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ABSTRACT

FIRST-PRINCIPLES INVESTIGATION OF NOVEL SINGLE-LAYERS
AND HETEROSTRUCTURES OF GROUP III-IV ELEMENTS

Since the discovery of graphene, two-dimensional materials have been the focus of
interest in various branches in scientific community. Wide range of ultra-thin materials have
been investigated both theoretically and experimentally such as metal chalcogenides, Xenes
and h-BN. In addition to this, two-dimensional (2D) van der Waals heterojunctions have
become one of the central research topics due to their wide range of possibilities. Since
2D van der Waals heterostructures are combinations of two or more ultra-thin materials
with different properties, creating a heterostructure with desired optical, electrical and/or
mechanical property is theoretically probable. Motivated by these, this thesis focus on the
investigation of structural, vibrational and electronic properties of 2D materials and their
heterostructures by means of density functional theory-based first-principle calculations.

In chapter 3, single-layer GesN, is shown to be both electronically and dynami-
cally stable. Also, simulated Raman spectrum of single-layer Ge3N, have characteristic
vibrational properties. Another property of single-layer Ge3Ny is that it is a indirect band
gap semiconductor and this property is uneffected by external strain. And lastly, the value
of band gap varies with the applied external strain.

In chapter 4, a dynamically stable single layer structure of AlAs is proposed and
four possible stackings of AlAs/InSe heterobilayer were investigated. Electronic band
dispersions revealed that all four stackings are direct band gap semiconductors and have
type-II alignment. Moreover, simumlated raman spectra revelaed that identification of the
1T and 2H phase can be done with Raman spectroscopy. The band gap can be tuned based
on the direction and magnitude of the electric field. Direct to indirect band gap transition

as well as heterojunction type changes from type II to type I occurs under negative electric

field.
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OZET

GRUP 1II VE IV ELEMENTLERININ TEK KATMANLI VE
HETEROYAPILARININ ILK PRENSIPLER ILE INCELENMESI

Grafenin kegfinden bu yana iki boyutlu malzemeler bilim diinyasinin cesitli alan-
larinin ilgi odag1 haline geldi. Gecis metali kalkojenleri, Xenler, h-BN gibi bir¢ok ultra
ince malzeme gerek teorik gerek deneysel olarak incelendi. Bunlara ek olarak, iki boyutlu
van der Waals heteroyapilar1 da sahip olduklar1 degisik olasiliklardan otiirii aragtirmalarin
merkezinde yer almaktadir. Bu heteroyapilar, iki ve ya daha fazla farkli 6zellikli ultra
ince malzemenin birlesiminden olustugu i¢in, istenilen optik, elektronik ve ya mekanik
Afizelliklere sahip bir heteroyapi olusturmak teorik olarak miimkiin. Bu konulardan
motive olarak, bu tezin odagi da iki boyutlu malzemelerin ve heteroyapilarinin yapisal,
ilk-prensiplere dayali yogunluk fonksiyoneli teorisi kullanarak elektronik ve titresimsel
ozelliklerinin incelenmesidir.

3. boliim, tek katmanli GesN, yapisinin elektronik ve dinamik olarak kararli
oldugunu gosteriyor. Ayrica, teorik olarak elde edilmis Raman spektrumu tek katmanl
Ge3Ny kristalinin karakteristik titresimsel 6zelliklerini iceriyor. Tek katmanlhi GezNy
bir bagka 6zelligi ise, endirekt yari-iletken 6zelligi disaridan uygulanan ekstra gerilme
kuvvetinden etkilenmemesi. Son olarak band araliginin, uygulanan gerilmenin siddetine
bagli olarak degistigi gdozlemlenmistir.

4. boliimde ise, stabil tek katmanli AlAs kristal yapisi teorik olarak sunulmus, AlAs
ve InSe birlesiminden olusan olasi 4 farkli heteroyapi incelenmistir. Bu 4 yapinin elektronik
band dagilimlar ¢ikarildiginda hepsinin II. tip direkt yari-iletken oldugu bulunmustur.
Dabhasi, simiile edilmis Raman spektrumu 4 olas1 heteroyapinin 1T ve 2H fazlarinin ayirt
edilebildigini gostermistir. Son olarak, harici bir elektrik alan etkisinde direkt-endirekt

gecisinin yan sira, tip-1I ve tip-I gecisi elde edilmistir.
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CHAPTER 1

INTRODUCTION

Developing technology requires not only better but also smaller devices to use
in smartphones, computers, biosensors robotics and other similar areas. That’s why,
nanotechnology takes an important place in our daily lives and it most likely will be a key
element in the future as well. Nanotechnology deals with materials sized between 1 to
100 nanometers. It processes matters on atomic or molecular scale in order to produce
new materials or devices with desired properties. However, scales as low as nanometers
are the quantum-realm, thus usual chemical and physical rules are no longer valid. There
begin the effects of quantum mechanics. At the two-dimensional (2D) limit, electrons are
confined which means they can no longer propagate in three dimensions, and this alters
the physical properties of the materials.

Graphene, which is the first 2D material ever isolated, has been at the center of the
attention since the day it was obtained from graphite.! It consists of sp? hybridized C-C
bonds and electronic and mechanic properties of graphene made it a promising material for
nano applications.?? It is still the thinniest (0.34 nm thickness) and strongest material ever
known.* Graphene has been widely studied, thus its characteristics are well known. Both
experimentally measured and theoretically predicted properties of graphene surpass many
other material. For example, room-temperature electron mobility of graphene is 2.5 x 10°
cm? V~! 5713 while theoretical limit is ~2 x 10° cm? V~!s~1.% Graphene’s thermal con-
ductivity is above 3,000 W mK~1.7 Furthermore, Young’s modulus of 1 TPa and intrinsic
strength of 130 GPa prove its strength.® Also, other properties like optical absorption of 7
a =2.3%,’ being impermeable to gases, !° having the capacity of carrying high electric cur-

12,13,14

rent densities,!' and easy functionalization enhances the magnificence of graphene.

Combination of these features of graphene let it find usage in areas such as desalination, '

1617 energy storage, '® drug delivery, ! solar cells,? flexible electronics,?! and

healthcare,
so on. Nevertheless, graphene can only be activated via functionalization due to its almost
chemically inert nature.?? In addition to this, developing technology requires nano-sized

materials of different classes like semiconductors, insulators and metals but graphene has



zero band gap and this limits its applications. That’s why, graphene-like 2D materials
such as transition metal dichalcogenides (TMDs), 23242326 Xenes, 2?82 hexagonal boron

nitride (h-BN),? etc. are still quite appealing.
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Figure 1.1. Most popular two-dimensional single-layer materials (top) and the ones that
are investigated in this thesis (bottom).

