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ABSTRACT

FIRST PRINCIPLES STUDY OF 2D GALLIUM
NITRIDE AND ALUMINIUM NITRIDE IN

SQUARE-OCTAGON STRUCTURE

Emel Gürbüz

M.S. in Physics

Advisor: Salim Çıracı

July 2017

This thesis, deals with the planar free-standing, single-layer, square-octagon (SO)

structures of GaN and AlN. We investigated single-layer and multilayer so-GaN

and so-AlN structures, their stability, electronic properties and functionalization;

adatom and vacancies using first principles pseudopotential plane wave calcula-

tions. We performed an extensive analysis of dynamical and thermal stability

in terms of ab-initio finite temperature molecular dynamics and phonon calcu-

lations together with the analysis of Raman and infrared active modes. These

single layer square-octagon structures of GaN and AlN display directional me-

chanical properties, and have fundamental indirect band gaps, which are smaller

than their hexagonal counter parts. These DFT band gaps, however, increase

and become wider upon correction. Under uniaxial and biaxial tensile strain

the fundamental band gaps decrease and can be closed. The energetics, binding

and resulting electronic structure of bilayer, trilayer and 3D layered structures

constructed by stacking of the single layers were examined. In contrast to the

van der Waals solids, a significant chemical bonding between layers affects the

binding and transforms the planar geometry by inducing buckling. Depending on

the stacking sequence and geometry, energetics, number of weak vertical bonds

and direct band gap electronic structure display interesting variations promising

a wide range of tunability. Furthermore, electronic and magnetic properties of

these single-layer structures can be modified by adsorption of various adatoms,

or by creating neutral cation-anion vacancies. As a future work, in-plane and

vertical heterostructures of single layer so-GaN and so-AlN structures could be

considered.

Keywords: first principles, density functional theory (DFT), two-dimensional
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(2D) Materials, Gallium Nitride (GaN), Aluminium Nitride (AlN), multilayer
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ÖZET

2B KARE-SEKİZGEN YAPILI GALYUM NİTRÜR VE
ALİMİNYUM NİTRÜR TEMEL PRENSİP

HESAPLANMASI

Emel Gürbüz

Fizik, Yüksek Lisans

Tez Danışmanı: Salim Çıracı

Temmuz 2017

Bu tez düz, bağımsız tek tabaka kare-sekizgen (so) GaN ve AlN yapılar

hakkındadır. Yoğunluk fonksiyonu teorisi (YFT) kullanılarak tek tabaka ve

çoklu tabakalı so-GaN ve so-AlN yapıların, kararlılıkları, elektronik özellikleri

ve fonksiyonelleştirilmeleri; adsorbe atomlar ve atomik boşluklar, temel prensi-

pler pseudo potansiyel düzlem dalga hesapları kullanarak inceledik. Dinamik

ve termal kararlıkların kapsamlı bir analizini, temel prensipler sonlu sıcaklık

moleküler dinamiği ve kızıl ötesi Raman aktif modların birlikte analiz edildiği

fonon hesaplarına göre yaptık. Bu GaN ve AlN′ın tek katmanlı kare-sekizgen

yapıları, yöne bağımlı mekanik özellikler gösterir ve altıgen emsallerine kıyasla

daha küçük, temel dolaylı bant aralıklarına sahipler. Bu YFT band aralıkları,

düzeltmelerle artabilirler ve daha da geniş olabilirler de. Tek doğrultuda ve çift

doğrultuda çekme deformasyonları altında temel band aralıkları azalır ve ka-

panabilirler. Tek katmanların üst üste yığılmasıyla oluşturulan çift katmanlı,

üç katmanlı ve üç boyutlu (3B) katmanlı yapıların enerjetikleri, bağlanmaları ve

sonuçta oluşan elektronik yapıları incelendi. van der Waals yapılarına kıyasla,

katmanlar arasında bariz bir kimyasal bağ kurulması, bağlanmayı etkiler ve

bükülmelere neden olarak düzlemsel geometriyi değiştirir. Yığılma dizilenme-

sine ve geometrisine bağlı olarak, enerjetikleri, zayıf dikey bağların sayısı ve di-

rekt band aralıklı elektronik yapıları, ayarlanabilir geniş bir çeşitlilik umudu vaad

eden ilği çekici varyasyonlar gösterir. Ayrıca, tek katmanlı yapıların elektronik

ve manyetik özellikleri, çeşitli atomların adsorpsiyonu ya da nötr katyon-anyon

boşluğu yaratılarak modifiye edilebilir. Tek tabaka so-GaN ve so-AlN yapılarının

düz ve dikey heteroyapıları, gelecek çalışmaları olarak düşünülebilirler.

Anahtar sözcükler : temel prensip hesaplamalar, yoğunluk fonksiyonu teorisi
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(YFT), iki-boyutlu (2B) malzemeler, galyum nitrür (GaN), aliminyum nitrür

(AlN), çok katmanlı kristaller.



Acknowledgement

I acknowledge that I am grateful to my supervisor, Prof. Dr. Salim Çıracı,
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and love during the whole of all my education life.

The computational resources are provided by TUBITAK ULAKBIM, High

Performance and Grid Computing Center (TR-Grid e-Infrastructure) and the Na-

tional Center for High Performance Computing of Turkey (UHeM) under grant

number 5003622015. This work was supported by the Scientific and Technolog-

ical Research Council of Turkey (TUBITAK) under Project No 115F088. E.D.

acknowledges the financial support from the Turkish Academy of Sciences within

Outstanding Young Scientists Award Program (TUBA-GEBIP). S.C. acknowl-

edges financial support from the Turkish Academy of Sciences (TUBA).

vii



Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Organization of the thesis . . . . . . . . . . . . . . . . . . . . . . 4

2 Theoretical Background 6

2.1 Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Kohn-Sham Equations . . . . . . . . . . . . . . . . . . . . 8

2.2 Exchange-correlation Energy . . . . . . . . . . . . . . . . . . . . . 10

2.3 Bloch Equation and k-point sampling . . . . . . . . . . . . . . . . 11

2.4 Pseudopotentials and PAW Method . . . . . . . . . . . . . . . . . 13

2.5 Structure Definition . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.6 Hybrid Functionals . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.7 van der Waals Interaction . . . . . . . . . . . . . . . . . . . . . . 14

2.8 Phonons and Stability . . . . . . . . . . . . . . . . . . . . . . . . 15

viii



CONTENTS ix

3 Single Layer Square/Octagon GaN & AlN Structures, Stabilities

and Electronic Properties 18

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.4 Dynamical stability, symmetries of phonons . . . . . . . . . . . . 23

3.5 Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.6 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . 28

3.7 Electronic structure . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.8 Effect of strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4 Functionalization of SL so-GaN and so-AlN 33

4.1 Chemical doping of selected adatoms . . . . . . . . . . . . . . . . 33

4.2 Vacancy formation . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5 Bilayers and multilayers 41

6 Other works 49

6.1 2D-allotrope structures of GaN and AlN . . . . . . . . . . . . . . 49

6.2 Vacancy Construction for h-GaN . . . . . . . . . . . . . . . . . . 51

7 Conclusion 53



CONTENTS x

A Lattice Optimizations 62



List of Figures

3.1 (a) Atomic configuration of SL planar so-GaN and so-AlN. Large-

green, large-blue and small-gray balls are respectively Ga, Al and N

atoms. Square unit cells are delineated by Bravais lattice vectors.

Two different cation-anion bonds are indicated. (b) Charge den-

sity isosorfaces and contour plots SL planar so-GaN and so-AlN.

Charge densities increases from dark blue-green-yellow-red. . . . . 21

3.2 (a) Phonon dispersions of so-GaN and so-AlN calculated along

major symmetry directions of the Brillouin zone. The symmetries

of the modes are indicated. (b) The Raman active modes and

(c) the Infrared active modes are both arranged in the order of

decreasing frequency from left to right and from top to bottom. . 26

3.3 Trajectories of atoms in so-GaN and so-AlN in the course of ab-

initio MD simulation performed at 1000 K. The units of displace-

ments along x, y and z-directions are shown by inset. . . . . . . . 27

xi



LIST OF FIGURES xii

3.4 (a) Electronic energy band structure of so-GaN and the densities

of states projected on constituent Ga and N atoms. PBE indirect

band gap, EG,i is shown by arrow. Bands corrected by HSE are

shown by dashed lines. HSE indirect band gap becomes EG,i=3.37

eV after HSE correction. Dominant orbital character of the bands

are indicated. (b) Same as (a) for so-AlN. After HSE correction

the indirect band gap becomes Eg,i=4.09 eV. (c) Isosurface charge

density of of states at the valence band and conduction band edges.

