The relatively
low surface energy (σ ) of the (100)-B surface is consistent with the observed
tendency of β -Ga2 O3 single crystals to cleave on the (100) plane. The stability
of the (100)-B surface is ascribed to a local bonding configuration that is
not very different from that of the bulk. Of the surfaces considered, the most
stable structures, i.e., (100)-B, (100)-A, and (001)-B in the order of increasing
σ , all have unsaturated Ga(II) sites but no unsaturated Ga(I) sites. The band
structures for all surfaces indicate the presence of surface states on the top of
the VB, except for the most stable surface, (100)-B. The (100)-B surface has
the highest band gap (4.10 eV) among all surfaces of β -Ga2 O3 .

Chapter 8
Conclusions and Future Work
Overview: This chapter provides concluding remarks, highlights the major
contributions of this thesis, and presents directions for future research based
on the findings of this work.

8.1

Conclusions

The primary objective of this research was to discover the new thermodynamically stable 2D metals and metallic oxides with properties potentially suitable
for low-power, high-performance nanodevices. Two-dimensional materials
have garnered extensive interest due to their intriguing and unusual properties,
such as a large surface-to-volume ratio, atomically thin body, high charge
carrier mobility, and unique electronic properties. Among these 2D materials,
metallic crystals are relatively unexplored. Therefore, this research focused
on theoretically investigating group 13 metals Al, Ga, and In and metallic
oxide β -Ga2 O3 for their novel stable 2D allotropes using first-principles DFT
calculations and an unbiased structural search (using CALYPSO) based on
particle swarm optimization (PSO) algorithms.
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The electronic structure, bonding characteristics, and phonon and electronic
properties of the predicted 2D candidate structures were studied in detail using
the VASP code based on first-principles DFT.
The surface properties of crystal structures are crucial to the understanding
and design of materials for many applications in the fields of material synthesis,
catalysis, and energy storage. To understand the structural, electronic, and
optical properties of mono-, bi-, and multi-layer β -Ga2 O3 , this research also
investigated the surface properties and electronic structures of the oxide’s
low-index surfaces, i.e., (010), (100), and (001), using DFT calculations.
The ultimate objective of this work was to conduct an extensive investigation of the crystal structures, stabilities, and electronic properties of novel
2D structures of Al, Ga, In, and β -Ga2 O3 by combining an unbiased structure
search with first-principles calculations.
The entire study was performed in three parts. In the first part, we investigated all possible 2D allotropes of group 13 of the periodic table (Al, Ga,
and In) using PSO algorithms combined with DFT calculations. In the second
phase, we focused on finding stable 2D structures of β -Ga2 O3 oriented in
specific crystallographic directions using first-principles DFT calculations
and an unbiased structural search. In the third part, we performed a detailed
study of the structural and electronic properties of the low-index surfaces of
β -Ga2 O3 .
The main contributions of this thesis are summarized individually below.

8.1.1

Electronically and Thermally stable 2D Structures of
Al, Ga and In

We studied the crystal structures of aluminium, gallium, and indium and
cleaved simple 2D candidate materials from the bulk structures oriented in
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different crystallographic directions. Only the structures that appeared to be
realistic and stable were further studied for their electronic and thermal stability.
Additionally, we explored the successfully exfoliated gallenene sheets: Ga(100)
and Ga(010) for Al and In. Similarly, as the most stable configuration of fcc
Al, the Al(111) plane was also investigated and considered for both Ga and In.
Using a theoretical approach, we demonstrated that aluminene (2D aluminium), gallenene (2D gallium), and indenene (2D indium) with distinct
atomic arrangements oriented along the [010] and [100] directions of the α-Ga
lattice and the [111] direction of the fcc Al lattice, showed stability in their 2D
forms, with the most stable form of gallenene (010) also being the most stable
form of aluminene and indenene. Based on the formation energies relative
to the bulk, their stability increases as we move down the group 13 from Al
to In, with 2D Ga and In showing similar stability. The phonon dispersion
calculations showed that other forms of aluminene and indenene could also be
stabilized on appropriate substrates, with the lattice parameters matching the
bulk parameters. Our theoretical studies suggest that these 2D metallic layers
should be further explored experimentally to lead to the addition of new 2D
materials to those already known.

