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ABSTRACT

STABILITY OF TWO DIMENSIONAL (2D)
STRUCTURES BASED ON GaAs

Mustafa Erol
M.S. in Physics
Advisor: Prof. Dr. Oguz Giilseren
August, 2015

Graphene is a two dimensional material isolated for the first time in 2004. After
this, two dimensional materials has become an appealing research area for the

scientists because of their exotic properties.

In search for two dimensional materials, both experimental and theoretical in-
vestigations have been carried out. First-principles approaches have been used to
predict silicene and germane theoretically. A technologically important semicon-
ductor material is GaAs, however there is no report of two dimensional materials
which is based on GaAs.

We attempted to find a new stable 2D structure which is formed from either
Ga and As atoms based on GaAs or its functionalized form with O atoms. In
search for such a system, we performed density functional theory based calcu-
lations by using a plane-wave pseudopotential method. We used local density
approximation for the exchange correlation potential. First, we performed geo-
metrical optimization calculation in order to identify possible stable structures.
We obtained electron band diagrams and phonon dispersion relations to check
electronic properties and stability of these materials. We found three structures
which are based on GaAs (100), (110) and (110) surfaces. We found that these
two dimensional materials are geometrically stable but after performing phonon
calculations we observe that there are some negative energy modes. In addition
we identified one system which is based on Ga, As, and O atoms. Even though
this structure is stable after geometry optimization, it has negative phonon modes

in its phonon band diagrams.

Keywords: Graphene, Two dimensional material, GaAs, DFT, Phonons, First-
principles, Electronic structure.
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OZET

GAAS TABANLI IKI BOYUTLU (2B) YAPILARIN
KARARLILIKLARI

Mustafa Erol
Fizik, Yiiksek Lisans

Tez Danigmani: Prof. Dr. Oguz Giilseren
Agustos, 2012

Kegfedilen ilk iki boyutlu malzeme olan grafenin bulunmasindan sonra, iki
boyutlu materyaller siradisi 6zelliklerinden dolay1 bilim insanlar: i¢in oldukca ilgi
gekici bir aragtirma alani haline gelmistir.

Iki boyutlu materyal aragtirmalarinda hem deneysel hem de teorik yaklagimlar
kullanilmaktadir. Ornegin bu yaklasimlarm en 6nemlilerinden biri olan
yogunluk fonsiyoneli teorisi, silisen ve germanenenin teorik olarak tahmininde
kullanilmigtir.  Teknolojik uygulamalarda en yaygin kullanilan yariiletken
materyallerden biri GaAs olmasina ragmen heniiz GaAs temelli iki boyutlu bir
yap1 bulunamamistir.

Bu tez calismasinda ya GaAs temelli, Ga ve As atomlarindan olusan, ya da
GaAs'im O atomu ile iglevsellestirilmis formunu baz alan yeni kararli bir iki
boyutlu bir yapit bulmaya calistik. Bu arastirmamizda yogunluk fonksiyeneli
teorisine dayanan diizlem-dalga yapay potansiyel metodu kullanarak hesapla-
malar gergeklestirdik. Degis-tokug korelasyon potansiyeli i¢in yerel yogunluk
yaklagimn kullandik. Once, muhtemel kararl yapilar1 tanimlamak icin geometrik
optimizasyon hesaplamalar1 yaptik. Bu materyallerin elektronik ozelliklerini ve
kararliligini kontrol etmek ig¢in elektron bant diagramlarini ve fonon dagilim
bagintilarim elde ettik. GaAs (100), (110) ve (110) yiizeylerine dayanan ii¢ yap:
elde ettik. Bu iki boyutlu materyallerin geometrik olarak kararli oldugu bulduk.
Ancan fonon hesaplamalar1 uyguladigimizda negatif enerji kiplerinin oldugunu
gozlemledik. Ayrica Ga, As ve O atomlarina dayanan bir sistem bulduk. Ancak
yapimin geometrik olarak kararli olmasina kargin fonon bant yapisinda negatif
enerji kipleri oldugu gorilmiigtiir.

Anahtar sézciikler: Grafen, Iki boyutlu materyaller, GaAs, Yogunluk fonksiyoneli
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teorisi, Fonon, Elektronik yapi.
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Chapter 1

2D Materials

1.1 Introduction

2D materials exhibit completely different properties compared to their 3D coun-
terparts. 2D materials discovered up to now consist of one kind of atom or two
different kind of atoms in their basis. These atoms are arranged in a two dimen-
sional single layer which make chemical bonds with each other. Starting with the
discovery of graphene, 2D materials have attracted great interest. The reason

behind this is the exotic properties of graphene.