(d) Same as (c) for so-AlN. . . . . . . . . . . . . . . . . . . . . . . 30

3.5 Effects of uniaxial and biaxial strain on the fundamental band gap.

(a) Fundamental band gap of SL so-GaN versus applied uniaxial

strain εx. (b) Fundamental band gap of SL so-GaN versus biaxial

strain εx = εy. (c) and (d) same as (a) and (b), respectively, for

SL so-AlN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1 Total and projected densities of states of H and O adatoms ad-

sorbed to SL so-GaN and so-AlN. The zero of energy is set to the

common Fermi level of adatom+so-substrate. The band gap of the

bare so-structure is shaded. Analysis of the total and atom pro-

jected densities of states reveal localized states originating from

adatom adsorption. Isosurfaces of the charge densities of the spe-

cific states forming marked peaks in the densities of states are also

presented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34



LIST OF FIGURES xiii

4.2 Analysis of projected densities of states and isosurfaces of the

charge densities of the states, which give rise to specific peaks

near the fundamental band gap upon the creation of a pair of Ga-

N vacancy in SL so-GaN. (a) Ga and N vacancies are created in

different bonds. A Ga-N bond far from these vacancies are indi-

cated. (b) Densities of states projected on atoms surrounding Ga

and N vacanies. The density of states projected to a Ga-N bond

far from Ga and Al vacancies mimics the density of states of the

bare SL so-GaN and its fundamental band gap (shaded) relative

to the Fermi level. Peaks near the the fundamental band gap of

the bare so-GaN are indicated. The zero of energy is set to the

common Fermi level of vacancy+so-GaN. (d)-(f) Same for a pair

of Ga and N vacancy, which is created by removing a Ga-N bond. 38

4.3 Analysis of projected densities of states and isosurfaces of the

charge densities of the states, which give rise to specific peaks

near the fundamental band gap upon the creation of a pair of Al-

N vacancy in SL so-AlN. (a)-(f) Same as in Fig. 4.2 presented for

so-GaN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.1 (a) Tilted and side views of cubane structure of so-GaN to form a

bilayer (BL). (b) Tilted and side views of BL constructed by AB

stacking. (c) Tilted and side views of BL constructed from AA’

stacking. The lengths of vertical cation-anion bonds and the buck-

ling of cation and anion in the same layer are indicated. Cations,

Ga and Al is shown by large green and large blue balls, respec-

tively. Anion N is shown by small gray balls. (d) Difference charge

density, ∆ρ(r), contour plots of a BL is obtained by subtracting

the charge densities of two SL so-structures from that of BL. Ver-

tical bonds constructed from Ga pz-N pz orbitals are clearly seen.

Charge density increases from dark blue-light blue-green-yellow-

red via color code. . . . . . . . . . . . . . . . . . . . . . . . . . . 42



LIST OF FIGURES xiv

5.2 (a) Top and side views of 3D layered AB structure of so-GaN to-

gether with its unit cell, lattice parameters. The lengths of vertical

cation-anion bonds and the buckling of cation and anion in the

same layer are indicated. bond lengths, angles and buckling. (b)

Same as (a) for 3D layered AB structure for so-AlN . (c) 3D lay-

ered cubane structure of so-GaN, seen as square-octagen for top

and each side views, with its unit cell, lattice parameters. The

lengths of vertical cation-anion bonds and the buckling of cation

and anion in the same layer are indicated. bond lengths, angles

and buckling. (d) Same for (c) for 3D layered cubane structure of

so-AlN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3 Phonon dispersion for (a)3D layered AB structure of so-GaN,

(b)3D layered cubane structure of so-GaN, (c)3D layered AB struc-

ture of so-AlN, (d)3D layered cubane structure of so-AlN. . . . . . 48

6.1 (a) Top views of 2D (a)α-GaN, (b) 2D α-AlN, (c) 2D γ-GaN and

(d)2D γ-AlN with lattice and different bond lengths. . . . . . . . 50

6.2 Vacancy formation in 4× 4 supercell h-GaN; (a) Type I vacancy:

subtracting a cation-anion bond together (b)Type II vacancy: sub-

tracting a cation-anion atoms separately from far away positions

to each others in the supercell. . . . . . . . . . . . . . . . . . . . . 52

A.1 The convergence graphics of so-GaN structure by using PAW-

GW potential which is nearly same as for PAW-PBE poten-

tial. (a)Cutoff Energy Optimisation (b)Vacuum Distance along

z -direction Optimisation (c)K-Point Sampling Optimisation and

(d)Lattice constant optimisation . . . . . . . . . . . . . . . . . . . 63



LIST OF FIGURES xv

A.2 Self-consistently calculated results to obtain the parameters to be

used in methods in regards of minimum computational cost and re-

quired accuracy for (a)so-GaN in accordance of converging graphics

above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.3 Self-consistently calculated results to obtain the parameters to be

used in methods in regards of minimum computational cost and re-

quired accuracy for (b) so-AlN in accordance of converging graphics

above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



List of Tables

3.1 Values calculated within PBE for so-GaN: Optimized lattice con-

stant a; two different Ga-N bond lengths d1/d2; cohesive energy

Ec per Ga-N pair; in-plane stiffness C1/C2, Poisson’s ratio ν1/ν2;

indirect/direct band gap and (its HSE corrected value). Corre-

sponding values for hexagonal SL h-GaN and 3D wz-GaN are also

given for the sake of comparison. . . . . . . . . . . . . . . . . . . 22

3.2 Values calculated within PBE for so-AlN: Optimized lattice con-

stant a; two different Ga-N bond length d1/d2; cohesive energy Ec

per Al-N pair; in-plane stiffness C1/C2, Poisson’s ratio ν1/ν2; indi-

rect/direct band gap and (its HSE corrected value). Corresponding

values for hexagonal SL h-AlN, SL t-AlN and 3D wz-AlN are also

given for the sake of comparison. . . . . . . . . . . . . . . . . . . 23

4.1 Selected adatoms adsorbed on so-GaN and so-AlN; equilibrium

configuration or adsorption site; binding energy Eb; magnetic mo-

ment µ. TN=top of N atom; N2 molecule imbedded in the layer;

D=dumbbell structure. . . . . . . . . . . . . . . . . . . . . . . . . 35

5.1 Optimized total energies (ET per unit cell), the length of vertical

C-A bonds (dv) and buckling (∆) calculated for bilayers having

different stacking geometries using different vdW corrections. . . . 44

xvi



LIST OF TABLES xvii

5.2 Energetics, average layer binding energy and fundamental band

gaps of BL, TL and 3D layered structures of so-GaN and so-AlN

formed by different stacking of corresponding planar SLs. Columns

are: stacking geometry; ET total energy (eV per in-plane C-A

pair); Elb layer binding energy (eV per layer per unit cell); fun-

damental band gap (eV) with d direct or i indirect. For the sake

of comparison, the total energy of SL so-GaN (so-AlN) is -11.08

eV (-13.63 eV) per C-A pair. The total energy of 3D wz structure

of GaN (AlN) is -12.65 eV (-15.43 eV) per C-A pair. All total

energies include vdw correction.[76] . . . . . . . . . . . . . . . . . 45

6.1 Values calculated within GW for 3D-wz, 3D-zb and 2D alloptropes

of GaN structures: Optimized lattice constant a, c; different Ga-

N bond lengths d1/d2/d3/d4; cohesive energy Ec per Ga-N pair;

formation energy Ef per Ga-N pair; indirect/direct band gap. . . 51

6.2 Values calculated within GW for 3D-wz, 3D-zb and 2D alloptropes

of AlN structures: Optimized lattice constant a, c; different Ga-

N bond lengths d1/d2/d3/d4; cohesive energy Ec per Al-N pair;

formation energy Ef per Al-N pair; indirect/direct band gap. . . . 51



Chapter 1

Introduction

1.1 Motivation

Thanks to Quantum Mechanics era, currently physical properties of materials

could be easily obtained accurately. Schödinger equation could be solved for

single Hydrogen atom analytically. However, Schödinger equation could not be

solved analytically for systems beyond He atom. Since, ion-ion interactions and

increasing electron numbers per ion, require solving a complex Hamiltonian in-

cluding many body interactions. A variety of approaches and theories were de-

veloped to solve this Hamiltonian. Among these theories, Density Functional

Theory(DFT) proved to be the most successful. DFT have been fulfilling the

requirements to be able to accurately obtain the materials ground state energy

and many related physical properties concomitantly at a reasonable computa-

tional cost. Using DFT codes, structural, vibrational, mechanical, electronic and

magnetic properties of materials can be analysed. As a consequence of that, as

long as curiosity move someone to study a new material, DFT supports you to

ask new questions about materials further.

Especially, after the discovery of graphene, being a proof of 2D structures sta-

bly exist, 2D materials and lower dimensional materials gained more importance
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due to their unique properties. Regarding the dimensional confinement effects on

electronic, mechanical, optical, etc. properties, modelling of new low dimensional

structures gained more and more importance. After the synthesis of graphene[3],

it was questioned whether group IV elemental and group III-V compound semi-

conductors can form stable SL (single layer) graphene like structures, despite the

fact that they do not have layered structures like graphite. As early as in 2005,

theoretical studies based on the total energy minimization have shown that, in

fact silicon, GaN, GaAs and AlN can form stable, SL structures in honeycomb

structure with 2D hexagonal (h) lattice.[4] Motivated with this result, extensive

studies based on ab-initio DFT calculations of total energy, phonon and finite

temperature molecular dynamics calculations demonstrated that SL silicene,[4, 5]

germanene[5], group IV-IV and III-V compounds[4, 6, 7, 8], as well as group II-VI

compounds like ZnO[9] can form stable, free-standing, SL structures. Silicene and

germanene were grown on metal substrates[10, 11]. The physical and chemical

properties of 2D SL structures have a close bearing upon their atomic structure

and 2D lattice symmetry. In addition to the planar SL honeycomb structure of

carbon, namely graphene, other 2D allotropes, graphyne and graphdynes, were

also investigated.[31, 32, 33, 34, 35, 36] α- and β-graphynes are semimetal with

Dirac cones, but γ-graphyne is semiconductor. Another critical example is SL

h-MoS2; that has a honeycomb structure. However, MoS2 in square-octagon

(so) shows both massless Dirac Fermion and heavy Fermion character.[34] It has

been shown that pnictogens can also form buckled so-structures with different

properties.[37]

In this thesis, the main focus has been III-V compound nitride semiconduc-

tors. Three dimensional (3D) group III-V compound nitride semiconductors in

wurtzite and zincblende structures, in particular GaN and AlN, have been sub-

jects of active research in materials science and device physics. As wide-band

gap semiconductors, they are used in a wide range of technological applications,

in microwave communication, lasers, detectors, light emitting diodes, water/air

purification in UV range etc. [1, 2] Prediction of free-standing SL GaN and AlN

in planar honeycomb structure, i.e. h-AlN and h-GaN, have motivated several

theoretical studies attempting to reveal their mechanical, electronic and optical
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properties.[13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 26, 27, 28] While 3D wz-

GaN is a direct band gap semiconductor, SL h-GaN has an indirect fundamental

band gap which is wider than that of 3D wz-GaN.[21] This situation is attributed

to the confinement effect. Conversely, while 3D wz-AlN has a wide direct band

gap, SL h-AlN has a relatively smaller but indirect band gap. Additionally, these

SL phases also display optical properties different from those of their parent 3D

wz-structures. Meanwhile, important optoelectronic applications[1] of 3D wz-

GaN and wz-AlN rendered the synthesis of 2D SL AlN and GaN a priority study.