Compounds that are formed by at least one chalcogen anion and metal cations are
called metal chalcogenides. The expression metal chalcogenide usually refers to molecules
consist of sulfur, selenium or tellurium alongside metals, even though all group VIA ele-
ments are classified as chalcogens. Besides graphene, metal chalcogenides have appeared
as popular 2D materials because of their wide range of applications. These materials
can be divided into two subgroups based on their metals: transition metal chalcogenides
(TMCs) and main group metal chalcogenides (MMCs). TMCs can also be examined in two
different groups. First one is the well-known 2D transition metal dichalcogenides (TMDs),
which are in the form of MX, (M can be Mo, W, V, Nb, Ta and X can be S, Se, Te).
TMDs can either be metallic (M=Nb, Ta)>*'3>33 or semiconductors (M=Mo, W). 23343536

The interesting properties about semiconductor TMDs are indirect-direct bandgap tran-



sition from bulk to single layer and thickness dependent band gaps which varies from
1.0 to 2.1 eV.?*?* These properties made TMDs plausible materials in applications like

4041 and bioapplications. ***3 On

sensors,?” catalysis,*® solar cells,*® photothermal therapy,
the other hand, TMTs drew much less attention compared to TMDs, but they might still be
used in spintronics, nanoelectronics and nanophotonics.*+4>4¢ Besides TMCs, main group
metal chalcogenides are also promising materials as they are used in applications such as

photovoltaics, 84 photodetectors,’*>! sensors,? transistors,> piezoelectrics>* and so

on.

Energy
Applications

Optoelectronics

Battery

Bio
Applications

Figure 1.2. Some applications of two-dimensional materials.

Apart from the hunt for new graphene-like 2D structure, heterojunctions consisting
of 2D materials have also emerged as a hot research topic.>>3657-38:39.60 Thege heterostruc-
tures offer interesting properties and applications because they not only preserve properties
of their building blocks, but also introduce new aspects like as high quantum efficiency, ¢!
high carrier mobility,% and tunable optical properties® thus making them suitable for
nanoelectronics applications. 6% In other words, van der Waals heterostructures exhibit
exciting physical and chemical properties which offers an enormous research area and
possibility for device engineering at atomic scale. That’s why many 2D ultrathin structures
from different material groups are still being searched for the exploration of novel vertical

heterostructures.



CHAPTER 2

THEORETICAL BACKGROUND AND METHODOLOGY

As their size gets smaller, systems start to follow quantum mechanical laws instead
of Newton’s laws. Properties of such systems are stored in their wave function, v, and

these porperties can be revealed by solving the Schodinger equation,

Hy; = Egy (2.1)

where H is an energy operator called the Hamiltonian operator, F; refers to the energy
eigenvalue of a that quantum state, and ¢); is the wave function of the energy eigenvalue.
The Hamiltonian of a system consists of both potential and kinetic terms of every possible
interaction between electrons and nuclei. The Hamiltonian operator when all the terms are

added is,

~ h ZAe hQ
H=— ‘ _vZ
2me < Vi 47r602\r —R4| 247r502\rz—rj| ZA:2MA A

(2.2)

ZAZ ge?

2 47T50 /;3 Ro— Rp
where i and j indices stand for electrons, Z 4 and Zp are the nuclear charges, M4 and Mp
are the mass of nuclei, r and R denote to the spatial coordinate of corresponding electron
or atom, respectively, m, is the electron mass, e is the electron charge, A is the Planck
constant, and 1/47e, is the Coulomb constant. The first and the fourth terms refer to the
kinetic energy of electrons and nuclei, respectively. The second, third and the last term
constitute the potential energy operator, which equal to electron-nucleus, electron-electron,
and nucleus-nucleus interactions, respectively. Simple systems such as hydrogen-like
systems or sole particles have Hamiltonians that are free of most interaction terms, thus
their Schodinger equations are easy to solve. However, it gets messy as the number
of interacting particles increase. For systems with large number of electron-electron
interactions, it is almost not possible solve the Schodinger equation and various methods

are used to obtain approximate solutions.



2.1. Density Functional Theory (DFT)

Density functional theory (DFT) is a popular computational quantum mechanical
model that offers first-principles approach to solve the Schodinger equation of many-body
systems. It is widely used in chemistry, physics and material science to investigate the
various ground-state properties of atoms, molecules and condensed matters. DFT uses
functionals of electron density which depend only on x, y and z coordinates. Therefore,
the many-body system of N electrons of 3N spatial coordinates is reduced to 3 spatial
coordinates. That is why, DFT is computationally cheap and less time consuming along

with good accuracy.

RN
0-—-0 .

"~
o
Approach

Figure 2.1. Density functional theory approach to a many-body system. Arrows (left)
represents the corresponding interactions between electrons and the nuclei.

2.1.1. Hohenberg-Kohn Theorems

Hohenberg-Kohn theorems are the basis of the Density Functional Theory. They
say that functionals of electron density can be used to represent the ground state of a
many body system.%” This assumtion is divided into two theories; (i) the external potential
energy, V.., of a many body system is in agreement with a functional of electron density,
n(, that is unique for said system. (ii) The total energy of the system can be obtained by
applying the electron density functional as the it results with a global minimum energy
value if the ground-state density is given as the input density. The ground-state energy is

given by the expectation value of the Hamiltonian,
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(2.3)

where T'[n] is the kinetic energy of electrons, V;,; is the energy of electron-electron
interactions, and E; is the nuclei-nuclei interaction. Fy i [n] is a constant which represents

to the total kinetic energy of electrons.
2.1.2. Kohn-Sham Equations

Kohn-Sham proposed a method based on Hohenberg-Kohn theorems in which
the charge density is divided to all densities containing N electrons to minimize the
functional energy. The system can be represented as a many-body system with non-
interacting electrons.®® The ground-state electron density is acquired from the solution of
the Schodinger equation of non-interacting terms, while the electron-electron interactions
are taken into account with another functional, called exchange-correlation functional,

E..[n]. Hence, the functional of the Kohn-Sham method is defined as;

Exs =T[n] + /dngext(T)n(r) + Eyn] + Eicn| + Err, (2.4)

where Fy[n] is called the Hartree energy and given by the following formula,

2 /
Epln] = < / ety MEIE) (2.5)

2 lr —r|

The Schrodinger like equation of non-interacting electrons is,

I:IKS\I[Z'(T’) = €i\I/i(T’>, (26)

where H g and ¢; are effective Kohn-Sham Hamiltonian and energy eigenvalues, respec-
tively. W;(r) are the single-particle wave functions or Kohn-Sham orbitals. Spin operators
are not taken into account to simplify the equation. Kohn-Sham orbitals and ground-state

electron density functional relation is given by,

N
n(r) =Y [, 2.7)
=1



and the effective Hamiltonian is,
N 1 9
HKs(I') = —§V + VK5<I'), (28)

in which the effective Kohn-Sham effective potential, Vi¢(r),

Vics(r) = Vear (1) + Vi (r) + Vie (1), (2.9)

that is the total of the external, V,,.(r) Hartree, V(r) and exchange-correlation, V,.(r)
potentials, respectively.

As a starting point, inital guess of electron density has to be provided. Then, the
effective Kohn-Sham potential, Vi 5(r) is constructed for the given electron density. After
that, iterative solution is carried out in which the results of each iteration is compared to
earlier one in order to determine if convergence is reached. Finally, the resulting density is

used to obtain the total energy of the system.
2.2. Computational Parameters

In chapter this thesis, structural optimizations and electronic band dispersions
were investigated using the first-principles calculations within the density functional
theory as implemented in the Vienna Ab initio Simulation Package.”%" The Plane-wave
projector-augmented wave potentials were used and the exchange-correlation potential was
approximated using the Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient
approximation (GGA).®!