Figure 1.1: 2D structure for graphene

Figure 1.1 shows hexagonal lattice structure of single layer 2D graphene.
Graphene’s tensile strength is 130 GPa [1] and Young modulus is 1 TPa [1].
These results show that graphene is the strongest known material. Also, graphene
has very interesting conducting properties. Its carrier density is 10'? cm™2 [2].
Thermal conductivity of freely suspended graphene at room temperature is ap-
proximately between 2000-4000 Wm ™' K~! [2], which makes one of the materials
with highest thermal conductivities. Optical properties of graphene are very in-
teresting as well. The incident visible light absorption (white light absorption)
of graphene is 2.3% [3] and visible light transmission is 97.7 % [3]. This makes

graphene almost completely transparent. Pristine graphene has no band gap [4].



Figure 1.2: (a)Band structure of graphene.(Reproduced from BeenakkerCW.J
2008 Andreev reflection and Klein tunneling in graphene Rev. Mod. Phys. 80
1337 ) (b) Energy band diagram at one K point form a dirac cone (Reproduced
form Eva Y Andrei et al 2012 Rep. Prog. Phys. 75 056501 doi:10.1088/0034-
4885/75/5/056501)

The figure 1.2 shows the valance band and the conduction band of graphene
meet at the so called ”"Dirac points” or ”charge neutrality points”. Graphene
band structure shows zero band gap, which means that it is a semi-metal. The
main source of exotic behavior of graphene is the linear behavior of the graphene
band structure (1.2 (b)). Cyclotron mass of electron is one of them. The cyclotron

mass of graphene is [5]

m* = \Z—f\/ﬁ (1.1)

where, m* is cyclotron mass of graphene, n is the charge density and vy is

1

Fermi velocity at Dirac point approximately vy ~ 10° ms™! . The effective mass

is charge density dependent.



Figure 1.3: 2D structure of h-BN

Hexagonal boron nitride (h-BN) is another example for 2D materials. Similar
to graphene, figure 1.3 shows (h-BN) composed of hexagonal lattice structure. It
consists of equal number of sp? bonded boron and nitrogen atoms. There is no

buckling between boron and nitrogen atoms.

2D (h-BN) layers are considered as insulator or wide band gap semiconductor
which has a band gap of approximately 5.9 eV [6]. Because of this property it can
be used as a barrier for leakage in electronics. Useful properties such as chemical

stability and intrinsic insulation of (h-BN) attracts great interest.



A

Figure 1.4: (a) Top view 2D structure of Silicene (b) Side view 2D structure of

Silicene

There are group-IV elements which can take form of graphene-like 2D ma-
terials namely germanene and silicene. These materials were initially predicted
by theoreticians [7] then confirmed by experimentalists [8]. Ge and Si are two
appealing materials because of their chemical properties and their application
areas in technology. Researchers thought that these 2D structures may bring
new physical properties and can take their places in technology. Both Ge and
Si, form a 2D planar hexagonal lattice structure like graphene. Figure 1.4 shows
the structure of silicene. With using first-principles local density approach, it is
shown that 2D germanene and silicene has small buckling in contrast to graphene.
It is also shown that planar and the highly buckled silicene and germanene are

not stable. But they are stable in the low buckled (LB) honeycomb structure,



with buckling A=0.44 nm [9]. Figure 1.3 shows the 2D structure of silicene.
Fermi velocity of silicene and germanene are 5.1 x 10* m/s and 3.8 x 10° m/s
respectively [10]. Properties of nanoribbons of these materials depend on size
and topological structure. Because of its electronic properties silicene appeals

electronic industries attention as a possible new application material.

After these discoveries scientists focused on other 2D materials. Several 2D
materials are reported which have many application areas from optoelectronics
to solar cells. Transition metal dichalcogenides (TMD) which include hexagonal
layers with elements from the oxygen family (chemical elements in group 16 of
the periodic table) and the transition metals can appear in more than 40 different
categories [11]. One of the most significant one is Molybdenum disulfide (Mo0S5)
which has a direct band gap around 1.90 eV [12] . At room temperature, it shows
an n-type conductivity which has mobility a between (0.5—3) em?/(V's) [13], [14].
If we compare this value with the bulk MoS; which has a mobility at the room
temperature between (200-500) cm?/(Vs), mobility of the 2D single-layer MoS, is
lower. Also using strain modifying the optical and electronic properties of MoS,
can be manipulated [15]- [16].

There are some other examples of 2D structures, graphyne, borophene,
stanene, phosphorene and fluorographene are some of them. These 2D mate-
rials can be combined with each other to obtain new materials on demand to
meet the special needs in different applications. These new materials can be used
in space technology, optoelectronics, automotive, electronics, solar cells, energy

storage, paints, communications, sensors and in many other applications.

GaAs has many important properties. Its intrinsic carrier concentration at
room temperature is 2.1 x 10° em™3 [17]. It has a very wide using area. For a
single-junction GaAs solar cell the efficiency is 28% [18]. It is the highest efficiency
detected for this kind of solar cell. It can be used in solar cells. Also for X-Ray
detection GaAs diodes can be used. Possible 2D materials based on GaAs can

gain great importance.