Eight years after its first prediction[4], Tsipas et al.[29] have demonstrated the

epitaxial growth of ultrathin hexagonal h-AlN on Ag(111) substrate. Much re-

cently, Balushi et al.[30] achieved the growth of 1-2 layer 2D h-GaN on SiC(0001)

surface via graphene encapsulation method.

With these findings possible square-octagon (haeckelite) structures of SL GaN

and AlN have been brought into focus. In fact, much recently, SL so-GaN[38] and

so-AlN[40] structures have been predicted based on first-principles calculations.

On the other hand, layered structures and van der Waals solids are one of

the rising interests areas in condensed matter physics, following the discovery of

graphene. The reverse process, whether stacking layered structures in a sequence

can construct a 3D solid or graphitic solid has been an active field of research.

Stacking can change the structure’s lattice dimension, atomic configurations and

electronic structure due to the interlayer chemical interactions. Thus, in addition

to SL structures, their multilayers formed by diverse vertical stacking geometries,

are crucial. Interestingly, it has been shown that the direct-indirect character, as

well as the value of the fundamental band gap of 2D GaN and AlN can be tuned

by the number of layers.[20, 21, 23]. First-principles calculations predict that

both SL h-GaN and h-AlN can form stable and planar bilayers (BL), multilayers

(ML) even 3D periodic layered structures.[21] The favorable stacking sequence

in these layered structures is found to be AA′AA′..., where hexagons are on top

each other with one cation (anion) atom in one layer located on top of the anion

(cation) atom in the adjacent layer. The interlayer distance between planar lay-

ers is large, so that the formation of any cation-anion bonds is hindered and the

3



binding of adjacent layers are dominated by weak van der Waals (vdW) interac-

tion. However, based on first-principles calculations Kolobov et al.[23] pointed

out that a few-layer h-GaN gets instability and spontaneously reconstructs into

a structure, which is hexagonal in-plane, but form haeckelite structure consisting

of alternating square and octagons with bonds between adjacent layers.

1.2 Organization of the thesis

Motivated by the diverse properties of 2D SL h-GaN and h-AlN predicted by

theoretical studies, also recent synthesis of ultrathin 2D GaN and AlN layers of

SL GaN and AlN, we carried out an extensive study on SL and ML so-GaN and

So-AlN structures using spin-polarized DFT. First, the dynamical and thermal

stability of so-structures of GaN and AlN are assured by performing ab-initio

phonon and finite temperature molecular dynamics calculations. Analysis of

phonon modes revealed Raman and IR active modes, which constitute a firm

data to compare with experiment. Then, we investigated mechanical proper-

ties. Calculations of elastic properties, such as in-plane stiffness and Poisson’s

ratio present evidence that these SL square-octagon structures are rather robust.

Next, we investigated cohesive and formation energies for the structures. The

calculated cohesive energies are comparable to those of SL h-GaN and h-AlN,

but smaller than those of 3D wz-GaN and wz-AlN implying a negative formation

energy. Subsequently, the electronic structures were investigated by PBE and hy-

brid functionals. Both so-GaN and so-AlN have indirect band gap smaller than

SL h-GaN and h-AlN, but smaller than those of 3D bulk counterparts. Moreover,

we examined the effect of mechanical deformations on the electronic structures.

The gaps decrease and get closed with strain. Furthermore, we studied bilayer,

trilayer and multilayer structures by stacking SL so- structures. In formation of

BL, TL, and 3D periodic layered structures, AA’, AA’A, and AA’AA’ stacking

sequences result in vertical anion-cation bonds, which are longer than similar in-

plane bonds, but induce chemical interaction stronger than the attractive vdW

interaction. This way modification of physical properties, in particular that of

4



the electronic structure with the number of layers are enhanced and binding en-

ergy between the layers increased. Finally, we investigated the chemical doping

of SL so-GaN and so-AlN with selected adatoms and showed that the electronic

structure of the bare so-structures can be modified by the localized gap states.

On the other hand, single-vacancy leads to local deformations and permanent

magnetic moments.
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Chapter 2

Theoretical Background

The hamiltonian of a generic ion-electron system includes electron kinetic energy,

electron-electron interaction energy, electron-ion interaction energy and ion-ion

interaction energy.

Ĥ = − ~2

2MI

∑
I

∇2
I−

~2

2me

∑
i

∇2
i−

∑
i,I

ZIe
2

|ri −RI |
+

1

2

∑
i 6=j

e2

|ri − rj|
+

1

2

∑
I 6=J

ZIZJe
2

|RI −RJ |
(2.1)

The physical properties of materials including structural parameters, mechani-

cal, electronic, magnetic and vibrational properties can be deduced by solving this

equation [41, 73]. Density Functional Theory (DFT) is one of the most accurate

and cost effective ways of solving this equation.

Here we provide a brief background of the DFT. Since ions are much heavier

than electrons it is possible to solve electrons separately and then move ions

accordingly. This method is called the Born-Oppenheimer approximation.
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2.1 Density Functional Theory

The Density Functional Theory (DFT) uses the electron density describing the

many-body in the ground state, taking main motivation from Thomas and Fermi

idea. The theory was emerged at the same time with Hartree-Fock theory based

on wave functions. The DFT depends on two equations named after their pro-

posers; Hohenberg and Kohn (KH) [42] and Kohn-Sham (KS) [44]. Firstly, Ho-

henberg and Kohn (KH) suggested two theorem;

The first theorem expresses that the ground state particle density n0(r) defines

the external potential Vext for a system including interacting particles under an

Vext, apart from an additive constant. Hence for each physical observable, the

ground state expectation value is a function of the ground state particle density

n0(r).

The second theorem expresses that for an interacting system under an external

potential Vext, it is possible to define E[n(r)] ; the total energy as function of n(r).

E[n(r)] = FHK [n(r)] +

∫
Vext(r)n(r)dr (2.2)

In an interacting system under Vext, FHK [n(r)], includes each internal energies

and it is same for every electron system independent of applied external potential.

The ground state energy is found by minimizing E[n(r)] under the condition that

the integral of n0( r ) maintains the total numbers of electrons.

∂

∂n
E[n(r )]|n=n0 = 0 (2.3)

E0 = E[n0( r )] (2.4)

To be able to satisfy the antisymmetric wave function nature in the calculations

of ground state energy and the energy density, some limits have to be imposed on
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subspace of all antisymmetric wave functions corresponding to the same energy

density [43, 74].

These two theorem constructs the basis of DFT. The kinetic energy represen-

tation in the HK theory was proposed in Kohn-Sham paper [44].

2.1.1 Kohn-Sham Equations

Kohn-Sham(KS) suggested to transfer the interacting electron system’s ground

state into a reference system which has equivalent electron density but is non-

interacting. In translated reference system, each electron moves freely under the

potential applied by cores and all other electrons. Then combining all other many

body terms into exchange correlation energy Exc, KS rewrote the FHK [n(r)] as,

F [n(r)] = T0[n(r)] +
1

2

∫
n(r)n(r

′
)

|r− r′|
d3rd3r

′
+ Exc[n(r)] (2.5)

where the independently moving electron’s kinetic energy term is represented

by T0[n(r)]. Next, the Kohn-Sham functional is

EKS[n(r)] = T0[n(r)] +

∫
Vext( r )n( r )d r +

1

2

∫
n(r)n(r

′
)

|r− r′ |
d3rd3r

′
+ Exc[n(r)]

(2.6)

By reducing EKS[n(r)] relative to n(r) by keeping constant of total number of

electrons, it becomes,

∂

∂n( r )
(EKS[n(r)]− µ

∫
n( r)d r) = 0 (2.7)

Then, the effective potential in in the Kohn-Sham framework is written as
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Veff ( r ) = Vext( r ) +

∫
n(r)

|r− r′|
dr

′
+
∂Exc
∂n(r)

(2.8)

Inserting the defined Veff ( r ), into Schrödinger equation, it could be solved

for single electron orbital.

In the Kohn-Sham framework, the interacting system is mapped by the non-

interacting system having the same charge density. Here the ground state charge

density n( r ) and kinetic energy functional could be defined using Kohn-Sham;

orbitals ψi( r ),

n( r ) = 2

N/2∑
i=1

|ψi( r )|2 (2.9)

and

T0[n( r )] = −2
~2

2m

N/2∑
i=1

∫
ψ∗i ( r )

∂2ψi( r )

∂ r 2
d r (2.10)

whereN is defined as the total number of electrons in the non-magnetic system.

