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Abstract

Abstract

Over the last few years, many studies have been performed on two-dimensional
(2D) materials, such as graphene, silicone and MoS,, owing to their unique properties
and successful applications in nanoelectronics, photonics and other fields. It has been
shown that the structural stability and various properties of 2D materials can be
influenced by different factors, such as defect and strain engineering, electric field, edge
functionalization, and adatom adsorption. Furthermore, the internal vacancy defects can
easily emerge at the surface of 2D materials in the manufacturing process. Meanwhile,
it is well known that 2D materials possess high chemical activity. Therefore, during the
manufacturing and application of 2D materials, it is important to control their structural
stability and properties which may change significantly under the influence of
environmental and exploitation conditions.

Hybrid 2D materials such as graphene-boron nitride (BN), graphene-silicene and
graphene-MoS; have also been found to be superior to their individual 2D counterparts
in terms of structural stability and properties. For instance, chemically unstable 2D
materials, like silicene and phosphorene, can be protected by their passivation by
chemically more stable 2D materials, such as graphene and BN.

The recent successful fabrication of several new 2D materials (phosphorene,
borophene, InSe and antimonene) - has triggered increasing attention to these materials
due to their distinctive opto-electronic and mechanical properties, such as a wide and
tunable band gap, high carrier mobility and flexibility. However, these unique 2D

materials are still poorly investigated.



Abstract

Therefore, this Ph.D. study has aimed to systematically investigate the atomic
structure, opto-electronic properties and chemical activity of phosphorene, InSe, borophene
and antimonene under the influence of various factors, such as large deformations, vacancies
and molecules of the surrounding environment. In addition, heterostructures of these 2D
materials have been considered. The investigations have been carried out within the
framework of the density functional theory using first-principles calculations.

The studies of the atomic structure, electronic properties and chemical activity of
phosphorene under the strain and defect engineering have shown that phosphorene enables
the withstanding of a large compressive strain and exhibits anisotropic electronic properties.
Moreover, compressive strain and the presence of mono- (MV) and di- (DV) vacancy defects
significantly alter the chemical activity of phosphorene as evidenced by the enhanced
adsorption and charge transfer between the environmental molecules, such as H>0O, O, and
NO, and phosphorene surface.

Typical methods, such as defect engineering and surface functionalization, have been
applied for the exploration of possible avenues for opening the band gap of borophene. The
metallicity in borophene has been found to be immune to the surface functionalization and
the presence of vacancies. More importantly, the anisotropy of the electronic properties and
the nature of the orbitals at the Fermi level can be altered upon the surface functionalization,
enabling the modulation of the borophene properties. Due to the high density of itinerant
electrons in the atomically thin borophene sheet, the band gap opening via quantum
confinement, which is effective for graphene, becomes ineffective for borophene.

Several critical issues with the structural degradation of InSe due to oxygen and

humidity at ambient conditions have been studied. The oxidation of monolayer InSe has been
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explored by examining the roles of light illumination, oxygen, water and defects. Pristine
InSe has shown a much lower oxygen affinity than MoS: and phosphorene. However,
the presence of MV and light excitation have significantly accelerated the oxidation by
greatly decreasing the barrier through forming chemical oxygen species. These atomic
O species, which are associated with strong polar O-In bonds, can quench the defective
states of MV, and further act as the adsorption and trapping centres of H.O molecules.
The apical O atoms in the form of terminated Se-O bonds have been shown to allow
even spontaneous water splitting and the formation of hydroxyl groups at room
temperature. Accordingly, the following three strategies have been proposed to suppress
the oxidation of InSe: i) insulating InSe from O> molecules; ii) maintaining the InSe
surface stoichiometry; iii) avoiding the exposure of InSe to light illumination.

The energetics and charge transfer of small molecules (CO, NO, NO2, H20, Og,
NHs, and H) adsorbed on antimonene have been considered. NO; has the strongest
adsorption energy among all the considered molecules, which may arise from the
coexistence of a large dipole moment of NO2 and resonant molecular levels with the
antimonene states. The strong acceptors, like NO2, NO, and O, bind more strongly to
the antimonene surface than the phosphorene surface, while the weak acceptors, like
CO, Hz, and NHz, show a weaker adsorption. The interaction of O, with antimonene has
been found to be much stronger than that with phosphorene. The found low kinetic
barrier for the splitting of the O> molecule on antimonene suggests that pristine
antimonene may undergo oxidation in ambient conditions. Fortunately, the acceptor role
of H>O on antimonene, opposite to the donor role in phosphorene, helps to suppress
further structural degradation of the oxidized antimonene by preventing the proton

Xl
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transfer between water molecules and oxygen species to form acids. By comparing
antimonene with phosphorene and InSe, it has been predicted that the acceptor role of water
may be a necessary condition for a good environmental stability of such 2D layers to avoid
structural decomposition.

Individual 2D materials have been combined to form heterostructures. The
investigations of the effect of compressive (tensile) strain on the chemical activity of the in-
plane graphene-silicene heterostructure with the H.O molecule have shown that compressive
(tensile) strain is able to increase (decrease) the binding energy of the H.O molecule
compared with the adsorption on a planar surface. At the same time the charge transfer
between H>O molecule and the graphene-silicene sheet can be modulated by strain. The in-
plane graphene-silicene heterostructure has been found to be metallic in a strain range from
-7% (compression) to +7% (tension). In addition, the modulation of monolayer InSe
electronic properties by graphene and BN encapsulation has been found. In particular,
graphene (donor) and BN (acceptor) have been found to play an opposite charge donating
role in InSe, which is dramatically different from phosphorene, where both graphene and BN
play the same role (donor). The changing of the interlayer spacing of the InSe-graphene (BN)
heterostructure has been predicted as an effective technique to dramatically change the bands
alignment and control the band gap of the heterostructure.

This Ph.D. dissertation has explored and explained in detail the unique structural and
opto-electronic properties of novel 2D materials and their hybrids. This research will not
only help to understand the routes for controlling and modifying the properties of 2D
materials and thus to enhance their performance, but also contribute to the development of

techniques for the growth, storage and applications of different 2D materials.
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Chapter 1 Introduction

Since 2004 when a single layer of graphite, graphene, was successfully isolated for the
first time, a great deal of research has been directed to investigate two-dimensional (2D)
materials because of their unusual characteristics and potential applications as
semiconductors, electrodes, photovoltaics, etc. Nowadays many researchers in the fields of
physics, chemistry, engineering, and biology are studying 2D materials, ranging from

fundamental science to novel applications.

1.1 2D materials

One of the goals of modern science is the intensive search of ways to obtain new 2D
materials and to deeply investigate already known ones. Recent experimental and theoretical
researches have reported dozens of different 2D materials and their properties [1]. In general,
2D materials can be divided into different classes [2]:

e X-enes. They are materials with one atom-thin layer, consisting of atoms belongs to
one single element and arranged in a hexagonal order. The most known examples are
graphene [2], silicene [3], germanene [4], and phosphorene [5]. Figs. 1.1(a)-(c) show the
typical structures of those materials.

e X-anes and Fluoro-X-enes. X-anes have a hexagonal structure with the hydrogen
atoms bonded to the surface on both sides in a succession, above or below the plane. Figs.
1.2(a) and (b) show the typical structure of the X-anes. The Fluoro-X-enes copy the X-anes
structure, but their lattice atoms are bonded out of the plane to fluorine atoms, instead of

hydrogen atoms.
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(b) Silicene

Germanene

(a) Graphene

Fig. 1.1. The structure of atomically thin 2D materials: (a) graphene, (b) silicene

(germanene) and (c) phosphorene [1].

(a) Graphane (b) Silicane/Germanane

O hydrogen atoms

@ carbone atoms

@ silicone/germanium atoms

Fig. 1.2. The structure of (a) graphene and (b) silicane (germanane) [6]. Black, orange and

white spheres represent carbon, silicon or germanium, and hydrogen atoms, respectively.
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¢ TMDs. Transition metal dichalcogenides (TMDs) represent a group of 2D layered
materials that consist of transition metal (M) and chalcogen (Q). Single layer TMDs consist
of three atomic layers, where the M atom layer is placed between two layers of Q atoms.
One of the most famous examples in this group of 2D materials - MoSy, its lattice structure

is shown in Fig. 1.3.

MoS,
PPN
(a) ikt i 2.2 1T,
9 9O 9 ¢ 9 99
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b@ %% EE \ 2
20 20 2 2 20 SN 2 1
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> sulfut atoms

© molybdenum atoms

Fig. 1.3. The structure of MoS;: (a) side-view and (b) top-view [7]. Black and yellow spheres
represent molybdenum and sulphur atoms, respectively.

1.2 Motivations

The electronic properties of 2D materials directly depend on their atomic structures.
During the manufacturing process, the formation of typical point defects, such as vacancies,
together with the effects of environment significantly affects the structures of 2D materials
and, hence, their properties. Moreover, the opto-electronic properties of 2D materials can be
modulated via different methods, including strain engineering [8-12], adatom adsorption and
chemical functionalization [13, 14], and electric field engineering [15]. Therefore, the deep

knowledge on the nature and mechanisms of changes in the atomic and electronic structures

3
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of 2D materials is not only of scientific significance but also of great implication for
their potential device applications.

The recent success in the fabrication of both the horizontally and vertically
stacked 2D heterostructures has become an important step for the realization of the
small-scale and flexible electronic and optical devices with a high density of functional
components. The found synergistic effects in these 2D heterostructures are promising
both for improvements of existing applications and for discoveries of new phenomena
[16-18]. So far, most of the previous studies have been focused on the investigation of
common 2D materials, such as graphene and MoS», and their heterostructures, while
the new materials such as phosphorene, borophene, InSe, and antimonene have not
been explored well. Thus, the investigation of these materials becomes a motivation
of this Ph.D. study.

Due to the expensiveness, significant labour inputs and time-cost of the
experimental investigations of nanomaterials, atomic simulations are usually
conducted before the experiment for its further optimization. Moreover, current
computational techniques supported by modern highly effective supercomputers allow
reaching the accuracy of simulation results comparable to the accuracy of the results
obtained in experiments. Thereby, this Ph.D. study on 2D materials has been
conducted using the first-principles simulation, currently one of the most effective and

highly predictive computational techniques.
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1.3 Objectives

This proposed Ph.D. research investigates the structures and electronic properties of

2D materials and heterostructures via first-principles simulation. Several novel and

prospective 2D materials (phosphorene, borophene, InSe, and antimonene) are considered.

The general objectives for the research have been set as follows:

Investigate the structure stability and electronic properties of phosphorene,
borophene, InSe, and antimonene, including band structure, charge conductivity,
work function etc.

Consider the effects of defect and strain engineering, isotopic doping and
chemical functionalization on the structure integrity and electronic properties
and understand the underlying mechanisms.

Study the changes in the atomic structures and electronic properties taking place
in the heterostructures partly formed by the considered 2D materials.

Evaluate strategies for protection of the structure of 2D materials and its
heterostructures, provide the possibilities to control and improve their electronic

properties and explore their potential applications in nanoelectronics.

1.4 Report outline

The Ph.D. dissertation contains six chapters. After the introduction in Chapter 1,

Chapter 2 gives a comprehensive literature review on the structure, physical, optical,

magnetic, and electronic properties of 2D materials, description of the various factors that

affect their properties, and discussion of potential applications of 2D materials. Chapter 3
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presents the study on the structure stability and electronic properties of phosphorene.
In Chapter 4, the electronic properties of borophene, InSe, and antimonene are
considered and compared with these of phosphorene. Chapter 5 investigates the
electronic properties and chemical activity of 2D hybrid structures. Finally, Chapter 6

concludes the research and proposes future works.
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Chapter 2 Literature Review

A major scientific breakthrough in the area of 2D materials was done by Novoselov
and his co-workers in 2004, who successfully isolated the single-layer 2D material - graphene
[19]. Since then, many theoretical and experimental studies have been performed to discover
new 2D materials, understand their properties and explore their applications. In the following,

computational methodology and some of these researches are briefly reviewed.

2.1 Modelling of 2D materials and heterostructures

In modelling, the choice of boundary conditions is crucial to properly describe the
properties of gquantum-mechanical system. For consideration of 2D periodic boundary
conditions, software with the local basis functions is usually used [20-24]. The commonly
used software packages that are of high computational efficiency in modelling 2D systems
are: VASP [25, 26], Abinit [27] and Quantum-Espresso [28] with the integrated plane-wave
basis functions. These functions require a vacuum layer to avoid self-interaction between the
system and its periodic replication in the direction perpendicular to the lattice plane, since
even a weak interaction between layers may have a significant impact on the electronic
structure. The size of the simulation system is also important in the plane-wave methods.
Clearly, use of 2D boundary conditions can reduce the complexity of interactions of atoms.
Compared to the three-dimensional (3D) bulk materials, the calculation of 2D materials is
faster and more efficient.

Density functional theory (DFT) has become the most popular approach in solid state

physics as this method is able to compute the electronic structure of a solid with an excellent
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ratio of computational demand and accuracy [29]. However, there are some Specifics in this
method. Local density approximation and generalized gradient approximation functionals,
such as BP86 (Becke88) [30] and PBE [31], can be implemented easily and the obtained
band structures are of excellent quality. They also allow determining the effective masses of
holes and electrons [32] and provide adequate conduction band spectrum and structure
parameters [33]. However, they are shifted to lower energies, and as a result, the band gaps
are often underestimated [34-37]. To generally improve the predicted band gap and make it
comparable with the experimental findings, hybrid DFT functionals, such as HSE06 [38] or
PBEO [39] have been developed. The disadvantage of hybrid functionals is their high
computational demand compared to generalized gradient approximation.

In this Ph.D. research, the DFT-based first-principles simulation realized through the
VASP has been performed. Further, the foundations of the DFT are described, including the
Hohenberg-Kohn theorems [40] and the Kohn-Sham equations [41], the local density
approximation and the projector augmented-wave method [42]. It should be noted that the
following description of the DFT approach closely follows the presentation in standard
textbooks on the subject [43].

To describe the electronic structure of a solid, one needs to solve a quantum mechanical
problem on the interaction of many-body system which is unsolvable in most cases. It is
possible to simplify the problem by using the Born-Oppenheimer approximation and treating
only valence electrons and ions, instead of all electrons and nuclei, but the problem remains
unsolvable. However, the Born-Oppenheimer approximation allows separating electron and
ion degrees of freedom because the ions are typically five orders of magnitude heavier than

the electrons. This approximation is almost always true and taken as a basis for the DFT
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calculations. A system of electrons bound by one or many nuclei can be described by the

non-relativistic Schrodinger equation. The many-body Hamiltonian can be written as in Eq.

2.1:
Nuclei K.E. Nucleus-Nucleus Interaction Electrons K.E.
——
2 2
_ R Vv: o1 7,72 h

A=-2) L4y 2% 7 Ny

2 MI 2 4‘7TEO|RI _le Zm -

I I+J i

2.1
N 12 e? Z Ze?
2 ey 471'60lri - rjl T 4-7T€0|I‘i — Rll

Electron-Electron Interaction ~ Electron-Nucleus Interaction

2 2
where the first term [—%Z, IVW—’] represents the kinetic energy of all nuclei, each with mass
1

1 Z1Z e
M. The second term [EZ#JM 12/

m] represents nucleus-nucleus interactions via Coulomb
0IRITRy

repulsive forces, which can be calculated efficiently using Ewald’s method (which

determines the electrostatic potential as well as the energy of point charges in a crystal). The

2
third term [—:—mZiV?] represents the kinetic energy of electrons, each with mass m. The

2
fourth term [%Ziijﬁ] represents the Coulomb interaction within pairs of electrons.
o|Ti—Tj

. Ze? . .
The fifth term [— Dil ﬁ:m] represents electron-nucleus Coulomb interactions.
olfi—R]

The first step to simplify the above presented Hamiltonian is to invoke the Born-

Oppenheimer approximation, which is described in more details in the next section.
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2.1.1 Born-Oppenheimer approximation

As it has been noted above, the Born-Oppenheimer approximation [45] simplifies the
solution of the many-body Schrodinger equation (Eq. 2.1). This approximation gives two
wave equations. The first equation describes the electronic motion, which can be solved
separately by further approximations to evaluate the electronic wave function and the ground
state energy. The second equation provides a description of the motion of the nuclei. As the

result the final Born-Oppenheimer Hamiltonian can be simplified as follows:

B0 — _ b : z
2m vi 2 47T60|I' — 1]

i

Electrons K.E. Electron Electron Interaction

(2.2)

Z 4 1 ZiZe
~ 4meq|r; — Ryl 2 o 4mey|R; — Ry

Electron-Nucleus Interaction ~ Nucleus-Nucleus Interaction

If assume that # = m, = e = 4mey, = 1, the Born-Oppenheimer Hamiltonian can be

presented as:

1
77BO 2
=——Ev-+ E
Zi ‘ |r—r

l:#]

N —’
Electrons K.E. Electron Electron Interaction

z Z; N 1 AYA,
o Iri — Ryl 21¢J|RI_RJ|

hf_/ .
Electron-Nucleus Interaction ~ Nucleus-Nucleus Interaction

(2.3)
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2.1.2 Hohenberg-Kohn theorems

As in has been shown in Section 2.1.1, the Born-Oppenheimer approximation
simplifies the Hamiltonian of the many-body problem. However, the number of degrees of
freedom in the system is still too large, which makes it impossible to find its exact solutions.
Nevertheless, by considering the problem using the charge density instead of the wave
function containing all the information about the electrons, it becomes dramatically
simplified. This is the approach taken in the Hohenberg-Kohn theorems [43]. Those theorems
are formulated below:

Theorem I: "For any system of interacting particles in an external potential Vex(r), the
potential Vex(r) is determined uniquely, by the ground state particle density no(r)."

Based on the Theorem 1, Eq. 2.3 can be rewritten as:

_ 12 , 12 1 2
H=—- Vi + = T + Vext(ri) (24)
2 7 2 |rz’—rj| 7

i#j

Theorem I1: "The ground state energy could be expressed in terms of a universal
functional of the electron density E[n(r)] valid for any external potential Vex. For any
particular Vex(r), the exact ground state energy of the system is the global minimum value
of this functional, and the density n(r) that minimizes the functional is the exact ground state
density no(r)."

Thereby, it is possible to write a universal function for the energy which contains a
functional that does not depend on the external potential Vext(r) and only depends on the

density:
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E[n] = F[n] + f d3rV,,.(r)n(r) (2.5)
where F[n] = Ty[n] + d®rd3r’ ”(l)_—”(l) + E.[n()] (2.6)
K.E. Exchange-Correlation

Hartree

F[n] is valid for any external potential Vex(r). All terms in Eq. 2.6 have a solution apart

from the Exc[n(r)] term.

2.1.3 The Kohn-Sham approach

The energy functional described above contains the term which represents a Kinetic
energy. Unfortunately, there is no known closed expression for calculating the exact value of
this term. Hence, the functional cannot be evaluated as it stands. This problem can be solved
by using the Kohn-Sham approach [44], where the difficult interacting many-body system is
replaced with a solvable auxiliary non-interacting system. This is possible if assume that the
ground state density of the original interacting system is equal to that of some chosen non-

interacting system. Consequently, Eqg. 2.3 can be represented as:

_ 1 ()
axs = -5 V2 + Voo (0) + | dr Ir=r'T + E, . [n(r)] 2.7)
2.1.4 Exchange-correlation functionals

The energy functional described in Section 2.1.2 also contains the exchange-correlation
term Exc[n(r)]. In solving the Eq. 2.7, the ground state energy and the density of the original
interacting system are found with an accuracy limited by approximations utilized in the

exchange-correlation functional. The exchange-correlation term can only be calculated
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approximately. The most well-known approximation for Ex. calculation is the generalized

gradient approximation (GGA). Ex. is presented as shown in Eq. 2.8:

B[] = [ dr f(n), Vn) (2.8)

2.1.5 Plane waves and pseudopotentials

In previous sections, approximations to the many-body Schrédinger equation have
been introduced, ending in the Kohn-Sham equations. The ground state energy has been
represented as a functional of the electronic density, which is calculated from the Kohn-Sham
eigenstates. But to obtain the Kohn-Sham eigenstates, the exchange-correlation energy
should be known. This problem can be solved by modelling the wave functions in terms of
superpositions of numerical functions. In most cases, the Gaussian functions and plane waves
are used to evaluate the exchange-correlation energy. The solving process is respited until a
self-consistent solution is reached. The plane waves are always used together with the
pSeudopotentials, which aims to reduce the number of plane waves. Equation 2.9 expands

the eigenstates in terms of an infinite number of plane waves with corresponding coefficients

nk
- CK

UHOEDIN I (2.9)

Obviously, it is impossible to numerically evaluate an infinite number of coefficients
for the basis set. Because of that, the solution is limited for K by specifying a limiting value

Kmax, Which is the radius of a sphere in the reciprocal space whose centre is the origin.
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Therefore, the limiting factor for all the K is set to K < Kmax and the corresponding free
electron energy, the cut-off energy, can be expressed as:

1 Ko
2m,

(2.10)

Ecut—off =

where me is the electron mass. However, due to the fact that electronic wave functions are
very steep in the close neighbourhood of the nucleus, the limitation introduced by choosing
a plane wave cut-off will cause high inaccuracy. This problem can be solved by replacing the
potential in the close neighbourhood of the nucleus with a pseudopotential that models the
electronic wave functions properly in the interstitial region. Since most of the chemical
bonding appears away from the nucleus in the interatomic region, the result of using

pseudopotentials has a much lower computational cost for the same accuracy.

2.1.6 Adsorption energy and charge transfer calculations

The adsorption energy E, is often a key quantity, in particular when the interaction
between molecules and surfaces is involved. Since DFT calculations provide total energies,
E. is evaluated as a difference between the energy of the molecularly adsorbed system and
the energies of the component parts. Particularly, E, of a molecule on a surface is calculated
as:

AEs= Emoitsurf— Esurf— Emol (2.11)

The electronic interaction between the molecules and the surface is considered by

calculating the differential charge density (DCD) Ap(r) defined as the difference between the
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total charge density of molecularly adsorbed system subtracted by the sum of the charge
densities of the isolated molecule and the naked surface.

The exact amount of transferred charge between the molecules and the surface, the
plane-averaged DCD Ap(r) along the normal direction (z) of the surface, is calculated by
integrating Ap(r) within the basal plane at the z point. The amount of transferred charge at z

point is given by:

AQ(z) = fz Ap(z")dz' (2.12)

Based on the AQ(2) curves, the total amount of charge donated by the molecule is read

at the interface between the molecule and the surface, where Ap(r) shows a zero value.

2.2 Fabrication of 2D materials and heterostructures

Generally, there are two types of fabrication processes for 2D materials:

“Bottom-up” method. The bottom-up approach implies adding layers onto a substrate
or growing them from smaller atomic or molecular components. Typically, there are two
main methods: epitaxial growth [46, 47] and chemical vapour deposition [48]. The bottom-
up approach for the graphene is schematically illustrated in Fig. 2.1(a).

“Top-down” method. The top-down approach employs exfoliation of natural or
synthetic bulk material into single or few-layer nanosheets. The most commonly used
methods of this approach are liquid-phase [49], electrochemical [50], and mechanical

exfoliation [51]. The top-down approach for graphene is schematically shown in Fig. 2.1(b).
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For the fabrication of heterostructures, the following methods are commonly used:
mechanical exfoliation [52, 53], oxide powder vaporization [54] and chemical vapour

deposition [55-57].

(b)

o ¢ Graphite Oxidation

P
¥

Carbon Nucleation

Graphite Oxide
Exfoliation

Growth on Metal foil

¥
o

After Copper Etched

Reduced Graphene Oxide

Graphene Graphene

Fig. 2.1. The schematic of the graphene synthesis process: (a) “bottom-up” and (b) “top-
down” approaches [58].
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2.3 Exciting electronic, optical, magnetic, and mechanical properties of 2D

materials and heterostructures

2.3.1 Electronic properties

The electronic performance of a material is usually characterized by the values of its
carrier mobility. The remarkably high electron mobility is a distinctive feature of all the most
common 2D materials.

For example, up to 20,000 cm?/V's of charge carrier mobility has been reported for a
single layer graphene at low temperatures by Novoselov et al. [59]. In [60], Morozov et al.
have reported that the electron mobility exceeds 200,000 cm?/Vs for graphene and its bilayer
at room temperature. They have also found an extremely low electron-phonon scattering rate,
which sets the fundamental limit on carrier mobility at low temperature and identified defects
as the dominant scattering mechanism in graphene. An enhanced carrier mobility of around
25,000 cm?/V's has been achieved by the improvement of sample preparation technique [61].
Further increase of graphene carrier mobility has been obtained by complete removal of the
substrate. In fact, Banszerus et al. have described the fabrication of graphene-based devices
with mobilities as high as 350,000 cm?/V's [62]. In addition, this remarkably high electron
mobility in graphene has given capabilities to achieve an extraordinary quantum Hall effect
[63].

No less attractive material from the point of view of carrier mobility is phosphorene.
Li et al. [64] have found that the carrier mobility is thickness-dependent in phosphorene.