In this thesis possible 2D structures based on GaAs were investigated by using



the pseudopotential plane wave calculations based on density functional theory.

1.1.1 Organization of the Thesis

The second chapter includes theoretical information about the first principle ap-
proach and computational details. In the third chapter, to investigate novel 2D
materials based on GaAs, first principle study of ground state energy calculations

are presented. In the fourth chapter conclusion of this thesis is given.



Chapter 2

Computational Methods

2.1 Introduction

In order to describe the physical properties of an atomic system, we have to solve

Schrodinger equation. We can write Schrodinger equation as

HY(R,7) = EV(R,7) (2.1)

where R and 7 represent atomic and electronic coordinates. If we can solve
the Schrodinger equation for a desired system, we can obtain all the information
about that system. Unfortunately, it is impossible to get an exact solution for
a many-body system. In general, the Schrodinger equation consist, 3N degrees
of freedom for the electron and 3P degree of freedom for the ions, where N is

number of electrons and P is number of ions. The Hamiltonian can be written as

. 1 1 1 1
H:—§;V3—2;V§+2;2’ﬁ_m
- - = (2.2)
e Z1Z e
+ = S et S
2;;’ r— Ryl ;;\ﬁ—ffﬂ
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the right hand sight of this equation; the first term is the kinetic energy of the

where the atomic units e = h = m, = 1 have been employed. On
electrons, the second term is the kinetic energy of the ions, the third term is the
electron-electron interaction, the fourth term is the electron-ion interaction and
the last term is the ion-ion interaction. There is a factor of % in the electron-

electron and ion-ion interaction terms in order to avoid the double county.

Hamiltonian can be written as

H = T,(7) + Tie(R) + Vee(R) + Ve (R.7) + Vo (R) (23)
where T, is kinetic energy of electrons, TN(}?) is kinetic energy of ions, V;e(ﬁ)
is electron-electron interaction, V,y (R, 7) is electron-ion interaction and Viyy (R)

is ion-ion interaction. Then the Schrodinger equation can be written as:

[T.(7) + T (R) + Vie(B) + Vo (BP) + Van (R)U(R, 7) = EW(R, 7)) (2.4)

where 7 and R represent coordinate of N atoms. Because of many degrees of
freedom we can not solve this equation analytically for many-body problems. In
order to simplify this equation, first we can apply so called Born-Oppenheimer

approximation.

2.1.1 The Born-Oppenheimer approximation

When we compare the mass of an ion and the mass of an electron we see that
ions are much heavier than electrons. In the atomic units, mass of a proton is
1.007276466812 u, mass of a neutron is 1.00866491600 u and mass of an electron is
5.4857990943 x 10~* u. Because of this huge mass difference between the electron
and the ion, the time scale of their dynamics be different and therefore it can be

ions are moving much slower than the electrons. Therefore we ca treat ions as

9



frozen. In the Born-Oppenheimer approximation using this fact we can separate

the total wave function into two parts.

U(R,7) = 0(R)®(R,7) (2.5)

where the (R) is ionic part and the ®(R, 7) is the electronic part of the wave
function. Therefore, we can examine the electronic motion at different snapshots
of the ionic motion by frozen ion approximation. Using this fact, the electronic

Hamiltonian can be written as

He == TE(F) + ‘/ee(é) + ‘/;N(R)a 7:‘) (26)

This approximation is called Born-Oppenheimer approximation [19]. Accord-
ing to this, Schrodinger equation can be rewritten in terms of separated wave

function. Then, electronic part of the Schrodinger equation can be written as

> ;]‘I)R(F) = E,(R)®R(7) (2.7)

N
2T 7]

N | —

] ) N P 2,
vy A
2z - |7 — Rl

i=1 j=1

Electrons are considered, moving in an effective potential due to the frozen ions.

In the electronic Hamiltonian, the nuclear position can be taken as a parameter.

2.1.2 Hartree-Fock Method

In the previous chapter the Schrodinger equation was simplified with the Born-
Oppenheimer approximation. However, the electron-electron interaction is still
very complicated. There are many electrons which are interacting with each other
and the ions. To make a model for these interactions in the Hartree approxima-

tion, it has been considered that electrons move in an effective potential produced

10



by the other electrons and the ions. In Hartree-Approximation (HA) we write
the wave function of the system a product of the each particles wave function.
Under this assumption, we can write the wave function of the electrons as single
particle wave function. The simplest wave function for a many body system can

be written in product form:

N

V(7,730 7N) = G1(71)d2(13)--dn (%) = [ [ ¢:(7) (2.8)

i=1

Simply this wave function is the product of each single electron wave function.
Because of antisymmetry condition of quantum mechanics it is not possible to
write the wave function of a fermionic system as a simple product of wave func-
tions. In the Hartree approximation the behavior of the fermionic particles is not
described properly. This problem is tackled by Hartree-Fock method by writing

electronic wave function as a Slater determinant:

Ui(r) a(r1) o ()

- — —

V(7 %) = 1 P1(re)  o(ra) ... Un(re)
1,72, -, TN) = —F—
b ) b N! . . i .