Hence, N/2 could justify the lowest orbital states which are occupied by two

electrons with opposite spins ; n↑( r ) = n↓( r ). The sub index i represents both

the wave vector in BZ and the set of bands in a periodic system. On the other

hand, writing electron density as sum of two different spin densities, Kohn-Sham

equation can be solved for collinear magnetic systems.

The first step of solving the Kohn-Sham equation starts with generating the

Veff according to the initial charge density and obtaining the KS orbitals by

solving KS equation. Secondly, obtained KS orbitals is used for calculating the

density which will be mixed with density in previous step to produce new density

to be used in the next loop. These steps are being repeated again and again

until the charge density could be accepted as similar to the charge density found
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in previous step relative to the defined tolerance limit. This is known as self-

consistent calculation(scf).

2.2 Exchange-correlation Energy

Eventhough the Kohn-Sham equation leads to a self-consistent calculation, the

problem is the energy represented as exchange-correlation energy (Exc). Several

approximations were done for Exc. Local Density Approximation(LDA)[44] con-

structs exchange-correlation energy of an electronic system by suggesting that

εxc(r) for each electron is equal to that of a homogeneous electron gas with same

density.

Exc[n(r)] =

∫
εxc[n(r)]d3r (2.11)

LDA can give consistent result for structural, elastic, vibrational, electronic

(except for electronic band gap) and magnetic properties calculations. However

it is weak for calculating activation energies and chemical interactions. Apart

from LDA, another efficient approximation, we used also in our calculations, is

Generalized Gradient Approximation (GGA).

2.2.0.1 Generalized Gradient Approximation (GGA)

GGA method could overcome the over binding problem of LDA. The difference

making GGA more advanced compared to LDA is that while GGA is still a

local function, it includes both density and its gradient at each point in the

same coordinate system. Inclusion of gradient corrections supports an enhanced

exchange energy by the increased charge density.

GGA method accurately predicts the molecular geometries and ground state

energies by both increasing lattice constant and decreasing bulk moduli. However,
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it fails to accurately predict band gap and interlayer interactions caused by van

der Waals interactions. It is possible to include vdW in calculations by adding

vdW corrections to the GGA. One of the widely used GGA-functional is PBE

method presented by Perdew, Burke, and Ernzerhof in 1996 [50]. The suggested

exchange functional by PBE is,

EPBE
xc [n(r)] =

∫
n(r)εhomx [n(r)]Fxc(rs, τ, s)d

3r (2.12)

where εhomx represents exchange term of uniform density system and equal to

−3e2kF/4π, s is dimensionless density gradient, τ represents the spin polarization,

and Fxc represents the enhancement factor relative to the local Seitz radius; rs.

PBE functional is one of the best calculation of bond lengths/angles.

2.3 Bloch Equation and k-point sampling

A crystal structure is constructed by periodically stacking of its unit cell along

crystal directions. Since the bulk form of the structure has many more atoms, it is

possible to interpret that the total number of electrons in crystal is infinite. Thus,

the calculation of the crystal properties including relevant electronic interactions

in one unit cell could be possible using Bloch’s Theorem. Bloch theorem represents

the wave function at r in the form given below:

ψi = eik·rfi(r) (2.13)

Periodic part, a basis set of plane waves can be expanded by;

fi(r) = ci,Ge
iG·r (2.14)

where G is a reciprocal lattice vector. The wave function for each electrons
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could be written as;

ψi(r) =
∑
G

ci,k+Ge
[i(k+G)·r] (2.15)

The constrained boundary conditions of electronic states is defined only at a

set of k points in a bulk solid. The density of allowed k points depends on the

volume of the crystal in reciprocal space. Bloch’s theory allows to calculate finite

number of electron wave functions instead of infinite number wave functions at

an infinite number of k points. Increasing number of k points gives more accurate

total energy. However, it also increases computational cost. Hence, we increase

the number of k points until we reach desired accuracy. The k points are chosen

according in scheme proposed by Monkhorst-Pack [51].

The plane wave expansion is halted at a certain cut-off energy Ecut as shown

below;

~|k + G|2

2m
≤ Ecut (2.16)

Taking plane waves corresponding to higher energy than Ecut result in more

accurate value for total energy of a system, but it increases computational cost.

The obtained accuracy could be accepted as insignificant relative to its high

computational cost.

The representation of Kohn-Sham equation in plane waves is given below

∑
G′

[
~2

2m
|k+G|2δGG′ +Vion(G−G

′
)+VH(G−G

′
)+VXC(G−G

′
)]ci,k+G′ = εici,k+G

(2.17)

where the electronic kinetic energy is diagonal in terms of Fourier transfor-

mation. The chosen cut-off energy determines the dimensions of the eigenvalue

matrix.
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2.4 Pseudopotentials and PAW Method

Pseudopotential approach is important for representing the electron-ion interac-

tions. The valance electrons are more important than the core electrons. Thus,

the pseudopotential theory [45], is based on using weaker pseudopotentials acting

on a set of pseudowave functions, which are including not core electrons but their

contributions and valance wave functions. Pseudo potentials gives very close total

energy results compared to all electron case.

Projector Augmented Wave Functions(PAW) method was suggested by Bloch

[47]. PAW method is based on the ultrasoft pseudopotentials method [45] and

all electron methods. The method uses superposition of atomic orbital wave

functions in the core region. Thus the used plane wave basis sets are less. In

principle, all of elements can be represented by specific PAW pseudo potential

[49].

2.5 Structure Definition

The equilibrium state of a structure could be found by decreasing the forces

acting on each atom in the unit-cell known as the Hellman-Feynman force [46].

The Hellman-Feynman force could be written in terms of the force acting on I th

nuclei being in electronically steady state is,

FI = −∂E(R)

∂RI

= −
∫
ψ∗(R)

∂H

∂RI

ψ(R)dv (2.18)

where R represents the coordinates of nuclei in Eq. (2.18), H is Hamiltonian

and E(R) is the total energy. The ground state Kohn-Sham electronic wave

function is ψ(R). If the existing forces on nucleus is zero, it is at equilibrium.

FI =
∂E(R)

∂RI

= 0 (2.19)
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2.6 Hybrid Functionals

Since the LDA, GGA-PBE approximations underestimate the band gap energy,

we use hybrid functional exchange energy (Exc) being a specific combination of

the Fock exchange and the PBE correlation. Especially for small to medium

gapped semiconductors, electronic structure could be calculated efficiently using

hybrid functional. Hybrid functional is based on the plane wave PAW formalism.

To be able to decrease the computational cost, the functional is separated into

parts; short range exchange interaction (SR) and long range exchange interaction

(LR). As the Fock exchange energy slowly decays with distance. For large gapped

semiconductors hybrid functional overestimate the gap because of low screening

that turns the nonlocal exchange term to full Fock exchange term. In contrast,

in medium gapped semiconductors having intermediate screening, exchange term

can be balanced by fractional amount of Fock exchange term. The functional

known as Heyd-Scuseria-Ernzerhof (HSE)is [68];

EHSE
xc = aEHF,SR

x (µ) + (1− a)EPBE,SR
x (µ) + EPBE,LR

x (µ) + EHF,SR
c (µ) (2.20)

where a is the mixing proportion (generally a = 0.25Å−1 in HSE06, as we also

used in our calculations), while the adjustable factor µ is the distance where SR

interactions becomes negligible (µ = 0.3Å−1 in HSE06). µ could be stated in

reciprocal lattice due to its compatibility within the scope of plane wave basis.

Since the locality of HSE is high, Fock exchange operator could be calculated by

a coarser k-mesh whereas it increases quadratically with the number of k points.

2.7 van der Waals Interaction

van der Waals(vdW) is an attractive and long range interaction especially impor-

tant in graphite like layered materials. The vdW correction shrinks the lattice

constants and bond lengths. A variety of approximations have been produced up
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to now [75, 76, 77, 78]. We preferred studying with Grimme’s DFT-D3 correction

method [76]. That is,

EDFT−D = EDFT + Edisp (2.21)

where EDFT is self-consistent DFT energy and Edisp is the correction term;

Edisp = −1

2

Nat∑
i=1

Nat∑
j=1

′∑
L

(fd,6(rij, L)
C6ij

r6ij, L
+ fd,8(rij, L)

C8ij

r8ij, L
) (2.22)

In this method the dispersion coefficients (C6ij) are geometry dependent.The

used damping form is

fd,n(rij) =
sn

1 + 6(
rij

(sR,nR0ij)
)−αn

(2.23)

where R0ij =
√

Csij

C6ij
, and α6, α8, sR,8 are fixed at values 14, 16, 1 while s6, s8,

sR,6 are customizable with respect to the used exchange-correlation functional.

2.8 Phonons and Stability

We estimates dynamical properties of a structure by analysing its phonon dis-

persion at 0 K. Phonon dispersion calculation could be done using DFT theory

in two ways; linear response theory and direct supercell method. In this thesis

we used direct supercell method [53, 74] which is based on atomic displacement

of some atoms in the supercell from their equilibrium positions. When an atom

in the supercell is displaced, it induces force on the other atoms. In accordance

with the harmonic approximation, force constant matrix could be constructed

defining the displacement vector of a κth atom, moving from its equilibrium po-

sition, in the lth supercell as u(l, κ). Then the induced force field is known as
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Hellmann-Feyman force field; F(ml, κµ) which is exerted on surrounding atoms.