Based on their finding, they have fabricated field-effect transistors with a thickness of 10 nm
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and carrier mobility of 1,000 cm?/V's. The theoretical study of phosphorene mobility has
shown similar results. Indeed, Qiao et al. have found that the carrier mobility depends on the
number of layers [65]. Their calculation predicted hole mobility to increase from 600 cm?/V/'s
for a monolayer to 4000 cm?/V's for five layers of phosphorene. Moreover, they have found
a high hole mobility of 10000-26000 cm?/V"s.

High electron mobility exceeding 103 cm?/V's and 104 cm?/V's at room and liquid-
helium temperatures, respectively, has been found in atomically thin InSe, allowing the
observation of the fully developed quantum Hall effect [66].

Another glowing example of 2D high mobility materials is borophene. Cheng et al.
have predicted the carrier mobility in 8B-Pmmn borophene at room temperature up to
~30%10° cm?/V's [67]. Their result suggests that borophene is a competitor of graphene in
terms of carrier mobility.

Wang and Ding [68] have shown that antimonene nanoribbons and antimonene
nanosheets have moderate carrier mobility of 102 and 10° cm?/V's, respectively. High carrier

mobilities up to 4000 cm?/V's has been found in multilayer structure of arsenene [69].

2.3.2 Optical and magnetic properties

It is known that electrons absorb light in the ultraviolet region, invisible to the human
eye. Bulk materials usually become highly transparent when thinned down to the monolayer.
For example, in the visible range, graphene layer has transparency which linearly decreases

with the increase of layer thickness.
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In [70], it has been reported an incredible transmittance of more than 95% for 2-nm
thick graphene layer and 70% for 10-nm thick films. Bae et al. [71] have theoretically found
that the transparency or the light absorption is directly dependent on the number of layers of
graphene. Each layer has decreased the absorption value by 2.3%. Moreover, by either cutting
down graphene into nanoribbons and quantum dots or by chemical treatment with different
gases methods, graphene becomes photoluminescent.

Sundaram et al. [72] have developed MoS> based transistors that can detect and emit
visible light. Both photoluminescence and electroluminescence in a single layer MoS> has
been observed in their work. The transparent MoS>-graphene heterostructure has been
successfully fabricated via the electrophoresis of MoS;-graphene nanosheet nanocomposites
onto a fluorinated tin oxide glass substrate [73].

The first-principles investigations of the optical absorbance of graphene, silicene and
germanene have been performed by Matthes et al. [74]. They have found a blueshift of the
optical absorption peaks coming from the quasiparticle corrections. Moreover, the low-
frequency absorbance has been modified due to spin-orbit transparency edge, resulting in an
increase of absorbance in the fundamental absorption region.

Matte et al. [75] have studied the magnetic properties of different graphene samples.
They have shown the dominance of both ferromagnetic and antiferromagnetic interactions.
Furthermore, all the graphene samples used in the experiment have magnetic hysteresis at
room temperature. They have also found that the magnetic properties strongly depend on the
thicknesses and the number of layers of graphene, the reported magnetization increases with

the decrease of thicknesses or/and layer number.

19



Chapter 2 Literature Review

Magnetic properties of MoS> have been experimentally investigated by Tongay et al.
[76]. They have found a temperature dependent diamagnetic background when cooling down
from 300 to 10K, and ferromagnetism which comes from zigzag edges with associated

magnetism at grain boundaries.

2.3.3 Mechanical properties

The 2D materials, such as graphene, MoS2, phosphorene etc., are generally
distinguished by their unique strength and flexibility along with the high Young's modulus.
One of the first experimental investigations on the mechanical properties of graphene has
been done by Lee et al. [77]. They have patterned an array of circular wells onto a substrate
by nanoimprint lithography and reactive ion etching. Then the graphite flakes have been
mechanically deposited onto the substrate and loaded by a tip of atomic force microscope.
According to their results, graphene shows non-linear elastic behaviour and brittle fracture.
Moreover, the value of Young's modulus of 1.0 TPa, the third-order elastic stiffness of -2.0
TPa and a critical stress of brittle fracture of graphene of 130 GPa are the highest ever
measured for real materials.

In the framework of the DFT, the phonon spectra of graphene as a function of uniaxial
tension have been studied by Liu and co-authors [78]. They have found a Young's modulus
of 1.05 TPa and an intrinsic strength of 110 GPa. Furthermore, they have predicted an innate
tendency to brittle fracture of graphene at room temperature due to the soft phonons
longitudinal elastic wave nature. The mechanical properties of pristine graphene discussed

above are consistent with the results of experimental investigations [77].

20



Chapter 2 Literature Review

Castellanos-Gomez et al. have aimed to investigate the mechanical properties of MoS..
In their experimental study [79], freely suspended MoS> nanosheets with thicknesses of up
to five layers have been bent with a tip of atomic force microscope. They have observed an
unusually high Young's modulus of 0.33 TPa and an extraordinary toughness, capable to
withstand elastic deformations up to tens of nanometres. In accordance with its high Young’s
modulus and elasticity, they also suggest that MoS; is an attractive substitute or alternative
for graphene.

These previous results are well consistent with the results for MoS; achieved by Kis
and co-workers [80]. They have developed their own measurement method, where the
elastically deforming beam firmly held on each end while the normal force is applied by
using an atomic force microscope. Experimental measurements have shown Young's
modulus of 120 GPa and an approximate value of the inter-tube shear modulus of 160 MPa.

Jiang and Park [81] have examined the mechanical properties of graphene-MoSo-
graphene heterostructure, by using molecular dynamics simulations. They have shown that
the interface spontaneous strain energy arises due to the lattice mismatch between graphene
and MoSy. For their fabricated heterostructure, the value of Young’s modulus has been found
three times larger than that of MoS». However, the yield strain of their heterostructure has
been found at around 70% of that for MoS..

Later, Jiang and Park have performed the first-principles calculations on the
mechanical properties of phosphorene [82]. They have found a highly anisotropic and
nonlinear Young’s modulus due to phosphorene puckered structure. For in-plane direction
perpendicular to the pucker, the Young’s modulus has been found three times smaller than

in the parallel direction, 41.3 GPa and 106.4 GPa, respectively.
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Mechanical flexibility of phosphorene has been investigated in the framework of the
DFT by Wei and Peng [83]. They have reported a superior strength of 18 GPa in the zigzag
and 8 GPa in the armchair directions, and the critical strain up to 30%. Moreover, their
calculations have also proved a high anisotropy of the mechanical properties of phosphorene.
Specifically, the Young’s modulus in the zigzag direction is about 4 times larger than in the
armchair direction, 166 GPa and 44 GPa, respectively.

Another interesting mechanical property of phosphorene is its Poisson’s ratio. Jiang
and Park et al. in their first-principles calculations [84] have shown a negative Poisson’s ratio
of a single-layer phosphorene which comes from its puckered structure. They have also
marked anisotropy of Poisson’s ratio which is strongly negative only in the out-of-plane

direction under uniaxial deformation in the direction parallel to the pucker.

2.4 The effect of various factors on the properties of 2D materials and
heterostructures

It is known that the structural, electronic, optical, magnetic, and thermal properties of
2D materials can be tuned by defect and strain engineering [85-95], electric field [96-98] and

adatom adsorption [99-106]. For this reason, many studies have been performed to

investigate the effect of these factors on the various properties of 2D materials.

2.4.1 Strain engineering

The investigation of strain engineering effect is one of the most exciting issues of all

the research on the properties of 2D materials. For example, Choi et al. [85] have investigated
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the influence of uniaxial strain on the band gap of graphene. The semi-metallic behaviour of
graphene has been reported for up to 30% of applied strain along the armchair direction,
similarly, no sizable band gap has been found for the strain less than 26.2% along the zigzag
direction [85]. Interestingly, an insignificant band gap of 45.5 meV has been established for
the strain value of 26.5%, however, it is rapidly closed with strain increased. In addition,
those authors have also demonstrated anisotropy of the Fermi velocity, which quickly
decreases and vanishes parallel to the strain direction, while it greatly increases in the
perpendicular direction. Semi-metallic nature of graphene under the small strains has been
demonstrated by Mohr et al in [86], where the authors have used the first-principales
calculations for analysis of the electronic properties of strained graphene.

In the theoretical analysis [87], Pereira and Neto have considered the tensional strain
effect on the band structure of graphene. They have shown zero band gap of graphene under
the strain less than 20%; the tensional strain 20% and higher leads to band gap opening.
Furthermore, these authors have linked the band gap opening to the integration of two Dirac
points, which causes the anisotropy of Fermi surface and Fermi velocities in graphene.

The effect of large localized strain on the band structure of atomically thin MoS: has
been studied in both experimental and theoretical ways [88]. There, Castellanos-Gomez et
al. have carried out scanning photoluminescence measurements on the wrinkled samples and
developed their own tight-binding model in addition to the experiment. They have found
direct-indirect band gap transition and funnelling of photo generated excitons under the strain
ranged from 0.2 to 2.5%. Experimental and theoretical results have demonstrated a good
agreement and presented a unique technique to local strain engineering for all atomically thin

materials.
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Pan and Zhang have investigated the effect of strain on the electronic and magnetic
properties of MoS: nanoribbons via first-principles calculations [89]. They have found that
MoS2 nanoribbons are highly flexible. Moreover, their calculations have predicted a band
structure change with the strain, specifically, in the armchair direction, due to the shift of the
energy states near the Fermi level; band gap changed from a direct one under the slight tensile
strain to indirect one under the large strain up to 10%. The applied strain of 10% along the
zigzag direction leads to an increase in the magnetic moments by 2 times.

Extensive experimental research on the ways to control the optical and phonon
properties of the MoS; layers has been performed by Hui et al. [90]. They have demonstrated
an electro-mechanical device capable of applying a uniform and controllable biaxial
compressive strain of 0.2% together with photoluminescence and Raman detections. In their
experiment, piezoelectric substrates for the strain application and graphene layer as a top
electrode transparent for the photoluminescence have been used. The experiment has shown
a blueshift of MoS; direct band gap for 300 meV per 1% strain and the photoluminescence
intensity increase of 200%. Moreover, a high tunability and controllability of MoS: band gap
by strain have also been demonstrated.

Another perspective material for strain engineering, which is presently attracting a
great deal of interest, is phosphorene. For example, Peng et al. [91] have studied the effect
of strain on the phosphorene electronic structure via first-principles calculation in the
frameworks of the DFT and hybrid functionals. They have evaluated five special zones in
the electronic band structure, each constrained by its own critical strain in a range from 11.3

to —10.2% strains. Furthermore, they have shown that a considerable in-plane strain causes a
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direct-indirect band gap transition in phosphorene. In addition, they also observed strongly
anisotropic transport of carriers, which can be dramatically changed by strain.

In [92], first-principles calculations together with the non-equilibrium Green’s function
method have been used to investigate the thermal transportation of phosphorene. In their
work, Ong et al. have observed significant anisotropy in thermal conductance of phosphorene
at room temperature. Along zigzag direction, the found conductivity is 40% higher than that
along armchair direction. They have also found that the thermal conductance along zigzag
direction increases under the zigzag applied strain and decreases for the armchair applied
strain, while the thermal conductivity along the armchair direction decreases in both these
caseS. These results suggest phosphorene as a material with the high and strain-controlled
thermal transport anisotropy.

Kou et al. [9] have examined a shallow ripple deformation in phosphorene induced by
up to 10% compressive strain by first-principles calculations. They have found that the ripple
deformation is anisotropic, and it occurs only along the zigzag direction, but not along the
armchair direction. These authors have postulated that this is due to the phosphorene
puckered structure with coupled “hinge” bonding configurations. In addition, in the
framework of classical elasticity theory, an analytical model for the mechanisms of changes
in the structural and electronic properties in phosphorene has been presented [9].

The mechanical and electronic properties of silicene subjected to strain have been
studied. For example, Qin et al. [93] have shown that strain is able to cause a semi-metal to
metal transition in silicene. The semimetal state is typical for the biaxial strain of 7% or less;

while for the strain higher than 7%, silicene undergoes a semimetal to metal transition. They
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have also found that the work function, which is well tunable with a strain, increases for small
strain values and then becomes nearly unchanged for the high strain values.
All the above listed features suggest that strain engineering is a very promising method

to tune the mechanical, electronical and thermal properties of 2D materials.

2.4.2 Electric field effects

Electric field engineering is also an effective way to control and modify band structure,
electronic and thermal conductivities of the 2D materials and heterostructures. For example,
Castro et al. [96], both experimentally and theoretically, have investigated the influence of
the electric field on the band structure of graphene. They have found that the band gap can
be changed extensively from zero to mid-infrared energies.

A novel way to apply an external electric field on the ripple of the membrane of MoS;
with the aim to control the band gap has been proposed [97]. There, Qi et al. via first-
principles calculations have shown a great tunability of band structure of MoS; under the
surface-perpendicular electric field and have also explained its nature on the basis of the
charge density redistribution.

In another work [98], density functional theory has been used to find out the effect of
the vertical electric field on the electronic properties of bilayer MoS». Liu et al. have found
the band gap reduction, down to zero, during the monotonic increment of the electric field.
Their ab initio quantum transport simulations of a dual-gated bilayer MoS> channel have also

confirmed the feasibility of applying the electric field to manipulate the transmission gap.
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In addition, first-principles studies [99, 100] have presented the band gap extension via
vertical electric field engineering in silicene, germanene, and phosphorene. The effective
carrier mass and the band gap rise linearly with increasing the electric field in silicene and
germanene, while the phosphorene undergoes a transition from the normal insulator to a

metal.

2.4.3 Effects of adatom adsorption and atomic point defects

Adsorption of different atoms and molecules, as well as, the presence of atomic defects
can drastically change the properties of 2D materials. For instance, by using first-principles
calculations, Zhou et al. have shown that the graphene magnetic and electronic properties
can be significantly changed by Cl, S, and P atomics adsorption [101]. They have found that
the Fermi level shifts to valence band upon Cl adsorption, and as a result, metallic states exist,
while the S atom adsorption on graphene leads to the band gap of 0.6 ¢V opening. They have
also reported the lack of the magnetic moment upon either Cl or S adsorptions, but for the P-
absorbed graphene, the magnetic moment of 0.86uB appears. Thereby, this work suggests
the atom adsorption as a perspective way for modifying the magnetic properties and
conductive behaviour of graphene.

The effect of metal adatom adsorption on graphene has been investigated by Chan et
al. [102]. In the framework of the DFT, they have analysed adsorption energy, stability, the
density of states, dipole moment and the work function of adatoms-absorbed graphene.
Absorption of metal adatoms which belong to the groups I-111 of the Periodic Table is able
to entail just minor changes in the electronic states, but the charge transfer can be enhanced

significantly, as well as a work function can be greatly shifted. Furthermore, the authors have
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shown that the adsorption of the transition, noble, and group IV metal adatoms leads to the
strong hybridization between adatom and graphene electronic states.

A systematic study on the absorption of the small gas molecules on the either pristine
and doped or defect-containing graphene has been done by Zhang et al. [103]. Their ab initio
calculations have predicted that the structural and electronic properties of the molecule-
adsorbed graphene have a strong dependence on the initial graphene structure and the
molecular configuration. All the considered molecules (CO, NO, NO2 and NH3) have shown
a strong adsorption on the doped or defective graphene, while on the pristine graphene,
molecules have been physisorbed with the small adsorption energies and a weak charge
transfer. In addition, the authors have also found dramatic changes in the electronic properties
of graphene. Specifically, B-doped graphene has a two times higher sensitivity of transport
behaviour than that of the pristine one. Thereby, the gas sensitivity of graphene can be
significantly improved by molecular doping or defect.

He et al. [104] have examined MoS; monolayer for the non-metal adatom absorption.
Their first-principles calculations have demonstrated the possibility of the chemical
absorption of H, N, B, O, F, and C atoms on the monolayer. Moreover, they have also
observed no magnetic moment in the O-absorbed MoS2 and the magnetic moment of 1.0, 1.0,
2.0, 1.0, and 1.0us in the H, N, B, F, and C -absorbed MoS,, respectively. In addition, an
extension of spin density, as well as, n-type semiconducting behaviour in the H-absorbed
MoS: and p-type behaviour in the N-absorbed MoS, monolayer has been found.

Sivek et al. have used ab initio calculations to study the structural, magnetic and
electronic properties of silicene upon chemical absorption of B, P, N, and Al atoms [105].

They have reported the strong bond between adsorbates and silicene along with the metallic
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behaviour of adsorbed-silicene. Moreover, B, N, and P adatoms have been found as strong
acceptors, with p-type doping of silicene, while Al adatoms have a weak charge transfer to
silicene. Additionally, the authors have provided molecular dynamics simulation to
demonstrate the stability of adsorbed-silicene at the temperature of 500 K. According to their
obtained results, silicene is suggested as a highly sensitive and well modifiable material.

The interaction of phosphorene with organic molecules has been considered in the
framework of the DFT by Jing et al. [106]. They have shown a strong bonding between
tetracyanoquinodimethane (TCNQ), tetracyanoethylene (TCNE) and tetrathiafulvalene (TTF)
molecules and the phosphorene surface along with a large amount of charge transfer between
them. As a result, doping by the organic molecules could remarkably decrease the band gap
of the mono- and bilayer phosphorene. Furthermore, the comparison of the optical properties
of the pure phosphorene with the molecule-absorbed one has revealed substantial
enhancement of the light harvesting abilities of phosphorene.

Wang et al. have studied the effect of vacancy and self-interstitial P-defects in
phosphorene. Their calculations, based on the hybrid DFT including the van der Waals
correlation functional, have shown that both defects exhibit a weak acceptor behaviour,
which is consistent with the experimental observation of the p-type conductivity in few-layer
phosphorene [8]. They have also found the correlation between formation energies and
transition levels and phosphorene film thickness. Specifically, the thickness increase induces
the formation energies and transition levels decrease, which is the cause of p-type

conductivity in few-layer phosphorene.
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2.5 Application of 2D materials and heterostructures

The 2D materials and heterostructures have a wide range of use, for example, in the

fundamental research, electronic and opto-electronic devices, and gas sensing application.
2.5.1 Fundamental research

A large amount of research effort has been directed to find new 2D materials and to
deeply understand their interesting properties, such as ferromagnetism, superconductivity,

phase transitions, light-matter interaction etc. [107-113].

2.5.2 Electronic and opto-electronic devices

Due to their high electrical conductivity, excellent transparency, strong electron
acceptance property, tunable band gap and flexibility, 2D materials have been actively
investigated for application in solar cells and photodetectors [114-116], pressure sensors
[117-120], high-density storage devices [121-133] and others [134-138]. The basic
requirement for solar energy devices is their capabilities for commercial application, in other
words, their high-cost effectiveness.

Lin et al. through their theoretical simulation and experimental investigation [114] have
demonstrated a highly efficient graphene-semiconductor heterojunction solar cell. Based on
their theoretical analysis, the authors proposed the following optimization: (I) the number of
graphene layer should be precisely selected; (I1) antireflection layers should be introduced to
avoid the energy dissipation from the optical reflection. They have considered a periodically
patterned surface to reduce the reflectance. The theoretical conversion efficiency of their

optimization achieved 9.2%. To verify this result in practice, they manufactured and
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examined solar cells based on acid modified graphene films and silicon pillar arrays, with
the efficiency of around 7.7%. In addition, the authors noted that the cell performance can be
further improved up to the theoretically obtained maximum value.

In [115], Tsai et al. by using ultraviolet photoemission spectroscopy successfully
confirmed the possibility to create a type-Il heterojunction between monolayer MoS; and p-
Si. They have reported the fabrication of a heterojunction solar cell device with a fabulous
power efficiency of 5.23%. Their experiment has shown that MoS; can be fully integrated
into the manufacturing process and demonstrated that different 2D materials can be applied
in solar cell devices.

In the pioneer experimental work [116], Deng et al. for the first time have demonstrated
a 2D heterostructure using black phosphorus. They have presented phosphorene-MoS;
heterojunction p-n diode, which shows a hundred times larger photodetection responsivity
than that of black phosphorus phototransistors and around thirty times larger than that of
WSe> p-n diodes. Moreover, they have shown that the current is generated throughout the
total overlapped p-n junction region, and consequently, it is feasible to use their diode in
photodetectors and solar cells.

Another promising field for graphene-based material application is micro-electro-
mechanical systems (MEMS) [117], where the extraordinary stiffness of graphene with
Young’s modulus of 1 TPa [77], high electrical conductivity, excellent flexibility, and stretch
ability can be used. Since the resistivity of graphene varies linearly with strain [48], this
piezoresistive effect can be widely used in MEMS smart sensors, including pressure sensors.

In [118], Bae et al. have demonstrated a strain sensor capable to track a body motion.

They have used a traditional micro-fabrication process and ultrathin, flexible plastic or
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stretchable rubber as substrates to fabricate graphene-based sensor in a form of the rosette.
As a part of their experiment, the electrical resistance related to the applied strain was
measured. They have specified three different regions: (I) when applied strain is < 1.8%, an
approximately linear function resistance/strain has been observed with the gauge factor of
~2.4; (I1) a nonlinear function for the strain is in the range from 1.8% to 7.1% with the gauge
factor ranging from 4 to 14; and (l11) the strain values > 7.1% corresponding to the sharp
growth of the resistance, and, as a consequence, to a mechanical fracture. Their sensor
achieved a good transparency up to 80% and an impressive gauge factor, comparable to that
in a metallic strain gauge. This study has successfully demonstrated the possibility to create
graphene-based highly sensitive transparent strain sensors for detection of the direction and
amplitude of motion.

Sorkin and Zhang [120] have studied the mechanical failure of graphene-based
pressure sensors. Their pressure sensor model consisted of a circular graphene nanoflake
placed on the substrate; the inner part of the graphene nanoflake was suspended, while the
outer part was supported by the underlying substrate. The authors applied an atomistic
approach to investigate the failure behaviour of the sensor subjected to an external load. They
have identified two types of mechanical failure. The first one was due to the full detachment
of the graphene flake from the supporting substrate. The second type of failure happened
because the atomic bonds broke within the graphene flake. They have found the following
regularity: if the width of clamped region was smaller than a critical value, then destruction
occurred due to graphene detachment, while graphene fracture typically for the width of the

clamped region was higher than the critical value. Their investigation provided valuable
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information about the design and fabrication of graphene nanoflakes strain sensors for
potential application.

Because of their large surface area, excellent thermal and electrical conductivity and
chemical stability, 2D materials and its heterostructures are being actively investigated and
successfully used to develop high-density storage devices, such as supercapacitors [121-127].

Graphene-based supercapacitor, prepared using the gas-based hydrazine reductions,
has been fabricated by Wang et al. [121]. Their supercapacitor has shown a high specific
capacitance of 205 F/g, the energy density of 28.5 Wh/kg and power density of 10 kW/kg. In
[122], Cao et al. have developed a high voltage asymmetric supercapacitor with 1 M Na>SO4
aqueous electrolyte by using amorphous MnO2 nanoparticles and graphene as positive and
negative electrode materials, respectively. They have achieved a specific capacitance of 37
F/g at a discharge current density of 5 mA/cm? and an energy density of 25.2 Wh/kg at a
power density of 100 W/kg. The obtained asymmetric system also exhibits impressive
capacitance retention of 96% after 500 cycles.

Xie et al. have presented a Supercapacitor with wavy-shaped polyaniline-graphene
electrode with a maximum specific capacitance of 261 F/g and an energy density of 23.2
Wh/kg at a power density of 399 W/kg for a 0.8 V voltage window [123]. Their tests have
shown capacitance retention of 89% over 1000 cycles in conjunction with a high mechanical
strength even under the strain of 30%.

MoS»-based micro-supercapacitors have been created by Cao et al. [124]. Via spray
painting of MoS, nanosheets on Si/SiO2 chip and subsequent laser patterning, they have
created micro-supercapacitors with a high current density (2.2 mA/cm?) and excellent cyclic

performance at around of 92% capacitance during 1000 cycles. These results surpassed any
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previous results that have ever been found. Subsequently, Choudhary et al. have fabricated a
large-scale flexible and high-capacitance MoS; supercapacitor electrodes with the excellent
capacitance retention of ~97% and cyclic stability up to 5000 cycles [125].

Huang and co-workers have succeeded in synthesizing layered MoSz-graphene
composites [126]. They have reported a specific capacitance of 243 F/g at a discharge current
density 1 A/g for the composite compared to 120 and 35 F/g for pure MoS> and graphene,
respectively. Moreover, they have achieved suitable capacitance retention above 92% even
after 1000 cycles.

Composite membranes made of an exfoliated dispersion solution of semiconducting
MoS> and semi-metallic graphene have been demonstrated by Bissett et al. [127]. They have
found the optimal layer number ratio of the MoS, and graphene is 1:3. At this ratio, the
composite membrane has shown a high specific capacitance of 11 mF/cm?. Moreover, they
have found that continued charge/discharge cycles lead to an increase in the membrane
efficiency of ~800%.

2D materials are also promising candidates for anode materials for rechargeable
batteries, such as lithium [128-137] and sodium ion-batteries [140]. The main shortcoming
of lithium-ion batteries is the interfacial reaction with Li* ions that have a negative effect on
cycling capability. Therefore, a lot of research aims to find out better interfacial layer
materials.