Yi(r2) a(rn) o ()

Here \/1ﬁ is the normalization constant. Now in order to solve the Schrodinger

equation we can use this wave function and employ the variational principle.

Simply our electronic Hamiltonian has three parts.

He == TB(F) + ‘/;e(é) + ‘/;N(R)a F) (29)

1N N P 1 N

i=1 I=1 ’ T i=1 j=1

In this equation, the first and the second terms are single particle operators

11



and the third term is a two particle operator. Then, we can write the electronic

Hamiltonian as

N N
H, = h(i) %; (T, %) (2.11)

where h is a single particle operator and ¢ is two particle operator.

Next we apply the variational principle to the wave functions and obtain

o x1+2{ [ sttt ot - [ oealoian)ld |
Zzi:/\mcbi(fl)

(2.12)

We have the freedom to concentrate upon those Lagrange multiplier A\;; which

satisfies

)\kzi e 5ki€k (2.13)

Then equation 2.12 can be written as :

where F is the Fock operator. In order to solve the system of equations in
2.14 we first guess an initial set of orbital. Then, we build the Fock operator. As
a third step, using the Fock operators, we solve the HF equations to get a new
set of orbitals with respect to the lowest energy orbitals. Then, we repeat the

procedure from the the second step till the orbitals show little change.

12



Here, the Hartree-Fock potential does not take into account the real electron-
electron interaction [20]- [21], because in the Hartree-Fock approximation we use
a single Slater determinant. The electron-electron interaction is neglected in the
wave function. In this system, we are representing many-body wave function
with single particle wave functions via Slater determinant. The main problem in

Hartree-Fock Approximation is the correlation between the electrons.

2.2 Density Functional Theory

Density Functional Theory (DFT) is a framework for investigating electronic
properties of materials. This technique uses the fact that energy of a system can

be written as functional of electron density.

2.2.1 Hohenberg-Kohn Theorem

Hohenberg and Kohn introduced two fundamental theorems in 1964 which form
the basis of the DFT [22].The first theorem states that density exists and is
uniquely determined for any system of interacting particles in an external po-
tential. Second theorem states that a universal functional for the energy can
be defined in terms of the density. The exact ground state energy is the global
minimum value of this functional. These two theorems construct the foundation

of DFT. The energy is given by

E[n] = T[n] 4+ Ejuln] + /Vm(F)n(F)dr?’ = F[n] + / Vet (F)n(F)dr®  (2.15)

where the T[n] is the kinetic energy of the system, the V,zt(7) is the external
potential and n(7) is the density of the system

13



2.2.2 Kohn-Sham (KS) Approach

The density operator defined as

= 0(F—7)
i,N

There, we can obtain the density with expectation value of the 7n(7).

n(7) = (W] A7) ) :N/|\I/(F,F2...FN)|2dF2...dFN

Expectation value of ion-electron interaction can be written as

Ne N,

2y

(U7 ooy PN )| Vine |97, ., ) = —ZZ/\IJ*(%,...,FN)'—QCZFL.
i 1

ri — Ryl

B, = / n(f‘)%df: / (7 Vi (F)dF

Ti—RI’

Also, the expectation value of interaction will be

1 n(Z)(F )]
Ee== | [ drar 200
2// e

We can assume that

n@ (7, 7) = n(F)n(7) + An@ (7,

!
!
~—

Hence we can write

14

(2.16)

(2.17)

—

.d?"N

(2.18)

(2.19)

(2.20)

(2.21)



1 n(r)n(r)
E.,.=- —r 2 1L AFE 2.22
ee 9 // ‘ﬁ 777| + ee ( )

So we obtain the expectation value of electron-electron interaction. But, it
is impossible to write expectation value of kinetic energy (T) as a functional of

density because of A operator.

1
r= —5/ APV (7, oo, Ty ) V2O (T o T (2.23)

For the unknown kinetic energy part, Kohn and Sham introduces a non in-
teracting systems kinetic energy with a correction [23]. This artificial systems

density can be written as

n() =3 on(P? (2.24)

Therefore, the expectation value of the energy can be written as

N -
E = _71 ; / dPFer (F) 2 i (F)+ / n(ﬁVne(F)dF+% / dfdﬁ%+AT+AEee

(2.25)
where E,. = AT + AFE,. is Exchange-Correlation energy.
Finally Kohn-Sham equation can be written as in a simplest form
(Ty + Vir + Vo + Viar)i(71) = ehi(77) (2.26)

where 7T} is noninteracting system’s kinetic energy and Vi, Vxe, Veat are ef-
fective potential. The ¢; functions are Kohn-Sham (KS) orbitals.