In the chapter 3, 520 eV was taken for the energy cutoff value and the kinetic
energy cutoff and 107> eV was set as the the convergence criterion. In order to include
include The van der Waals (vdW) interaction, DFT-D2 method of Grimme.%? was used.
Charge transfer between atoms was determined with Bader method. To eliminate the
interactions with adjacent cells, 15 A vacuum spacing was selected along the z-axis. For
the structural optimization of the primitive unit cell, a 5x5x 1 k-point mesh was applied for
structural optimization of unit cell, while for more accurate density of states calculations it
was doubled. Since GGA underestimates the band gap, better assumption of electronic

properties was calculated with The Heyd-Scuseria-Ernzerhof (HSE06) functional.®® The



cohesive energy per atom was obtained with the given formula;

nGeEGe + nNEN - Esys

Econ = (2.10)

Niot

where ng. and ny are the number of Ge and N atoms per unit cell, respectively. 7,4
refers to the total number of atoms per unit cell, while energies of single Ge and N
atom are given by Eg. and Ey, respectively. PHON code was applied to calculate the
vibrational properties. Simulated STM images were obtained with the following formula

by calculating partial charge densities of the primitive unit cell in the range [-3,0] eV;

h
Erotal = Y Ene @2.11)

where E,,;; refers the summation of charge density matrix, n is the number of layer, 4 is
the height (thickness) of the structure, E,, corresponds to the partial charge density matrix
for the n*” layer, while k is a constant, and z, is the tip distance of the simulated STM in
z-axis.

In chapter 4, The Becke-Johnson damping of the DFT-D3 method was used to
implement the van der Waals (vdW) corrections.®? For more accurate electronic band gap
calculations, Heyd-Scuseria-Ernzerhof (HSE06) within spin-orbit coupling (SOC) was
taken into account. The plane-wave functions were expanded up to a 500 eV of kinetic
energy cutoff in the while the criterion for total energy convergence was taken to be 10°
eV with the corresponding convergence of the forces to be less than 107 eV/A. 20 A
of vacuum spacing was introduced in order to prevent interactions between repeating
structures along the out-of-plane direction. During the ionic relaxations, the Brillouin Zone
(BZ) of the unit cell was sampled using (18x 18x 1) k-points. The layer-layer interaction
energy was calculated by using the formula; E;,,; = Ejse + Eajas - Eper, where Ep e,
E A4, and Ej,; stand for the total energies of single layers of InSe and AlAs, and for
InSe/AlAs heterostructure, respectively. For the calculation Raman spectra, the zone-
centered vibrational modes were calculated using small-displacement methodology. The
corresponding Raman activity of each phonon mode was obtained through the derivative

of the macroscopic dielectric tensor using the finite-difference method.



CHAPTER 3

FIRST-PRINCIPLES INVESTIGATION OF STRUCTURAL,
RAMAN AND ELECTRONIC CHARACTERISTICS OF
SINGLE LAYER Ge;N,

Group-IV nitrides have drawn attention because of their easy accessibility, low-cost
preparation, chemical stability and electrically tunability. Germanium nitride (GesNy),
a member of group-IV nitrides, has been widely studied for a long time and was first
experimentally realized by reacting metallic germanium and ammonia gas at high tempera-
tures in 1930. '3 After that, various experimental methods have been developed in order
to synthesize different phases of GezN,. 136:137:138:.139.140 Whjle the cubic phase of GeszN,

was synthesized using laser-heated diamond anvil cell %

, its y-phase was demonstrated by
controlling the pressure and temperature in o- and 3-phases. '¥

The electronic and optical properties of the synthesized phases of bulk GesNy,
which are large-gap semiconductors, have been studied by means of theoretical simula-
tions, !41:142.143.144.145.146 NV [o]ina et al. investigated the properties of five different phases
of Ge3sN, and 3-Ge3N, was reported to be the most stable phase among them. 4! Spinel
germanium nitrides can be considered as multifunctional materials with their large exci-
ton binding energies and tunable band gaps.'* Among a-, 3-, and 7-GesN, phases, the
[-GesN, was reported to be a direct band gap semiconductor. 46 In addition, the thermal
conductivity of v-Si3N, and v-Ge3N, were studied by comparing to that of 3-Si3N, and it
was shown that both v-Si3N, and y-GesNy exhibit higher thermal conductivity at room
temperature with less anisotropy.'*’ In another study, both experimental and computa-
tional methods were used in order to investigate the potential of group-IV nitrides as
optoelectronic materials and it was found that the GesN, has lower electron effective

masses compared to that of 7-SizNy, 148:149:.150.151.152

Moreover, Maeda et al. reported that
ultrathin Ge3N, was used to create Ag/Ge3;N,/Ge metal-insulator-semiconductor device
that exhibits capacitance-voltage characteristics with no hysteresis. !4’ The properties of
Au/Ge3N,4/Ge capacitors were also studied and it was found that the gate leakage current

density is lower compared to that of poly-Si/SiO,/Si while being thermally stable at higher



temperatures. °° Other applications of GesN, includes solar cell design and photocatalyst
in water splitting process. It was also proposed that adsorption of RuOs to 5-GesNy surface
created a non-oxide photocatalysts for overall water splitting as oxygen evolution reaction
occurs on the surface of 5-Ge3zN, whereas hydrogen evolution reaction tends to occur on
RuO,. '3? Enhancement by ammonia treatment of the photocatalytic activity of 5-GesNy in
water splitting process was reported. >* Recently, a solar cell design was proposed where
spinel GesN, and SisN, were used as solar cell absorber materials. '3

In this work, two-dimensional form of Ge3Njy is investigated by means of ab-initio
calculations. The rest of the chapter is organized as follows; Structural properties are given
in Section 3.1. Vibrational properties are discussed in Section 3.2. In addition, results of
the electronic properties are presented in Section 3.3 and strain-dependent electronic band

dispersions are given in Section 3.4. Lastly,our results are summed in Section 3.5.

3.1. Structural Properties

Crystal structure of the single-layer GesN,, which is shown in Fig.3.1, is formed
by a primitive unit cell containing six germanium and eight nitrogen atoms. As viewed
from the side perspective, GesN, contains two Ge-atomic layers and four N-atomic
layers forming a buckled structure. The optimized in-plane lattice parameter of GesN, is
a=b=8.16 A. The corresponding Ge-N bond lengths are found to vary between 1.85 and
2.03 A. Moreover, the thickness of single-layer Ge3N,, defined as the distance between the
outer-most N atoms, is found to be 2.79 A. Bader analysis shows that single-layer Ge;N,
structure is formed such that each Ge atom donates 1.8 e~ while each N atom recieves
1.3 e~ charge, indicating ionic bond character in the structure. Furthermore, the cohesive
energy (Eg,p) is found to be 4.08 eV/atom. As compared to well-known 2D materials,
such as graphene (10.04 eV/atom) and MoS; (9.53 eV/atom), single-layer Ge3N, has a
much lower cohesive energy indicating its less energetic stability. 1*° On the other hand, the
cohesive energy of GesN, is lower than that of predicted single-layer nitrides, BN (8.83
eV/atom), AIN (7.15 eV/atom), GaN (6.37 eV/atom), and InN (5.47 eV/atom). '3
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Figure 3.1. For the single-layer of Ge3Ny; (a) Side and (b) top views of the crystal
structure. (c¢) The simulated STM image.