Next, a set of linearly independent vectors; ui(l, κ) and Fi(ml, κµ) are produced

by applying symmetry operations on u(l, κ)and F(ml, κµ). Subsequently, along

the Cartesian axes these vectors are transformed to a set of orthogonal vectors

for every atom; ũα(l, κ) and F̃α(ml, κµ);

ũα(l, κ) =
∑
i

Aαiui(l, κ), α = 1, .., 3 (2.24)

F̃α(ml, κµ) =
∑
i

Fi(ml, κµ) (2.25)

To decrease the computational work, linearly independent displacement vectors

are produced along the BZ’s high symmetry point directions. We can derive

force constants in harmonic approximation by writing total potential energy as a

function of all instant positions of all atoms. Using Taylor expansion, the total

energy can be written in series of powers of the atomic displacements. Neglecting

high order terms force constants become,

Φ̃αβ(lm, κµ) ≈ − F̃β(ml, κµ)

ũα(l, κ)
(2.26)

The equation of motion forms set of coupled linear differential equations. So-

lution of this equation have the following form

uα(l, κ) =
1√
Mκ

uα(κ)exp[−iωt+ 2πik · x(l)] (2.27)

where uα(κ) is independent of l, x(l) is the equilibrium position vector of the

lth supercell, and Mκ is the mass of κth. Putting this into equation of motion, it

is found that;
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ω2uα(κ) =
∑
µβ

Dαβ(k, κµ)uβ(µ) (2.28)

where

Dαβ(k, κµ) = (MκMµ)−(
1
2
)
∑
l

Φαβ(l, κµ)exp[−2πik · x(l)] (2.29)

Then, the phonon dispersion can be found out by diagonalizing the following

eigenvalue problem;

Dαβ(k, κµ)w(k) = ω2w(k) (2.30)

In this thesis, we studied phonons using Small Displacement Method

(SDM)[55] and Density Functional Perturbation Theory (DFPT)[56, 57] by us-

ing both PHON [58] and PHONOPY [59] software. These softwares are used to

produce a set of adequately large supercells where the atoms in each supercell dis-

placed from the equilibrium positions. Using VASP [52] the calculation of forces

on atoms in the supercell are completed. Then these force constants collected

by PHON or PHONOPY to construct the corresponding dynamical matrix and

to find its eigenvalues with respect to the wave vectors along the high symmetry

points. That is, the calculation of the phonon dispersion. In both SDM (by using

PHON and PHONOPY) and DFPT phonon dispersion were consistent.
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Chapter 3

Single Layer Square/Octagon

GaN & AlN Structures,

Stabilities and Electronic

Properties

3.1 Motivation

2D hexagonal structures of AlN and GaN are gaining importance following the

synthesis of their ultrathin layers. We investigated single-layer, square-octagon

structures of GaN and AlN. To ensure their stability at room temperature we

first carried out an extensive analysis of dynamical and thermal stability using

ab-initio phonon and finite temperature molecular dynamic calculations, which

indicated that these free-standing structures remain stable at high temperature.

We continued with mechanical properties and electronic properties of SL so-GaN

and so-AlN. Finally, we conclude this section by pointing out the strain effects

on electronic structures.
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3.2 Method

We have performed self-consistent field, first-principles plane wave calcula-

tions within spin polarized, Density Functional Theory (DFT) for total-energy

and electronic-structure calculations. The projector-augmented-wave potentials

(PAW) formalism [47], defined in Chapter II, is used as implemented in the Vienna

ab initio simulation package (VASP)[48, 49]. The electron exchange and corre-

lation (XC) potential is described by the Perdew-Burke-Ernzerhof (PBE) form,

defined in Chapter II, within the generalized gradient approximation (GGA).[50]

In the self-consistent field potential and total-energy calculations, a set of k-point

sampling of (9× 9× 1) generated by Monkhorst-Pack scheme[51] is used for Bril-

louin Zone BZ integration. Various tests are performed regarding vacuum level,

kinetic energy cut-off potential, number of bands, k-points and grid points. Ki-

netic energy cut-off for plane-wave basis set is taken as 520 eV. The total energies

are minimized with an energy difference between the sequential steps set to 10−5

eV for convergence. Fermi level smearing factor were taken as 0.05 eV/Å, but 0.01

eV, for band structure calculations. All atomic positions and lattice constants

are optimized within the conjugate gradient method until the atomic forces were

less than 0.002 eV/Å. Pressures on the lattice unit cell are decreased to values

less than 1 kB. Vacuum spacing is kept as 15 Å between single layers.

In the analysis of energetics, the cohesive energies of SL so−GaN and so−AlN
structures per a pair of anion (A=N) and cation (C=Ga or Al) or C-A pair are

calculated by using,

Ec[Ga(Al)N ] = ET [C] + ET [A]− ET [Ga(Al)N ] (3.1)

where ET [C] and ET [A] are the total energies of free C and A atoms, respec-

tively, and ET [Ga(Al)N ] is the total energy of SL so-Ga(Al)N structure per C−A
pair. By definition the binding structures have Ec > 0.

The formation energy of a SL so-Ga(Al)N structure at T = 0 K, is calculated
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by subtracting the cohesive energy of bulk wz-crystal from that of corresponding

SL so-structure. That is,

Ef [Ga(Al)N ] = Ec[Ga(Al)N ]− Ec[wz −Ga(Al)N ] (3.2)

Generally, Ef < 0 indicates that the corresponding structure corresponds to a

local minimum on the Born-Oppenheimer surface.

The average binding energy per Ga(Al)-N pair in a ML structure consisting of

n layers can be expressed as,

Elb = (nET [Ga(Al)N ]− ET [MLGa(Al)N ])/n (3.3)

relative to constituent SL so-GaN or so-AlN.

3.3 Structure

We first started with determining the optimized structures of SL so-GaN and so-

AlN as described in Fig. 3.1. They are planar and both have 2D square lattice.

We presented calculated values of structural parameters, cohesive and formation

energies in Table 3.1 and Table 3.2, where the relevant values of h-GaN, h-AlN

3D wz-GaN and 3D wz-AlN; are also included for the sake of comparison. What

is remarkable about so- structures, cation-anion bonds of two different lengths,

namely bonds of squares and bonds of octagons are distinguished.

As compared to SL planar h-GaN and h-AlN, these structures are open struc-

tures with relatively smaller atom density per unit area and have cohesive energies

of 7.53 eV and 10.05 eV per C-A pair of GaN and AlN, respectively. However

their formation energies (Ef=-1.24 eV for so-GaN and Ef=-1.41 eV for so-AlN)

are found to be negative and indicate that these structures may correspond to

local minima which is a critical issue.
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Figure 3.1: (a) Atomic configuration of SL planar so-GaN and so-AlN. Large-
green, large-blue and small-gray balls are respectively Ga, Al and N atoms.
Square unit cells are delineated by Bravais lattice vectors. Two different cation-
anion bonds are indicated. (b) Charge density isosorfaces and contour plots
SL planar so-GaN and so-AlN. Charge densities increases from dark blue-green-
yellow-red.
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Table 3.1: Values calculated within PBE for so-GaN: Optimized lattice constant
a; two different Ga-N bond lengths d1/d2; cohesive energy Ec per Ga-N pair;
in-plane stiffness C1/C2, Poisson’s ratio ν1/ν2; indirect/direct band gap and (its
HSE corrected value). Corresponding values for hexagonal SL h-GaN and 3D
wz-GaN are also given for the sake of comparison.

a/c d1/d2 Ec Ef C1/C2 ν1/ν2 EG−i/EG−d(HSE)
(Å/Å) (Å) (eV/GaN) (eV/GaN) (N/m) (%) (eV)

so-GaN
PBE 6.42/- 1.91/1.83 7.53 -1.24 41.63/125 0.76/0.29 1.85/2.13 (3.37)

PBE[38] -/- 1.95/1.85 -3.38 - - 1.60/- (-)
PBE[39] 6.41/- ∼ 1.83 - 0.12 - - 1.89/- (3.12)
wz-GaN

PBE 3.25/5.28 1.99 8.77 - - - -/1.63 (-)
PBE[21] 3.22/5.24 1.97 8.76 - 171 0.18 -/1.71 (2.96/3.48)
h-GaN

PBE[21] 3.21/- 1.85 8.29 - 109.8 0.43 2.16/- (3.42)/ G0W0:4.55
LDA[6] 3.20/- 1.85 12.74 - 110 0.48 2.27/- (-)/ GW0: 5.0
PBE[62] 3.21/- 1.85 - - 109.4 0.43 -
PBE[63] -/- 1.85 8.38 - - - 2.17/- (-)
PBE[18] -/- 1.87 8.06 - - - 1.87/- (-) GW0: 4.14
G0W0[64] 3.17/- - - - - - 4.27/- (-) LDA: 2.36
PBE[26] 3.25/- - - - - - -/- (3.23) G0W0:4.00

Furthermore, in Fig. 3.1 (b), respectively charge density isosurfaces and con-

tour plots of SL so-GaN and AlN is presented. The difference charge density

defined in Eq. (3.4) was calculated by subtracting the charge densities of each

cation and anion atoms in BZ.

∆ρ(r) = ρSL(r)− (
4∑

n=1

ρCn(r) +
4∑

n=1

ρAn(r)) (3.4)

Clearly, strong covalent bonding between cation and anion corresponding sp2

hybridizition could be seen in Fig. 3.1 (b).