For example, Xia et al. have examined graphene as an interfacial layer in lithium-ion
battery anode based on silicon nanowires [128]. Their experiment has shown that the cycling

stability of the silicon-graphene anode can be significantly improved in comparison with a
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pure silicon-based anode. Particularly, the obtained specific charge capacity of ~2400 mAh/g
has exceeded the value of the silicon-based anode by more than 170%.

The theoretical study on potential applications of phosphorene as a material for the
lithium-ion batteries has been conducted by Zhao and co-authors [129]. Their first-principles
calculations have shown a semiconductor to metal transition for phosphorene upon lithiation,
which could provide additional electrical conductivity. Moreover, their calculated theoretical
capacity of 432.79 and 324.59 mAh/g for mono- and bilayer phosphorene, respectively,
eXceeds the capacity of commercial anodes used in lithium-ion batteries.

Interesting results have been obtained by Guo et al. in their systematic first-principles
study of the phosphorene-graphene heterostructure as anode material for lithium-ion batteries
[130]. They have reported a high binding energy of Li on the phosphorene-graphene
heterostructure compared to the pristine phosphorene or graphene, 2.6 eV compared to 1.9
and 1.3 eV, respectively. Furthermore, their calculations have shown extraordinary ultrahigh
stiffness of phosphorene-graphene heterostructure which is more than 10 times higher along
the armchair direction and more than 4 times higher along the zigzag direction, compared to
pristine phosphorene and graphene. The capacity of heterostructure has also surpassed the
capacity of its individual components. Therefore, phosphorene-graphene heterostructure is a

promising material for the lithium-ion batteries application.

2.5.3 Gas sensing

Along with many other attractive properties, 2D materials exhibit a high chemical

activity that makes them promising candidates for gas sensing application [139-145]. The
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main challenge for all the gas sensors is a low level of sensitivity. The reason for this is
thermal fluctuations since the intrinsic noise may exceed the signal from individual atom or
molecules by many orders [139]. However, Schedin et al. have invented a micrometre-size
gas sensor made of graphene which can detect the interaction of an individual gas molecule
with the graphene surface [140]. Their research has provided a wide range of opportunities
for studying 2D materials for gas sensor application.

Motivated by the previous work, Leenaerts et al. have conducted a theoretical
investigation of the adsorption of different gas molecules on the graphene surface by using
first-principles calculations [141]. They have investigated the charge transfer between
graphene and the molecules to determine the nature of molecular doping mechanism. The
H20 and NO2 molecules have shown acceptor behaviour, while NHz, CO, and NO are donors.
These results are well consistent with the experiment data [142]. In addition, the exact
orientation on the surface and preferential binding site of molecules have also been identified
by calculating their binding energy. Thereby, their study has presented an interesting
mechanism for future gas sensors.

Kou et al. [143] have systematically investigated the adsorption of gas molecules like
CO, CO2, NH3, NO, and NO2 on monolayer phosphorene via first-principles calculations.
Due to significant changes of the charge transfer and electronic band structure, induced by
the adsorption of NO and NO2 molecules, a high sensitivity of phosphorene to these toxic
gas molecules has been predicted. They have also shown that the current reduces upon NHz
molecule absorption but increases upon NO absorption. These changes in conductivity of
phosphorene have been strictly anisotropic along both armchair and zigzag directions.

Consistent results have been presented in [13], where the physisorption of CO, O2, NO, NO,
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H20, NHs, and Hz, molecules has been investigated via first-principles calculations. Their
study has shown significant changes in the electronic properties of phosphorene through the
physisorption of foreign molecules. For example, it has been shown that H.O, NH3, CO, and
H> molecules are weak donors, while NO, NO», and Oz are strong acceptors. Moreover, a
strong binding energy and a distinct charge transfer have been found between NO2, NO, and
02 molecules and phosphorene. Based on the foregoing, the authors have suggested

phosphorene as a promising material for molecular sensor applications.

2.6 Summary

The effects of strain and defect engineering, edge functionalization, electric field
engineering, and adatom adsorption on the stability, opto-electronic, and magnetic properties
of 2D materials have been briefly reviewed. The commonly used experimental and
theoretical approaches for the investigations of 2D materials properties have been outlined.
The first-principles simulation approach has been adopted, and the fundamentals of this

approach have been discussed.
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Chapter 3 The effects of strain and vacancy defects on stability and

electronic properties of phosphorene

A detailed study of the strain and vacancy defects on the atomic structure evolution and
changes in electronic properties of phosphorene is performed. In addition, the effects of strain
and vacancy defects on the chemical activity of phosphorene upon the adsorption of typical

environmental molecules H>O, O, and NO are comprehensively examined.

3.1 Computational details

The research methodology is based on the spin-polarized first-principles calculations
by using the plane-wave Vienna ab initio simulation package (VASP) [26] within the
framework of DFT. The exchange-correlation functionals are selected as the PBE functional
under the GGA [31]. Dispersive interactions during the noncovalent chemical
functionalization of phosphorene with small molecules are analyzed using the van der Waals
corrected functional with Becke88 optimization [30]. All the structures are fully relaxed until
the force is smaller than 0.01 eV/A.

Rippled structures are created by using the 10x1x1 and 1x10x1 supercells (40
phosphorus atoms) for applying strain along the zigzag and armchair directions, respectively.
A 10x3x1 supercell is adopted for single NO adsorption. The first Brillouin zone is sampled
with a 1x10x1 (10x1x1) k-mesh grid for the 10x1x1 (1x10x1) supercell and 1x3x1 grid for
the 10x3x1 supercell. Different supercells are adopted for modelling the rippled structures
along the zigzag and armchair directions. For the supercell initially in the planar

configuration, a period of ripple is formed upon applying a period of sinusoidal out-of-plane
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displacements to the atoms along the zigzag or armchairs directions, followed by an energy
minimization by using VASP. The length of the ripple corresponds to the wavelength of the
sinusoidally shaped phosphorene along the zigzag (or armchair) direction, the wavelength is
shown in Fig. 3.1. Since periodical boundary condition with a fixed period is applied
laterally, that is, along the armchair (or zigzag) direction, the lattice spacing along the
armchair (zigzag) direction remains unchanged. It is noted that the studied compressive strain

has large out-of-plane component and should be considered as effective strain.

armchair direction

wavelength wavelength

zigzag direction

Fig. 3.1. The schematic representation of the ripple length, defined as the wavelength of the
sinusoidally shaped phosphorene along the zigzag or armchair directions.

The effects of mono- (MV) and divacancy (DV) defects in phosphorene are considered
by removing one or two phosphorus atoms in a 4x5x1 supercell (80 phosphorus atoms) as it
is shown in Figs. 3.2(a) and (b), respectively. The first Brillouin zone is sampled with a

10x10x1 k-mesh grid. Periodic boundary conditions are applied in the two in-plane
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transverse directions, while a vacuum space of 20 A is applied along the out-of-plane
direction. Kinetic energy cut-off is set to 450 eV. The absorption energy Ea of a molecule on

rippled phosphorene is calculated as

Ea= Emoir+p - Ep - Emol (3.1)

where Ewmoi+p, Ep, and Ewmol are the energies of molecule adsorbed phosphorene, the
phosphorene sheet, and the single molecule, respectively.

The electronic interaction between the H2O and O2 molecules with phosphorene is
calculated by the differential charge density (DCD) Ap(r), defined as the difference between
the total charge density of molecularly adsorbed phosphorene system subtracted by the sum
of the charge densities of the isolated molecule and the naked phosphorene. To obtain the
exact amount of transferred charge from the H20 or Oz molecule, the plane-averaged DCD
Ap(r) along the normal direction (z) of the phosphorene sheet is calculated by integrating
Ap(r) within the basal plane at the z point. The amount of transferred charge at z point is
given by

AQ(2) =[" Ap(z)dz. (3.2)

Based on the AQ(z) curves, the total amount of charge donated by the molecule is read

at the interface between the molecule and the phosphorene, where Ap(r) shows a zero value.

The reaction barriers are calculated by using the climbing image nudged elastic band (CI-

NEB) method [146].
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(@) |

(b)

Fig. 3.2. The phosphorene structure containing (a) MV and (b) DV, obtained by removing
one and two phosphorus atoms in a supercell of 4x5x1 dimension, respectively.

3.2 Results and discussion

3.2.1 Structure and electronic properties of phosphorene under

compressive strain

Fig. 3.3(a)-(e) presents the relaxed rippled structure (upper panel) and the variation of
band gap (lower panel) of monolayer phosphorene under compressive strain of 0%, -5%, -
20%, -25%, and -35%, respectively, along the armchair direction. It is seen that the
phosphorene remains a direct band gap semiconductor within the strain range. For the
compressive strain in the range from 0% to -20%, the band gap decreases from 0.84 eV to

0.51 eV. The calculated results for the strain range from 0% to -10% are in good agreement
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with previous results [9]. For the compressive strain higher than -20%, the band gap achieves

approximately a constant value at about 0.51-0.54 eV.
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Fig. 3.3. The relaxed structure and variation of band gap of monolayer phosphorene under a

compressive strain applied along the armchair direction (a)-(e) and the zigzag direction (f)-
(). The applied strain is (a) 0%, (b) -5%, (c) -20%, (d) -25%, and (e) -35%, (f) 0%, (g) -13%,
(h) -20%, (i) -25%, and (j) -30%.

Figs. 3.3(f)-(j) presents the relaxed rippled structure (upper panel) and the variation of

band gap (lower panel) of monolayer phosphorene under compressive strain of 0%, -13%, -

20%, -25%, and -30%, respectively, along the zigzag direction. It is seen that the band gap

decreases rapidly from 0.91 eV to 0 eV as the compressive strain increases from 0% to -30%.

Meanwhile, the conduction band minimum (CBM) shifts from T to a point between the T’
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and Y points (Figs. 3.3(h) and (i)), indicating a direct-to-indirect band gap transition.
Moreover, at -30% compressive strain and higher, the band gap disappears completely
(Fig.3.3 (J)), signifying a semiconductor-to-metal transition. Hence, it is possible to switch
phosphorene from a direct band gap semiconductor to an indirect semiconductor and further
to a metal simply by applying the compression strain along the zigzag direction.

To understand the underlying physical origins for the band gap variation, the structural
deformation of the rippled phosphorene is investigated by examining the ripple-induced
bonding configuration changes. For both zigzag and armchair directions, the variation of
bonding configurations of the unit cell on the top peak of the rippled structure is tracked as
shown in Figs. 3.4(b) and (c), respectively. The justification for choosing these unit cells is
that only the atoms in these unit cells have significant contributions to the valence band
maximum (VBM) and CBM. As defined in Fig. 3.4(a), the following parameters during
compression deformation are tracked: the bond length connecting the hinges I1, the bond
length of the hinges I> and I3, and the hinge angles « and y. The calculated relative variations
of the bond lengths, that is, Al1 = (I1-1:°)/1:° Al = (12-1%)/12°. Als = (I5-1%)/1s°, and the angle
difference (a-y) are presented in Figs. 3.5(b) and (c), respectively.

For the compressive strain along the armchair direction, it is seen that with increasing
the strain from 0 to -10%, the relative variations of the bond lengths Al1, Al> and Als decrease,
while the angle difference (a-y) is roughly unchanged. For the compressive strain from -10%
to -20%, the bond lengths l1 and |2 slightly increase, while I3 slightly decreases, and the angle
difference (a-y) slightly increases. For the compressive strain higher than -20%, all the

parameters remain roughly unchanged.

43



Chapter 3 The effects of strain and vacancy defects on stability and electronic properties of phosphorene

(b)

(c)
Zigzag (x)
Armchair (y)
Fig. 3.4. (a) The definitions of the structural parameters for phosphorene. The unit cell at the

top peak of the rippled phosphorene is used to analyse the bonding configuration changes

under compressive strain along the zigzag (b) and armchair (c) directions.

By comparing the behaviour of the band gap as shown in Fig. 3.5(a) and that of the
relative variations of the bond lengths Al: and Alz as shown in Fig. 3.5(b), the correlation
between the band gap change and the bonding configuration changes is found. More
specifically, the band gap decrease is correlated with the increase of the difference between
angles (a-y), for the strain up to -20%, and after that, the band gap and the angle difference
(a-y) are roughly unchanged. Thus, it can be concluded that the strain sensitivity of the band
gap for the compression strain up to -20% comes from the angular distortion of the bonds,
which leads to substantial changes in the overlapping of the wave functions of neighbouring
atoms and thus the variation of the band gap. The small variation of the band gap for the
compression strain beyond -20% can be explained by the comparative immutability of the

bond angles and lengths.
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When the compressive strain is applied along the zigzag direction, the angle difference
(a-y) and the relative variation of bond length I, drastically increase, while the relative bond
lengths 11 and I3 only slightly decrease as shown in Figs. 3.5(b) and (c). By comparing the
band gap change and the bonding configuration changes, the drastic band gap change is it
found to be correlated with the changes in the variation of the bond length Al> and the angle
difference (a-y). It is the bonding configuration changes that lead to the significant change in

the band gap.
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Fig. 3.5. (@) The variation of band gap for rippled phosphorene obtained under the
compressive strain along the armchair (red line) and zigzag directions (black line). Zero band
gap is denoted by the black dashed line. (b) The relative variations of bond lengths Al = (l:-
1:9)/1:° Al = (12-19/12°, Als = (Is-13%)/15° and (c) hinge angle difference (a-y) for phosphorene

under compressive strains along the armchair (red line) and zigzag direction (black line).
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To further understand the behaviour of the band gap, the density of states (DOS), the
partial density of states (PDOS), and the local density of states (LDOS) of rippled
phosphorene under the compressive strain applied along both armchair and zigzag directions
are also considered. Fig. 3.6 shows the PDOS of phosphorene under the typical strains of 0,
-20%, and -35% along the armchair direction and 0, -20%, and -30% along the zigzag
direction. For the uncompressed phosphorene, that is, under zero strain, the s, px, py, p: States
are nearly equally distributed across the whole energy spectrum except the area within the
band gap, where the frontier state is only comprised of p, orbital in both cases, which is

consistent with previous work [147].

DOS (states/eV)

Energy (eV)

Fig. 3.6. The DOS and PDOS of the rippled phosphorene under the compressive strain: (a)
0%, (b) -20%, and (c) -35% along the armchair direction, and (d) 0%, (e) -20%, and (f) -30%
along the zigzag direction. For each case, the electronic states s, px, py, p: are represented by
grey, red, blue and green lines, respectively. The total DOS is plotted as the black line.
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As shown in Fig. 3.6(b), at -20% strain along the armchair direction, the contribution
of py state to both the VBM and CBM increases and the VBM shifts towards the CBM. Under
-35% strain as shown in Fig. 3.6(c), the gap between the VBM and the CBM is nearly
unchanged, and py and p; states have an equal contribution. Therefore, the contribution of py
state to the VBM and the CBM increases accompanying the change of the band gap. As
shown in Figs. 3.6(e) and (f), at -20% and -30% strains applied along the zigzag direction,
the CBM shifts towards the VBM and the contribution of px state increases with the increase
of the compressive strain. There is an important difference between the flat phosphorene and
the rippled phosphorene: for the flat phosphorene, in the valence top, only py state is present
while py state is clearly absent, signifying the linear dichroism in the flat phosphorene [147].
For the rippled phosphorene along the zigzag direction, a strong mixing of px and py states
occur in the valence top, suggesting the disappearance of linear dichroism in the rippled
phosphorene.

Next, the localized electronic properties by looking into the PDOS of atoms on different
parts of the ripple, particularly, those atoms that are highly strained and located at the peaks,
are examined. Figs. 3.7(a) and (c) show the rippled phosphorene configurations at a strain of
-20% along the armchair and zigzag directions, respectively. The PDOS of the atoms marked
by “17-“4” are considered. For the rippled phosphorene compressed along the armchair
direction, the main contribution to the CBM is from p, states of atoms “1”-“4”, with a
dominant contribution from atom “1”, as shown in Fig. 3.7(b). In contrast, for the zigzag
case, as shown in Fig. 3.7(d), the main contribution to the CBM is from px states of atoms
“1” and “3”, which experiences the largest tensile strain. It is seen that these atoms make the

largest contribution to the states from 0.1 to 0.5 eV, which are related to the flat bands around
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the Fermi level in Fig. 3.3(h). This means that the flat bands are related to the localized states
of these atoms, which become less bonded and passivated with their neighbours.
Consequently, these atoms, which are on the top (atom “1” and “3”) and under high tension,

are responsible for the reduction of the band gap.
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Fig. 3.7. The rippled phosphorene under a compressive strain of -20% along (a) the armchair
and (c) zigzag direction, respectively. (b) and (d) show the PDOS for the atoms “17-“4” in
(@) and (c), respectively.
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To present the spatial variation of the electronic structures, the LDOS of each pair of
atoms along the line profiles of the ripples under the compressive strain of -35% along the

armchair (Fig. 3.8(a)) and -30% along the zigzag direction (Fig. 3.8(b)) is plotted.
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Fig. 3.8. The LDOS for the atom pairs of the rippled phosphorene compressed along (a) the
armchair direction with a strain of -35% and (b) the zigzag direction at a strain of -30%,
respectively. The atom pairs are marked as “17-“4” and the colour of marker corresponds to

the colour of the line for the LDOS.

For the ripples along armchair direction, it is seen that the local gaps of each pair of
atoms are nearly overlapped, and there is no shift in the LDOS curves. On the contrary, for
the rippled phosphorene along the zigzag direction, the LDOS of each atom pair shifts
relatively towards each other. A red-shift of the states is predicted for atoms with positions
approaching the peaks, while a blue-shift of states for atoms is located in the middle part of

the wave-like profile. This explains the variation of band gap and confirms the extraordinary
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tunable properties of the rippled phosphorene. Such spatially dependent alignment of valence
and conduction bands is able to facilitate the separation of electrons and holes to different
parts. Moreover, this spatial modulation of the band gap is also able to induce the funnel
effect in a reduced spatial region. Funnelling has been recently proposed as a powerful
strategy to enhance the efficiency of energy harvesting devices by facilitating the collection
of photogenerated carriers [88, 148].

The obtained results suggest that the electronic structure of rippled phosphorene
formed under compressive strain along the armchair direction is more robust than that along
the zigzag direction. The latter should present strong spatially-dependent behaviour of the
local quantities, such as electronic and optical properties, which allow the engineering of

rippled phosphorene by taking advantage of its extraordinary flexibility.

3.2.2 Structure and electronic properties of vacancy-containing

phosphorene

According to the band structure shown in Fig. 3.9(a) (lower panel), perfect
phosphorene is a direct semiconductor with a band gap of 0.88 eV, which is consistent with
previous studies [14, 149-152]. Herein only the lowest energy configuration of MV, which
consists of pentagon-nonagon (59) rings as shown in Fig. 3.9(b) (upper panel), and that of
DV, which consists of pentagon-heptagon-pentagon-heptagon (5757) rings as shown in
Fig.3.9 (c) (upper panel) are examined.

For the 59 MV, removal of a phosphorus atom from perfect phosphorene creates

unpassivated atoms and dangling bonds in the defect core. While the MV-containing
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phosphorene exhibits essentially the same band gap as perfect phosphorene, there is a
significant readjustment of band lines according to Fig. 3.9(b) (lower panel). A partially
occupied defect band, which crosses the Fermi level, appears at about 0.01 eV above the
VBM of the host phosphorene, suggesting the easy production of hole states (p-type
conduction) even upon moderate thermal excitations. Although MV-containing phosphorene
still possesses a direct band gap, the VBM of the host phosphorene shifts from I" point in the
perfect case to Y point. This change in the band structure may affect the optical emission

efficiency of phosphorene.
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Fig. 3.9. The atomic configurations (upper panel) and band structure (lower panel) of
phosphorene (a) perfect, (b) with 59 MV defect, (c¢) with 5757 DV defect. The red dashed

line indicates the Fermi level.
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For the DV-containing phosphorene, it is found that the 5757 DV defect shifts the VBM
and CBM downward and upward, respectively, which leads to an increase in the band gap
up to 1.04 eV (Fig. 3.9(c)). This increase may arise from the large lattice distortion and local
strain induced by the DV [153]. Unlike MV defect, there is no defect state in the band gap
for the DV-containing phosphorene due to the absence of dangling bond and the full
passivation of atoms. Similar to the MV case, the VBM shifts from I" to Y point, and there is
a direct-indirect transition of the band gap upon the introduction of 5757 DV. Such direct-
indirect band gap transition and an increase in the band gap could be detectable in the optical
spectrum, and blue shifts of the emission and adsorption peaks may be used to corroborate

the presence of the 5757 DV defect.

3.2.3 Interaction of rippled and vacancy-containing phosphorene with

typical environmental molecules

Atomically thin 2D materials are highly flexible and tend to form ripples or wrinkles
in either suspended or supported sheets [88, 148]. Curvatures due to ripples can induce
inhomogeneous deformations of the lattice and modify the chemical properties, as shown in
graphene and CNT [154-158]. It is also known that for atomically thin 2D materials, lattice
imperfections can be easily introduced during fabrication or intentionally produced via
electron beam or other high-energy particle excitations [159-161]. For phosphorene, this
issue seems to be even more critical since the atomic vacancies in phosphorene are calculated
to be easily formed and abundant at ambient condition with their much lower formation

energy (1.65 eV) than other 2D materials [153]. In addition, vacancies in phosphorene are
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highly mobile with an ultralow diffusion barrier of 0.30 eV compared to 1.39 eV for a
vacancy in graphene [153]. Such itinerant vacancies may greatly affect the stability of
phosphorene in the air with respect to the interaction with environmental molecules. Hence,
it is important to investigate the effect of absorption of typical environmental molecules, such
as H>0O, Oz and NO on the electronic structures of perfect, MV- and DV-containing and
rippled phosphorene.

Physisorption of H20 and O2 molecules above vacancies. The physisorption of the
H20 and O2 molecules above the phosphorus-deficient phosphorene is considered. For each
molecule, several possible absorption positions on perfect and defect-containing
phosphorene are examined. All subsequent calculations on the electronic properties and
energetics are based on the lowest-energy configuration. The lowest-energy configurations
for H20 and O physical adsorptions on perfect, MV and DV-containing phosphorene are
shown in Figs. 3.10 and 3.11, respectively. For the most stable binding configurations of the
H>O molecule adsorbed on perfect phosphorene (Fig. 3.10(a)), one of the O-H bonds is
oriented parallel to the surface along the armchair direction while the other is nearly normal
to the surface. The in-plane O-H bond is located directly above the ridge of phosphorene.
The distance from the molecule to the surface d is 3.01 A and the adsorption energy Ex is -
0.187 eV, which is consistent with previous work on phosphorene [13]. For the most stable
binding configuration of H>O adsorption on the MV defect (Fig. 3.10(b)), both two O-H
bonds are oriented nearly parallel to the surface and located directly above the MV position,
with d = 2.42 A and Ea = -0.193 eV. Figure 3.10(c) shows the lowest-energy geometry of
H>0 adsorbed on phosphorene with the DV defect, where the H2O is located above one of

the pentagon rings of the 5757 defect with d = 2.66 A and E, = -0.205 eV.
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For the most stable binding configuration of the O> molecule adsorbed on perfect
phosphorene (Fig. 3.11(a)), the O-O bond is oriented parallel to the surface along the
armchair direction and located directly above the ridge, with d =2.80 A and Ea = -0.489 eV.
The most stable configuration for the O> molecule absorbed on the MV defect is presented
in Fig. 3.11(b), where the O-O bond is located directly above the MV position, tilting about
45° away from the surface, with d = 2.94 A and Ea = -0.489 eV. For the most stable binding
configurations of Oz adsorbed on the DV defect (Fig. 3.11(c)), the O-O bond deviates slightly
from the in-plane surface and is located directly above the central P-P bond shared by the

two neighbouring heptagons, with d =3.02 A and Ea =-0.705 eV.

(a) E=-0.187eV  (b) E~-0.193eV  (c) E~=-0.205eV

4 V
Vi y
4 V4
/ 2

X

Fig. 3.10. The top and side views of the lowest-energy configurations of H2O molecule
adsorbed on phosphorene. (a) for perfect, (b) with MV defect and (d) with DV defect. The

balls in blue, red and white represent phosphorus, oxygen and hydrogen atoms, respectively.

54



Chapter 3 The effects of strain and vacancy defects on stability and electronic properties of phosphorene

The O-0O bond length of the isolated molecule changes from 1.22 A to 1.25, 1.24, and
1.24 A, upon adsorption on perfect, MV, and DV-containing phosphorene, respectively. This
elongation of the O-O bond length signifies a strong electron transfer between the substrate
and the O2 molecule, and the transferred charges mostly occupy the 27* antibonding orbital.
Therefore, the O-O bond is weakened even for a physisorbed O, molecule on phosphorene,
and as a result, the energy for the O-O bond splitting is lowered, explaining the high affinity

of phosphorene to oxygen.
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Fig. 3.11. The top and side views of the examined possible absorption configurations of the
O> molecule adsorbed on phosphorene. (a), (b) and (c) perfect, (d), (e) and (f) with MV
defect, (j), (h) and (i) with DV defect. The balls in blue and red represent phosphorus and
oxygen atoms, respectively. The lowest-energy configurations of O> molecule adsorbed on
phosphorene are shown in (a), (d) and (j) for perfect, with MV defect and with DV defect,
respectively.