Mechanical properties of single-layer GesN, are calculated in terms of its in-plane
stiffness (C') and the Poisson ratio (). The calculated in-plane stiffness of single-layer
Ge3Ny is 62 N/m. As compared to the stifness of well-known single-layers such as MoS,
(122 N/m) 7 and graphene (340 N/m)'#, single-layer GesNy is a soft material. On the
other hand, while the stiffness of GesN, is lower than that of other nitrides (267, 116,
and 110 N/m for BN, AIN, and GaN, respectively), it is comaprable to that of InN (67
N/m). 5 In addition, the Poisson ratio, which is the measure of expansion perpendicular to
the direction of compression, is found to be 0.24 and it is between that of MoS, (0.26) '’
and graphene (0.19).'%% As compared to planar single-layers of nitrides, Poisson ratio of
Ge3Ny is higher than that of BN (0.21) while it is much smaller than Poisson ratio of AIN
(0.46), GaN (0.48), and InN (0.59) indicating mechanical stability of GesN, over other

nitride single-layers. '3

11



Table 3.1. For the single-layer of G3Ny; optimized in-plane lattice parameter, a; the
vertical distance between the outer-most N atoms, h; the amount of charge
donated by a Ge atom and received by a N atom, pg. and py; the work
function, ¢; calculated cohesive energy per atom, Ec,;,; electronic band
gaps calculated within GGA and HSEO6 functionals, E¢,, and EZ5E06; and

Gap
the linear-elastic parameters, in-plane stiffnes (C') and Poisson ratio (v).
a h  pge pv ¢ Econ Ecap EOP  C v

A A ) () (V) (eViatom) (V) (V) (N/m) -
GesNy 8.16 279 18 13 638 4.08 1.92 327 62 024

3.2. Vibrational Properties

In this section, we extend our predictions by confirming the dynamical stability
and investigating the lattice dynamics of the free-standing Ge3zN, crystal structure through
the phonon band spectrum calculations. In order to obtain phonon branches, force constant
matrix is generated by the implementation of small displacement method. It is seen that
all phonon branches display completely positive phonon eigenvalues through the whole
high-symmetry points as presented in Fig.3.2(a), indicating the dynamical stability of free-
standing Ge3Ny in its ground-state structure. The total 42 phonon branches of single-layer
GesN, include 13 doubly-degenerate and 13 non-degenerate optical branches. The highest
frequency optical phonon branch is found to have a frequency of 869 cm~! at the I" point,
which is much lower than that of BN, in contrast, larger than those for AIN, GaN, and InN
indicating quite stronger Ge-N bonds in Ge3Ny. 3

The Raman activities of ['-centered phonon modes are investigated by means of
first-order off-resonant Raman calculations, which is suitable for the characterization of the
material. As presented in Fig.3.2(a) (right-panel), totally 13 optical branches are found to
be Raman active. Among the 13 Raman active modes, we characterize the most prominent
8 phonon modes in terms of their atomic vibrations. The illustrated vibrational motions
(see Fig.3.2b) reveal that 4 of the Raman active modes correspond to purely in-plane while
2 of them arise from the out-of-plane vibrations of the atoms. In addition, there are also 2
Raman active modes which consist of coupled in-plane and out-of-plane vibrations. The
Raman modes having in-plane vibrational character have frequencies of 223.5, 390.8,
611.0, and 850.7 cm~!. The phonon modes at frequencies 850.7 and 390.8 cm™! are

dominated by the vibrations of the inner N atoms, while the peak at 611.0 cm™! mainly
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Figure 3.2. For the single-layer of GesNy; (a) predicted phonon band structure (left
panel) and the corresponding Raman activity of zone-centered vibrations
(right panel). (b) Illustrated atomic vibrations of various Raman active
phonon modes.

arises from vibration of the outer N atoms. Moreover, the lowest frequency in-plane mode
(at 235.5 cm™ 1) stands for the rotational motion of neighboring Ge groups. On the other
hand, among the out-of-plane Raman active vibrations, the peak at 589.2 cm™~! arises from
pure outer N oscillations. In contrast, the phonon mode having frequency of 372.9 cm™!
is dominated by the inner N vibrations with slightly weak contribution of outer N atoms.
Furthermore, the Raman active modes at 320.0 and 462.7 cm™*! correspond to the coupled
vibrations of Ge (in-plane) and N (out-of-plane) atoms vibrations. The analysis of the

Raman spectrum of single-layer GesN, provide deep analysis about the characteristic of

its structure.

3.3. Electronic Properties

Electronic properties of single-layer GesN, are investigated in terms of the elec-
tronic band dispersions. As shown in Fig.3.3, the valence band maximum (VBM) resides
between the I'-M points of the Brillouin Zone while the conduction band minimum (CBM)
is located at the I" point, indicating the indirect band gap nature of single-layer GesN,. The
electronic band dispersions reveal that the top valence states are only dispersive around the
I point while they are mostly localized through the M-K points. The electronic band gap is

calculated to be 3.27 eV. As compared to the predicted electronic band gaps of a-, 5-, and
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Figure 3.3. Electronic band structure of single-layer Ge3N4. Red dashed lines belong
to bare GGA band structure while blue lines represent band structure calcu-
lated with GGA+HSEQ6.

~v-GesNy phases (3.85 eV, 3.86 eV and 3.56 eV, respectively), single-layer GesN, possesses
a slightly smaller band gap. ' In addition, the electronic band gap of single-layer GesN,
is much smaller than the experimentally observed band gap of v-GesN, (4.50 eV). ' It is
seen that the dimensional reduction from bulk to 2D structure results in the decrease of the
electronic band gap. Moreover, the work function of the predicted single-layer GesNy is
calculated to be 6.38 eV which is much larger than those for single-layers of MoS, (5.10
eV) and h-BN (4.70 eV).? Apparently, the higher work function of single-layer GesN,
indicates the localized characteristics of the electron at the top valence state.
Experimental studies have demonstrated that single-layer 2D materials can be used
as the building blocks for the formation of van der Waals type heterostructures in order

to combine thier electronic properties in a single 2D structure. Fig. 3.4 shows the band

alignment of single-layer GesN, with several typical 2D single-layers. As shown in Fig.