8.1.2

Preferable 2D Structures of β -Ga2 O3

In addition to the diverse properties of elemental gallium, its oxide (β -Ga2 O3 )
has also emerged as a wide- band gap transparent conductive oxide with a
wide range of semiconducting applications. Motivated by the recent discovery
of gallenene sheets, all possible 2D allotropes of β -Ga2 O3 were explored and
studied for their structural and thermal stability.
Combining first-principles calculations with structure prediction software
CALYPSO, four energetically stable allotropes of β -Ga2 O3 were screened,
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namely Ga2 O3 (001), Ga2 O3 (100), GaO(2̄01), and bilayer Ga2 O3 . Although
β -Ga2 O3 is not a van der Waals material, the results predict that one or two of
its allotropes are stable. The calculation of the allotropes’ structural parameters,
ELF images, and phonon dispersion curves confirmed their structural and
thermal stability, with Ga2 O3 (100) being the most stable with a formation
energy value of 5.67 eV.
Moreover, we thoroughly investigated their band structures using both the
GGA and LDA-1/2 methods as the XC functional of DFT. We found that the
2D β -Ga2 O3 , especially Ga2 O3 (100), exhibited large indirect band gaps of
4 eV. Our theoretical research suggest that these 2D metallic layers should
be further explored experimentally to extend the applications of β -Ga2 O3 in
electronic and optoelectronic devices with high performance.

8.1.3

Stable 2D Structures Predicted by CALYPSO

The structure prediction at the atomic level is rising as a cutting-edge method
for discovering novel materials with desired functionalities. Combining the
global swarm optimization algorithm with first-principles thermodynamic
calculations, we performed an unbiased structural search to explore the groundstate 2D structures of bulk metals Al, Ga, and In and metallic oxide β -Ga2 O3 .
Several planer and multi decker (MD) 2D structures were systematically
predicted using CALYPSO.
The 2D configurations of Al, Ga, and In with high symmetry were screened
out from 100 structures, namely Al(010), Al(111), Ga(010), Ga(100), In(100),
and In(111), among which Ga(100) and Ga(010) have been reported previously.
For β -Ga2 O3 , three structures, i.e., Ga2 O3 (100), Ga2 O3 (001), and bilayer
Ga2 O3 , out of 100 different structures appeared to be more stable and were
considered for further study of their thermal and electronic stability. These

Future Work

157

CALYPSO results validated our choice of the 2D candidate structures possible
for the metals and metallic oxides that we studied in Chapters 4 and 6 of this
thesis, respectively.

8.1.4 Surface Properties of Low-index Surfaces of β -Ga2 O3
The surface properties and electronic structures of low-index surfaces (010),
(100), and (001) of β -Ga2 O3 were addressed using ab initio theory. Density
functional theory calculations, with large-core Ga and O pseudopotentials,
were performed to optimize the structures of, first, the bulk and, then, the slab
surfaces cleaved from the bulk in the required orientations. Calculations were
performed for all relaxed slab surfaces to obtain their surface energies and
projected band structures. For the bulk β -Ga2 O3 , the ab initio DFT calculations
were in good agreement with the available experimental data (i.e., crystal
structure and band gap data).
The stability of various surface planes and terminations was assessed via
calculating their respective surface energies (σ ). The relatively low σ of the
(100)-B surface was consistent with the observed tendency of β -Ga2 O3 single
crystals to cleave on the (100) plane. The stability of the (100)-B surface was
ascribed to a local bonding configuration that differed little from that of the
bulk. The band structures for all surfaces indicated the surface states on the top
of the VB, except for the most stable surface, (100)-B. The (100)-B surface
has the highest band gap (4.10 eV) among all surfaces of β -Ga2 O3 .