The dynamical and thermal stability of these structures in local minima are

assured through the ab-initio calculation of phonon frequencies, high temperature
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Table 3.2: Values calculated within PBE for so-AlN: Optimized lattice constant
a; two different Ga-N bond length d1/d2; cohesive energy Ec per Al-N pair; in-
plane stiffness C1/C2, Poisson’s ratio ν1/ν2; indirect/direct band gap and (its
HSE corrected value). Corresponding values for hexagonal SL h-AlN, SL t-AlN
and 3D wz-AlN are also given for the sake of comparison.

a/c d1/d2 Ec Ef C1/C2 ν1/ν2 EG−i/EG−d(HSE)
(Å/Å) (Å) (eV/AlN) (eV/AlN) (N/m) (%) (eV)

so-AlN
PBE 6.15/- 1.83/1.76 10.05 -1.41 38.22/143.67 0.79/0.22 2.87/3.03 (4.09)

PBE[40] -/- 1.83/1.76 10.18 1.13 - - 2.86/-(-)

wz-AlN
PBE 3.13/5.02 1.91 11.46 - - - -/4.06 (-)

PBE[20] 3.11/5.01 1.90 12.28 - - - -/4.21 (-)
h-AlN

PBE[21] 3.13/- 1.81 10.56 - 114 0.46 2.91/3.62 (4.00)
LDA[6] 3.09/- 1.79 14.30 - 116 0.46 3.08/- (-)GW0:5.57
PBE[20] 3.13/- 1.81 10.72 - - - 2.92/3.62(4.06)

PBE[65] 3.17/- 1.83 10.01 - - - 2.88/-(-)

PBE[26] 3.13/- - - - - - -/-(4.85)G0W0:5.03

PBE[66] 3.13/- - - - - - 2.91/- (-)
G0W0[67] 3.03/- - - - - - -/- (-)

molecular dynamics, as well as determination of elastic constants in the next

section.

3.4 Dynamical stability, symmetries of phonons

Since optimized SL so-GaN and so-AlN have seizable positive cohesive, but neg-

ative formation energy, the tests of stability of these structures becomes compul-

sory. Thus, dynamical stability at T=0 K is tested by ab-initio phonon calcu-

lation in the Brillouin zone.[58] As explained in Chapter 2, we used ”supercell”

approach. Firstly we produced a supercell including all allowed possible displace-

ments of atoms with ”Phon” software. Subsequently, we solved constructed Dy-

namical matrix, which was obtained by first principles calculations. Then, force
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constant collected by using ”Phon”. And finally, by using some unit conver-

sions, we obtained phonon dispersion. The phonon dispersions along symmetry

directions of the BZ are presented in Fig. 3.2(a).

Positive frequencies, calculated for all k-points ensure the dynamical stability

of SL so-GaN and so-AlN. The phonon modes of so-AlN are more dispersive rela-

tive to so-GaN. For example, so-GaN has a gap between 420 cm−1 and 520 cm−1,

while in so-AlN that region is filled with dispersed bands.

Using the symmetry properties of these structures and related symmetry oper-

ations, we found that so structures belong to the point group D4h. In this respect,

the phonon modes are expected to be either non-degenerate or double degenerate

at the Γ-point corresponding to either A, B or E modes, respectively. Having

analysed each mode with their own eigenvectors by using symmetry elements of

the point group, the phonon modes corresponding to irreducible representations

was determined as shown in Fig. 3.2(a) by arrows. We decided whether the mode

characteristic is A1 or A2 and B1 or B2 according to two proper axis rotation

operations which are (2C
′
2 and 2C

′′
2 ). The subscript g refers to their eigenfunc-

tions being even while the subscript u refers to their eigenfunctions being odd,

respect to inverse operation (i), improper rotation operation (2S4) and reflection

operation (σh, 2σv and 2σd).

Infrared(IR) active modes could be found by polarization of atoms when an

external electric field applied. Thus, IR active modes requires calculation of

dielectric tensor. However, vibrational mode gives the polarizability informations

also. Therefore, polarization tensor could be construct and relative to this, IR

active modes could be obtained. On the other hand Raman active modes could be

obtained by polarization vectors derivative relative to normal mode coordinates.

Since, Raman active modes have to include a basis in x2, y2, z2, xy, yz,or xzin

their corresponding irreducible point representation. We obtained the phonon

modes corresponding to irreducible point representations A1g, A2g, B1g, and B2g

are Raman active while those corresponding to A2u and E2u are infrared active.

Since IR active modes should have a basis in x, y, z in their corresponding

irreducible point representations.
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The character of optical modes at the Γ-point is revealed for both so-GaN and

so-AlN in Fig. 3.2(a). The eigenvectors of Raman active modes are presented in

Fig. 3.2(b). All Raman active modes are due to in-plane atomic displacements.

Here the modes are arranged from left to right and from top to bottom in the de-

creasing order of frequencies. The B2g mode of so-GaN around 420 cm−1 appears

around 680 cm−1 in so-AlN. This corresponds to bigger shift compared to other

modes and it is characterized by displacements of Ga or Al atoms in opposite

directions along the diagonal of the squares. The A2g mode has similar character

and it also has a significant frequency shift when two so structures are compared.

Three in-plane Eu modes and one out-of-plane A2u mode comprise the Infrared

active phonons of so structures. The eigenvectors of these modes are presented in

Fig. 3.2(c) from left to right in the decreasing order of frequencies. The Infrared

modes are dominated by displacements of N atoms. In the Infrared active modes,

two N atoms in the same square move in the same direction while in the Raman

active modes the opposite is true. Eu branches with the highest frequencies have

striking similarity to the Mexican hat dispersion of the valence band edge of

so structures.[60] Hence, the Mexican hat dispersion that appears both in the

electronic and phononic band structures can be interpreted as a fundamental

property of interactions in the so geometry.
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Figure 3.2: (a) Phonon dispersions of so-GaN and so-AlN calculated along major

symmetry directions of the Brillouin zone. The symmetries of the modes are

indicated. (b) The Raman active modes and (c) the Infrared active modes are

both arranged in the order of decreasing frequency from left to right and from

top to bottom.

3.5 Thermal stability

Even if SL so-structures are dynamically stable at T=0 K, their stability against

thermal excitations are essential for their stability in possible technological ap-

plications. Thermal stability of so-structures was tested at high temperatures by

ab-initio molecular-dynamics (MD) calculations in the temperature range from

0 to 1000 K. We simulated micro canonical ensemble by using Brendsen thermo-

stat (annealing algorithm) as described in Chapter II. We use a time step of 2
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fs for the integration of the equations of motion, for a minimum of 1000 steps.

Kinetic energies are rescaled in every 50 steps. In fig 3.3, we present the trajec-

tories of atoms of so-GaN and so-AlN in the course of MD time steps at 1000

K. At temperatures as high as 1000 K, the trajectories are rather local and the

displacements of atoms are restored to the equilibrium points. Despite significant

displacements of atoms, square-octagon structure maintained.

x (Å)

z (Å)

so-GaN

y (Å)

Ideal

O
cc

u
rr

en
ce

After 2ps MD Simulation

O
cc

u
rr

en
ce

1 2 3 4

1 2 3 4

Bond Length (Å)

Bond Length (Å)

a)

b)

c)

1 2 3 4
Bond Length (Å)

1 2 3 4
Bond Length (Å)

Ideal

O
cc

u
rr

en
ce

After 2ps MD Simulation

O
cc

u
rr

en
ce

d)

e)

f)

x (Å)

z (Å)

y (Å)

so-AlN

Figure 3.3: Trajectories of atoms in so-GaN and so-AlN in the course of ab-initio

MD simulation performed at 1000 K. The units of displacements along x, y and

z-directions are shown by inset.
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3.6 Mechanical Properties

Further to dynamical and thermal stability analysis, we calculate the mechanical

properties of SL so-structures including the in-plane stiffness and the Poisson’s

ratio.[61]

Mechanical properties of both structures are investigated in the harmonic range

of the elastic deformation, where the structure responded to strain, ε linearly. We

first apply strain varying between -0.01 and +0.01 along the lattice vectors that

lie on x and y axes and calculate the total energy ET [εx, εy] for each case. Then

we fit result to the following quadratic polynomial;

ET [εx, εy] = a1ε
2
x + a2ε

2
y + a3εxεy + ET [εx = 0, εy = 0] (3.5)

where a1, a2 and a3 are fitting parameters and ET [εx = 0, εy = 0] is the energy

of the unstrained system. Here a1 = a2 because of the symmetry. The in-plane

stiffness (C1) and the Poisson’s ratio (ν1) corresponding to the uniaxial strain

along the lattice vectors can be expressed in the following way;

ν1 =
a3
2a1

(3.6)

C1 =
4a21 − a23
2a1A0

(3.7)

where A0 is the area of the unstrained unitcell.

We also calculated the in-plane stiffness (C2) and the Poisson’s ratio (ν2) cor-

responding to the uniaxial strain along the diagonals of the unitcell that lie on

x = y and x = −y lines. In this case, we apply strain ranging from -0.01 to 0.01

along x = y and x = −y lines. Calculated values are listed in Table 3.1. Notice

that, C2 values are about 3 times higher than C1 values which means that the so

structures are stiffer against the strain applied along the diagonals compared to
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the one applied along the lattice vectors. Similarly, ν1 values are about 3 times

higher than ν2 values.