3.4, the vacuum level of each single-layer is set to zero energy. After the shift of band edge
energies by the vacuum energy, the CBM and VBM energies of Ge3N, are found to be
-4.33 and -7.49 eV from HSEO06, and -4.69 and -6.6 eV from PBE, respectively. In order
to make a general conclusion, various single-layer materials from different 2D groups
are considered. MoS,, a famous member of TMDs, GeSe and B-P are choosen as the

non-planar single-layers while graphene-like planar structures of ~A-BN, GaN, and C;N
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Figure 3.4. Band alignment between Ge3sN,4 and several typical 2D materials. Blue and
gray bars indicate results calculated by HSE06 and PBE, respectively. The
vacuum energy is set as zero.

are considered as one-atom-thick materials. It is seen that the VBM energy of single-layer
Ge3Ny is lower than that of other 2D materials considered in our study. Note that while
the band gap energy of each single-layer changes with the inclusion of HSEO6 in the
calculations, the type of the band alignment is not affected by the functional. As shown
in Fig. 3.4, single-layer Ge3Ny is predicted to form type-II band aligment with all 2D
materials except for single-layer GeSe whose VBM and CBM energies are higher than
those of GesN,. This facilitates the separation of electron and holes in van der Waals
heterostructures constructed by GesN, and these 2D materials, with electron localized
on the GesN, layer and hole localized on the other layer. In contrast, the GeSe-Ge3Ny
heterostructure forms a type-I band alignment in which both electron and hole are localized

on single-layer GesNy.

3.4. Strain-dependent properties

Strain is often present in experiments occuring either naturally or controllably
and it can alter the electronic properties of materials. Since it is an easy and effective

method, strain has often been used to manipulate fundamental properties of ultra-thin ma-
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terials. 61162 In the present section, we present our results on how the electronic structure
of single-layer Ge3N, responds against applied uniaxial and biaxial strains. For the investi-
gation of uniaxial strain effect, a rectangular unit cell containing 28-atoms is constructed
in order to simulate the strain along the two main orientations in the lattice, namely zigzag

(ZZ) and armchair (AC) directions (see Fig.3.5(a)).

=0% =1% ==3% =5%

(a) (b) Biaxial Strain
Tensile

(c) Armchair (d) Zigzag
3 C’ompression< Tensile

\

\®)

Energy (eV)

Figure 3.5. (a) AC and ZZ orientations of single-layer GesN, with rectangular unit cell.
The electronic band diagrams of single-layer GesN4 under (b) biaxial strain,
(c) uniaxial strain on AC orientation, (d) uniaxial strain on ZZ orientation.

Effects of uniaxial as well as biaxial strains on the electronic band dispersions are

calculated by changing the lattice parameters by &= 1 %, £ 3 % and £ 5 % amounts both in
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tensile and compressive cases. The results for the biaxial strain are presented in Fig. 3.5(b).
It is seen that the CBM of single-layer GesN, displays shift to lower energies via applied
tensile biaxial strain while it shifts to higher energies under compressive strain. As a result
of those shifts of the CBM, the electronic band gap is found to change from 1.30 eV (at
5% of tensile biaxial strain) to 2.34 eV (at 5% of compressive biaxial strain). Note that the
indirect gap behavior of GesN, is robust against the applied biaxial strain regardless of
the strain type, compressive or tensile. In addition, while the location of VBM does not
change via biaxial strain, the energy of the valence states at the I point increases under
tensile strain resulting in less dispersive states residing between the I'-M points.

On the other hand, our results for the applied uniaxial strains are shown in Figs.
3.5(c) and (d) (for AC and ZZ directions, respectively). Note that since a rectangular cell is
used for the uniaxial strain, the high symmetry points are given in the corresponding frame.
It is seen that regardless of the strain direction, the energy of the CBM displays a shift to
higher (lower) energies via applied compressive (tensile) strain. However, in all cases the
CBM resides at the same point under applied uniaxial strain. As zoomed out in the insets of
Figs. 3.5(c) and (d), the compressive uniaxial strain along AC direction exhibits a similar
effect with that of tensile biaxial strain for the valence state residing between the I'-M
points. It is found that the electronic band gap decreases (increases) via uniaxial tensile
(compressive) strains. The energy band gap ranges from 1.56 eV (at 5% of tensile uniaxial
strain) to 2.10 eV (at 5% of compressive uniaxial strain) in both directions. It is clear that
the indirect nature of the electronic band gap is not affected by the type or direction of the
uniaxial strain while the band gap changes depending on the strength of the strain. The
mechanism behind such change can be found in the atomic orbital contributions to the
lowest conduction and highest valence states. It is found that the CBM state is formed by
the in-plane orbitals of the atoms, which indicates that those states are more sensitive to
the applied in-plane strain. In contrast, the VBM state is dominated by the out-of-plane

orbitals of the individual atoms and thus, VBM is mostly unaffected by the in-plane strain.

3.5. Conclusions

In summary, I performed DFT-based first-principles calculations in order to inves-

tigate the structural, vibrational and electronic properties of single-layer GesN, and the
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effects of biaxial and uniaxial strains on the electronic properties were reported. Geometry
optimization revealed that single-layer Ge3N, possesses a holey buckled structure. Phonon
band dispersion calculations showed that single-layer GesN, is dynamically stable. Further
investigations on vibrational properties indicated that Raman active phonon modes can be
used as key for the identification of single-layer GesN, via Raman spectroscopy. Moreover,
the electronic properties of single-layer GesN, were investigated in terms of the electronic
bands and it was shown that GesN, is a large gap semiconductor with an indirect band
gap behavior. In addition, it was also predicted that single-layer GesN, forms type-II
vdW heterostructures with various one-atom-thick and puckered 2D materials except for
single-layer GeSe which gives rise to a type-I band alignment. Furthermore, it was found
that independent of the type of the applied strain, biaxial or uniaxial, single-layer GesN,
preserves its indirect gap nature while its electronic band gap is tunable with external
strain. Single-layer GesN, can be considered as a potential candidate for nanoelectronic

applications with its strain-tunable band gap.
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CHAPTER 4

BAND GAP ENGINEERING OF VAN DER WAALS
HETEROSTRUCTURES OF AlAs AND InSe: EFFECT OF
EXTERNAL ELECTRIC FIELD

Group III-V semiconductors have been well-known owing to their electronic
and optical properties such as exceptional light emission, high electron mobility, good
miscibility, high melting point and direct band-gap.®**¢ Such properties make them

97,98,99

to be potential candidates in applications of lasers, solar cells, '9%1%1 Jight emitting

102,103 104,105,106

diodes, nanowires, and valleytronics. %’ Bulk aluminum arsenide (AlAs),
a member of group III-V semiconductors family, exhibits high electron mobility and
a narrow band gap.®* At ambient conditions, bulk AlAs exists in a stable zinc-blende
structure®> while different phases and transitions between the phases were reported to be
feasible. 10819110 [t was shown that reduction of resistance in bulk AlAs and the variation
of electron transport properties were observed under compressive pressure. !!! On the other
hand, naturally occurring defects in zinc-blende form of AlAs were reported to be similar to
those of in GaAs, and Mg doping was shown to result in p-type conductivity. !'? In addition,
for the quantum wells of AlAs it was demonstrated that doping has improved electron

113 while atomic substitution of Al with V and/or Ti caused ferromagnetisim. !4

mobility
In another study, oxidation of AlAs films were investigated under ultra-high vacuum
conditions, and it was found that water can oxidize AlAs more effectively than O,. 15
Moser et al. produced heavy-mass, multivalley quantum wires consisting of AlAs. !'® Apart
from those reports, AlAs has also been widely used in heterostructures and alloys especially
with GaAs due to their well-matching lattice constants, !!7-118:119.120.121,122,123,124,125

As a recent member of 2D materials, single layer form of InSe exhibiting high
electron mobility at room temperature has been widely considered as a suitable building
block of heterostructures. ?®!?7 It was reported that in ultraviolet and infrared region,
single layer InSe exhibits considerable photo-transistor characteristics making it a potential

candidate for photo-detector applications. !2%!2 Moreover, reports revealed that InSe is

durable under strain'*° and possesses strain-dependent electronic features, '*! which favors
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its use in electromechanical applications and in gas sensors. '3

In the present work, motivated by the recent synthesis of single layer AlSb,!3* an

analogue of AlAs single layer, vertical heterostructures of AlAs and InSe were predicted.