15



Here we can write the effective potential as

Vepp = V(7)) + = / “3|7Z(_7A/;1+§§$ (2.27)

where, on the right hand sight of equation, the first term is external potential,
the second term is Hartree potential and the third term is exchange-correlation

potential.

Up to this point Kohn-Sham theorem is exact. If we know the exchange-

correlation function this representation would be exact.

2.2.3 Local Density Approximation(LDA) and General
Gradient Approximation (GGA)

In the KS equation
Vxo = —= (2.28)
is not known. Hohenberg and Kohn proposed LDA [24]. According to this

approximation, we can replace E,. with a linear functional of the density

EEPA () = [ dreemn(s (229

ho

where €29 is the exchange-correlation energy density of an interacting homo-

geneous electron gas at the density n(r).

Real systems are inhomogeneous, so we need corrections to LDA, one way is
including higher order terms in the expansion of density in exchange-correlation

energy. The more general form of correction is:

ESA ()] = [ drf(n(), 7n() (2:30
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2.2.4 Lattice Structure and Periodicity Conditions

Crystal structures are modeled by lattices in terms of primitive vectors and lattice

vectors. A translation vector is that preserved lattice symmetry is
f = Uldl + Ugc_ig + U30_:3 (231)
The vectors dy, ds, ds are primitive lattice vectors and wuq, us, ug are integers.
We defined our translation vector 7' in terms of these primitive lattice vectors.
Physical properties such as electron density and magnetic moment are invariant

under this translation vector. Most importantly the electron number density n(r)

is a periodic function of ¥ and invariant under translation vector T

n(7+ T) = n(F) (2.32)

To proceed further to define our crystal structure, we first define our reciprocal

lattice(inverse space) [25] vector G :

é = 1)151 + UggQ + Uggg (233)

where the vectors by, by, b3 are reciprocal lattice vectors and vy, v, v3 are inte-
gers. Now, we can write the Fourier series representation of the electron density

under any crystal translation:

n(F+T) = Z ngel@NeliGT) (2.34)
G

where exp(iG.T) = 1

Then we have the desired invariance:

n(i+T) =n(f) = > ngexp(iG.7) (2.35)



2.2.5 Bloch Theorem

In 1928 Felix Bloch proposed that for a periodic potential solution of the
Schrodinger Equation can be written as as [26] [27] [28] :

—

V(7)) = ug(7)exp(ik.r) (2.36)

where u;(7) has the period of the crystal lattice with ugy(7) = ug(7 + T).
Here T is translational vector of the lattice. This equation expresses the Bloch’s

Theorem.

The eigenfunctions of the wave equation for a periodic potential are the product
of a plane wave exp(z'l;.f’) times a function uy () with the periodicity of the crystal

lattice.

where

up(i) =Y ag, g™ (2.38)

2.2.6 Plane Waves

Plane waves are useful and simple for describing the electronic wave function in
a periodic system. Because of this reason, to solve the Kohn-Sham equations, we
expand the wave function at each k point in terms of plane wave basis. While
doing this as a computational technique to simplify the calculation, we can use
Fast Fourier Transformation (FFT). But it is impossible to make an expansion
with infinite number of plane wave basis set. For this reason, we have to truncate
our plane wave expansion. We can define an upper bound for the kinetic energy.

Hence, we will only use plane waves which have less kinetic energy than our

18



defined kinetic energy. In order to reduce errors we can increase the cut-off

energy [28].

2.2.7 Pseudopotential

The coulomb interaction is inversely proportional to the radial distance 7. Be-
cause of this in the core region of the atom, potential becomes too large when
electron is too close to core. The wave functions of valance and core electrons have
to be orthogonal. So that plane waves of these valance electrons are oscillating

too much. To avoid this we can define a pseudo potential.

Instead of considering the potential of all core electrons, we can define a sin-
gle pseudopotential which can describe the system with a good approximation.

Figure 2.1 shows this behavior.
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Figure 2.1: Tllustration of all-electron (solid lines) and pseudoelectron (dashed
lines) potentials and their corresponding wave functions. The radius at which all
electron and pseudo electron values match is designated r.

(Reproduced from [28])
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Chapter 3

First Principle Study

3.1 2D Structures Based On GaAs

GaAs has a very wide application area which is already known. In this study, we
searched for possible 2D structures which can be obtained from GaAs. For this
purpose, we used GaAs (100), (110) and (111) lowest surface energy structures to
obtain 2D materials. After this to avoid polar effect of (100) surface of GaAs we
used Oxygen. We calculated the energy band diagrams of these structures. Then

for stability we checked phonon dispersion relations of these possible structures.