Interestingly, in contrast to the common notion that defects in 2D materials generally

have a higher chemical affinity to adsorbates, the results here show that the presence of MV
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has almost negligible effect on Ea of the H.O and O2 molecules compared with the adsorption
on the perfect surface. A possible underlying reason is that the defect states are well self-
passivated due to the highly puckered structure of phosphorene since the atoms in the defect
core cross two neighbouring ridges and tend to have a stronger interaction and hybridization
than other planar 2D materials like graphene and MoS,. The above scenario is consistent with
the previous study showing that the defects in phosphorene are nearly electronically inert
[162]. For the DV defect, it can only slightly enhance the physisorption of the H.O molecule
(with Ea from -0.187 eV for perfect case to -0.205 eV for DV case) but greatly promote the
adsorption of the O> molecule (with Ea from -0.489 eV for perfect case to -0.705 eV for DV
case). The promoted interaction may be due to the large lattice distortion and bond
deformation around the DV core. The current study suggests that the vacancy-containing
phosphorene shows almost the same affinity to the water molecules from the
thermodynamics point of view due to the comparable energy release with the physisorption
above the perfect lattice.

Electronic structure and states alignment. Figures 3.12(a)-(c) present the DOS of
perfect phosphorene, and phosphorene with MV and DV defects, respectively. It is seen that
a MV defect can cause an enhancement in the electronic states around the top of the valence
band as reflected by the increase in the peak intensity in the LDOS in Fig. 3.12(b) compared
with that of perfect phosphorene in Fig. 3.12(a). This is attributed to the newly formed defect
states above the VBM as shown in the band structure of Fig. 3.9. For the 5757 DV defect, as
shown in Fig. 3.12(c), the DOS profile is quite similar to that of perfect phosphorene, and

there are no defect states within the band gap.
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In contrast, for the H>O physisorption, no additional electronic state within the
fundamental band gap is formed for either perfect or defected phosphorene (Figs. 3.12(d)-
(F)). The value of the respective band gap for perfect, MV and DV-containing phosphorene
is almost the same as for pristine phosphorene. However, the presence of vacancies on the
surface significantly affects the alignment of the molecular levels of H.O with respect to
those of phosphorene. The three highest occupied molecular orbitals (HOMO) of the H20
molecule, named according to the irreducible representation of the point group of H20O, are
1b; (HOMO), 3a; (HOMO-1), and 1b> (HOMO-2). All these levels are greatly upwardly
shifted by around 1 eV in the MV- and DV-containing phosphorene. This readjustment of
the molecular levels alignment is a clear indication of a different charge transfer amount and
different interactions between water and phosphorene. Interestingly, for H>O adsorbed on a
perfect sheet, the 3a; orbital is the most broadened one due to its favoured orbital mixing with
the P atom. The situation becomes different for the adsorption of MV and DV defects, where
the 1b; state of the H.O molecule is the most broadened one. This difference reflects the fact
that H.O is prone to have a different binding mechanism at the vacancy site compared with
perfect one.

In contrast, for O> molecule, its physisorption can substantially modify the electronic
structure of both perfect and defected phosphorene. Figures 3.12(g)-(i) show the LDOS for
perfect, MV and DV-containing phosphorene, respectively. The adsorption of Oz induces
additional states with HOMO being located in the proximity of the VBM region. For all the
cases, the antibonding LUMO state (2x*, down) is located in the band gap of phosphorene
above the Fermi level, while the HOMO state (2, up) is slightly broadened for perfect and

narrowed for MV and DV-containing phosphorene.
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Fig. 3.12. The DOS structure of phosphorene: (a) perfect, (b) with MV defect, and (c) with
DV defect. LDOS of H,O and O on phosphorene: (d), (g) perfect, (e), (h) with MV defect,
and (f), (i) with DV defect. The spin-up and -down bands for H.O and O are symmetrical
and shown by the red lines, while black lines represent the total DOS. The dashed line

indicates the Fermi level.

Figure 3.13 shows the band structure of Oz-adsorbed phosphorene for the three cases.
The spin triplet states (LUMO, 27*) of O2 remain unoccupied for all the cases with the
degeneracy being strongly lifted for the perfect case. Unlike the case of the H.O molecule
absorption, the alignment of the energetic level of orbitals of O2 with that of phosphorene is
almost insensitive to the presence of vacancies. Therefore, the O passivation of vacancies is
able to induce trap states in the band gap of phosphorene, which is different from the case of
sulphur vacancy in MoS,, where the O, adsorption at the vacancy site can change the

electronic nature of the vacancies from carrier-traps to electronically benign sites [149].
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Fig. 3.13. The band structure of O> on phosphorene: (a) perfect, (b) with MV defect, and (c)
with DV defect. The energetic levels associated with the O> molecule are plotted in red.

Modulation of carrier density and charge transfer. The electronic interaction
between the H2O and Oz molecules with phosphorene is analysed by calculating the DCD
Ap(r) (as it is discussed in Section 3.2). The isosurface of Ap(r) for the H2O molecule
adsorbed on perfect, MV- and DV-containing phosphorene are depicted in Figs. 3.14(a)-(c),
respectively. It is seen that there is a depletion of electrons in the HoO molecule and an
accumulation of electrons in the nearest P atoms of the perfect surface (Fig. 3.14(a)), and the
H20 molecule donates electrons to phosphorene ( ~0.01 e per molecule). In the case of MV
defect, the donor ability of the H.O molecule increases, and the total amount of transferred
charge increases significantly up to 0.12 e (Fig. 3.14(b)).

In case of DV defect, the total amount of the charge transferred from the H.O molecule
is 0.05 e (Fig. 3.14(c)). Due to the charge transfer from water to phosphorene, an effective

dipole pointing toward vacuum should be established across the molecule-phosphorene
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interface. It is expected that the surface coverage of HO molecules under humidity condition
could decrease the work function of phosphorene layer due to the presence of the dipole

layer, which in turn could affect the charge injection from the electrode to the channel layer

and thus the device performance.
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Fig. 3.14. The charge redistribution for the H>O molecule absorbed on (a) perfect, (b) MV-
and (c) DV-containing phosphorene. The top and middle panels: top and side views of the
0.02 A DCD isosurface. The green (orange) colour denotes depletion (accumulation) of
electrons. The bottom panel: plane-averaged differential charge density Ap(z) (red line) and
the amount of transferred charge AQ(z) (green line) between the H>O molecule and

phosphorene.
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Figures 3.15(a)-(c) present the isosurface of Ap(r) for the O, molecule adsorbed on
perfect phosphorene, and phosphorene with MV and DV defects, respectively. It is found
that O accepts electrons from perfect phosphorene with around 0.035 e per molecule (Fig.
3.15(a)). The MV defect slightly decreases the donor ability of the O, molecule with the total
amount of charge transfer amounting to 0.03 e (Fig. 3.15(b)). In contrast, the DV defect
receives a tiny charge of 0.01 e from the molecule, partly due to the fully compensated
structure and weak dipole interaction (Fig. 3.15(c)). Therefore, the carrier density of

phosphorene can be modulated by water molecules, oxygen molecules, and vacancies.
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Fig 3.15. The same as in Fig. 3.14 but for the O> molecule.
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Effect of the MV defect on the dissociation of the O2 molecule. Experiments have
shown that phosphorene can be easily oxidized under air condition largely due to the oxygen
molecules [163-165]. However, the underlying mechanism of the kinetic process from the
O gas molecule to form chemically bonded O-P species is still unclear. Recent work [149]
on GaS and MoS; semiconductors has shown that most molecules, including H20, are only
physisorbed on defects, while the O> molecule may reach the chemisorbed state from the
physisorbed state if the energy barrier is overcome.

The present study shows that the H.O molecule can only be physisorbed while the O>
molecule experiences an energy barrier E, from the physisorption to chemisorption on
phosphorene. It is also found that this barrier can be strongly affected by the presence of
vacancies in phosphorene. The detailed pathway from the initial state (IS), to the transition
state (TS) and to the final state (FS) for oxidation of phosphorene by the O, gas molecule on
perfect and MV sites are shown in Figs. 3.16(a)-(c). The calculated Ey, for the perfect case is
0.81 eV. From Fig. 3.16(b), it is seen that the presence of MV can significantly reduce the
barrier to 0.59 eV. According to these results, a large amount of O> molecules in air is able
to be physisorbed at room temperature. The obtained results on the chemisorbed energies (4
eV per Oy) are well consistent with a recent work [166].

According to the rate theory, the transition time from the physisorbed state to the
chemisorbed state is

t~1/(f e ®T) (33)
where Ey is the energy barrier, ky is the Boltzmann constant, T is a temperature and f is the

attempt frequency, defined as f =n-v-s,, where n is the density of the O2 molecules in air, v
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is the speed, and sq can be taken as the square of lattice parameter. Hence, at the room
temperature of 300 K, one atmospheric pressure, and f of around 10® molecules/s, the time
of the O2 molecule chemisorption on perfect phosphorene is t =~ 109 hours. This value

reduces to 1.33 min on the MV site, which is about 5000 times shorter.
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Fig. 3.16. The atomic configurations from the physisorbed to the chemisorbed state in the
dissociation process of the O, molecule on (a) perfect (black line) and (c) MV-containing
(red line) phosphorene. The P and O atoms are coloured in purple and red, respectively. (b)

The energetic profiles of the reaction pathway obtained from NEB calculations.
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Thus, the findings revealed here suggest that the oxidation rate is much higher at the
vacancies than at the perfect sites and that phosphorene sheets with high-concentration
vacancies can be more easily oxidized than vacancy-free phosphorene. Passivation and
repairs of these vacancies in phosphorene should be effective in enhancing the chemical
stability of phosphorene. However, the oxidation is also limited by the possible absorbed
sites. The formation energy of P vacancy is 1.65 eV, and the concentration of the intrinsic
vacancy estimated by Nhost-eXp(-1.65/KT), where Nhost is the total number of P atoms of the
corresponding perfect lattice, is several orders of magnitude smaller than that of the host P
sites. Hence, the oxidation rate of phosphorene is still largely dominated by the reaction at
the perfect sites. Effects of vacancies tend to be more significant for small size phosphorene
flakes which contain a large number of edges with accumulated vacancies.

Effects of ripples on the chemical activity of phosphorene with NO gas molecules.
Next, the influence of ripples on the chemical activity of phosphorene upon interaction with
the NO gas molecule is considered. Particularly, the absorption energy of the NO molecule
on both planar and rippled phosphorene, and the charge transfer between the molecule and
planar/rippled phosphorene are investigated. Several possible positions on the highly
symmetric sites of the NO molecule on the both planar and rippled phosphorene, including
both above the puckered hexagon and the zigzag trough, with the molecules being aligned
either perpendicular or parallel to the surface are considered. To examine the curvature effect
on the adsorption, the NO molecule adsorbed on both the concave and convex regions of the
ripple are investigated. The lowest-energy configurations of the NO molecule adsorbed on

the concave and convex regions are shown in Figs. 3.17(a) and (b), respectively.
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Fig. 3.17. The most stable adsorption positions of the NO molecule (a) below and (b) above
the planar/rippled phosphorene surface. The balls in black, blue, and red colours represent

the phosphorus, nitrogen and oxygen atoms, respectively.

It is found that for both cases, the absorption energy Ea. of the NO molecule decreases
with increasing the compressive strain for the position both above and below the phosphorene
as shown in Fig. 3.18. The amount of charge transfer between the NO molecule and
phosphorene is obtained by using the Bader analysis [167]. For the planar case, Ea= -0.29
eV, which is consistent with previous studies [13, 143]. It is found that the NO molecule
accepts electron upon adsorption on phosphorene and the total amount of the charge
transferred from phosphorene is 0.084 e. With increasing the strain from 0 to -30%, the
acceptor ability of the NO molecule increases, and the total amount of transferred charge
increases up to 0.206 e. Such changes can be attributed to the curvature effect which modifies
the local carrier density and orbital hybridization as shown before. Therefore, ripple-induced

deformation is an effective way to promote the chemical activity of phosphorene in terms of
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absorption energy and charge transfer, and rippled phosphorene may be useful for gas sensing

applications and for improving the doping efficiency by adsorbing chemical species.
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Fig. 3.18. The variation of the absorption energy of NO gas molecule on phosphorene surface

with increasing the curvature by applying compressive strain.

3.3 Summary

In Chapter 3, the effects of ripples and vacancies on the electronic structure and
chemical activity of phosphorene with typical environmental molecules have been analysed.
By using first-principles calculations, it has been shown that ripples can lead to significant
changes in the electronic properties of phosphorene. The strong spatial dependence of the
electronic structure in rippled phosphorene along the periodic line profile may potentially
allow the control of the carriers transport via ripple engineering. This study also helps to
explain the recent experiment that observes the spatially dependent optical properties in

rippled phosphorene, where periodic ripples with large curvatures have been obtained by
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transferring phosphorene to a greatly pre-stretched elastomeric substrate, followed by a
relaxation of the pre-strain in the substrate [168].

It has been found that different from other 2D materials, vacancy-containing
phosphorene is almost inert to H.O with the adsorption energy being almost the same as that
in perfect phosphorene. For both perfect and vacancy-containing phosphorene, the H20
molecule does not introduce any defect states in the band gap while the frontier orbitals of
the O2 molecule are aligned in the band gap of the VBM of the phosphorene. The O> molecule
increases hole carriers and serves as a good electron scavenger for adsorption above perfect
phosphorene. Moreover, the vacancy-modulated charge transfer from H20 and O, molecules
may allow the modulation of the concentration and polarity of carriers in phosphorene.

Finally, the investigations of the O> molecule dissociation kinetics have shown that the
oxidation rate is around 5000 times faster in the vacancy site than the perfect site.
Phosphorene samples with a large number of vacancies should be more easily oxidized than
those of low-vacancy containing phosphorene. The new understandings revealed here for the
interactions of the Oz and H2O molecules with phosphorene may inspire new strategies to
exfoliate and protect phosphorene. In addition, we have also shown the abilities of the rippled
phosphorene to promote the adsorption of the NO molecule and increase the charge transfer,
signifying an enhanced chemical activity. The marked enhancement of the chemical activity

suggests that rippled phosphorene is a promising material for gas sensing applications.
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Chapter 4 Atomic-scale investigations of the unique properties of recently
emerged 2D materials: Borophene, InSe, and antimonene and their

comparison with phosphorene

The stability and electronic properties of borophene, indium selenide (InSe) and
antimonene are studied and compared with these of phosphorene (considered in Chapter 3).
In particular, investigations on i) the routes for the charge localization and the band gap
opening of borophene via chemical functionalization, defect engineering and ribbon
construction; ii) the mechanisms of InSe oxidation via its interaction with environmental
molecules, by taking into account the roles of defects; and iii) the stability issue of

antimonene under the environmental molecules are presented.

4.1 Exploring the charge localization and band gap opening of borophene

Recent success in synthesizing atomically thin 2D borophene on Ag (111) substrate
[169, 170] has stimulated great interest in exploring the growth, structure and properties of
this elemental 2D material [171, 172]. As a magic element with coexistence of covalent and
ionic characters, boron can show a versatile electronic structure, including semiconducting,
semi-metallic, and metallic phases [173-175]. Previous studies showed that free-standing
borophene exhibits a highly anisotropic electronic structure [176]. With its high carrier
concentration at the Fermi level, which is absent in graphene with a zero carrier density at
the Dirac cone, the atomically thin borophene serves as an ideal platform for investigating
the distribution and response of electron gas confined in an ultrathin layer with external

perturbations.

68



Chapter 4 Atomic-scale investigations of the unique properties of recently emerged 2D materials:
Borophene, InSe, and antimonene and comparison with phosphorene

As the boron atom has three valence electrons, it needs to pair with five additional
electrons to satisfy the octet rule. However, in borophene, each boron atom forms bonds with
six neighbours, thus favouring the metallic phase according to the band theory. The
localization of its itinerant electrons and ultimately its band gap opening is an intriguing
issue for electronic applications of borophene. Approaches for the band gap opening in 2D
materials can be categorized into two groups: i) quantum confinement induced by the
construction of finite-sized structures, like ribbons, edges and dots [177, 178], and ii)
chemical functionalization [179]. However, the effectiveness of both approaches on the
borophene band gap opening remains unclear. The formation of ionic bonds in a high-
pressure boron phase [180] suggests a different charge distribution in boron materials in
comparison with other 2D materials, especially graphene. The failure of the octet rule in pure
borophene implies a new mechanism of the charge localization/delocalization, which is still
to be understood. Hence, it is important to explore the routes for the charge localization and
the band gap opening of borophene via chemical functionalization, defect engineering, and

ribbon construction.

4.1.1 Computational details

For various chemically modified 2D borophene, a 20x15x1 Monkhorst-Pack grid is
used for the k-point sampling in the first Brillouin zone. For the line (zigzag)-edge borophene
nanoribbons (BNRs), a 20x1x1 (1x8x1) k-point sampling is used. To avoid the spurious
interaction between periodical images, a vacuum space of 15 A along the out-of-plane

direction is created. The considered structures are relaxed until the forces become smaller
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than 0.01 eV/A. To more accurately describe the self-interaction and screening of carriers,
the hybrid functional Heyd-Scuseria-Ernzerhof (HSE06) [38] is adopted for the work
function calculations. AIMD simulations are performed at room temperature of 300 K using
the Nose-Hoover method with a time step of 1.0 fs [181]. The formation energy Eform IS
defined as

Erorm=E, perfect= Edefect-n-Eatom (4 1 )

where Eperfect, Edefect, aNd Eatom are the total energies of the perfect and defective borophene,
and the single boron atom, respectively, and n is the total number of the removed atoms.
To examine the stability of the considered structures, the average binding energy Ep of

perfect borophene is calculated as

Ebinding = (HB'EB - Etot)/n (42)

and the Epinging Of H- and F-functionalized borophene is calculated as

Ep= (np-Ep+ nx-Ex- Ewd)/n (4.3)

where Etot is the total energy of the functionalized system, Eg is the energy of a single boron
atom, Ex is the energy of a single H or F atoms, ng is the total number of B atoms, ny is the
total number of H or F atoms, and n is the total number of atoms in the system.

The edge energy Eedge is defined as

FEedge = (EBNrR- n-EB) /L (4.4)

where Egnr IS the total energy of the BNR, L is the length of the ribbon along the periodic

direction, Eg is the total energy per atom in 2D borophene, and n is the total number of atoms.
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4.1.2 Results and discussion

The modification of the electronic properties of borophene is explored via its surface
functionalization by H and F atoms. It should be noted that several atomic models, showing
long-wavelength negative phonon modes, have been proposed for monolayer borophene to
match the experimental images of the samples grown under different conditions [182]. The
closely-packed atomic model, as revealed in a recent experiment [169], is chosen (Fig.
4.1(a)) since other atomic models are its direct derivatives. The considered closely-packed
model, which consists of equilateral triangles as the basic unit, has a Pmmn Space group with
a rectangular unit cell. It can be regarded as a staggered honeycomb lattice with additional
atoms located at the hexagon centres. Each rectangular unit cell contains two symmetrically
inequivalent boron atoms occupying the two 1a Wyckoff sites at the corner and face centre
positions, respectively. The relaxed lattice constants are 1.618 and 2.864 A along the a (line-
edge) and b (zigzag) directions, respectively. To examine the extreme effect of the chemical
functionalization, a 50% coverage of borophene surface with H- and F-functionalizing
groups above a 2x2 supercell is considered due to the balance for maximizing the doping
effect while maintaining the stability of the doped structure. Considering the relatively small
radius of the boron atom, this concentration is quite high.

Figures 4.1(b) and (c) show the optimized structures and the electronic band structures
of pristine, H- and F-functionalized borophene sheets with adsorption on both sides.
Consistent with previous works [183, 184], the pristine borophene shows a metallic
behaviour (Fig. 4.1(a)) with the Fermi level crossing the electronic levels. Owing to the

puckered zigzag structure (side view), the pristine borophene shows an anisotropic electronic
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structure with half-filled bands along the I'-X (line-edge) direction but an energy gap along
the Y-I" (zigzag) direction. Such an intriguing electronic property implies an orientationally
different quantum confinement effects in borophene, which may lead to angle-dependent
plasmonic behaviour in this ultrathin metallic sheet.

Compared with the pristine borophene, the H-functionalized borophene shows only a
small change in its lattice constant. In contrast, an F-functionalized borophene sheet shows
significantly deformed B-B bonds, leading to a large distortion of the host borophene lattice.
Such difference can be attributed to the strong subtraction of electrons from the sheet to the
anionic adsorbents, in comparison with the H- group. Interestingly, the F-functionalization
of borophene induces changes in the lattice constant along the zigzag direction, around 1%,
while the change along the line-edge direction is only slight. Concerning the electronic
properties, all these highly chemically functionalized borophene sheets remain metallic. This
is in strong contrast to graphene where hydrogenation and fluorination are well known to
lead to band gap openings. Therefore, the charge localization, which is necessary for the
band gap opening, is hard to induce via the surface chemical functionalization of borophene.

Projected band analysis for the H-functionalized borophene (Fig. 4.1(b)) shows that
the states around the Fermi level are predominantly populated with the H states. In contrast,
the F states in the F-functionalized borophene are largely distributed below the Fermi level
(Fig. 4.1(c)). In addition, upon the functionalization by these atoms, partially occupied levels
are formed along the Y-I" direction, which is on the contrary empty in pristine borophene.
Therefore, selective atomic functionalization enables the modulation of the anisotropy in the

electronic properties of borophene.
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Fig. 4.1. The atomic configuration and the band structure of (a) pristine, (b) H- and (c) F-
functionalized borophene. The component of the states scales with the radius of the black
and cyan circles for H- and F-functionalized cases, respectively. (d) Inward dipole layer built
in F-functionalized borophene due to the charge transfer (top panel). Comparison of the work
functions of pristine, H-, and F-functionalized borophene (calculated with HSE method) with
those of the common metals and graphene (middle panel). Schematic plot of the integration
of the chemically functionalized borophene for improving the efficiency of the injection and
carrier transport in nanoelectronics devices (bottom panel). The work functions of graphene

and other metals are adopted from Refs. 185 and 186.

The above-mentioned robust metallicity in these surface functionalized borophene
sheets is absent in graphene and TMDs. The finite density of these free carriers at the Fermi
level suggests that borophene and its functionalized derivatives are promising for

applications as interconnecting and field-emitting materials. Since the work function, which
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quantifies the ability of electrons to move from the surface of a material to vacuum, is
critically important for field emission and rectification of conducting barriers [187, 188], in
the following, the change in the work functions of these functionalized borophene sheets is
examined.

Figure 4.1(d) shows the energetic diagram of the work functions for various
functionalized borophene sheets in comparison with other common bulk metals and
graphene. From the diagram, the following important features can be identified. Firstly, the
work function of a pristine borophene sheet is 5.31 eV (obtained via HSE calculation), which
is larger than that of most listed metals, except Pt. Moreover, the work function of pristine
borophene is also higher than that of graphene (~ 4.5 eV) [185]. This is surprising since a
carbon atom has a larger electronegativity than a boron atom. The higher work function of
borophene could be attributed to the nature of atomic states around the Fermi level.
Borophene mainly consists of in-plane s-p hybridized (o) states, which are lying lower than
those the out-of-plane p; (x) states in the graphene case. Thus, an electron in borophene is
harder to knock out than that in graphene. Secondly, the work function of borophene
increases slightly to 5.88 eV for the H-functionalized and dramatically to 7.83 eV for the F-
functionalized borophene. This can be originated from the strong dipole layer pointing
inward towards the central borophene layer due to its transfer of electrons to the
functionalizing atoms (Fig. 4.1(d)). In other 2D materials, like graphene and TMDs, the
density of electrons is negligible at the Fermi level, which means that the magnitude of the
dipole layer is modest upon the chemical functionalization due to the limited charge transfer.
In contrast, a borophene layer has a considerably high density of carriers at the Fermi level

because of its intrinsic metallicity, giving rise to a pronounced charge flow and a built-in
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dipole layer. This great tunability in the work function suggests that the chemically
functionalized borophene sheets can be used as a buffer layer for reducing the contacting
resistance and Schottky barrier at the interface. In addition, the high work function in the F-
functionalized borophene sheet is particularly useful for electron collection and hole
injection.

The effect of the atomic vacancies on the electronic properties of borophene. Both
MV and DV with the loss of one and two boron atoms, respectively, in the 6x5 supercell (56
atoms), are considered (Fig. 4.2). In perfect borophene, each boron atom has a coordination
number of six. With the creation of an MV, six peripheral atoms become fivefold coordinated
and the defect core has a local symmetry of Co, (Fig. 4.2(b)). For the DV, two different
configurations exist: horizontal (C2y symmetry) and tilted (Ci symmetry) DV, depending on
the relative direction of the deleted boron dimer to the a lattice (Figs. 4.2(c) and (d)). The
horizontal DV is slightly more stable with the energy of 0.07 eV and lower than that of the
tilted DV. In the DV structures, there are two new-born fourfold boron atoms in the edge in
addition to the six fivefold corner atoms. The calculated values of the formation energy Eform
for MV, horizontal, and tilted DVs are -5.61, -12.58, and -12.51 eV, respectively. The
relatively high values of Efrm suggest that it is difficult to form isolated vacancies in
borophene. However, the energy cost for forming an MV in borophene is smaller than that

in graphene (-7.57 eV) and that of a boron MV in h-BN (from -7.50 to -10.20 eV) [153].
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Fig. 4.2. (a) The comparison of the total DOS of perfect (black line), MV-containing (red
line), horizontal DV-containing (green line), and tilted DV-containing (blue line) borophene.
The atomic structure (upper panel) and LDOS (bottom panel) for several edge atoms of (b)
the MV-containing, (c) the horizontal DV-containing, and (d) the tilted DV-containing
borophene sheets. The LDOS of the labelled edge atoms (atoms 1, 2, and 3 are considered
due to the symmetry reason) are compared with that of the boron atom (black line) far from
the core of the vacancy. The black dashed line shows the position of the Fermi level.