Structural, electronic and vibrational properties of four possible stacking configurations of

the formed heterostructure were investigated. It was shown that as In atom of InSe lies on

top of As atom the optimized structure corresponds to the most energetic stacking sequence.

Structural optimizations revealed that two H- and two T-phases of the heterostructure

can be formed and the two phases are distinguished, by means of their Raman spectra.

Electronically, it was shown that two indirect band gap semiconductors of InSe and AlAs

form a direct band gap semiconductor as the layers interact via van der Waals forces.

Moreover, effect of an external electric field perpendicular to the layer plane was applied
in a range of 0.5 V/A and the results indicated the tuning of electronic features by means

of energy band gap and band alignment of the heterojunction.

4.1. Single Layers InSe and AlAs

Optimized lattice parameters for single layer InSe and AlAs are 4.04 A and 4.00 A
respectively. As listed in Table. 4.1, the In-Se and Al-As bond lengths are 2.67 and 2.46 A,
respectively. From the results of the Bader charge analysis, it is seen that In atoms donate
0.6 e to Se atoms when forming InSe while for AlAs there is 1.9 e transfer from Al atoms
to As atoms. Calculated work functions of single layer structures are 5.80 eV for InSe and
5.12 eV for AlAs.

Electronic band dispersions (Fig. 4.1b.) indicate that both InSe and AlAs are
indirect band gap semiconductors. It was experimentally shown that single layer InSe is an
indirect semiconductor with a band gap of 2.90 eV.!'** The calculated band gap of InSe is

slightly lower (2.41 eV) than that of the experimental observation.
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Figure 4.1. For the optimized single layers AlAs and InSe, (a) top and side views of
each structure, (b) electronic band dispersions, and (c) band alignment of
their heterojunction.

Calculated electronic band dispersions of InSe reveal that its valence band maxi-
mum (VMB) resides at the M-I" point while conduction band minimum (CBM) is located
at the I" point of the BZ. On the other hand, calculated VBM of AlAs is located at the I'
point while its CBM resides at the M point indicating the semiconducting nature of AlAs
with a band gap of 1.84 eV.

As shown in Fig. 4.2, free-standing single layers of AlAs and InSe are dynamically
stable 2D crystals. Phonon band dispersions of the both single-layer structures are free
from any imaginary frequencies through the whole BZ. It is found that each single-layer
structure exhibits nine optical phonon branches, out of the three acoustical phonons. In

the case of single-layer AlAs, there are three doubly-degenerate phonon modes while
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Table 4.1. Calculated ground state properties of single layers AlAs and InSe; the
optimized in-plane lattice parameters, a=b, the vertical distance between
the outer-most atoms, A, the atomic bond lengths between different atoms
within the structures, dx_y, the work function, ¢, and electronic energy
band gap within approximations GGA, E{“*, and GGA+HSE06, E}/ 5%,

a h drn-se  dai—as ¢ EGCGA EHSEOG
A A (A) A (V) (V) (V)
AlAs 4.00 3.44 - 2.46 5.12 1.16 1.84
InSe 4.04 544 2.67 - 5.80 1.60 2.41

the remaining three modes are non-degenerate at the zone-center (I' point). Similarly,
single-layer InSe possesses three doubly-degenerate and three non-degenerate phonon
branches as a result of the hexagonal symmetry of the structure. On the right panel of the
Fig. 4.2 (c and d), the vibrational motion of the individual atoms in each phonon modes are
given by red and blue arrows. The three non-degenerate modes of AlAs are found to be at
frequencies 168, 258, and 329 cm~! while the doubly-degenerate modes have frequencies
93, 340, 362 cm™ .

The mode at 93 cm ™! arises from the shear-like vibration of top and bottom Al-As
pairs in the in-plane direction, while the mode having frequency 168 cm~! stems from the
out-of-phase vibration of As atoms along the out-of-plane direction. In addition, the phonon
mode at frequency 258 cm~! is dominated by the vibration of Al atoms and represents
the opposite vibration of Al-As atoms residing at the same atomic plane. On the other
hand, the phonon mode having frequencies 329 cm~! arises from the in-plane opposite
vibration of top and bottom Al-As pairs. Similarly, phonon mode at 362 cm ™! shows the
out-of-phase vibration of same type of atoms and it is dominated by the Al vibrations. The
phonon branch at 340 cm ™!, however, stems from the out-of-plane vibration of Al and As

atoms, where Al atoms vibrate in-phase while Al and As atoms vibrate oppositely.
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Figure 4.2. Phonon band dispersions of single layer (a) AlAs and (b) InSe. For AlAs (¢)
and InSe (d), the vibrational motion of individual atoms in optical phonon
modes represented at the ' point of the BZ.

In the case of InSe, the phonon modes at frequencies 36 and 103 cm ™! represent
the shear-like and breathing-like vibrations of top and bottom In-Se pairs with respect to
each other, respectively. In the mode at frequency 170 cm™!, both In and Se atoms vibrate
out-of-phase while the phonon mode having frequency 173 cm™~! arises from the opposite
vibration of In and Se pairs in the in-plane direction. On the other hand, the remaining two
phonon modes at frequencies 200 and 229 cm ™! represent the out-of-plane vibration of In

and Se pairs and top-bottom In-Se pairs, respectively.

4.2. van der Waals Heterostructures of AlAs and InSe

For the formation of heterostructure of AlAs and InSe layers, four different stacking
orders (the most symmetric stackings) are constructed. As shown in Fig. 4.3(a), the four

stacking orders refer to the alignments of the atoms such that In atoms reside on top
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Figure 4.3. For the different stacking orders of the heterostructure, (a) top view and
side view of the structures, (b) electronic band dispersions and (c) charge
densities of VBM at the I point, and CBM at the I" point and the M points.

of Al atoms (namely 2H-phase) and In atoms are located on top of As (1T-phase of
heterostructure). The other two stackings are formed with respect to the alignment of Se
atoms on AlAs layer. Similarly, the 2H-phase is formed such that Se atoms reside on top

of As atoms, the alignment of Se atoms on Al atoms gives rise to the 1T-phase formation.