3.7 Electronic structure

SL so-GaN and so-AlN electronic energy band structures were calculated by using

PBE as shown in in Fig. 3.4. As presented on the figure, both of the structures

are wide, indirect band gap semiconductors. Corresponding values of electronic

structures also present in Table 3.1 and Table 3.2. In those tables, the funda-

mental band gaps of SL h-GaN, h-AlN, 3D wz-GaN and 3D wz-AlN, calculated

by using both PBE and HSE methods, are also included to be able to make

a comparison. In this regard, so- structures have smaller band gaps compared

to hexagonal counterparts. In Fig. 3.4 (a), the indirect band gap of so-GaN is

Eg,i=1.85 eV and occurs between the minimum of conduction band (CB) at the

Γ-point and maximum of the valence band (VB) along Γ−X direction. Lowest

conduction band is constructed from antibonding s-orbitals with small pxy con-

tribution. The total density of states (TDOS) is low at the edge of CB due to

the high dispersion of this band. The highest valence bands have low dispersion;

one of them has maximum away from the center of the BZ. This corresponds to

the so called Mexican hat dispersion. Accordingly, TDOS near the edge of VB

is high. These two bands are derived from pz-orbitals of nitrogen atoms. The

energy bands of so-AlN presented in Fig. 3.4 (b) as well as corresponding TDOS

display features similar to those of so-GaN, except the indirect band gap which

is relatively larger and Eg,i =2.78 eV. In both SL structures states projected to

N atoms dominate TDOS of VB for -3 eV< E < 0 eV. Charge density isosur-

faces of the bands at the edge of CB and VB of so-GaN and so-AlN presented in

Fig. 3.4 (c)-(d) confirm the above arguments about the character of these bands.

These band gaps are smaller than the indirect band gaps of SL h-GaN and h-AlN

as presented. While the fundamental band gap of bulk 3D wz-GaN calculated

using PBE is direct and smaller than the corresponding indirect band gaps of SL

so-GaN, the direct fundamental band gap of 3D wz-AlN calculated PBE is larger

than the indirect band gap of SL so-AlN.
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Figure 3.4: (a) Electronic energy band structure of so-GaN and the densities of

states projected on constituent Ga and N atoms. PBE indirect band gap, EG,i

is shown by arrow. Bands corrected by HSE are shown by dashed lines. HSE

indirect band gap becomes EG,i=3.37 eV after HSE correction. Dominant orbital

character of the bands are indicated. (b) Same as (a) for so-AlN. After HSE

correction the indirect band gap becomes Eg,i=4.09 eV. (c) Isosurface charge

density of of states at the valence band and conduction band edges. (d) Same as

(c) for so-AlN.

Since PBE underestimates the fundamental band gap, the PBE bands are cor-

rected by using HSE.[68] The indirect band gaps of so-GaN and so-AlN increased
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upon HSE correction to Eg,i=3.37 eV and Eg,i=4.09 eV, respectively. The cal-

culated electronic properties confirm that SL so-structures are stable wide band

semiconductors promising potential applications similar to SL hexagonal struc-

tures and 3D wz-bulk crystals.

3.8 Effect of strain

Strain is an efficient tool to tune the fundamental band gap of 2D SL, multi-

layer and bulk structures. Therefore, we examined our SL so-GaN and so-AlN

structures under both uniaxial and biaxial strain and we showed the effect of

strain on electronic band gaps of both structures in Fig. 3.5. We applied the

uniaxial strain εx along x-direction and we optimized the structure by keeping

the lattice constant a
′
1 = a1(1 + εx) fixed, but relaxing a

′
2 and all the atomic

positions to minimize the total energy of the strained system. For the optimized

structure corresponding to each applied value from -% 0.1 to + -% 0.1 by in-

creasing εx the electronic band structure is calculated and the fundamental band

gap is determined. Secondly, we applied biaxial strain on SL so-GaN and so-AlN

structures. In this case, the structure is optimized with fixed lattice constant,

a
′
1 = a

′
2 = a1(1 + ε). The fundamental band gap of each optimized structure is

calculated to plot Eg,i versus strain as in uniaxial scheme.

In Fig. 3.5 (a), the fundamental band gap of SL so-GaN decreases with increas-

ing uniaxial strain εx. In the biaxial strain case (εx = εy), the variation of band

gap is almost linear with ε; the gap increases with compression, but decreases

with expansion. For εx = εy > 0.1 the gap is closed. In the case of SL so-AlN

presented in Fig. 3.5 (c), the fundamental band gap decreases with increasing

uniaxial strain. SL so-AlN exhibits the behavior similar to that shown by so

GaN under biaxial strain.

By uniaxial strain, electronic bands could be shifted respect to Fermi level.

However the TDOS does not change. In contrast, biaxial strain application affects

DOS of structures and leads to be rearranged the system Fermi level. Similar to
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uniaxial strain application, in case of biaxial compression, both of the structures

energy gaps increase.

Furthermore, we completed this part of the study by repeating all calculations

whether the magnetic properties could be affected by strain applications. How-

ever, we found that our structures keep their nonmagnetic nature under the range

of -%0.1 to +%0.1 strain applications.
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Figure 3.5: Effects of uniaxial and biaxial strain on the fundamental band gap.

(a) Fundamental band gap of SL so-GaN versus applied uniaxial strain εx. (b)

Fundamental band gap of SL so-GaN versus biaxial strain εx = εy. (c) and (d)

same as (a) and (b), respectively, for SL so-AlN.
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Chapter 4

Functionalization of SL so-GaN

and so-AlN

4.1 Chemical doping of selected adatoms

Adatom doping could change electronic and magnetic properties of structures.

Since, the interactions between so-structures and adatom is important. By the

aim, we selected Hydrogen(H), Oxygen(O) and Nitrogen(N) as the most probable

atoms, being interacted with the structures due to their abundance in the nature.

Moreover, we studied Ga adatom on so-GaN and Al adatom on so-AlN structures,

whether adatom and host atoms tend to form cluster. To get as accurate results

as possible and to reduce coupling of adatoms, we used (4 × 4) supercells and

(3× 3× 1) k-point sampling. Furthermore, we investigated six different adatom

position cases for each adatom considered here. These positions are the top of

Ga/Al atom, top of N atom, mid point of square, mid point of octagon, mid point

of square bond and mid point of octagon bond. The initial interaction distance set

with respect to the covalent bonding radii of each atoms. According to calculated

total energies for each system, minimum one was selected as the equilibrium

position of the adatom on the structure. Subsequently, by using the equilibrium

position total energy, binding energies for each adatoms was calculated by Eq.
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(4.1) in Table 4.1.
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Figure 4.1: Total and projected densities of states of H and O adatoms adsorbed

to SL so-GaN and so-AlN. The zero of energy is set to the common Fermi level of

adatom+so-substrate. The band gap of the bare so-structure is shaded. Analysis

of the total and atom projected densities of states reveal localized states origi-

nating from adatom adsorption. Isosurfaces of the charge densities of the specific

states forming marked peaks in the densities of states are also presented.

Eb = ET [bare so] + ET [A]− ET [A+so] (4.1)
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Calculated Positive binding energies, means adatom’s binding is favoured en-

ergitically. In addition to the binding energies, we calculated magnetic moments

caused by adatom interaction Table 4.1.

Table 4.1: Selected adatoms adsorbed on so-GaN and so-AlN; equilibrium con-
figuration or adsorption site; binding energy Eb; magnetic moment µ. TN=top
of N atom; N2 molecule imbedded in the layer; D=dumbbell structure.

Configuration Eb m
(eV) (µs)

so
-G

aN

H TN 2.05 0
O TN 3.15 0
N N2 2.66 1.0
Ga D 1.69 1.0

so
-A

lN

H TN 1.27 1.0
O TN 3.83 0
N TN 2.77 1.0
Al TN 1.27 1.0

All adatoms treated in this study form strong chemisorption bonds with SL

so-substrates with binding energies ranging from 1.27 eV to 3.83 eV. H and O

atoms are adsorbed on top of N atoms of the so-substrates. N adatom favors to

form N2 molecule, which is imbedded to the plane of so-GaN forming bonds with

nearby atoms. Ga adatom forms a dumbbell structure on SL so-GaN by pushing

the host Ga down from its plane.

We continued with the investigation of changes in electronic structures by H

and O adatom interactions in terms of total and atom projected densities of states

in Fig. 4.1.To determine the energy positions of the adatom driven localized states

relative to the band edges of the bare so-structure we also calculated the density

of states projected on a cation-anion pair far from the adatom in the supercell.The

local density of states calculated this way sets the fundamental band gap of the

large, bare so-structures. In the same figure, we also present charge density

isosurfaces of specific states corresponding to the peaks in the adatom projected

density of states.

As seen in the Fig. 4.1, H adatom adsorbed on top of N atom gives rise to
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the 2pz-like states near the conduction band edge, which are localized at second

nearest neighbour N atoms of so-GaN. Similarly, in so-AlN structure, H states lo-

calized at N atom just below H occur below and above the Fermi level. Moreover,

spin polarized self consistent fixed results pointed that H adsorption on so-AlN,

gives rise to a magnetic moment of 1.0 Bohr magneton. Since the result was

underestimation, we continued with tests by setting the initial spin configuration

of the system and forcing to be stay at that configurations. Nevertheless, the

seen magnetic moment for H adsorption on so-AlN was not changed.

Oxygen adatom prefers being on top of nitrogen when adsorbed on both so-

GaN and so-AlN, as the positions corresponds to the minimum energy state of the

systems. The adsorption results with localized states both above conduction and

below valance band in so-GaN electronic structure. However in so-AlN structure

localized state corresponding to the adsorption gives rise near the conduction

band edge as seen in Fig. 4.1. The corresponding projected charge densities also

shown below the electronic structures in Fig. 4.1 both for so-GaN and so-AlN. To

clarify the nature of states of the adsorbed Oxygen adatoms, we tested whether it

is in singlet or triplet state. The tests were done by setting the spin configuration

of adatom obtained position and calculating non-self consistent energy values.