3.2 Methodology

In this study, all calculations are carried out using on Density Functional Theory
plane wave basis sets and pseudo potential method. For the exchange-correlation
term we have chosen local density approximation and performed all calculations
in Quantum Espresso package [29]. As pseudopotential we have used nonlin-
ear core correction Perdew-Zunger exchange-correlation functional type. At first

for bulk GaAs we have performed cut-off energy, k point and lattice parameter
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optimizations.

Total Energy (eV)

1 | | | | | | 1 |
200 300 400 500 600 700 800 900 1000 1100
CutolT Energy (eV)

Figure 3.1: Minimum energy convergence for the total energy. y axis rescaled as
y+6016 eV
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Figure 3.2: Minimum energy convergence for the lattice parameter of (100) sur-

face of GaAs. y axis rescaled as y+6016 eV
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Figure 3.3: Minimum energy convergence for the k points of GaAs (100) surface.

y axis rescaled as y+6016 eV

As seen from 3.1 it shows that at 680 eV is a sufficient cutoff energy for
bulk GaAs. Also, as seen from 3.2, lattice parameter is 5.6 A. Also in 3.3 we
examined the k point convergence for bulk GaAs. With obtained all the rest
of the parameters from these convergence results we performed our remaining

calculations.

As a summary, we have used plane wave basis set in the Kohn Sham equations
and we have taken cutoff energy as 680 eV for reducing the computational cost.
Accurate lattice constant is obtained as 5.60 A. We have used a Monkhorst-Pack
mesh [30] of 4x4x4 for the bulk GaAs. Because of the symmetry in 2D systems
we have taken Monkhorst-Pack mesh of 4x4x1.

As possible structures, first we considered (111), (110) and (100) surfaces of
GaAs. We cut these surfaces from the bulk GaAs, then to get 2D systems we
construct at least 10 A vacuum region between two GaAs surfaces. Then, we
performed our ground state energy calculations for geometry optimization of these
systems and look for which has the minimum ground state energy after relaxation.

When we found the state which has minimum energy we examined the possible 2D
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Figure 3.4: (a) Top view of (100) surface in 1x1 cell. (b) Side view of (100)

surface in 1x1 cell. (c) Top view of (100) surface in 2x2 cell. (d) Top view of
(100) surface in 3x3 cell.
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structures. While doing our calculations, we started from 1x1 cell and with using
supercell method we performed relaxation calculations for 2x2 and 3x3 supercells
as well in order to address to constraint because of the unitcell size and periodic

boundary condition.

Figure 3.4 illustrates our 2D surfaces. After seeing that these structures which
are only based on GaAs surfaces, has negative phonon modes, we suggested that
the reason behind this negative modes, might be caused by the polar surfaces of

GaAs. To avoid this polar behavior we added oxygen to our system.

Then after performing geometry optimization we checked the system’s elec-
tronic behavior and phonon band structures of each system. Phonon calculation
performed with using the Density Functional Perturbation Theory (DFPT) [31].
Figure 3.4 shows that our initial parameters for the 2D structure which is based
on (100) surface of GaAs. We performed the same method for (110) and (111)

surfaces of GaAs.

ky .
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® O .
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= /] .
</ “a A I:f kx
® b;"\.'
(b)

Figure 3.5: (a) Brillouin zone for square 2D GaAs surface. (b) Brillion zone for

hexagonal lattice.
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For the square Brillouin zone in figure 3.5 (a) high symmetry points are defined
as I'=(0,0), X = (%£,0), M = (£, ).

a’ a’a

The three nearest neighboors are located in the real space of figure 3.5 (b)

& = 2(1,V3), & = £(1,—v/3), 65 = a(—1,0),

High symmetry points in the momentum space of figure 3.5 (b) are K =
(2,422 T = (0,0), M = (2,0)

a)-a—#—ag b)

£ i

Figure 3.6: Brillouin zone of rectangular cells

In figure 3.6 (a) high symmetry points are I' = (0,0), X = (2%,0), A = (2%, 5T)
and H = (0, ‘Z—Z) In figure 3.6 (b) high symmetry points are I' = (0, 0)
(%’T,O), S = (%,3) and H = (0, 2%).

a’ 2a ’ 2a

To calculate energy band diagram and phonon dispersion relations we used

high symmetry point of these Brillouin zones.
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3.3 2D Structures Based on GaAs

3.3.1 Investigation of the (100) surface

At first, we investigated the (100) surface of GaAs. This surface is the polar
surface of GaAs. We have taken the upper two layers of GaAs in the (100)
direction and removed the other parts. Hence we obtained one layer of As atoms
on top of the one layer of Ga atoms. Also, we wanted to avoid interaction between
periodic images in the z direction. For this we set at least 10 A of free space
between the one set and second set of GaAs layer in the z direction. Figure 3.7
illustrates our initial values. We carried out our geometry relaxation calculations

with using these 1x1, 2x2 and 3x3 cells.
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Figure 3.7: (a) Initial structure’s top view of 2D material based on (100) surface.
(b) Initial structure’s side view of 2D material based on (100) surface. (c¢) Final
structure’s top view of 2D material based on (100) surface. (d) Final structure’s

side view of 2D material based on (100) surface.