8.2

Future Work

Today’s remarkable technological, economic, and social transformations require simultaneous advances in materials science and technology to meet the
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performance demands of new power-generating systems, automation machines,
and industries. Scientists are seeking materials that allow for faster and more
efficient systems with lower power consumption, for which 2D materials are
believed to be a promising solution.
The findings of this research provide several significant and original contributions to the discovery of new thermodynamically stable 2D metals and
metallic oxide layers with enhanced electronic properties. Despite this achievement, further study is still required to address a number of challenges. The
following potential research work could be performed based on the findings of
this thesis:

8.2.1

Choice of Substrate for Predicted 2D Atomic Layer
Crystal Structures

Our theoretical analysis has demonstrated that Al, Ga, and In can have stable
2D allotropes with atomic arrangements oriented along the [010] and [100]
directions of the α-Ga lattice and the [111] direction of the fcc Al lattice.
Similarly, β -Ga2 O3 can have three stable 2D allotropes, i.e., Ga2 O3 (100),
Ga2 O3 (001), and bilayer Ga2 O3 . The overall properties of these materials
depend upon the substrate type being used. Thus, further studies on the effects
of different substrates could be carried out to decide suitable candidates with
specifically desired topological properties.

8.2.2

Experimental Validation of predicted 2D crystal
structures of Al, Ga, In and β -Ga2 O3

The next step of this theoretical prediction is the experimental validation and
synthesis of these 2D materials. Our results provide insightful prospects to
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carry out experimental work that could lead to the addition of new 2D materials
to those already known.

8.2.3

Theoretical Studies of novel 2D Transitional Metals
(d-block elements)

Since the isolation of graphene, the 2D library has been growing every year
and now features over 150 exotic materials that can easily be split into
subnanometer-thick materials. To date, hundreds of graphene-like 2D materials have been synthesized and extensively studied, including graphene
derivatives, TMDs, single elements (e.g., silicene, germanene, black phosphorene, arsenene, stanene, and borophene), hexagonal boron nitride, and
MXenes. However, transition metals (half-filled d-block elements) remain
relatively unexplored for 2D atomic layer crystal structures.
For stable 2D structure, metals must have high 2D cohesive energy and low
3D cohesive energy. Elements near the middle of d-series in the periodic table
corresponds to filled bonding orbits and empty anti-bonding orbitals, therefore
they have highest cohesive energy and shorter bond length [34], showing the
potential for stable 2D allotropes. Due to partially filled d-subshells, transition
metals possess several unique properties not found in other elements. Therefore,
another exciting area of research that could be focused on is the theoretical
investigation of half-filled d-orbital elements, especially W, Re, Os, and Ir, for
preferable 2D structures [35, 156].

Summary
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DFT Studies of the Adsorption and Activation of
Different Materials on Low-index Surfaces of
β -Ga2 O3 .

Fast and reliable sensing and measurement of air pollutants in the commercial
and industrial environments is an important venture for environmental sustainability, human health, and disease control and diagnosis. β -Ga2 O3 has been
frequently explored and proven to be a sensitive receptor element in electronic
gas sensors. Therefore, another aspect of reasearch on the surface proprieties
of β -Ga2 O3 could include performing a DFT simulation to research the effects
of the adsorption of different materials, e.g., water, CO2 , and methanol, on the
geometry, binding energies, vibrational spectra, and electronic structure of the
different surfaces of β -Ga2 O3 .

8.3

Summary

Overall, this thesis has outlined all possible 2D structures of the metals Al,
Ga, and In and metallic oxide β -Ga2 O3 using the DFT technique. The results
give insightful prospects for future experimental work that could lead to the
addition of new 2D materials to those already known and provide excellent
opportunities to explore their applications in plasmonics, electric contacts, and
sensor technologies.
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