It is well known that the electronic properties around the vacancy core may change
dramatically owing to the breaking of the lattice periodicity [189]. Figure 4.2(a) shows the
DOS in the perfect, MV-, and DV-containing borophene sheets. It is seen that the metallicity
of these borophene sheets is robust against the presence of vacancies. Interestingly, the Fermi
level significantly shifts upwards for the MV and DV cases compared with perfect
borophene (see the arrows in Fig. 4.2(a)). The bands of vacancy-containing borophene sheets
are non-zero at the Fermi level and mainly contributed by the p, orbitals of the B atoms.
Different from new localized states formed in the band gap-associated vacancies in MoS>
[190] case, there are no peaks related to the dangling bond states due to vacancies in

borophene. However, by comparing the LDOS of peripheral atoms in the defect core and
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those of atoms far from the vacancy centre (Figs. 4.2(b)-(d), bottom panel), it is seen that
there is a significant difference in the LDOS profiles, suggesting that the states are
renormalized greatly in the defect centre.

To explore the routes to introduce localized states in the intrinsic metallic borophene,
one-dimensional (1D) nanostructures of borophene, that is, nanoribbons are examined. Both
the line- and zigzag-edge ribbons are considered. Following the normal nomenclature of
nanoribbons in graphene, MoS,, and phosphorene, the BNR along the line-edge or zigzag
direction is named as LE-Ng BNR or ZZ-N; BNR according to the number of B-B dimer
lines (Ng) or zigzag chains (N;) across the ribbon width. Figures 4.3(a) and (b) show the
atomic models and the band structures of pristine LE-9 and LE-10 BNR, selected as the
representatives for the odd- and even-width BNRs, respectively. It is seen that both types of
BNRs are metallic without any localized states and band gap opening, which is in a strong
contrast with graphene [191]. The orbital-resolved band structures suggest that the out-of-
plane p; and in-plane py orbitals of B atoms are dominant at the Fermi level, which may
account for the quasi-planar structures at the edges (red circles in Figs. 4.3(a) and (b)). The
transporting states consisting of px orbitals (blue lines in Figs. 4.3(a) and (b)) and aligned
along the momentum (I'-X) direction are quantized with an energy gap in the band
dispersion. The isosurface plots of electronic densities of the valence band clearly reflect this
quantized feature of py states with regular nodal planes across the width direction of ribbons.
The formed quasi-1D px states are highly delocalized, which may facilitate the stabilization
of the LE edge-terminated BNRs. In contrast, pristine ZZ BNRs undergo severe structural

distortions and become disordered after structural relaxation.
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Fig. 4.3. The atomic model and the band structure of pristine (a) LE-9 and (b) LE-10 BNR.
The top and side views of the atomic configurations, together with the charge distribution at
the top of the valence band, are plotted in the upper panel. The atomic models of LE-8 and
ZZ-15 H-BNRs with charge distribution for the states from Es-1 eV to Ef are shown in the
right panels of (c) and (d), respectively. The width-dependent odd-even oscillation of the
band gap opening in LE and ZZ H-BNRs is shown in the left panels of (¢) and (d),
respectively. The blue, green, and red curves on the band structure plots represent the
projected states for px, py, and p; orbitals of the B atoms, respectively. The black dashed line

shows the Fermi level.

Interestingly, the structural integrity is largely maintained for both H-functionalized
LE (Fig. 4.3(c)) and ZZ (Fig. 4.3(d)) BNRs, which are created through cutting the 2D H-
functionalized borophene, as shown in Fig. 4.1(b). The plots of the band structure show an
odd-even oscillation of the band gap with the ribbon width for both H-functionalized LE and
ZZ BNRs: the band gap is absent for odd H-functionalized BNRs but present for even H-
functionalized BNRs. For instance, the band gap is 0.93 eV for LE-8 H-BNR while zero for
LE-9 H-BNR. The band gap is 1.07 eV for ZZ-16 H-BNR but zero for ZZ-15 H-BNR.

Therefore, depending on the width of the H-functionalized BNRSs, the electronic states can
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become partially localized and have a band gap opening, as supported by the isosurface plots
of the partial charge density of the valence bands in Fig. 4.3. The orbital-resolved band
structure plots (Fig. 4.3(c)) show that the frontier orbitals in LE H-BNRs are still py and p;
orbitals, similar to those in the pristine BNRs (Figs. 4.3(a) and (b)). For the ZZ H-BNRs, the
frontier orbitals mainly consist of px components, as shown by the blue dispersion lines. The
examinations of the charge density distribution of the LE-8 H-BNRs (Fig. 4.3(c)) show that
such band gap opening in the specific type of H-BNRs is due to hydrogen-induced Peierls
instability of the metallic states in the BNRs. This scenario is evidenced by the strong
structural distortion of the BNR lattice and the tilted H-B bonds.

The investigation of the F-functionalized BNRs predicts that their electronic properties
are insensitive to the ribbon width. Therefore, only one ribbon is selected as a representative
for each of LE and ZZ BNRs. Figures 4.4(a) and (b) show the optimized atomic structure
and the band structure of F-functionalized LE-10 and ZZ-16 BNRs, respectively. The
orbital-resolved band structures show that F-BNRs remain metallic, as well as pristine
BNRs. Different from the graphene case, where fluorination or ribbon construction can
effectively open the band gap, the coexistence of fluorination and ribbon construction is not
able to cause a metal-semiconductor transition, implying the robustness of metallicity in
borophene. For the F-functionalized ZZ BNR, the in-plane py orbital of the B atoms is
dominant at the Fermi level, which is different from the H-functionalized ZZ BNR with px
as the frontier orbitals (Fig. 4.3(d)), suggesting that these functional groups can have a
selective hybridization of the boron orbitals and alter the orbital population at the Fermi

level.
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Fig. 4.4. (a) The atomic configuration and (b) the band structure of the F-functionalized
BNRs. Integrated charge densities from Es-1 eV to Er are shown in (a, upper panel) LE and
(b, upper panel) ZZ ribbons. The blue, green, and red curves in the band structure plots

represent the occupation of the px, py, and p; orbitals of B atoms.

To examine the stability of the considered structures, the average binding energy
Ebinding Of perfect, H- and F-functionalized borophene is calculated. The calculated values
for the Ep for perfect, H- and F-functionalized borophene are 5.86, 4.78, and 5.25 eV,
respectively. Clearly, all the three considered structures of the functionalized borophene
show a better stability than the pristine borophene. To check the stability of the
functionalized and vacancy-containing borophene, as well as the pristine and functionalized
BNRs, AIMD calculations are performed. The snapshots of the simulation results are shown
in Fig. 4.5. It is seen that during this long time (in terms of ab initio calculations), all the
considered structures are stable. It should be noted that the ZZ H- and F- BNRs (Figs. 4.5(g)

and (i)) exhibit a lower stability than the LE H- and F-BNRs.
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Fig. 4.5. The snapshots of the (a) H- and (b) F-functionalized borophene, (c) MV- and (d)
DV-containing borophene, (e) LE, (f) LE H-, (g) ZZ H-, (h) LE F- and (i) ZZ F-BNRs
calculated by AIMD at 300 K. Atoms B, H, and F are coloured in pink, white, and purple.
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4.2 Atomic-scale mechanisms of defect- and light-induced oxidation and

degradation of InSe

Oxidation plays a paramount role in affecting the integrity, property, and performance
of materials. For instance, surface oxidation can make chemical catalysis inert [192], while
it can also be used to modulate material properties, such as band gap opening of graphene
[193]. In 2D materials, oxidation may lead to the structural degradation, thus decreasing their
performance and impeding their applications [5]. For atomically thin 2D materials, two
factors, light illumination [194] and atomic defects [149], are particularly eminent in
affecting their oxidation in comparison with three-dimensional (3D) counterparts. The
photo-induced effect tends to be pronounced in semiconducting layered materials due to
their broadband photoresponse inherent in their tunable and quantum-confined electronic
states [195]. The weak electronic screening in atomically thin materials often triggers a
strong light-matter interaction [196]. In addition, 2D materials are also prone to forming
atomic defects owing to their ultrathin sheets. Due to the break-up of lattice periodicity,
redistribution of the electron density around defects core often occurs, rendering 2D sheets
very active and sensitive to the environment [149, 190]. Phosphorene is a well-known
example which shows a rapid oxidation due to chemical adsorption of O> molecules, photo-
oxidation and defect-assisted oxidation [194].

InSe, a recently emerging layered metal monochalcogenide 111-VI compound with
each InSe layer composed of covalently bonded Se-In-In-Se atomic planes, has attracted
great attention [197, 198], owing to its intriguing electronic properties and dramatically

different behaviours compared with other 2D materials. For instance, in sharp contrast to
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MoS: with the well-known direct (monolayer)-indirect (multilayer) transition, InSe has an
opposite thickness-dependent behaviour with an indirect band gap for monolayer while a
direct band gap for multilayer sheets when exceeding a critical thickness [199]. The
thickness-dependent direct band gap of the thick InSe sheets allows a broad excitonic
emission [200]. These unique properties trigger many studies on the growth [201, 202] and
applications [203, 204] of InSe, for example, in optoelectronics, sensors, and photovoltaics.
However, the performance of the InSe-based transistors at ambient conditions or under
external fields has been found to be unsatisfying due to the degradation of their performance
[205]. Its lone-pair states of the Se atoms at the top of the valence band of InSe induce high
sensitivity to external adsorbates [206]. Previous experiments revealed that thinner InSe
films tend to suffer from a more rapid degradation, largely in the form of oxidation,
compared with bulk InSe [197]. Therefore, understanding the degradation mechanisms of
InSe, which are predominantly involved with external adsorbates such as O> and H.O at
ambient conditions, is thus critically important for its practical applications. However, such
understandings are still lacking. In particular, the knowledge of structure degradation arising
from defect-environment-light coupling remains largely unknown. Therefore, in this section,
the mechanisms of InSe oxidation is explored by using ab initio electronic structure

calculations and ab initio molecular dynamics simulations.

4.2.1 Computational details

The considered structures are fully relaxed until the atomic forces are smaller than 0.01

eV/A. To model the defective and gas-adsorbed InSe, as well as for AIMD simulations, a
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4x4x1 supercell and the corresponding k-mesh is 10x10x1 are adopted. The plane-wave cut-
off energy is 400 eV. A vacuum space with a thickness of 20 A is introduced along the out-
of-plane direction. Negatively charged the Oz (O2") molecule is introduced by adding one
electron to the considered system. The Bader analysis [167] is used for the charge transfer

calculations.

4.2.2 Results and discussion

Band alignment and indirect-direct gap crossover of few-layer InSe. Oxidation of
a 2D material at ambient conditions can involve three chemical steps (Fig. 4.6(a)): adsorption
of O2 molecules, dissociation of O, molecules, and interaction of H.O molecules with the
anchored oxygen species. Before examining the light- and defect-assisted chemical
dissociation of O2 molecules on InSe, the electronic properties of pristine InSe and the
mechanism of light-induced electron-hole pairs in InSe are studied. The band structure of
monolayer InSe, calculated by the HSE method (as it was described in Section 4.1.1), is
shown in Fig. 4.6(b) indicating an indirect band gap (Eg) of 2.12 eV. The striking feature of
layered InSe is that for monolayer (1L) InSe and few-layer (nL) InSe with its layer number
(n) below a critical value of (n.), the CBM is always located at I' point, while the position of
the VBM is at the A point between the I' and K points (refer to the band structures of 1L-4L
InSe in Fig. 4.7). Above the n. value (the exact value of n. is still under debate: the
experimental value n. is equal to 7 at the critical thickness of 6 nm [207], but a theoretical
result is n. = 28 [208]), the few-layer and bulk InSe become a direct Eg. Figure 4.6(c)

schematically shows this evolution of the band edges of few-layer InSe. The A point
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gradually shifts towards the I" point with an increase of the layer number and coincides with
the I' point upon n > n.. The underlying reason for this phenomenon may originate from the
interlayer coupling of the atomic lone-pair electrons between Se atoms in neighbouring
layers. This indirect (n < n.) to direct (n > n.) transition behaviour is in sharp contrast to
TMDs where only monolayer TMDs sheet has a direct Eq while few-layer one has an indirect
Eg, suggesting different interlayer coupling mechanisms between InSe and TMDs.

The crossover to the direct gap for InSe sheets above the critical thickness n. suggests
that efficient light adsorption is favoured in multilayer InSe with more than n. layers.
However, for the indirect-gap InSe with n < n. layers, as the A point of the VBM is very
close to the I" point, light adsorption can still occur through phonon-involved excitations to
remedy the momentum mismatch. Such a phonon-assisted process is schematically shown
in the inset of Fig. 4.6(c). It has been shown that phonon-coupled phenomena can explain
the luminescence of quantum wells and epitaxial layers [208]. In particular, for few-layer
indirect-gap MoS2, MoSe>, and WSe», such a phonon-assisted process is able to lead to
appreciable photoluminescence [209].

However, for few-layer MoS, the CBM lies around the middle of the I'-K point and
the VBM at I, implying a significant momentum mismatch, and thus the number of phonons
eligible for such a process is quite limited. Herein, in monolayer and few-layer (n < n.) InSe,
the indirect-gap A point in the VBM is in the proximity of I', and thus the momentum
mismatch is quite small. This allows a large number of long-wavelength flexural phonons to
promote the light adsorption and trigger excitons. Indeed, significant excitation and strong

light adsorption has been observed in monolayer and few-layer InSe [196, 199].
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Fig. 4.6. (a) The schematic for the photo facilitated oxidation of InSe. Step I: Formation of
superoxide anions (O2 + hv — Oz + h*); Step Il: Chemical dissociation of O, into O atoms
and oxidation of InSe; Step I1I: Adsorption of water molecules around the O atoms in the
partially oxidized InSe. (b) The atomic projected HSE band structure for a perfect InSe sheet.
(c) The schematic plot for the evolution of the valence band edges and the indirect-direct
gap transition for InSe (right panel) and direct-indirect transition for MoS: (left panel) from
1L to nL, where n is the number of layers. Two different light adsorptions with “A” and “B”
excitation for direct-gap layers (n > n.) and indirect-gap layers (n < n.), respectively. The
inset shows the schematic process of the phonon (hwa, momentum A)-assisted light
adsorption and emission in few-layer indirect-gap InSe with the incident (hvi) and scattered
(hvs) photons. (d) Thickness-dependent band alignment of the VBM and CBM of few-layer
InSe with respect to the vacuum potential.

Figure 4.6(d) shows the thickness-dependent position of the CBM and VBM for 1L-
5L InSe aligned relative to the vacuum level (Evac). The Eg decreases from 2.13 eV for

monolayer InSe to 1.08 eV for 5L InSe with an upward (downward) shift of VBM (CBM).
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The predicted widely tunable Eq may account for the observed broadband photoresponse in
layered InSe [210]. In principle, upon light illumination, the photo-excited electrons can be
transferred to the adsorbed O2 molecules, thus affecting their adsorption and dissociation

behaviour (refer to the schematic plot in Fig. 4.6(a)).
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Fig. 4.7. Thickness-dependent band structures of InSe (from 1L to 4L) calculated by the
GGA method.

Localized states of Se vacancies and molecular adsorption. Besides the light
adsorption, intrinsic defects, like the atomic vacancies, can also influence the electronic
properties and act as active sites for molecule adsorption. The most possible intrinsic defects,
that is, the Se vacancies (Vse) in InSe are examined. Figure 4.8(a) shows the DOS of perfect
monolayer InSe together with those of the MV and DV in monolayer InSe. To highlight the
Vse-induced effects, all the DOS curves are plotted with the VBM of host InSe shifting to

zero. Each loss of a Se atom in the InSe sheet creates three dangling bonds associated with
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the unpaired orbitals of the three exposed In atoms. The unpaired orbitals in each MV Vse
evolve into the two defective states in the DOS: a lower-lying single “A1” (occupied) state
around 0.4 eV above the valence band and a doubly degenerated higher-lying “E”
(unoccupied) state nearly coinciding with the conduction band edge. The two levels are
named according to their symmetries in the irreducible representation of the local symmetry

(Ca) of the MV Vse.
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Fig. 4.8. The localized defective states associated with the Vse in InSe. (a) The DOS of
perfect and defective InSe containing MV and DV of Se atoms. All the energy levels are
referenced to VBM of InSe. The A1 and E correspond to the occupied and empty defective
levels associated with MV Vse, respectively. The inset shows the top and side views of the
spatial distributions of the A; and E states around the MV Vse. The In and Se atoms are
coloured in purple and yellow, respectively. (b) The relationship and evolution of the
defective levels of MV and DV.
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The spatial distribution of both states is highly localized and plotted in the bottom
panel of Fig. 4.8(a). It can be seen that both A: and E states are distributed across the top
and bottom surfaces with significant impact on the In atoms. It is remarkable that the A1 (E)
is a bonding (antibonding) state of the middle In-In bond. With the removal of another Se
atom neighbouring a pre-formed Vse, a DV Vse is thus formed, with more defective states
than the MV case, which is reflected by the enhancement and broadening of peaks in the
DOS plot in Fig. 4.8(a). The singly occupied “A1” level of an MV Vse evolves into two
slightly split levels in the DV case whereas the degenerate pair of “E” level splits
considerably into four levels, originated from the relatively strong coupling of the dangling
states of the two Vse. The evolution of the defective states at I" from the MV to DV-
containing InSe is schematically shown in Fig. 4.8(b). Exact alignment and positions of these
defective levels are more clearly reflected by the comparison of the band structures of
perfect, MV- and DV-containing InSe as plotted in Fig. 4.9(a).

It should be noted that to compare the band gap of perfect InSe with those of InSe with
low defect concentrations, the band gaps of defective InSe are calculated by measuring the
VBM and CBM related to the host InSe with the defective states being excluded. The
calculations show that the band gap increases with the defect concentration growth. More
specifically, perfect InSe has the smallest band gap of ~1.4 eV. With the increase of the
vacancy concentration from 2 to 3.13 and further to 6.26 %, the band gap size increases from
1.52 to 1.55 and further to 1.68 eV, respectively. To facilitate the comparison of the defective
states, the band structures of the different systems in Fig. 4.9(a) are all adjusted to align the
VBM of host InSe. The presence of MV and DV Vse increases the Eg of InSe by 0.16 and

0.33 eV, respectively, which can explain the experimental blue shift of the
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photoluminescence peak after thermal annealing (~35 meV at 175 °C) [211]. It is expected
that these defective states act as trapping and scattering centres for conducting carriers and
decrease their electronic mobility.

The presence of defects on the surface of a material can greatly modify its physical
properties in terms of energetics, kinetics and charge transfer during gas adsorption [149,
190]. Hence, the effects of Vse on the adsorption energy Ea (calculated as it is shown in
Section 3.1) are considered (compiled in Table 4.1). The charge transfer analysis shows that
the O2 and H20 molecules are molecular acceptors for both the perfect and Vse-containing
InSe (refer to the differential charge transfer plots in Figs. 4.9(b) and Figs. 4.10(a) and (b)).
Compared with the adsorption on perfect InSe (Table 4.1), the presence of MV Vs triggers
a much larger effect on the H.O molecule than on the O> molecule: the Ea changes from -
0.17 eV (perfect InSe) to -0.41 eV (Vse site) for H2O, while there is almost no change in the
Ea for the Oz (-0.10 eV) molecule. Similarly, for the Se-deficient InSe, the H.O molecule
has a significantly enhanced oxidization ability compared with the perfect surface as judged
from the amount of charge transfer between the molecule and the surface. For the H.O
molecule, the amount of charge transfer is more than four times larger at the Vse site (-0.09
e) than at the perfect surface (-0.02 e), while for the O> molecule, the charge transfer (around

-0.03 e) is almost insensitive to the presence of Vse.
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Fig. 4.9. (a) The comparison of the band structures (GGA method) of perfect monolayer
InSe, Vse-containing InSe (MV and DV), and O2/H20 physisorbed MV-InSe. It should be
noted that all the bands in different systems are shifted to align with VBM of the host InSe.
(b) The isosurface plots of the differential charge density after O2/H2O physisorption, where
the green/blue colour denotes depletion/accumulation of electrons (left panel) and DOS for
0O2/H20 molecule adsorbed on the Vse site (right panel) with the Fermi level (dashed line)
aligned at zero. States of O2/H20 (total system) are denoted by the red (black) lines.
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Fig. 4.10. The adsorption of the O2 (a, left panel) and H->O (b, left panel) molecules on perfect
InSe. The LDOS for the O> (a, right panel) and H.O molecules (b, right panel) adsorbed on
perfect InSe with the Fermi level (dashed line) aligned at zero. States of O2/H2O (total
system) are plotted by the red (black) lines. (c) The LDOS for the O molecule chemisorbed
at the Vs site of InSe. (d) The isosurface plots of the differential charge density after O2/H20

physisorption on perfect InSe, where the green/blue colour denotes depletion/accumulation

of electrons (left panel).
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Table 4.1. The adsorption energy E, for physisorption of HO and O; molecules and the
charge transfer Ag from these molecules to perfect and defective InSe sheets. A positive Ag
indicates the transfer of electrons from the molecules to the surface.

Structure Adsorbate E.(eV) Aq (e)

Perfect InSe H,O -0.17 -0.020

Oz -0.12 -0.023

MV-containing InSe H,O -0.41 -0.090

O2 -0.10 -0.027
Preoxidized perfect InSe H>O -0.33 -
Preoxidized MV-containing InSe H,O -0.34 -

The band structures and DOS of O and H20 adsorbed on the MV Vs site (Fig. 4.10)
are shown in Figs. 4.9(a) and (b), respectively. Upon being adsorbed around the Vs, centre,
the O takes a parallel geometry and H>O adopts a tilted configuration with the two H-O
bonds pointing away from the surface. The LUMO state (2n*) of the O2 molecule is slightly
below the empty “E” defective level, suggesting that any captured electrons in this defective
level can be easily transferred to the O, molecule. For the H2O molecule, there is no H20
related state within the band gap of InSe. However, the presence of Vse makes the highest
occupied molecular orbital (HOMO) state (1b1) of H20 significantly downward shifted by
~2.2 eV compared to the adsorption on the perfect InSe (Fig. 4.10(b)). This may be the
underlying reason for the above-mentioned large differences in the Eaand the charge transfer
for adsorptions of H20 on the Vs site compared with perfect InSe.

Chemical dissociation of O2 molecules and the effect of H2O molecules. Next, the
kinetics of the O molecule dissociation on the InSe is investigated. The detailed reaction
path (calculated as it is shown in Section 3.1) and the corresponding energetic profile for the
O decomposition during the surface oxidation are shown in Fig. 4.11. The oxidation process

is found to be exothermic and the barrier is strongly dependent on the surface stoichiometry
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of InSe and the charging state of the adsorbed O> molecule. The calculated barrier Ey for the
dissociation of Oz on perfect InSe is found to be 1.21 eV (Fig. 4.11(b), blue line). This value
Is significantly higher than that of the O chemisorption on phosphorene with Ex=0.56 eV
[189] and on MoS> with Ex=0.74 eV [149], suggesting a higher chemical stability of InSe
against oxidation than phosphorene and MoS..

Upon light excitation, the O> molecule becomes superoxide anions and the Ep is
significantly reduced to 0.84 eV for the O2. According to the rate theory (details are in
Section 3.2.3), itis expected that the drop of E, from 1.21 to 0.84 eV implies a 7-order higher
oxidation rate. On the contrary, the barrier for the O." molecule increases to 1.32 eV. As
shown in Fig. 4.11(a), starting from the physisorbed initial state (IS), the bond length of the
O2 molecule gradually increases and finally breaks. In the final state (FS), the two oxygen
atoms adopt bridging configurations by forming In-O-Se and In,-O-Se structures separately
(It should be noted that the plotted atomic configurations are based on neutral O>
calculation).

The case of O, undergoes similar structural transformations (Fig. 4.12). It should be
noted that upon light illumination, the hole-doped monolayer InSe is not simulated in the
calculations. In reality, the generated hole population within the InSe sheet and the
superoxide anions at the surface may induce an electric field near the InSe surface region,
which can make the barrier even smaller. Therefore, the obtained results may explain the
poor structural stability and unsatisfying mobility of the unpassivated InSe in the MOS

architecture where the vertical field has been created through applying gating voltage [197].
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Fig. 4.11. The chemical dissociation of the O> molecule on (a) and (b) perfect and (c) and
(d) MV-Vse-containing InSe. (a) and (c) The atomic configurations from the physisorbed to
the chemisorbed state in the dissociation process of O.. (b) and (d) The energetic profiles of
the reaction pathway. The IS, TS, and FS represent the initial, transition, and final states,
respectively. The In, Se, and O atoms are coloured in purple, yellow, and red, respectively.