Figure 3.7 (a) and (b) displays initial structures before geometric optimization.
Figure 3.7 (c¢) and (d) show the final structure after geometry optimization. The
lattice is not a honeycomb like graphene but after relaxation calculation system
showed tendency to reduce the buckling. As it can be seen that after relaxation
buckling is reduced from A = 1.40 nm to A = 1.19 nm. For further investigation

of stability we calculated phonon dispersion relation.

28



300.0]

250.04

200.04

150.Q4

100.0Q]

50.04

0.0 |

-50.0_

Phonon Frequency (cm™)

-100.0+

-150.0

r X M r

Figure 3.8: Phonon band diagram of 2D structure which is based on (100) surface
of GaAs

Figure 3.8 shows that system has negative phonon modes. This means that
this 2D structure is not stable. These negative phonon modes are the result of
w? < 0 equation. Here w is the frequency. This equation gives us imaginary
modes. Negative frequencies (i.e., negative squared frequencies) actually mean

imaginary.
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Figure 3.9: Energy band diagram of 2D structure which is based on (100) surface
of GaAs

Then we examined the electronic properties of this system.The energy band
diagram in figure 3.9 shows us this system in figure 3.7 has no band gap between
the valance and conduction band. From this result we can say that this system

shows metallic behavior in contrast to bulk GaAs

3.3.2 Investigation of the (110) surface

To obtain a 2D structure from the (110) surface we used the same method with
the previous (100) surface. We carried out geometry relaxation calculations in
1x1, 2x2 and 3x3 cells. But in this calculation to reduce computational time we
reduced our primitive cell to the most simplest one as in figure 3.10. In (110) sur-
face Ga atoms and As atoms are in the same layer. After we performed geometry

relaxation and find optimized structure, to examine the electronic properties of
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Figure 3.10: a) Top view of 2D final structure, based on (110) surface(1x1). b)
Side view of 2D final structure, based on (110) surface(1x1).

this structure we carried out energy band diagram calculation. From this surface
we obtained two possible structures which can form 2D materials. For both of
them we performed geometry relaxation calculations. First cell is a square cell
which has the length a=3.5A for one side of the cell.

After the relaxation this system remained flat. After this we performed phonon

and energy band structure calculations.
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Figure 3.11: Phonon dispersion relation of 2D surface which has a square lattice
based on (110) surface of GaAs

Figure 3.11 has negative phonon modes. This shows that 2D material which

has a square lattice obtained from (110) surface of GaAs is not stable.
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Figure 3.12: Energy band diagram of 2D structure which is based on (110) surface
of GaAs

Then we performed energy band calculations. From figure 3.12 we see that
there is no band gap. Because of this we can say that this system in figure 3.10

shows metallic behavior.
a) b)

.

w
45A

Figure 3.13: a) Top view of 2D final structure, based on (110) surface(1x1). b)
Side view of 2D final structure, based on (110) surface(1x1).

The second possible 2D surface which we obtained from (110) surface of GaAs
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is similar to (100) surface structure, but it has a rectangular unit cell as shown
in the figure 3.13.

As before the previous structure after performing the geometry relaxation cal-
culation this system saved its geometrical shape. To check stability we performed

phonon band calculation.
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Figure 3.14: Phonon dispersion relation of 2D structure which is based on (110)
surface of GaAs

Phonon Frequency (cm™)

This phonon diagram in figure 3.14 shows that again we have negative phonon
modes. Hence we can say that system in figure 3.13 is unstable. After this we

carried out energy band diagram calculation as it shown in the figure 3.15
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Figure 3.15: Energy band diagram of 2D structure which is based on (110) surface
of GaAs

As in the previous structure, from figure 3.15 energy band diagram this system
hasn’t got an energy band gap between the valance band and conduction band.

Hence we can say that the system in figure 3.13 shows metallic behavior.

3.3.3 Investigation of the (111) surface

As in the previous parts, we investigated 2D structures which are based on (111)
surface of GaAs. This surface has differences from (100) and (110) surfaces. It
has a triangular lattice similar the honeycomb structure of graphene. Instead of
one kind of atom (C) as in the graphene we have two different kind of atoms, Ga
and As, in our basis. To avoid computational costs we used the smallest possible
primitive cell for phonon calculation. The Brillouin zone of this structure similar
with the graphene. For this structure, we have performed geometry optimization

for 1x1, 2x2 and 3x3 cells. In each calculation, we obtained an optimized structure
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from geometry relaxation. Then we examined the electronic properties of this

material.

o Ga
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Figure 3.16: a) Top view of initial 2D structure of (111) surface(1x1), b) Side view
of initial 2D structure of (111) surface(1x1), ¢) Top view of final 2D structure of
(111) surface(1x1), d)Top view of final 2D structure of (111) surface(1x1)