The optimized lattice parameters of single layers AlAs (4.00 A) and InSe (4.04
A) are close to each other, the induced strains on the layers in the heterostructures are
+0.5%. For layer-layer interaction energies, namely the binding energies, the ground
state stacking configuration is found to be the one in which Se atoms reside on Al atoms.
Notably, the second most energetic stacking (In atoms are aligned on As atoms) has a

binding energy which is only 5 meV lower than that of the ground state stacking. The
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binding energies are calculated to be 285 and 280 meV for the two most energetic stackings,
respectively. In both stacking configurations, the heterobilayer structure crystallizes in
IT-phase. On the other hand, the other two stackings referring to the 2H-phase exhibit
relatively lower binding energies (each 188 meV). While the optimized in-plane lattice
parameters of each stacking sequence is the same (4.02 A), the interlayer distance show
dissimilarity between 2H- and 1T-phases. For the two most energetic stackings, the layer-
layer distances are 3.01 and 3.02 A, respectively, while for the 2H-phase stackings the
distance is 3.66 A. Apparently, the alignment of either In or Se atoms on the hollow site of
AlAs layer increases the layer-layer interaction and results in smaller interlayer distance.
In all stacking formations, the bond lengths between the individual atoms of each layer
remain the same since the induced strains are small.

Vibrational properties of materials in terms of their Raman spectra are useful
since it is possible that different structural phases of a material or stacking orders in
heterostructures can be identified through Raman measurements. By using the Raman
spectrum of a heterostructure, it is possible to distinguish between different stacking orders
considering the frequency shifts of the phonon modes and the change in the corresponding
Raman activities. As the layer-layer vdW interaction exist, the low-frequency Raman
modes originating from the weak vdW interaction become experimentally observable.

The Fig. 4.4 shows the full Raman spectrum of each stacking sequence for the
InSe/AlAs heterobilayers. The frequency regime between 0-50 cm™ is zoomed out since
the calculated Raman activities of the phonon modes in the range are much smaller than
those of the high-frequency modes. For vdW-type layered and heterostructure materials,
the low-frequency regime includes the interlayer vibrations and in the case of InSe/AlAs
heterobilayers one of the individual phonon mode of InSe layer falls also into this regime.
The interlayer shear mode (SM) and the layer-breathing mode (LBM) represent the rigid
vibration of AlAs and InSe layers with respect to each other along the in-plane and out-of-
plane directions, respectively. Apart from the phonon frequencies, the Raman activities
of the three low-frequency modes can be used to identify the stacking type and the lattice
symmetry. Apparently, the 1T and 2H-phase heterobilayers are distinguishable in terms
of the Raman activities of the low-frequency phonon modes. In addition, the frequencies
of SM/LBM modes are calculated to be 10/26, 15/29, 16/30, and 10/26 cm~" for the

stacking sequences of In-Al, In-As, Se-Al, and Se-As, respectively. It is apparent that
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Figure 4.4. Raman spectrum of each stacking order in the heterobilayer. The low-
frequency regime of each spectra are highlighted for comparison.

the two lowest energy stackings (corresponding to 1T-phase) are distinguishable from the
2H-phase stacking orders. Moreover, the phonon mode stemming from the vibration of
In-Se atoms in InSe layer is found to have the same frequency in three stacking orders (35
cm™1) except for the Se-Al stacking (36 cm~!). While its Raman activity can be used to
distinguish between the two phases of heterobilayers, its frequency does not allow one to
identify different stacking orders except for the Se-Al stacking. Notably, the frequency
of the mode is almost independent of the layer-layer interactions since it arises from an
individual layer only.

Similar to the low-frequency regime, high-frequency phonon modes are also impor-
tant for the identification of structural phases and layer-layer orientations. As presented in
the Fig. 4.4, the most intense Raman peak appears to be at the frequency 170 cm~! for the
In-Al, In-As, and Se-As stackings and 171 cm™! for the Se-Al stacking order. Sice it arises
from the atomic vibrations of InSe layer, its frequency is not significantly affected by the
stacking order. The Raman activity of the phonon mode is higher for the 1T-phase stacking
orders (In-As and Se-Al). In addition, the phonon mode of InSe at frequency 174-175

cm~! appears as a shoulder near the mode at 170 cm™! in 1T-phase structures while its
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Table 4.2. For the four different stacking orders of InSe/AlAs heterosbilayer; layer-
layer interaction energy, E;,,;, interlayer distance, d;,_j,, the work functions
calculated from two surfaces, ¢g. and ¢ 45, band gap energies calculated
within GGA, ES“*, and GGA+HSEO06, E//*¥, and the type of the band
alignment.

Eine dr-r ¢se ¢as Ego' EESF  Band

(meV) (A) (V) (V) (V) (eV) Alignment
In-Al 188 3.66 5.15 5.10 0.99 1.74 Type-11
In-As 280 3.02 5.27 5.15 1.11 1.83 Type-11
Se-Al 285 3.01 5.23 5.15 1.12 1.84  Type-l
Se-As 188 3.66 5.19 5.14 0.99 1.74 Type-II

activity is not observable in 2H-phase stackings. On the other hand, in the frequency
regime between 200-250 cm™?, there exist two prominent Raman active phonon modes,
which arise from the InSe layer, for the In-As and Se-Al stackings. In contrast, for the
2H-phase stackings a single prominent peak is calculated at 230 cm~. It can be pointed
out that the 1T- and 2H-phases can also be distinguished through the two modes of InSe
layer in terms of the Raman activities. Although, an additional prominent Raman peak

1

is found to exist at 358 cm™ ", neither its frequency nor its Raman activity can be used to

identfy the structural phase and the stacking order.

Electronic properties of the AlAs/InSe heterobilayers are investigated through the
electronic band dispersions of each stacking (see Fig.4.3(b)). As shown in Fig. 4.1(c), the
proposed band alignment of the isolated AlAs and InSe layers is a type-1I heterojunction in
which the top valence and bottom conduction states originate from AlAs and InSe layers,
respectively. Such type of band alignment allows the formation of interlayer excitons
whose electrons and holes originate from different layers. Although, each isolated layer is
indirect band gap semiconductor, the type-II heterojunctions possess direct energy band
gap whose VBM and CBM states reside at the ' point. The calculated energy band gaps
(see Table II) reveal that the layer-layer interaction energy results in increase of the energy
band gap as it gets stronger. In the case of ground state stacking order, the electronic band

gap energy is calculated to be 1.84 eV. Notably, in the 2H-phase stackings, the energy
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difference between conduction states at the M and the I' points is larger as compared to
that in 1T-phase structures. As shown in the Fig. 4.3(b), the direct and indirect band gap
energies are very close to each other in In-As and Se-Al heterobilayers exhibiting 1T-phase
structure. The energy difference between the indirect and direct band gaps are around 10 to

20 meV which make the direct-indirect transitions quite possible. In addition, for the two

electronic behaviors there exist two different heterojunction types. As presented in the Fig.