The position of the Vse is represented by the circle in (c).
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Fig. 4.12. The atomic configurations from the physisorbed to the chemisorbed state in the

dissociation process of (a) Oz and (b) O2™ on the perfect InSe sheet. The In, Se, and O atoms

are coloured in purple, yellow, and red, respectively.

Surprisingly, with the introduction of a single Vse in the InSe sheet, as shown in Figs.
4.11(c) and (d), the Ep is dramatically reduced to 0.24 eV. This ultralow barrier suggests that
the Oz molecule can easily dissociate at the Vse Site even at a moderate temperature and the
Se-deficient InSe becomes easily oxidized at ambient conditions. The mechanism of the
promoted activity may originate from the following reasons. Firstly, the loss of Se atoms
allows the exposure of the In atoms to oxygen where a direct transfer of unpaired excess
electrons of In to the 2n* antibonding state of O> molecule is. Secondly, by contacting the
strong electropositive In atoms with the strong electronegative O atoms, the formation of In-
O bonds in the FS is accompanied by a strong release of energy. The energy difference of

the TS and IS in the MV Vse-containing InSe achieves up to ~3 eV per O molecule (Fig.
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4.11(d)), which is nearly three times of the energy release of ~1 eV in the case of perfect
InSe (Fig. 4.11(b)). Finally, the 4d state of the exposed In atoms at the vacancy site may also
facilitate the spin triplet-singlet transition of the O2 molecule, which can contribute to the
low barrier of the O, dissociation. With the coexistence of light and Vse, the Ey, can be further
reduced and become almost negligible for the photo-reduced O molecule (02" molecule, red
line in Fig. 4.11(d)), undergoes similar structural transformations (Fig. 4.13), suggesting that
under a proper light illumination or charge injection, the oxidation rate of InSe can

dramatically increase even at room temperature.
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Fig. 4.13. (a) The atomic configurations from the physisorbed to the chemisorbed state in
the dissociation process of O". (b) Chemical dissociation of the O,” molecule on MV-Vse
containing InSe and energetic profiles of the reaction pathway. The IS, TS, and FS represent
the initial, transition, and final states, respectively. The In, Se, and O atoms are coloured in

purple, yellow, and red, respectively. The position of the Vse is represented by the circle.
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There are two consequences arising from the chemical dissociation of the O> molecule
on the InSe surface: the first one is related to the electronic properties. Upon the formation
of the In-O-In structures in the Se-deficient InSe sheet (the TS structure shown in Fig.
4.11(c)), the defect state due to Vse is quenched (LDOS in Fig. 4.10(c)). This may affect the
optical properties via suppressing non-radiative recombination at the vacancy site and
increasing the quantum efficiency. The second one is related to those embedding O atoms in
InSe. Under ambient conditions, the bridging O atoms with In-O-In or In-O-Se bonding
configurations or apical O atoms in forming O-Se vertical groups in the sheet may affect the
adsorption of the polar molecules, like H20, on the InSe surface.

Next, the AIMD calculations are performed to further investigate the adsorption of the
H20 molecule by focusing on the pre-adsorbed O species on InSe. The kinetics of the H.O
molecule on three different InSe surfaces with different stoichiometric and oxidizing
conditions are compared: i) the perfect InSe without Vse and O groups, ii) the partially
oxidized InSe without Vse, and iii) the partially oxidized InSe with Vse. The surface models
for the last two cases correspond to the end states of the NEB calculations shown in Fig.

4.11. The cumulative distance da is analyzed for the atom a at the i MD step along the path

la:

d,(N;) = J dl, F (4.5)

This analysis allows the differentiation of the kinetic motion characteristics of H2O.
The cumulative distances and the trajectories of the O atom and one of the H atoms in the

H2>0 molecule for the three cases are shown in Fig. 4.14. For perfect pristine InSe, the
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trajectory (inset of Fig. 4.14(a)) of the H2O molecule clearly shows a random walking

behaviour, which is also evidenced by the simulated snapshots in Fig. 4.15.
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Fig. 4.14. The kinetics of the H2O molecule on the InSe surface calculated by AIMD

simulations at 300 K. The cumulative distance of the O atom (red curve) and one of the H

atoms (green curve) in the H2O molecule adsorbed on perfect InSe (a), partially oxidized

InSe without Vse (b) and with Vse (c). The trajectories of the O (red curve) and H (green

curve) atoms diffusing on the InSe surface are shown in the insets. The blue stars in the

trajectory plots indicate the starting point of the H.O molecule. AIMD snapshots in the insets

of (b) and (c¢) show the splitting and the rotation of the H.O molecule, respectively.

For the two partially oxidized InSe surfaces, that is the pre-oxidized stoichiometric

InSe (Fig. 4.14(b)) and pre-oxidized Se-deficient InSe surfaces (Fig. 4.14(c)), the kinetic
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behaviour of the H,O molecule becomes significantly different, depending on the type of the
O groups on the surface. It should be note that the H>O molecule is initially positioned
around the O group (with a distance around 3.5 A) with only van der Waals interaction in
order to reduce the computational time in sampling the phase space for the interaction of

H>O with the adsorbed O atoms.
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Fig. 4.15. The snapshots of the motion of water molecule on perfect InSe calculated by

AIMD at 300 K. The O, H, In, and Se atoms are coloured in red, white, purple, and yellow,

respectively.

For the pre-oxidized InSe without Vse (Fig. 4.14(b)), the H2O molecule initially
interacts with the terminated O atom in the apical Se-O group normal to the surface.
Subsequently, the H.O molecule moves around the O atom. Interestingly, one of the O-H
bonds in the water molecule is torn apart at 2.3 ps (the bottom right inset of Fig. 4.14(b)).
This is accompanied by the formation of two H-O-Se groups, signifying a spontaneous
dissociation of the water molecule around the terminated O atoms. This bond breaking in

H20 can be clearly seen from non-overlapping cumulative distance curves of the H and O

100



Chapter 4 Atomic-scale investigations of the unique properties of recently emerged 2D materials:
Borophene, InSe, and antimonene and comparison with phosphorene

atoms shortly after the adsorption (the vertical dashed line in Fig. 4.14(b)). The trajectory
plots also record this splitting with the H atom (green line) moving in the proximity of the
terminated O atom on the InSe surface, while the left O (red line) and H (not shown) atoms
in the initial H2O molecule gradually diffuse away. In contrast to the O molecule, direct
dissociation of H2O at the Se vacancy is impossible at a moderate temperature due to a large

energy barrier of ~2.9 eV (Fig. 4.16).
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Fig. 4.16. (a) The chemical dissociation of H2O molecule on MV-Vse-containing InSe.
Upper panel: Atomic configurations from the physisorbed to the chemisorbed state in the
dissociation process of H20. Lower panel: The energetic profiles of the reaction pathway.
The IS, TS and FS represent the initial, transition, and final states, respectively. In, Se, H
and O atoms are coloured in purple, yellow, white and red, respectively. Atomic
configuration and LDOS for (b) O and (c) OH defects on the perfect InSe surface with the
Fermi level (dashed line) aligned at zero. States of O/OH (the total system) are denoted by
the red (black) lines.
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The AIMD simulations clearly show that besides the atomic oxygen species, the
hydroxyl groups are also present on the InSe surface at ambient conditions (Fig. 4.17).
Moreover, at ~7 ps, one of the Se atoms bonded with O and H atoms is lifted off the surface
by the outward dragging of the H-O group. However, the stability of the InSe structure is
maintained with no disintegration in subsequent MD simulation in a longer timescale (Fig.
4.17(a)). The In atomic layer, which is behind the next layer of Se atoms, is also kept intact

during the simulation.
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Fig. 4.17. The snapshots of AIMD simulations of H20 on pre-oxidized (a) perfect and (b)
MV-containing InSe at 300 K. The O, H, In, and Se atoms are coloured in red, white, purple,

and yellow, respectively.
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For chemically bonded -O and -OH groups above perfect InSe, defective states close
to the valence band of InSe are introduced (Fig. 4.16), serving as carrier trapping centres.
The adsorptions also induce p-type doping in InSe with charge transfer of 0.27 and 0.17 e
from the InSe surface to O and OH, respectively, amounting to 1.16x10*2 and 0.73x10*?
e/cm? according to current used atomic model with the O and OH coverage of 6.25% (Fig.

4.18).
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Fig. 4.18. The plane-averaged DCD Ap(z) (red line) and the amount of transferred charge
AQ(2) (green line) for (a) O and (b) OH defects on the perfect InSe surface.

Figure 4.14(c) shows the motion of the H.O molecule above the pre-oxidized Se-
deficient InSe. As aforementioned in Fig. 4.11(c), there are two oxygen atoms occupying
different local environments with one forming the O-[In]s group and the other one forming
the In-O-Se group. The H20 molecule is initially placed around the In-O-Se group (see the
snapshot at 0 ps in the top left inset of Fig. 4.14(c)). This type of the O atom seems to have

a weak effect and the water molecule moves randomly until it meets with the second O atom
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in the O-[In]s group at ~3 ps (see the snapshot in the top right inset of Fig. 4.14(c)). The H20
molecule is trapped by this O atom and rotates strictly around it during the simulation time
up to 20 ps. The trajectory plots with predominant lower-lying H atom which is close to the
embedding O group suggest that the interaction mainly involves weak hydrogen bonding.
The findings predicted here suggest that the presence of the atomic O group on the InSe
surface can dramatically change the adsorption behaviour of the water molecule. Controlling
the type of the O groups like the in-plane O-[In]s group can enhance the adsorption of H.0

and increase the hydrophilicity of the surface.

4.3 Adsorption of small molecules on antimonene: Oxidation tendency and

stability

Recently, for the first time, antimonene, which is a monolayer of antimony, has been
predicted by DFT calculations [212]. Subsequently, a high-quality antimonene sheet has
been obtained by mechanical exfoliation of bulk antimony [213]. Importantly, antimonene
exhibits a high mechanical stability [213] and unique thermodynamic stability at ambient
conditions [214], in strong contrast to the poor stability of phosphorene. Antimonene also
possesses a buckled structure, a wide indirect band gap of 2.28 eV, and high carrier mobility
[215]. A previous theoretical study has suggested that external strain can be used to tune
antimonene from an indirect to a direct band gap semiconductor [216]. Therefore, due to its
tunable wide band gap, anisotropic carrier mobility, excellent optical and thermoelectric

response and high structural stability at ambient conditions [217], layered antimonene is
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promising for various potential applications [217, 218], such as sensors, spintronics, and
energy storage devices.

Due to the high sensitivity to the external adsorbates including environmental
molecules and dopants, 2D materials, particularly phosphorene, undergo structural
degradation upon exposure to oxygen and water molecules [13, 219]. External molecules
and dopants can also enhance electronic properties and chemical activities of 2D materials
by donating electrons/holes or by altering the work function of the host material [141, 142].
For instance, surface patterning of MoS, with hydrogen may provide an effective way to
create a metallic nanoroad for interconnection [220]. Selective surface decoration by
molecules, such as NO, NO», and O, and typical charge-transfer organic molecules may
cause alteration of carrier density, the shift of the Fermi level and even the change in the
optical properties of many 2D materials [13, 221]. To apply the novel layered antimonene
for nanoelectronic and chemical applications, a comprehensive understanding of its
interaction with many common environmental molecules is highly desired. However, effects
of environmental molecules on the carrier density in antimonene and tendency of charge
flow across their interfaces are still unknown.

In this section by using first-principles calculations, the effects of physisorption of
several small molecules, including CO, NO, NO3, H20, Oz, NH3, and Hz, on the electronic
properties of monolayer antimonene are studied. A thorough analysis of the charge transfer
across molecular adsorbate-antimonene interfaces is carried out. In particular, the stability
issue of antimonene under the environmental oxygen and water molecules is examined and
discussed from the atomic scale. This topic has not been discussed before and is critically

important for the synthesis, storage, and applications of antimonene.
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4.3.1 Computational details

The relaxed lattice constants of monolayer antimonene are a = b = 4.308 A and the
calculated band gap is 1.14 eV (GGA method), which is consistent with the results of recent
works [222, 223]. To consider the effects of molecular adsorbates in the dilute doping limit,
we place the molecule on an antimonene sheet consisting of a 4x4x1 supercell (32 Sb atoms).
To avoid the interaction between the replicate units, a vacuum space of 20 A is applied. The
Kinetic energy cut-off is set to 450 eV. The first Brillouin zone is sampled with a 6x6x1 k-
mesh grid. The charge transfer analysis is conducted by the calculation of the DCD 4p(r) as

it is described in Section 3.1.

4.3.2 Results and discussion

The influence of small molecules CO, NO, NO2, H20, Oz, NH3, and H: on the
electronic properties and chemical activities of antimonene is considered. The adsorption
energy E, and charge transfer between the antimonene surface and these molecules are
systematically investigated. For each molecule, several different configurations and possible
adsorbing sites are considered, including the top of the Sb site, the top site above the centre
of the hexagon, and the top site above the Sbh-Sb bond with the molecules being aligned
tilted, parallel or perpendicular to the surface. The random adsorption inside the hexagon is
tested and it is revealed that those adsorbing configurations become similar to one of the
mentioned three cases, but with slightly higher adsorption energy. The results of Ea, the
charge transfer Aq and the shortest distance d from the molecule to the Sb atom for the

lowest-energy configuration are summarized in Table 4.2.
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CO adsorption. The most stable configuration and the DCD isosurface plot for the
CO molecule adsorbed on antimonene are shown in Fig. 4.19(a). The molecule adopts a
tilted configuration above the centre of the hexagon with d = ~3.72 A and Ea = -0.12 eV.
The DCD isosurface plot (Fig. 4.19(a)) clearly reflects an accumulation of electrons in the
region around the C atom, indicating a loss of electrons in the proximity of the antimonene
sheet. This is not surprising since elemental C is more electronegative than Sb. Quantitative
DCD 4p(r) analysis (Fig. 4.19(b)) reveals that only a tiny amount of electrons are transferred
from antimonene to the CO molecule (-0.003 e per molecule), which is consistent with the
almost unchanged C-O bond length compared with that of the isolated gas molecule.
Interestingly, the values of d and Ea, and the charge transfer ability of the CO molecule
adsorbed on antimonene are similar to those of the CO molecule on InSe [206], while
significantly different from those for the CO molecule adsorbed on graphene [141] and
phosphorene [13]. This similarity of the CO molecule behaviour on antimonene and InSe
can be attributed to their similar honeycomb structure with the lone-pair electrons associated
with Sb or Se atoms.

The band structure of antimonene adsorbed with the CO molecule (Fig. 4.19(c)) clearly
shows that there are no additional CO-induced states within the band gap of antimonene.
The value of the band gap is almost unchanged compared with that of pristine antimonene
(1.14 eV). The LDOS plot (Fig. 4.19(d)) shows that the HOMO 5c and the LUMO 2x” of
the CO molecule adsorbed on antimonene are located at -4.30 and 2.10 eV (relatively to the
Fermi level), respectively. It should be noted that the HOMO level is a non-resonant state
located below the valence band of antimonene, while the LUMO level is located within the

conduction band. The 27" peak is significantly broadened compared with the 5c level, which
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is opposite to the case of CO above InSe [206]. This alignment of CO LUMO states within
the conduction band of antimonene suggests that the photo-excited electrons of antimonene
may partially transfer to the CO LUMO state, which can trigger different electron-hole
recombination rates and prolong the lifetime of holes in the antimonene sheet upon exposure
to the CO gas. On the other hand, the enhanced occupation of this antibonding orbital should
weaken the C-O bond and affect its infrared frequency, which would allow the monitoring

of the population of photo-excited carriers in antimonene.

Table 4.2. The adsorption energy Ea, the amount of charge transfer Aq, the shortest distance
d from the molecule to the Sb atom, and the donor/acceptor characteristics of the molecular
dopant on the antimonene surface. A positive (negative) AQ indicates a loss (gain) of
electrons from each molecule to antimonene.

Antimonene Phosphorene InSe
[Ref- 206]
[Ref 13]
Molecule
Doping
d(A E. (eV A E,(eV A E,(eV
(A) _— (eV) q (e) (eV) q (e) (eV) Aq (€)
Cco 3.72 - -0.12 -0.003 -0.31 0.007 -0.13 0.001
NO 2.70 acceptor -0.44 -0.067 -0.32 -0.074 -0.13 -0.094
NO; 2.44 acceptor -0.81 -0.156 -0.50 -0.185 -0.24 -0.039
H20 2.98 acceptor -0.20 -0.021 -0.14 0.035 -0.17 001
O, 3.21 acceptor -0.61 -0.116 -0.27 -0.064 -0.12 -0.001
NH3 341 acceptor -0.12 -0.029 -0.18 0.050 -0.20 -0.019
H: 3.56 donor -0.04 0.138 -0.13 0.013 -0.05 0.146
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Fig. 4.19. (a) The top and side views of the lowest-energy configuration combined with the
DCD isosurface plots (10 A-3) for antimonene adsorbed with the CO molecule. The yellow
(blue) colour represents an accumulation (depletion) of electrons. (b) The line profiles of the
plane-averaged Ap(z) (red line) and the transferred amount of charge 4Q(z) (green line). (c)
The band structure of antimonene adsorbed with the CO molecule. The black dashed lines
show the Fermi level. (d) The total DOS (black line) and LDOS (red line) of antimonene

adsorbed with the CO molecule. The black dashed line shows the Fermi level.

NO adsorption. Figure 4.20(a) shows the most stable configuration and the DCD
isosurface plot for the NO molecule adsorbed on antimonene. Similar to the CO adsorption,
NO adopts a tilted configuration and is located above the centre of the hexagon with d =
~2.70 A. However, as a typical open-shell molecule, NO has a much stronger interaction
with the underlying antimonene with Ea = -0.44 eV. The magnitude is slightly larger than
that of NO on phosphorene (-0.32 eV) [13]. The DCD plot (0.001 A%) in Fig. 4.20(a) depicts
the orbital-like lobes of the accumulating and diminishing electronic densities, which

suggest a redistribution of the surface charges of antimonene upon the NO adsorption. On
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the other hand, the population of some NO molecule orbitals becomes less occupied upon
interaction with antimonene, while for antimonene most of the transferred electrons are
distributed at the Sb atoms closest to the NO molecule. The charge transfer analysis (Fig.
4.20(b)) reveals that NO acts as a strong acceptor to antimonene with a charge transfer of -

0.067 e, which is similar to the role of NO on phosphorene [13] and InSe [206].
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Fig. 4.20. The same as in Fig. 2.19 but for the NO molecule.

The LDOS and band structure plots, shown in Figs. 4.20(c) and (d), respectively,
reveal that the state hybridization and charge transfer between NO and antimonene lead to
broadening and splitting of the degeneracy of NO orbitals. More specifically, the degeneracy
of the 2w orbital is lifted and evolves into two levels located close to the conduction band
minimum of the antimonene (Fig. 4.20(c)). In addition, the NO molecule level is spin-split,
which induces a magnetic moment of 1 uB in the adsorbed system. The band gap of

antimonene adsorbed with the NO molecule slightly decreases from 1.14 eV of the pristine
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sheet to 1.07 eV. The presence of NO-induced states within the band gap of antimonene
(Fig. 4.20(d)) can modify the electronic and optical properties of antimonene with the NO
molecule serving as an electron trapping centre.

NO2 adsorption. NO> has been predicted to have the strongest interaction among the
typical small molecules in the cases of phosphorene [13] and InSe [206]. Such strong
interaction has been later demonstrated in experiments with the fabrication of phosphorene-
based sensors, which show a high selectivity to the NO- gas in the presence of other gases
[224]. Here, for the NO2 molecule adsorbed on antimonene, a much stronger interaction (Ea
= -0.81 eV) than on phosphorene (Ea = -0.50 eV) [13] is predicted. The most stable
configuration and the DCD isosurface plot (0.003 A-%) for the NO2 molecule adsorbed on
antimonene are presented in Fig. 4.21(a). The molecule takes the position above the Sb-Sb
bond with the two O atoms situated closer to the surface plane with d = ~2.44 A. The N-O
bond length ranges from 1.25 to 1.27 A, which is slightly larger than the N-O bond length
(1.20 A) of the free NO, gas molecule, resulting from the strong molecule-antimonene
interaction. The isosurface plot (Fig. 4.21(a)) and the DCD analysis (Fig. 4.21(b)) suggest a
large electron transfer of -0.156 e per molecule from the antimonene surface to the NO».

The LDOS plot (Fig. 4.21(c)) shows that the 6a: orbital is split into two levels located
within the band gap of antimonene: the LUMO (6a1, spin-down) just above and the HOMO
state (6a1, spin-up) just below the Fermi level, which lead to a magnetic moment of 1 xB. In
addition, the 4b; and 1a> NO> orbitals significantly broaden and coincide with the valence
states of antimonene, while the 5b; state coincides with the conduction states of antimonene.
Such orbital mixing and hybridization can facilitate the charge transfer between NO> and

antimonene. The presence of the NO> molecule induces localized states within the band gap
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(Fig. 4.21(d)), which may affect the optical properties of antimonene. On the other hand, the
change of the band gap of the host antimonene (1.17 eV) is negligible compared with that of

pristine antimonene (1.14 eV).
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Fig. 4.21. The same as in Fig. 2.19 but for the NO2 molecule.

H20 and O: adsorptions. Effects of H2O and O: molecules on the electronic
properties and charge transfer of 2D materials are highly important with regard to the carrier
density and structural stability. The most stable configuration and the DCD isosurface plot
(0.6:10 A®) for the H.0 and O, molecules adsorbed on antimonene are presented in Figs.
4.22(a) and 4.23(a), respectively. The H,O molecule adopts a flat alignment relative to the
antimonene basal plane and is located at d = ~2.98 A. The O, molecule adopts a tilted
configuration and is located at the centre of the hexagon at d = ~3.21 A. The H,O molecule
possesses a relatively weak Ea = -0.20 eV, while the O molecule has a much larger Ea = -

0.61eV.
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Fig. 4.22. The same as in Fig. 2.19 but for the H.O molecule.

For the H2O molecule, the DCD plot (Fig. 4.22(a)) together with the charge transfer
analysis (Fig. 4.22(b)) show an accumulation of electrons in the H20 molecule (acceptor to
antimonene) with a total charge transfer of ~-0.021 e per molecule. The Oz molecule also
acts as an acceptor with the total transferred charge of ~ -0.116 e per molecule (Fig. 4.23(b)).
The bond length of the adsorbed Oz molecule is 1.26 A, comparable to 1.22 A of the free
molecule. Therefore, similar to phosphorene, antimonene shows high oxidation ability and
may oxidize easily at ambient conditions. On the other hand, antimonene demonstrates a
weaker interaction with the H2O molecule, which is similar to phosphorene [13] and
graphene [141]. The calculation suggests that the main source of antimonene oxidation
originates from the presence of O rather than H>O, owing to a stronger binding strength and

a larger amount of charge transfer of Ox.
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Fig. 4.23. The same as in Fig. 2.19 but for the O2 molecule.

The LDOS and band structure plots for antimonene adsorbed with the H.O molecule
(Fig. 4.22(c) and (d)) indicate the absence of H2O-induced states within the band gap of
antimonene. In addition, the 1bz, 3ai, and 1b: orbitals of the H2O molecule significantly
broaden and coincide with the valence states of antimonene (Fig. 4.22(c)). This indicates
that the performance of antimonene, such as durability and carrier mobility, tends to be
affected by the presence of moisture due to the strong state coupling. For antimonene
adsorbed with the Oz molecule, the LDOS and band structure (Fig. 4.23(c) and (d)) reflect
additional Oz-induced states within the band gap of antimonene. The Fermi level crosses the
half-filled 2t HOMO state, which aligns slightly above (~0.15 eV) the CBM, allowing the
electrons to be excited to the O molecule, and thereby creating holes in antimonene. The
2n" LUMO state is located at 0.50 eV above the Fermi level (Fig.4.23 (c)). The presence of

the O2-induced states within the band gap of antimonene and the non-trivial adsorption and
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oxidation ability of the O> molecule to antimonene can significantly alter the optical and
electronic properties of antimonene. In addition, the band structure analysis also shows a
small decrease of the band gap size from 1.14 eV of pristine antimonene to 1.08 eV (O»-
induced states are not taken into account) upon the O2 molecule adsorption.

NH3 adsorption. Concerning the adsorption of the NHz molecule, the lowest energy
configuration is found when the molecule is located at d = 3.41 A at the hollow hexagon
centre with the N atom pointing towards the surface and the three H atoms pointing away
from the surface (Fig. 4.24(a)). The Ea is -0.12 eV and the lengths of the three N-H bonds
are all 1.024 A, which is comparable with the N-H bond length of 1.01 A of the NH3 gas
molecule. Charge analysis (Fig. 4.24(a)) shows that electrons are transferred to the NH3
molecule from the nearest Sb atoms. The total charge transfer from the antimonene surface
to the NH3z molecule is found to be as high as -0.029 e per molecule (Fig. 4.24(b)). Similar
acceptor behaviour is predicted for the NHs molecule adsorbed on InSe [206], while for
graphene [141] and phosphorene [13], the NH3 molecule acts as a donor. The underlying
reason for the acceptor role of NHs is that the N atom is more electronegative than the Sh
and Se atoms. The LDOS analysis (Fig. 4.24(c)) shows that the nonbonding 3a: and the
doubly degenerated 1e HOMO orbitals are significantly below the Fermi level and largely
broadened, which can indicate the hybridization of these states with the valence states of
antimonene. The band structure analysis (Fig. 4.24(d)) reveals no significant change in the
band gap size of antimonene adsorbed with the NHs molecule compared with that of pristine

antimonene.
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Fig. 4.24. The same as in Fig. 2.19 but for the NH3 molecule.