As it can be seen from figure 3.16 after geometry relaxation this 2D structure
shows tendency to reduce buckling from A = 0.81A4 to A = 0.55A. Even we have
an hexagonal lattice structure as in the graphene case this system has small
buckling (LB). Then to check stability, we performed phonon dispersion relation

for this system.
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Figure 3.17: Phonon band diagram of 2D structure which is based on (111) surface
of GaAs

As seen in figure 3.17 this 2D system has negative phonon modes. Because of
this we can say that this system is not stable. After this we checked its electronic

properties.
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Figure 3.18: Energy band diagram of 2D structure which is based on (111) surface
of GaAs

In figure 3.18 we see that energy band gap of this system in figure 7?7 is
approximately 1.7 eV. Hence we can say that this material shows semiconductor

behaviors.
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3.3.4 Investigation of Oxygen used 2D material which is
based on GaAs
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Figure 3.19: a) Top view of initial structure b) Side view of initial structure c)

Top view of optimized structure d) Side view of optimized structure

To reduce the dipole moment of GaAs (100) surface we added oxygen to our
system. After geometry optimization, we tried to find the most probable structure
for this system. While examining these possibilities we tried to find optimized

states among the many possibilities. In the end we defined a possible state as
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in figure 3.19 and performed our calculations for this system. After geometry
relaxation, we examined the electronic properties of this material and phonon

dispersion relations. Hence, we identified the stability of this system.
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Figure 3.20: Phonon band diagram of 2D structure which is based on Oxygen

and GaAs surfaces

In figure 3.20 phonon dispersion relation has a negative mode. If we compare
the previous 2D materials which are obtained from GaAs surfaces, it is small but

still this causes an instability.
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Figure 3.21 shows a band gap between the valance and the conduction band

has an energy band gap approximately band gap is approximately 2.7 eV. This

tells us this material shows semiconductor behavior.
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Chapter 4

Conclusion

In this study, we presented possible two dimensional structures based on GaAs
(100), (110) and (111) surfaces with Ga, As and O atoms. There is no such kind
of two dimensional material, which is reported, yet. To find possible structure
types to get a two dimensional lattice, we performed geometry optimization and
after that we identified, stable structures. But phonon dispersion relations showed
that these systems have phonon modes with negative energy which indicates that
systems instable. We showed that even we get such kind of instability still it
may be possible to get stable systems which is based on GaAs surfaces with Ga,
As and O atoms. The reason behind that there are many possibilities to get
such kind of behavior with using these atoms and there isn’t any defined lattice
structure. The lattice structure may affect phonon dispersion relations and can
cause instability. If optimization process may lead new structure for lattices it

may possible to get stable two dimensional materials.

Another way to get a stable system from these structures we can change the
number of atoms as well as cell structure. This may lead new relaxed surfaces with
different number of atoms and with a different geometry. These two things may
completely change the stability and other physical properties of these possible

structures.

42



For these possible two dimensional systems, we found negative phonon modes.
This tells us our two dimensional systems are not stable. But still this study gives
us important knowledge about these possible systems. Further investigation, may
lead us to predict theoretically such kind of two dimensional materials as in case

of silicene and germanene.
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Appendix A

Quantum Espresso Input

Input file sample for geometry relaxation

&control

)

calculation="relax

prefix="GaAs’

tstress = .true.

tprnfor = .true.

pseudo_dir = ’/truba_scratch/merol/espresso/’,
outdir = ’/truba_scratch/merol/espresso/TMP3x3/’
nstep=200

/

&system
ibrav= 8, celldm (1) = 11.0, celldm(2) = 1.2808644198, celldm (3)=3, nat
ecutwfc =50, occupations = ’'smearing’, degauss = 0.05

/

&electrons
electron_maxstep=200
mixing _beta = 0.7
conv_thr = 1.0d-6
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/

&ions

ion_dynamics="damp’,

pot_extrapolation = ’second_order ’,
wfc_extrapolation = ’second_order’

/

ATOMIC_SPECIES

Ga 69.723 Ga.pz—dn—kjpaw_psl.0.2.UPF

As 74.921595 As.pz—n—kjpaw_psl.0.2.UPF
O 15.9994 O.pz—n—kjpaw_psl.0.1.UPF
ATOMIC_POSITIONS (alat)

Ga .

Ga .

As

As

O

O

O

o .

K_POINTS automatic

6 61111

Input file sample for phonon calculation

phonons of GaAs

&inputph

tr2_ph=1.0d—14,

ldisp=.true.,

nql=4, nq2=4, nq3=1

amass(1)=69.72,

amass (2)=74.92,

prefix="GaAs’ ,
outdir="/truba_scratch/merol/espresso/Phonon/Layer4/’
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outdir="./tmplayer4d /’
fildyn="layer4 .dyn’,

/

20