4.3(c), while the VBM at the I" point is fully dominated by the AlAs states, the conduction
band edges at the M and the I' points arise from two different layers. The indirect band

gap between the I'-M points gives rise to the formation of type-I heterojunction while

the direct band gap behavior at the I point results in the type-II heterojunction formation.

Such close energies reveal that the direct-indirect transitions or type-I/type-II transitions,
in the electronic band gap behavior can be achieved by external effects such as electric

field or strain.

4.3. Effect of External Electric Field

Nanodevices are usually subjected to external electric field or namely gating in
order to tune the performance of the device. In case of a heterostructure, when it is applied
in an optoelectronic nanodevice, the heterostructure can be controllably subjected to an
external electric field which may cause a change in its electronic properties. In order to
investigate such tunable properties, AIAs-InSe heterobilayer structure is subjected to an
electric field pointing along the out-of-plane direction. For the applied field, both £z
directions are considered such that the field operates either from InSe to AlAs (negative
field) or from AlAs to InSe (positive field). The strength of the applied field varies from
0.1 to 0.5 V/A for both directions. Note that, for the application of the electric field, only

the ground state stacking configuration is taken into account.
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Figure 4.5. The layer-decomposed electronic band structures of the heterostructure
under external electric field. The red and green curves stand for the states
of InSe and AlAs, respectively.

The Fig. 4.5 shows evolution of the layer-decomposed electronic band dispersions
under applied electic field. As the external electric field, €.,;, points from AlAs layer
to InSe, the direct band gap nature of the heterobilayer is found to be conserved under
increasing field strength. Apparently, the conduction band edge at the M point (originating
from AlAs layer) shifts upward while that of residing at the I' point (stemming from
InSe layer) shifts to lower energies indicating that the energy difference between the
CBM states of the individual layers increases. On the other hand, the VBM state of the
heterostructure remains to reside at the [' point with increasing field strength and the type-1I
band alignment is preserved. As shown in the Fig. 4.5, the band gap energy varies linearly
with the strength of €., as the field points towards InSe layer. Such linear behavior can be
explained through the interaction mechanism between the band edges of the individual
layers. Under positive .., while the energies of conduction band edges of AlAs (InSe)
shift upward (downward), the electrons are still confined to each layer, separately. In
contrast, the energy level of VBM states arising purely from InSe layer display downward

shift while that of stemming from AlAs almost remains the same. Notably, within range of
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applied positive .., the layers do not exhibit hybridization and therefore, the band offset
energies tuned by the external field is linear, leading to linear decrease of the energy band
gap. The confinement of electrons in the out-of-plane direction in each layer does not lead
to hybridization between the constituent layers and thus, the band gap variation is linear

(see the blue region of the Fig.4.6).
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Figure 4.6. The layer-decomposed electronic band structures of the heterostructure
under external electric field. The red and green curves stand for the states
of InSe and AlAs, respectively.

For the negative external field, a different physical mechanism dominates the
behavior of the electronic bands and the corresponding energy band gap. When the applied
Eez¢ points from InSe towards the AlAs layer, the conduction band edges of AlAs layer
lying at the M and the I" points shift downward while those of InSe shift oppositely. Since
the CBM of the heterostructure shifts to the M point, there occurs direct to indirect band
gap transition at -0.08 V/A of the applied field. As the field strength increases, the VBM

state at the I' point originating from AlAs layer shifts to lower energies. For the field
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strengths of -0.1, -0.2, and -0.3 V/A, the VBM of the heterostructure stems from AlAs
layer and resides at the I point. A transition from type-II to type-I heterojunstion is seen
within the -0.3> £.,; >-0.08 V/A of the applied field. As seen from the Fig. 4.5, for
negative ¢.,; the valence states of two layers around the I' point (through the paths M-I"

and I'-K)) start to overlap and the hybridized bands appear. Therefore, the holes are not

anymore confined to each layer and are distributed across both layers around the I" point.

As the g, 15 -0.08 V/A, the electronic band gap transition is favorable between ['-M while
over -0.3 V/A I'/K-M transitions become feasible. Thus, the change of the band gap is
represented by the black dots between 0.5 and -0.08 V/A and then followed by the red
squares up to -0.4 V/A of the applied field. Finally, for .., values over -0.4 V/A, the
change in the band gap is shown by the green diamonds. Apparently, both energy shifts of
the band edges of constituent layers and the hybridization of valence states of the layers

drive the behavior of the energy band gap in the yellow region shown in Fig. 4.6).

4.4. Conclusions

A van der Waals type heterobilayer structure formed by InSe and AlAs layers was

predicted by means of first-principles calculations. For the dynamically stable single layers

of InSe and AlAs, it was shown that four different stacking configurations can be formed.

Raman spectrum analysis revaled that the most energetic two stacking order configurations
are distinguishable in terms of the low-frequency interlayer phonon modes. In addition,
electronically it was shown that in all four stacking orders the two indirect band gap
semiconductors (InSe and AlAs isolated layers) form direct band gap semiconductor in
type-1I staggered-gap band alignment in which AlAs dominates the highest energy holes
as well as the lowest energy electrons are separated in InSe layer. Moreover, the effect
of an external out-of-plane electric field on the electronic properties was investigated by
means of the energy band dispersions and the band gap energy. The results showed that
due to the out-of-plane asymmetry in the formed heterobilayer, not only the strength but
also the direction of the field affects the electronic behavior of the heterobilayer. The
heterostructure was found to display a transition from direct to indirect band gap under
negative electric fields while it was shown to be robust direct band gap semiconductor for

positive fields. It was further revealed that for the electric fields with strengths up to -0.3

31



V/A, the heterobilayer structure possesses a transition from type-II to type-I heterojunction
while for stronger fields along the same direction overlapping of valence states of each
layer occurs. Consequently, the van der Waals type heterobilayer of InSe and AlAs with
well-controlled electronic features under external field is predicted to be suitable for

applications in optics and optoelectronics.
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CHAPTER 5

OVERALL DISCUSSION

Overall, motivated by the outstanding physics of electrons in low-dimensions, this
master thesis focused on the investigation and the characterization of different types of
novel ultra-thin crystals by means of DFT-based first-principles calculations.

In 1st chapter, a short introduction is written related to the 2D materials while 2nd
chapter is the methodology of the DFT.

In the work given in Chapter 3, a novel 2D material, Ge3N, is proposed which is
both structurally and dynamically stable. Electronic band dispersions show that single-
layer GesNy is a indirect band gap semiconductor whose band gap is tunable with applied
strain, while indirect nature is not affected.

Chapter 4 is the investigation of the effect of external electric field on the properties
of AlAs/InSe heterobilayer. A stable indirect semiconductor single layer structure of AIAs
is proposed. The resulted heterobilayer from the combination of AlAs/InSe is a direct band
gap semiconductor. When a negative external electric field is applied to heterostructure,
Type II - Type I transition occurs along with direct - indirect gap transition.

To conclude, this thesis propose novel graphene like single layer structures and
their heterostructure based on the first-principles calculations. Structural, electronic and
vibrational investigations reveal that Ge3Ny, AlAs, Inse and AlAs/InSe heterostructure can

be used in various nanotechnology applications.
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