H2 adsorption. The lowest energy configuration for the H> molecule is shown in Fig.
4.25(a), where the molecule adopts a tilted configuration with the H-H bond length of 0.75
A and is located above the Sb atom at d = 3.56 A. The E, of the H2 molecule on antimonene
is -0.04 eV, which is comparable with that of InSe [206]. Considering the wide use of
graphene as a hydrogen storage material because of its ability for simultaneous stable
hydrogen storage and facile release [225], the predicted here H> adsorption energy for
antimonene suggests that antimonene is a promising material for hydrogen storage devices.

The charge transfer analysis (Fig. 4.25(b)) shows that the H> molecule is a donor to
antimonene with the moderate charge transfer of 0.138 e per molecule. In Fig. 4.25(a) the
DCD isosurface plot (0.6:10° A®) indicates a depletion of electrons in both H atoms of the
H2 molecule and an accumulation of electrons at the nearest Sb atoms. Notably, owing to the

similar presence of lone-pair electrons on the surface of phosphorene, InSe, and antimonene,

116



Chapter 4 Atomic-scale investigations of the unique properties of recently emerged 2D materials:
Borophene, InSe, and antimonene and comparison with phosphorene

it is interesting to compare the charge doping behaviour of H> among them. It is found that
the H2 molecule serves as a donor for all the three cases. However, the total value of charge
transfer from Hz to antimonene is ten times that from Hx to phosphorene, while it is
comparable to that on InSe. The LDOS (Fig. 4.25(c)) and the band structure (Fig. 4.25(d))
analysis reveals that there are no additional Hz-induced states in the vicinity of the
antimonene band gap. As a result, the band gap size of antimonene adsorbed with the H>

molecule is the same as that of pristine antimonene (1.14 eV).
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Fig. 4.25. The same as in Fig. 2.19 but for the H2 molecule.

Comparison of antimonene with phosphorene and InSe. As antimonene is a
successor of phosphorene with Sb and P elements being in the same column of the periodic
group, it is interesting to compare their surface chemistry with respect to the affinity to the

gas molecules. It is known that one common feature of Sb and P elements is the presence of

117



Chapter 4 Atomic-scale investigations of the unique properties of recently emerged 2D materials:
Borophene, InSe, and antimonene and comparison with phosphorene

lone-pair electrons. A recent work on InSe has shown that the presence of lone-pair electrons
of the surface Se atoms allows the Lewis base-acid reaction with the surface species [198].
To compare this recently emerging antimonene, phosphorene, and InSe 2D materials, the
Ea-Aq relationship for the adsorption of small molecules on their surfaces is plotted Fig. 4.26
plots. For antimonene, the Aq is nearly linearly correlated with Ea for most of the molecules
with the exception of H2 and NHs molecules. This indicates that the redox process associated
with the charge transfer dominates the noncovalent interaction of these molecules with
antimonene. The linear trend is also largely true in InSe but absent in phosphorene.

Clearly, the overall slope of the Ea-AQ curve of phosphorene is higher than that of
antimonene. This may be due to a more electronegative nature of P than Sb. Considering
that As occupies the same column in the periodic table as P and Sb, it will be interesting to
examine the Ea-Aq relationship of arsenene, a layered structure consisting of As atoms. All
the considered molecules except the H2 molecule adsorbed on antimonene lead to p-type
doping. In comparison with phosphorene, the binding strengths of NO2, Oz, NO, and H20
molecules are much stronger, while those of CO, NH3, and H> molecules are weaker on
antimonene. Notably, for the H. adsorption, the amount of charge transferred from
antimonene is 0.138 e per molecule, which is ten times higher than that of phosphorene
(0.013 e per molecule) and comparable with that of InSe (0.146 e per molecule). The
underlying reason might be attributed to the work function of antimonene, which is
comparable to that of InSe but much higher than that of phosphorene. In contrast, the
adsorption energy of H> on antimonene is much weaker than on phosphorene, largely due to

the weak van der Waals interaction with the heavy Sb element.
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Fig. 4.26. The relationship between Ea and Aq for various molecules physisorbed on
antimonene, phosphorene, and InSe. The results for phosphorene and InSe are adopted from

Refs. 13 and 206, respectively.

Oxidation kinetics and mechanisms of good structural stability in antimonene.
The interaction of O2 molecules with 2D materials plays a critical role in their stability and
performance under ambient conditions as oxidization is the most popular form of structural
degradation. The interaction energy between the O2> molecule and antimonene Ea is found to
be -0.61 eV, which is more than two times higher than that between the O. molecule and
phosphorene (-0.27 eV). A similar situation is found for the charge transfer. These results
are reasonable since Sb is less electronegative than P, which leads to a greater transfer of

electrons to the O2 molecule from antimonene. The findings presented here suggest that the
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performance of antimonene, for example, the carrier density and mobility, tends to be highly
sensitive to the environmental O. molecule.

To predict the oxidization behaviour, thermodynamics analysis is insufficient.
Therefore, the kinetic analysis on the splitting of the O> molecule on the antimonene sheet
in the form of terminated -O groups is conducted. The result of the NEB calculation of the
above process is shown in Fig. 4.27. Surprisingly, the energy barrier for the decomposition
of the O2 molecule into two apical -O groups is only ~0.40 eV. Such a small barrier implies
that antimonene may undergo oxidation during synthesis and applications. The prediction is
consistent with the experimental findings which have revealed that there are always some
oxygen species above the surface of synthesized antimonene flakes [226]. Previously, the
oxidation layer containing antimonene oxide has been reported to have exotic electronic
properties [227].

The predicted facile formation of oxygen species in the antimonene sheet is somehow
surprising since, as shown in the phosphorene case, these oxygen species tend to react with
environmental H>O molecules, which leads to the degradation of the material by forming
acids [228]. However, antimonene has been reported to exhibit a good stability in ambient
conditions [213]. Hence, the roles of O2 and H20O molecules and their cooperative effect on
the stability of antimonene must be different from those in phosphorene. According to Fig.
4.26, while the Oz molecule plays the same role (acceptor) in phosphorene and antimonene,
the H,O molecule behaves oppositely: it is an acceptor ([H20]® with § being a small positive

real number) for antimonene but a donor ([H20]%) for phosphorene.
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Fig. 4.27. The activation barrier for the splitting of the O2 molecule on antimonene: (a) the
atomic models for the IS, TS, and FS state; (b) The energy profile obtained by the NEB

calculation for the decomposition of the O2 molecule on antimonene.

Based on the well-known mechanism of H2COs acid formation from CO: and H-20O
molecules, which occurs through the diffusion of the H* ion in a partially positively charged
H-O to the negatively charged -O group in the CO2 molecule, herein, it can be proposed that
the mechanism of the antimonene stability is related to the electrostatic repulsion between
[H20]? and -O group (also negatively charged -O” with y being a small positive real
number). The negatively charged [H2.0]® makes the formation and the diffusion of H™®
proton to the -O™ group unfavourable. In addition, the high stability of antimonene may also
be related to the much longer Sb-Sh bond, which makes the transfer of H™® more difficult
than the shorter P-P bond in phosphorene. The reason is that the transport of proton between
water molecules should depend on the separation of the molecules. Owing to the larger

lattice constant in antimonene, the anchored water molecules above Sh atoms should be more
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sparsely distributed, which reduces the hopping probability of proton among the water
molecules.

The stable surface oxidation layer may be helpful for protecting the underneath
antimonene layer against its degradation upon interaction with environmental molecules.
Therefore, by comparing the charge transfer behaviour in antimonene and InSe, it can be
concluded that systems with H,O molecules acting as acceptor groups tend to be stable as
they are less likely to form acids under the co-adsorption of O, and H.O molecules. The
opposite implication is also true if H2O acts as a donor - the structure tends to be
decomposed: one example is an easily degradable phosphorene where H>O is a charge donor

[13].

4.4 Summary

In Chapter 4, the structure stability and electronic properties of several new and
perspective 2D materials such as borophene, InSe, and antimonene have been
comprehensively analyzed. In addition, properties of considered 2D materials and their
behaviour under the effect of different factors, such as surface functionalization, defect
engineering, ribbon construction, and influence of environmental molecules have been
compared with these of phosphorene (see Chapter 3).

Particularly, the electronic properties of surface functionalized borophene sheets and
the possible avenues for opening the band gap of borophene have been investigated. It has
been found that the band structure of borophene is immune to the presence of vacancies and

the surface functionalization. Interestingly, the anisotropy of the electronic properties and
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the nature of the orbitals at the Fermi level can be altered upon the surface functionalization,
enabling the modulation of the borophene properties. Due to the high density of itinerant
electrons in the atomically thin borophene sheet, the band gap opening via quantum
confinement, which is effective for graphene, becomes ineffective for borophene. It has also
been revealed that the work function of borophene can be tuned to a large degree as the high
electronic gas confined in the atomically thin sheet of borophene can be transferred to the
functionalizing groups.

Next, several critical issues in the structural degradation of InSe due to oxygen and
humidity at ambient conditions have been considered using first-principles calculations. The
oxidation of monolayer InSe has been explored by examining the roles of light illumination,
oxygen, water, and defects. It has been shown that pristine InSe has a much lower oxygen
affinity than MoS; and phosphorene. However, the presence of Vse and light excitation can
significantly accelerate the oxidation by greatly decreasing the barrier through forming
chemical oxygen species. These atomic O species, which are associated with strong polar O-
In bonds, can quench the defective states of Vse, and further act as the adsorption and
trapping centres of H,O molecule. The AIMD results have shown that the apical O atoms in
the form of terminated Se-O bonds even allow the spontaneous water splitting and the
formation of hydroxyl groups at room temperature. Based on these findings, the following
three strategies have been proposed to suppress the oxidation of InSe: i) insulating InSe from
O2 molecules; ii) maintaining the InSe surface stoichiometry; iii) avoiding the exposure of
InSe to light illumination.

Further, the energetics and charge transfer of the CO, NO, NO», H20, Oz, NH3, and H:

molecules adsorbed on antimonene have been investigated. It has been found that NO, NO,
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H20, O, and NHsserve as charge acceptors, while CO shows a negligible charge transfer.
The H2 molecule acts as a charge donor to antimonene with the amount of charge transfer
being ten times that of H> on phosphorene. The interaction of the O> molecule with
antimonene is much stronger than that with phosphorene. The examination of the kinetics
process of the O> molecule splitting on antimonene has revealed a relatively low barrier of
~0.4 eV for the Oz decomposition, suggesting that antimonene tends to be oxidized during
synthesis and applications largely due to the O> molecule rather than the water effect.
Fortunately, the acceptor role of H2O on antimonene, opposite to a donor role in
phosphorene, helps to suppress further structural degradation of the oxidized antimonene by
preventing the proton transfer between water molecules and oxygen species to form acids.
By comparing antimonene with phosphorene and InSe, it has been suspected that the
acceptor role of water may be a necessary condition for a good environmental stability of
such 2D layers to avoid structural decomposition and achieving a robust performance.
However, potential antimonene devices still need to be protected via using noncovalent

functionalization for suppressing the strong effect from environmental molecules.
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Chapter 5 The 2D materials-based heterostructures

Over the past few years, many researches have been focused on hybrid 2D materials,
such as graphene-BN [147] and BN-silicene [229] heterostructures. These 2D
heterostructures are designed to overcome limitations and to develop the performance of
individual 2D materials [230, 231]. In addition, because of their atomically thin structure and
large surface area, 2D materials such as phosphorene, silicene, and InSe are easily subjected
to exposure of the environment, and their electronic properties can be greatly affected by it
[13]. To protect chemically unstable 2D materials, commonly, passivation by using more
stable 2D materials, such as graphene or BN, as a capping layer is used [232]. In this chapter,
the effects of different factors on the electronic structure and chemical activity of graphene-

and InSe-based heterostructures are systematically investigated.

5.1 Strain and water effects on the electronic structure and chemical

activity of in-plane graphene/silicene heterostructure

Manufacturing of vertically stacked materials has disadvantages, due to the possible
contamination between layers, which leads to significant challenges for the massive
production of the samples [233]. In that case, the in-plane interconnected heterostructures,
for which there are no such issues in their production, have attracted great attention from
both theoretical and experimental sides [234, 235].

Recently, many studies have reported on the effects of various factors on the electronic
properties of different heterostructures [234-236]. For example, electric-field engineering has

been applied to modify the band gap of graphene/h-BN heterostructures [237]. The work
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[238] has predicted that despite the differences in the electronic and mechanical properties
of graphene/silicene heterostructure under different types of applied strain, for a gas
adsorption at sites far away from the interface region, the type of strain applied is expected
to exert little effect due to the nearly isotropic nature of both graphene and silicene sheets. In
addition, mechanically-tuned band gap has been predicted in graphene/h-BN [237] and
graphene/MoS: heterostructures [239]. However, it has been noted that the strain effects on
the in-plane graphene/silicene heterostructure remain unexplored.

In this section, the investigations on the effects of strain and adsorption of humidity
(H20) molecules on the electronic structure and chemical activity of the in-plane

graphene/silicene heterostructure are performed.

5.1.1 Computational details

The free-standing graphene-silicene heterostructure is created by using the 5x5x1 and
3x3x1 supercells of graphene and silicene (60 carbon and 24 silicon atoms), respectively. To
create  BN-supported graphene-silicene heterostructure the initial free-standing
heterostructure is placed on the BN substrate. The substrate is created by using the 5x11x1
supercell (60 boron and 60 nitride atoms). Periodic boundary conditions are applied in the
two in-plane transverse directions, while the vacuum space of 20 A is introduced along the
out-of-plane direction. Due to the difference between the lattice spacing of graphene (agr)
and that of silicene (asi), the mismatch strain along the interface of the graphene-silicene
heterostructure is:

Emismatch = (Sagr- 3351)/(53gr) =~ 2.7% (51)
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Since during the relaxation, the supercell period along the zigzag direction is taken as
5agr, the strain along the interface direction in the graphene is egr = 0%, and the silicene is &si
= emismatch. The compressed/stretched structure is obtained by applying uniaxial strain in the
direction perpendicular to the interface of the graphene-silicene heterostructure. The choice
of the asymmetric graphene-silicene interface is based on previous work [240] of in-plane
heterostructures, where epitaxy of graphene with other 2D material occurs preferentially
along the zigzag direction. The first Brillouin zone is sampled with a 10x10x1 k-mesh grid.
The kinetic energy cut-off is set to 450 eV. The adsorption energy Ea and the electronic
interaction between the H-O molecule and graphene-silicene heterostructure was analyzed as

it is shown in Section 2.1.6.

5.1.2 Results and discussion

Strain effect on the electronic structure. Figures 5.1(a)-(e) present the variation of
the band gap of the in-plane graphene-silicene heterostructure under the tensile strain of 7%
and 5%, planar structure (0% of strain), and under the compressive strain of -5% and -7%,
respectively, along the armchair direction. It is seen that the heterostructure remains metallic
within the strain range as there is no band gap near the Fermi level. For each considered case,

the Dirac point is located above the Fermi level, signifying a p-type of conduction.
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Fig. 5.1. The variation of band gap of in-plane graphene-silicene heterostructure under
different strains applied along the armchair direction (a)-(e). The applied strains are (a) 7%,
(b) 5%, (c) 0%, (d) -5%, and (e) -7%, respectively.

Interaction with the environmental H20O molecule. The adsorption of the
environmental H.O molecule on the graphene, silicene, and graphene-silicene interfacial
regions of the in-plane graphene-silicene surface is considered. For each case, several
possible symmetric anchoring positions of the molecule on the planar and compressed
surfaces are examined. All subsequent calculations on the electronic properties and
energetics are based on the lowest-energy configurations of the adsorbed heterostructure. The
most stable configurations for the case of the H.O molecule adsorbed on the planar sheet are
given in Figs. 5.2(a), (d), and (g). In case of H20O adsorbed on the graphene region (Fig.
5.2(a)), both O-H bonds are disposed at the angle of around 45° to the surface and located
directly above the ridge of graphene. The distance from the molecule to the surface d is 2.87
A, and the value of Ea is -0.152 eV, which is in a good agreement with the result reported in
[141]. Figure 5.2(d) shows the H.O molecule adsorbed on silicene region, in which one of

the O-H bonds is parallel to the surface along the armchair direction and the other one is
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nearly normal to the surface with d = 2.89 A and Ea = -0.140 eV, which is in consistent with
result in [241]. Figure 5.2(g) presents H-O adsorbed on the graphene/silicene interfacial
region. It is seen that the molecule is located directly above the ridge of the graphene/silicene

site, both O-H bonds are nearly parallel to the surface, with d =2.71 A and Ea = -0.175 eV.

(b) (c)

(¢) (H
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Fig. 5.2. The most stable adsorption positions of the H2O molecule on different regions of
the heterostructure. Under 0% strain: (a) graphene region, (d) silicene region, and (g) the
graphene/silicene interfacial region. Under -7% strain: (b) graphene region, (e) silicene
region, and (h) the graphene/silicene interfacial region. Under 7% strain: (¢) graphene region,
(f) silicene region, and (i) the graphene/silicene interfacial region, respectively. The balls in
brown, blue, white, and red represent carbon, silicon, hydrogen, and oxygen atoms,

respectively.
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For H20 adsorbed on the graphene/silicene sheet under the compressed strain of -7%,
the most stable configurations are given in Figs. 5.2(b), (e), and (h). Figure 5.2(b) shows the
H>O adsorbed on the graphene region, in which the in-plane O-H bond is parallel to the
surface along the armchair direction while the out-of-plane O-H bond is nearly normal to the
surface and located directly above the armchair C-C bond, with d =2.97 A and Ea = -0.157
eV. In the case of H2O adsorbed on the silicene region (Fig. 5.2(e)), both O-H bonds are
parallel to the surface and located directly above the zigzag Si-Si bond, with d =2.82 A and
Ea = -0.175 eV. Figure 5.2(h) presents H>O adsorbed on the graphene-silicene interfacial
region, in which the molecule is located directly above the ridge of the graphene-silicene site
and both O-H bonds are nearly parallel to the surface, with d = 2.40 A and E, = -0.210 eV.

For H20O adsorbed on the graphene-silicene sheet under the tensile strain of 7%, the
most stable configurations are given in Figs. 5.2(c), (f), and (i). Figure 5.2(c) shows H>O
adsorbed on the graphene region, in which the O-H bonds are disposed at the angle of around
45 to the surface and located directly above the armchair C-C bonds, with d =3.03 A and Ea,
=-0.145 eV. In the case of H20 adsorbed on the silicene region (Fig. 5.2(f)), both O-H bonds
are parallel to the surface and located directly above the armchair Si-Si bond, with d = 2.72
A and E, = -0.154 eV. Figure 5.2(i) presents H,O adsorbed on the graphene/silicene
interfacial region, in which the molecule is located directly above the ridge of the
graphene/silicene site and both O-H bonds are nearly parallel to surface, with d =2.61 A and
Ea=-0.160 eV.

It is found that in the case of the compressive strain, the adsorption energy increases
with strain. A large enhancement is observed for the cases of the H.O adsorption on the

silicene and graphene-silicene interfacial regions, which may be explained by the large
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distortion of the silicene lattice and Si-Si bonds deformation. Tensile strain leads to the
decrease of the adsorption energy in the cases of the H>O molecule adsorption on the
graphene and graphene-silicene interfacial regions, while the adsorption energy increases in
the case when H,O adsorbed on the silicene region.

To gain insight into the electronic properties of the planar (under 0% strain),
compressed (under the strain of -7%) and stretched (under the strain of 7%) graphene-silicene
heterostructures after the H>O doping, the LDOS are studied. The LDOS analysis reveals that
the additional electronic states induced by H>O are located below the Fermi level for the
molecular adsorption on planar, compressed or stretched surfaces (Fig. 5.3). However, the
alignment of the molecular levels of H»O is strongly dependent on the region of molecular
adsorption and affected by strain.

Figures 5.3(a), (d), and (g) present the three highest occupied molecular orbitals 1by,
3ai, and 1b of the H20 molecule adsorbed, respectively, on the graphene, silicene, and
graphene-silicene interfacial regions of the planar sheet. Clearly, the distributions of
molecular orbitals are different for each region of the heterostructure. Moreover, by
comparing the planar, compressed and stretched structures of silicene region (as shown in
Figs. 5.3(d), (e), and (f), respectively) and the graphene-silicene interfacial region (Figs.
5.3(g), (h), and (i)), it is seen that 1bs, 3a:, and 1b, molecular orbitals of the H.O molecule
are shifted downwardly by around 0.25 eV for the cases when the compressive or tensile

strains are applied.
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Fig. 5.3. The LDOS of the H.O molecule on different regions of the heterostructure. Under
0% strain: (a) graphene region, (d) silicene region, and (g) the graphene/silicene interfacial
region. Under -7% strain: (b) graphene region, (e) silicene region, and (h) the
graphene/silicene interfacial region. Under 7% strain: (c) graphene, (f) silicene, and (i) the
graphene/silicene interfacial region, respectively. The spin-up and -down bands for H2O are

the same and shown by the red line, while the black line represents the total DOS.

Modulation of carrier density and charge transfer. To analyze the electronic
interaction of the graphene-silicene heterostructure with the H.O molecule, the DCD Ap(r)
is calculated. The isosurface of the Ap(r) for the H.O molecule adsorbed on the different
regions of the graphene-silicene heterostructure under 0, -7, and 7% strains are depicted in
Figs. 5.4(a)-(c), 5.5(a)-(c) and 5.6(a)-(c), respectively.

For the planar surface, there is a depletion of electrons in the H.O molecule and an
accumulation of electrons in the nearest C atoms within the graphene region (Fig. 5.4(a)).
The H20 molecule donates electrons to the graphene (around 0.024 e per molecule). This

result is consistent with the previous DFT study [241], where H20 was found to be a donor
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on graphene. The charge transfer analysis for the H.O adsorbed on the silicene region of the
planar structure (Fig. 5.4(b)) shows that the molecule accepts about 0.092 e. In the case when
H>O adsorbed on the planar graphene-silicene interfacial region (Fig. 5.4(c)), the total
amount of transferred charge is 0.057 e. Interestingly, electrons accumulate in the nearest C

atoms, while the Si atoms donate electrons to the H.O molecule.
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Fig. 5.4. The top and side views of the 0.02A° DCD isosurface (the green/orange colour
denotes depletion/accumulation of electrons), the plane-averaged DCD Ap(z) (red line) and
the amount of transferred charge AQ(z) (green line) for the H2O molecule adsorbed on (a)
graphene, (b) silicene, and (c) graphene-silicene interfacial regions of the planar graphene-

silicene sheet.
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Fig. 5.5. The same as in Fig. 5.4 but for the compressed graphene-silicene sheet.

The compressive strain of -7% leads to an increase in the chemical activity of the H.O
molecule, and the total amount of the charge transferred from the molecule to the C atoms of
the graphene region (Fig. 5.5(a)) is 0.035 e. Figure 5.5(b), where H20 is adsorbed on the
silicene region of the compressed structure, clearly indicates an accumulation of electrons in
the Si atoms. Thus, H2O serves as a donor in this case where charge transfer from the
molecule to the surface is 0.181 e. A significant increase of the charge transfer, up to -0.355
e, is found for the case of H.O adsorption on the interfacial region of the compressed structure

(Fig. 5.5(c)), and the main charge transfer is still observed for the C atoms. The obtained
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results suggest that the carrier density and the charge transfer between the H.O molecule and
different regions of the in-plane graphene-silicene heterostructure, as well as a

donor/acceptor ability of the H20, can be significantly tuned by compressive strain.
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Fig. 5.6. The same as in Fig. 5.4 but for the stretched graphene-silicene sheet.

The tensile strain of 7% also leads to the change in the chemical activity of the H.O
molecule. In particular, the total amount of transferred charge from the C atoms of the
graphene region to the molecule (Fig. 5.6(a)) is 0.028 e, clearly indicating that H>O serves as

an acceptor. Figure 5.6(b), where the H>O is adsorbed on the silicene region of the stretched

135



Chapter 5 The 2D materials-based heterostructures

structure, indicates that molecule donates about 0.160 e to the surface, signifying that H,O
serves as a donor. For the case of H2O adsorption on the interfacial region of the stretched
structure (Fig. 5.6(c)) the main charge transfer, up to 0.050 e, is still observed for the H>O
molecule. The obtained results suggest that the carrier density and the charge transfer
between the HO molecule and different regions of the in-plane graphene-silicene
heterostructure, as well as a donor/acceptor ability of the H>O, can be tuned by tensile strain.

The effects of the BN-substrate on the chemical activity of the graphene-silicene
heterostructure. To understand the effect of substrate on the chemical activity of the
graphene-silicene heterostructure, the h-BN monolayer is selected as a substrate.
Specifically, the substrate effects on the adsorption energies and the charge transfer between
the graphene-silicene heterostructure and the H>O molecule are considered. For the
heterostructure supported by the substrate without applying strain, the most stable
configurations for the H2O molecule adsorbed on different regions of the heterostructure are
given in Figs. 5.7(a), (b), and (c).

In the case of H,O adsorbed on the graphene region (Fig. 5.7(a)), both O-H bonds are
disposed at the angle of around 45° to the surface and located directly above the ridge of
graphene, which is similar to the case in which H>O is adsorbed on the graphene region of
the free-standing surface. The value of E, is -0.152 eV and the total amount of transferred
charge from the molecule to the surface is 0.024 e. Figure 5.7(b) shows the H>O molecule
adsorbed on the silicene region of the substrate-supported heterostructure, in which the O-H
bonds are disposed at the angle of around 45 to the surface and located directly above the
ridge of silicene. The value of E, is -0.140 eV and the total amount of transferred to the

molecule is 0.092 e. Figure 5.7(c) presents H2O adsorbed on the graphene-silicene region. It
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is seen that the molecule is located directly above the C-Si bond of the graphene-silicene site,
and both O-H bonds are disposed at the angle of around 45 to the surface. The value of E, is

-0.175 eV and the total amount of transferred to the molecule is 0.057 e.
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Fig. 5.7. The most stable adsorption positions of the H.O molecule on the graphene-silicene
heterostructure supported by the BN layer without applying strain: (a) graphene, (b) silicene,
and (c) the graphene-silicene interfacial regions. The balls in grey, yellow, white, red, blue,
and pink represent carbon, silicon, hydrogen, oxygen, nitrogen, and boron atoms,

respectively.

It is found that the BN-substrate has a small effect on the adsorption energy when the
H>0O molecule is adsorbed on the graphene region of the graphene/silicene heterostructure.
However, for the substrate-supported heterostructure, the adsorption energy is slightly higher
for the case of H>O adsorbed on the silicene region and significantly lower for the case where
H>O is adsorbed on the graphene-silicene interfacial region, compared with the adsorption
energy of the free-standing heterostructure. The charge transfer analysis reveals that the
presence of the BN-substrate significantly influences the donor/acceptor ability of the H2O
molecule upon its adsorption on the graphene-silicene heterostructure and may cause an

increase/decrease of the charge transfer between the H>O molecule and the heterostructure.
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5.2 Effects of graphene-BN encapsulation, surface functionalization, and

molecular adsorption on the electronic properties of layered InSe

InSe, a newly emerging 2D layered metal monochalcogenide 111-VI compound, has
attracted great attention owing to its high carrier mobility and anomalous optical response
[197, 198]. In contrast to TMDs such as MoS», which possesses a direct band gap for
monolayer and an indirect band gap for multilayer [199], InSe has a direct band gap for bulk
phase and an indirect band gap obtained by reducing the number of layers to make its
thickness below a critical value at about several nanometres [242]. In addition, InSe samples
with a direct band gap span a broad thickness range, from infinite thickness down to several
nanometres, allowing a stronger excitonic emission and a broader frequency spectrum than
TMDs. As a result, layer engineering of InSe should be highly effective for tuning the
momentum conservation of quasi-particles, in addition to the traditional quantum
confinement effect.

Recently, much effort has been devoted to investigating the exfoliation [242] and
electronic applications [195, 203, 204, 243] of InSe, for example, in optoelectronics and
photovoltaics. However, the mobility of InSe-based transistors at ambient condition has been
found to degrade due to environmental effects and defects [205]. Therefore, identifying the
effective strategies to protect InSe sheets is important for the reliability of InSe-based
electronic devices [244]. For atomically thin 2D materials like MoS> and phosphorene,
encapsulation by chemically more inert 2D layers, like graphene and BN, has been found to

effectively suppress the adverse environment effect [147, 245] and rectify interfacial
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resistance at the electrode contact [246]. Concerning InSe, the effects of BN and graphene
encapsulation on its electronic and chemical properties remain unclear.

For practical applications of a semiconducting InSe layer, there is a need to develop
methods to control the polarity and concentration of its conducting carriers. As an intrinsic
InSe layer shows a p-type conduction [206], the realization of n-type conduction is highly
desired. Traditional substitution doping strategy that has been widely adopted in bulk
semiconductors is highly challenging for 2D materials as it tends to destroy their 2D
structural integrity. To this end, various doping approaches by using surface functionalization
of 2D materials have been developed [247]. Recently, it has been reported that in-situ
deposition of potassium (K) atoms is able to significantly tune the band gap of black
phosphorus [248] and the intercalated K dopants are able to increase the electron mobility
due to a charge-transfer induced giant vertical electrical field [249]. However, there is no
clear information on the modulation of electronic properties of InSe through molecular
adsorption and surface functionalization.

In this section, the electronic structure of monolayer InSe is systematically investigated
through graphene-BN encapsulation, molecular adsorption, and chemical functionalization.
Furthermore, the charge-transfer induced effects caused by the adsorption of the K atom on

monolayer InSe, InSe-graphene, and InSe-BN heterostructures are explored.

5.2.1 Computational details

The relaxed lattice constant of monolayer InSe is a = b = 4.102 A. To simulate the

surface chemical functionalization, a 3x3x1 supercell of InSe is used. A vacuum space of 25
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A is introduced along the out-of-plane direction. The first Brillouin zone is sampled with a
6x6x1 k-mesh grid. The kinetic energy cut-off is set to 400 eV. All structures are fully
relaxed until the total energy and atomic forces are smaller than 10° eV and 0.01 eV/A,
respectively. The binding strength oy is calculated as ob = En/Ssurtace, Where Eyp is the binding
energy for the InSe-graphene or the InSe-BN heterostructures and Ssurface IS the surface area
of the supercell. The commensurate atomic structures of the vertical InSe-graphene and InSe-
BN heterostructures through stacking a monolayer InSe and a monolayer graphene-BN along
the normal direction are created by using the 3x3x 1 supercell of InSe and the 5x5x1 supercell
of graphene-BN. The in-plane lattice constant of the hybrid structures is adjusted to the lattice
constant of the InSe supercell, and in the mismatch strain in the graphene-BN layer is smaller
than 1.6 %. The optimized distances of InSe from graphene and BN are 3.37 and 3.48 A for
InSe-graphene and InSe-BN, respectively. The electronic charge analysis is performed by

the Bader approach.

5.2.2 Results and discussion

Heterostructures formed by graphene and BN encapsulation. To suppress the
potential environmental effect, InSe passivation with the relatively inert graphene or BN
layer could be an effective approach, which has been demonstrated in phosphorene flakes.
However, the effect of graphene and BN on the electronic properties of InSe remains unclear.
Figures 5.8(a)—(c) (upper panel) show the atomic structures of the optimized monolayer InSe,
InSe-graphene, and InSe-BN heterostructures. The binding strengths o, for InSe-graphene

and InSe/BN heterostructures are 0.52 and 0.23 eV/A?, respectively. Figure 5.8 (lower panel)
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presents the band structures of monolayer InSe, InSe-graphene and InSe-BN
heterostructures. It is found that monolayer InSe is a semiconductor (Fig. 5.8(a), lower panel)

with an indirect band gap of 1.33 eV, which is consistent with previous works [206, 207].

Energy (eV)

Fig. 5.8. Upper panel: the lattice and band structures of (a) InSe, (b) InSe-graphene and (c)
InSe-BN. The bands coloured in black, red and orange show InSe, graphene and BN,
respectively. The black dashed line shows the Fermi level. Bottom panel: the side view of
the 0.12 A DCD isosurface for (d) InSe-graphene and (e) InSe-BN heterostructures. The
blue (green) colour denotes depletion (accumulation) of electrons. The spheres coloured in
yellow, violet, brown, pink and blue show selenium, indium, carbon, boron, and nitrogen

atoms. The black arrows show the charge transfer direction.
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For InSe-graphene heterostructure (Fig. 5.8(b)), the Dirac cone formed by graphene is
preserved and it almost overlaps the conduction band edges of InSe. Instead, InSe-BN
heterostructure (Fig. 5.8(c), lower panel) remains a semiconductor with the reduced indirect
band gap of 1.26 eV, compared with the naked monolayer InSe. The top valence band of BN
is aligned with that of InSe, while there are no BN states overlapping with the InSe state in
the lower lying conduction bands due to the much larger band gap of BN.

In order to gain further insight into the interlayer interactions of the considered
heterostructures, the charge transfer between InSe and graphene-BN layers is examined by
calculating the DCD. Figures 5.8(d) and (e) show the isosurface plots of the DCD for InSe-
graphene and InSe-BN heterostructures, where blue (green) denotes depletion
(accumulation) of electrons. It is found that the total amount of the transferred charge from
the graphene to InSe surface is 0.11 e. In contrast, there is an opposite trend of the charge
transfer for InSe-BN, where the electron is transferred from InSe to BN, the total amount of
the transferred charge is around 0.07 e.

The obtained results predict that graphene and BN play an opposite role in doping InSe,
which is dramatically different from the phosphorene-graphene/BN bilayer, where graphene
and BN play the same role as a weak donor [13]. The charge transfer should be attributed to
the dipole-induced charge redistribution at the interface due to the B-N polar bond. The lone-
pair electron densities in the Se atom are distorted toward pairing with the N atom, which has
a higher electronegativity than the Se atom. Moreover, both B atoms in a BN sheet and Se
atoms in an InSe sheet possess Lewis acidic characteristics, thus favouring the interaction
between the B atoms and the Se atoms [198]. It should be noted that the band structure of the

InSe-BN bilayer system does not show a typical p-type doping behaviour of InSe. The
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underlying reason for that may be a very weak charge transfer from InSe to BN and a weak
charge screening effect in this hole-doped 2D system.

In addition to the InSe-graphene (BN) bilayer system, the periodic InSe-graphene (BN)
superlattice with the sequential stacking of InSe and graphene (BN) along the normal
direction is also considered. As the lone-pair electronic states exist in the top Se atoms [206],
it is necessary to investigate the modulations of the electronic structure of the hybrids, in
particular, to see any indirect-direct transition of InSe, by changing the van der Waals gap.
The modified interlayer distance d; should significantly affect the hybridization of the Se
states and the graphene and BN states.

The total energy Etwt of InSe-graphene (red line) and that of InSe-BN (black line)
systems as a function of djare calculated and shown in Fig. 5.9(a). The calculated equilibrium
distance corresponding to the lowest Exot is around 3.32 A for both InSe-graphene and InSe-
BN structures with the variation of Et with di in a range from 3.2 to 3.5 A. In Fig. 5.9(b),
the external pressure corresponding to each di below the equilibrium lattice for InSe-BN
system is listed. It is found that the InSe-graphene heterostructure remains zero-band gap
(Eg) for all the considered values of d; due to the presence of the Dirac cone in graphene. For
InSe-BN system, the modification of d; leads to a nonlinear change of Eq. Figure 5.9(b) shows
that with the decrease of di, Eq slightly increases from 1.24 eV (di = 3.20 A) to the maximum
value of 1.57 eV (di = 3.12 A), and then monotonically decreases to 0 eV (di = 2.0 A). The
presence of a concave shape and a strong nonlinearity of the di - Eq curve around the
equilibrium suggests a strong electron-lattice coupling in the hybrid system. The band
structures of InSe-graphene and InSe-BN bulk systems at di = 3.2 A are shown in Figs. 5.9(d)

and (c), respectively.
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Fig. 5.9. () The total energy of the system as a function of the interlayer distance di in InSe-
graphene (red line) and InSe-BN (black line). (b) The modulation of the band gap of the InSe-
BN system as a function of the interlayer distance di. The atomic structure (upper panel) and
the band structure (bottom) of (c) InSe-graphene at di = 3.2 A and (d) InSe-BN at the di = 3.2
A. The bands coloured in black, red and orange represent InSe, graphene, and BN,

respectively. The black dashed line shows the Fermi level.

By comparing with the band structures of bilayer InSe-graphene (Fig. 5.8(b)), it is seen
that the Dirac cone formed by graphene is also preserved but less shifted to the conduction
band edges of InSe (Fig. 5.9(c)). This adjusted band alignment may significantly modify the
carrier recombination behaviour at the interface. The optical, electronic and thermal
properties under pressure are dramatically different from those in the freestanding case. For
both pressured InSe-graphene and InSe-BN systems, there is no indirect-direct transition of
the band gap in InSe.

Chemical functionalization of monolayer InSe-graphene and InSe-BN

heterostructures. Next, the molecular adsorption of graphene (BN) encapsulated InSe is
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discussed. First, the doping through adsorbing a single K, Al and Mg atom on InSe is
investigated. The motivation is to induce an n-type conduction in InSe as the considered
atoms have a small electronegativity and a strong ability to donate electrons. Figures 5.10(a)—
(c) and (d)—(f), respectively, show the band structures of InSe—graphene and InSe-BN
heterostructures with the K atom adsorbing at three different heights of d = 3.0, 3.6 and 4.2
A above the surface (the atomic configurations are presented in Fig. 5.11). As found for
monolayer InSe, here the upward shift of the Fermi level in K—doped InSe—graphene and

InSe—BN heterostructures with the decrease of d is also observed.

Energy (eV)

Energy (eV)

i

r KM F K M KM
Fig. 5.10. The band structures for (a)—(c) InSe—graphene and (d)—(f) InSe-BN
heterostructures with the K atom adsorbed at the distances of 3.0, 3.6 and 4.2 A above the
surface, respectively. The bands coloured in black, red, yellow and violet represent InSe,

graphene, BN and K atom, respectively. The black dashed line shows the Fermi level.
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The isosurface plots of DCD for K—doped InSe—graphene (Figs. 5.11(a)—(c)) and InSe—
BN (Figs. 5.11(d)—(f)) heterostructures show a strong depletion of electrons in the K atom
and an accumulation of electrons on the InSe surface for K at d = 3.0, 3.6 and 4.2 A. As in
the case of monolayer InSe, a linear increase of charge transfer from the K atom to the InSe

surface with the decrease of d is revealed for both heterostructures (Fig. 5.11(g)).
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= e K above InSe + graphene
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) 0 3 3.5 4 4.5

Distance, d (A)
Fig. 5.11. The side view of the isosurface plots of the DCD, the blue (green) denotes
depletion (accumulation) of electrons, for (a)—(c) InSe/graphene and (d)—(f) InSe-BN
heterostructures with the K atom adsorbed at the distances of 3.0, 3.6 and 4.2 A above the
surface, respectively. The spheres coloured in yellow, violet, brown, pink, blue, and purple
show selenium, indium, carbon, boron, nitrogen, and potassium atoms. (g) The variation of
the charge transferred from the K atom to InSe—graphene (red line) and InSe—BN (black line)

by changing the distance between the atom and the surface.
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The maximum charge transfer from the K atom to both heterostructures reaches up to
0.89 e, which is almost the same as that for the monolayer case. This may be due to a strong
acceptor ability of the InSe surface, which is able to accumulate charge from the K atom

without transferring it to the substrate.

5.3 Summary

In Chapter 5, the strain effects on the electronic structure of the in-plane graphene—
silicene heterostructure have been studied. Within the strain range from -7% (compression)
to 7% (tension), the considered heterostructure is always metallic with the Dirac point being
located above the Fermi level. The investigation of the strain effects on the chemical activity
of the in-plane graphene/silicene heterostructure upon interaction with H.O molecule has
revealed that compressive strain can promote the adsorption of the H.O molecule and
increase the charge transfer, signifying an enhanced chemical activity. Furthermore,
compressive and tensile strains have been found to be able to modulate the charge transfer
between the H2O molecule and the graphene/silicene surface, potentially allowing the control
of polarity and concentration of charge carriers. In addition, the effect of the BN-substrate
on the chemical activity of the in-plane graphene-silicene heterostructure upon interaction
with the H2O molecule has been considered. It has been found that the BN-substrate
significantly influences the donor/acceptor ability of the H.O molecule upon its adsorption
on the graphene/silicene heterostructure and may cause an increase/decrease of the charge

transfer between the H,O molecule and heterostructure.
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Further, the modulation of monolayer InSe electronic properties by encapsulation,
surface functionalization, and molecular adsorption has been conducted. In particular, an
opposite charge donating role of graphene (donor) and BN (acceptor) in InSe has been shown,
which is dramatically different from phosphorene, where both graphene and BN play the
same role (donor). A decrease in interlayer spacing between InSe and graphene (BN) can
dramatically change the band alignment and tune the band gap. In addition, the effects of
surface doping with the K atom on the band structure and charge transferability of InSe-based
heterostructures have been studied. For the K-doped InSe—graphene and InSe-BN a linearly
increasing charge transfer from the dopant to the InSe surface with a decreasing distance
between them has been predicted.

The present study has not only revealed insights into the modulation of electronic
properties of free-standing and substrate-supported graphene- and InSe—based
heterostructures but also rendered new ways to control its electronic structure and carrier
density, which may pay the way for the practical applications of the considered

heterostructures in novel nanodevices.
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Chapter 6 Conclusions and recommendations

In this chapter, the main conclusions are summarized, and future works are

recommended based on the investigations conducted in the framework of this Ph.D. research.

6.1 Conclusions

The DFT-based first-principles simulation has been conducted to investigate the
structural stability, electronic properties and chemical activity of 2D materials (phosphorene,
borophene, InSe, and antimonene) and 2D heterostructures (graphene-silicene, InSe-
graphene, and InSe-BN). The effects of various types of engineering factors have been
studied, and their underlying mechanisms have been revealed. The methods for controlling
electronic properties and chemical activity of the considered 2D systems have been
proposed. In addition, the ways for preventing the structural degradation of the considered
2D systems have been discussed. More detailed conclusions of this work are the following:
o Rippling of phosphorene can lead to significant changes in its electronic properties.

The strong spatial dependence of the electronic structure in rippled phosphorene along

the periodic line profile may potentially allow the control of the carriers’ transport via

ripple engineering. The present work has explained the recent experiment that observes
the spatially dependent optical properties in rippled phosphorene, where periodic
ripples with large curvatures were obtained by transferring phosphorene to a greatly
pre-stretched elastomeric substrate, followed by a relaxation of the pre-strain in the

substrate. In addition, rippled phosphorene has been found to be able to promote the
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adsorption of NO gas molecules and increase the charge transfer, signifying an
enhanced chemical activity.

Unlike other 2D materials, vacancy-containing phosphorene has been found to be
almost inert to H>O with the adsorption energy being almost the same as that in perfect
phosphorene. For both perfect and vacancy-containing phosphorene, the H2O
molecule does not introduce any defect states in the band gap while the frontier orbitals
of the O2 molecule are aligned in the phosphorene band gap. The O molecule increases
the number of hole carriers and serves as a good electron scavenger for adsorption on
perfect phosphorene. Vacancy-modulated charge transfer from H.O and O, molecules
may allow the modulation of the concentration and polarity of carriers in phosphorene.
Finally, the kinetics analysis of the O2 dissociation has shown that the oxidation rate
is around 5000 times faster in the vacancy site than in the perfect site of phosphorene.
Hence, phosphorene samples with a large number of vacancies should be more easily
oxidized than those with the low vacancy concentration.

The metallicity in borophene has been found to be immune to the presence of vacancies
and the surface functionalization. Furthermore, the anisotropy of the electronic
properties and the nature of the orbitals at the Fermi level can be altered upon the
surface functionalization, enabling the modulation of the borophene properties. Due to
the high density of itinerant electrons in the atomically thin borophene sheet, the band
gap opening via quantum confinement, which is effective for graphene, becomes

ineffective for borophene. In addition, it has been revealed that the work function of
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borophene can be tuned to a large degree, as the high electronic gas confined in the
atomically thin sheet of borophene can be transferred to the functionalizing groups.
The oxidation of monolayer InSe by examining the roles of light illumination, oxygen,
water, and defects has been explored. Perfect InSe has a much lower oxygen affinity
than MoS; and phosphorene. However, the presence of the Se vacancy and light
excitation significantly accelerates the oxidation by greatly decreasing the barrier
through forming chemical oxygen species. These atomic O species, which are
associated with strong polar O-In bonds, can quench the defective states of the Se
vacancy, and further act as the adsorption and trapping centres of H.O molecules. In
addition, the spontaneous water splitting and the formation of hydroxyl groups at room
temperature have been shown. Based on these findings, the following three strategies
to suppress the oxidation of InSe have been proposed: i) insulating InSe from O
molecules; ii) maintaining the InSe surface stoichiometry; iii) avoiding the exposure
of InSe to light illumination.

The energetics and charge transfer of CO, NO, NO2, H20, Oz, NH3, and H2 molecules
adsorbed on antimonene have been studied. The NO, NO2, H20, O and NH3
molecules have been found as effective acceptors to antimonene, while the H:
molecule is a donor. The strong acceptors like NO2, NO, and O bind more strongly to
the antimonene surface than the phosphorene surface, while the weak acceptors like
CO, Hz, and NH3z show a weaker adsorption. Additional examination of the kinetics
process of the Oz splitting on antimonene has shown a relatively low barrier of ~0.4

eV for the Oz decomposition, suggesting that antimonene tends to be oxidized during
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synthesis and applications largely due to the O> molecules rather than the water effect.
The acceptor role of water impedes the interaction between water molecules and
oxygen species on antimonene to form acids, which may be the underlying reason for
the high stability of antimonene. The stable oxide layer may serve as a protecting coat
for layers underneath it. While such oxide layer can serve as passivating and protecting
coat for avoiding the degradation of layers underneath, for achieving a robust
performance, potential antimonene devices still need to be protected via using non-
covalent functionalization for suppressing the strong effect from environmental
molecules, as predicted by this work.

The strain effects on the electronic structure of the in-plane graphene/silicene
heterostructure have been studied. Within the strain range from -7% (compression) to
7% (tension), the considered heterostructure is always metallic with the Dirac point
being located above the Fermi level. The investigation of the strain effects on the
chemical activity of the in-plane graphene/silicene heterostructure upon interaction
with the H2O molecule has revealed that compressive strain promotes the adsorption
of H20 molecules and increases the charge transfer, signifying an enhanced chemical
activity. Furthermore, compressive and tensile strains have been found to be able to
modulate the charge transfer between the H.O molecule and graphene/silicene surface,
potentially allowing the control of polarity and concentration of charge carriers. In
addition, the BN-substrate has been found to significantly influence the donor/acceptor
ability of the H.O molecule upon its adsorption on the graphene/silicene
heterostructure. This may cause a decrease/increase of the charge transfer between the

H>O molecule and heterostructure.
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o The modulation of electronic properties of monolayer InSe by encapsulation, surface
functionalization, and molecular adsorption has been found. An opposite charge
donating role of graphene (donor) and BN (acceptor) in InSe, which is dramatically
different from phosphorene, where both graphene and BN play the same role (donor),
has been shown. A decrease in interlayer spacing between InSe-graphene/BN is able
to dramatically change the band alignment and tune the band gap. The effects of
surface doping with K atoms on the band structure and charge transferability of
monolayer InSe have been considered. For K-doped InSe, a semiconductor to metal
transition and a linearly increased charge transfer from the dopant to the InSe surface
with a decreasing distance between them have been revealed. For the strong atomic
donor like K, the charge transfer across the dopant-InSe interface is accompanied with
a strong redistribution of the electric potential or field at the interface, which alters the

photon kinetics and electron-hole recombination efficiency of InSe.

6.2 Recommendations

With regard to the structural stability, electronic properties, and chemical activity of
2D materials and its heterostructures, the following investigations are recommended.

o A comprehensive mechanical characterization of different 2D materials can be done.
More specifically, a detailed analysis of the structural deformation and modulation of
the electronic properties of phosphorene under the applied uniaxial compressive strain
in the zigzag and armchair directions considered in this study can be adopted for other

2D materials, such as antimonene, InSe, arsenene etc.
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Experiments have revealed that 2D materials tend to suffer from a more rapid
degradation, largely in form of oxidation, compared with bulk ones. Therefore, it is
important to understand the degradation mechanisms which are predominantly
involved with external adsorbates (O, and H,O) at ambient conditions and it is
critically important for practical applications of 2D materials. Based on the results
obtained for phosphorene and InSe in this study, the investigation of degradation
mechanisms of other 2D materials and their heterostructures is necessary for
developing the unified mechanism for the control and suppression of the degradation
of 2D systems during their synthesis, storage, and applications.

Various approaches including functionalization, doping, and defect engineering can be
adopted to enhance the properties of 2D systems. In addition, a proper composition of
2D materials may allow creating a heterostructure with the significantly improved
performance compared to its individual components. Therefore, future work needs to
be directed to the investigation of engineering effects and consideration of various
combinations of 2D materials for achieving superior performances of 2D systems.
Experimental verification and validation may have great importance for the
continuation of this research. For instance, the findings from the first-principles
investigations of the influence of mechanical deformation on the electronic properties
of phosphorene are well agreed with experimental results. Moreover, theoretical
calculations have allowed to confirm and explain predictions made in the experimental

works. Hence, further experimental verification of the current study is not only of
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scientific significance but also of great implication to the practical applications of 2D

materials and their heterostructures.
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