The found minimum energies respect to the set state, gives the same energy done

by scf calculations. Thus the set state giving the minimum corresponding energies

are referred as the information of the O adatom states. The results showed that

Oxygen atom being in singlet state is more favourable than triplet state for both

of the so-GaN and so-AlN structures. No magnetic moment is attained upon the

adsorption of O adatoms to SL so-GaN and so-AlN.

In addition to the H and O adsorption on the structures we investigated N

and selectively Ga for GaN and Al for AlN. Same procedure to find the mini-

mum energy of the systems relative to the adatoms positions were done for each

adatoms (N, Ga and AlN). N adatom was studied very neatly. Since, whereas N

adatom on so-AlN clearly bonded to Al atom, N adatom on so-GaN showed that

the both Ga and N top binding positions could be avaliable. Having examined

the both binding positions with increased k-point sampling, cut-off energy and

decreased smearing, we decided that N adatom favours to form N2 formation,
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which is imbedded to the plane of so-GaN forming bonds with nearby atoms.

On the other hand, Ga adatom adsorption on so-GaN resulted with dumbbell

structure. To be sure why it is not prefer to be on top of N atom position, we

conducted further detailed self consistent calculations. Nonetheless, we decided

that the dumbbell formation is more favourable for Ga adatom adsorption on so-

GaN structure. In contrast, we saw that Al adatom adsorption on so-AlN favours

to bond to the top of Al atom. Finally, both N and Ga/Al adatom on so-GaN

and so-AlN structures resulted with permanent and local magnetic moments of

1.0 Bohr magneton.

4.2 Vacancy formation

Similar to adsorption of adatoms on structures, vacancies in structures can create

localized states which can cause change in electronic structure. Therefore, we

investigated a vacancy of cation-anion pair formed in so- structures. Electronic

states of a pair of vacancy are investigated in (4×4) supercells by using (3×3×1)

k-point sampling by including spin polarizations. The formation energy of a

cation-anion pair of vacancy is calculated using the expression

Ev = ET [Ga(Al)N + V ]− m− 1

m
ET [Ga(Al)N ] (4.2)

in terms of the total energy of SL so-GaN and so-AlN structures containing

a pair of cation-anion vacancy and that of the bare so-structures containing m

cation-anion pairs, all calculated in a (4×4) supercell. Here we considered two

situation for each so-structure, where either one cation and one anion at different

locations of the supercell are removed or a single cation-anion bond is removed.

In both cases, charge neutrality is maintained.
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Figure 4.2: Analysis of projected densities of states and isosurfaces of the charge

densities of the states, which give rise to specific peaks near the fundamental

band gap upon the creation of a pair of Ga-N vacancy in SL so-GaN. (a) Ga

and N vacancies are created in different bonds. A Ga-N bond far from these

vacancies are indicated. (b) Densities of states projected on atoms surrounding

Ga and N vacanies. The density of states projected to a Ga-N bond far from

Ga and Al vacancies mimics the density of states of the bare SL so-GaN and its

fundamental band gap (shaded) relative to the Fermi level. Peaks near the the

fundamental band gap of the bare so-GaN are indicated. The zero of energy is

set to the common Fermi level of vacancy+so-GaN. (d)-(f) Same for a pair of Ga

and N vacancy, which is created by removing a Ga-N bond.
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Figure 4.3: Analysis of projected densities of states and isosurfaces of the charge

densities of the states, which give rise to specific peaks near the fundamental

band gap upon the creation of a pair of Al-N vacancy in SL so-AlN. (a)-(f) Same

as in Fig. 4.2 presented for so-GaN.

The formation energy of a neutral Ga-N (Al-N) vacancy is calculated to be 8.66

eV (11.06 eV), if single Ga (Al) and N vacancies occurs in different bonds. On

the other hand, the formation energy of a pair of Ga-N (Al-N) vacancy created

by removing nearest Ga (Al)and N atoms, which form a Ga-N (Al-N) bond from
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a square of a SL so-GaN (so-AlN) is calculated to be 5.18 eV (7.22 eV). If a

similar pair of Ga-N (Al-N) vacancy is created in a cation-anion bond of octagon

of a SL so-GaN (so-AlN), the formation energy is calculated to be 5.65 eV (7.09

eV). These results indicate that the formation energy of adjacent cation-anion

vacancy depends on its location. Also, when cation and anion vacancies are not

adjacent, the formation energy becomes larger, since more bonds ought to be

broken compared to the adjacent cation-anion vacancy.

SL so-GaN or so-AlN acquires a permanent magnetic moment of 2.0 µb through

the formation of a cation-anion vacancy. This way SL so-structure can attain large

and local magnetic moments by creating large amount of cation-anion vacancies

in a domain. Not only magnetic properties, but also electronic structure of SL so-

structure are modified by forming a neutral cation-anion vacancy. For example,

in Fig. 4.2 (a)-(c) the Ga and N vacancy occurring in different bonds gives rise

to the peaks in the fundamental band gap. The strongest peak N1 occurs in the

midgap and is due to filled states localized at N atoms nearest to Ga vacancy. The

peak of empty states Ga1, which are localized at Ga atoms nearest to N vacancy

occurs near the conduction band edge. In the case of a pair of adjacent Ga-N

vacancies in Fig. 4.2 (d)-(f), the N1 peak of empty states, which are localized

at N atoms nearest to the Ga vacancy occurs above the Fermi level. In so-AlN

structure gap states localized at N atoms nearest to the Ga vacancy are occupied,

whereas states localized at Al atoms nearest to N vacancy in a different Al-N bond

are unoccupied. However, when Al and N vacancies are adjacent and occur at

one of the sides of a square, all gap states are localized at N atoms nearest to

Al vacancy; but no gap states occur localized at Al atoms nearest to N vacancy.

Briefly, cation-anion neutral vacancies of so-structures give rise to localized gap

states, which modify the electronic structure significantly.
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Chapter 5

Bilayers and multilayers

We studied several vertically stacked so-GaN and so-AlN multilayer(ML). Stack-

ing geometry is dominantly responsible for interlayer interactions together with

number of stacked layers during ML formation. These two parameters become

crucial to control the properties of these artificial materials. First, we started

with studying bilayer(BL) formation. We saw that between the single layers

in BL structures, perpendicular cation-anion bonds are formed. These formed

vertical bonds is mutually resulted with buckling of layers. The perpendicular

cation-anion bonds are not as strong as lateral bonds and display a different char-

acter, but they provide interlayer interaction stronger than vdW interaction and

they become more influential on the physical properties.

At the start of our study we carried out a systematic analysis by using different

vdW corrections[75, 76, 77, 78] included to GGA within PBE (see Table 5.1.

Based on this analysis all calculations in this section are performed using the

vdW correction due to Grimme et al..[76]
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Figure 5.1: (a) Tilted and side views of cubane structure of so-GaN to form

a bilayer (BL). (b) Tilted and side views of BL constructed by AB stacking.

(c) Tilted and side views of BL constructed from AA’ stacking. The lengths of

vertical cation-anion bonds and the buckling of cation and anion in the same layer

are indicated. Cations, Ga and Al is shown by large green and large blue balls,

respectively. Anion N is shown by small gray balls. (d) Difference charge density,

∆ρ(r), contour plots of a BL is obtained by subtracting the charge densities

of two SL so-structures from that of BL. Vertical bonds constructed from Ga

pz-N pz orbitals are clearly seen. Charge density increases from dark blue-light

blue-green-yellow-red via color code.
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Having tried various possible BL geometries, we came up with three critical

stacking geometries. These are cubane, AB and AA’, as shown in Fig. 5.1 (a), (b)

and (c). In cubane type stacking the primitive unit cells of two layers are exactly

on top each other, except the positions of cations (anions) in the bottom layer are

exchanged by anions (cations) in the adjacent layer. Additionally four vertical

cation-anion bonds are pressed to form a cubane of Ga-N bonds, whereas other

vertical bonds remained relatively longer. At the end, the structure acquired a

significant buckling and attained haeckelite form even at side view. Nevertheless,

cubane type bilayer of so-AlN did not form. In second stacking configuration,

called as AB type stacking, is constructed by locating the centers of squares

of the top layer at the centers of bottom octagons. Similar to cubane bilayer,

AB bilayers for both so-GaN and AlN made four vertical bonds of 2.11 Å by

significant buckling. The last stacking geometry, called as AA’ stacking, is formed

by stacking the primitive unit cells of two layers are exactly on top each other,

except the positions of cations (anions) in the bottom layer are exchanged by

anions (cations) in the adjacent layer. Relative to the construction, eight vertical

cation-anion bonds formed in the structure. Therefore, each cation in the bilayer

is fourfold coordinated by anions and vice versa; among these four cation-anion

bonds one bond, that is the vertical bond ∼ 17% longer than three other in-

plane d1/d2 bonds. In other words, as the in-plane Ga-N bonds lengths are 1.83

Å - 1.91 Å, the length of vertical Ga-N bonds is 2.23 Å. Similarly, in bilayer

so-AlN, the vertical bonds ∼ 14% longer than two other in-plane d1/d2 bonds.

To examine the character of vertical bonds strength in bilayer AA’, we calculated

charge difference between the layers by using Eq. (5.1);

∆ρ(r) = ρBL(r)− ρSL1(r)− ρSL2(r) (5.1)

where ∆ρ(r) is the vertical charge density, shown in Fig. 5.1 (d). ρBL(r) in Eq.

(5.1), is the subtracted charge densities of the AA’ BL both so-GaN and so-AlN,

and ρSL1(r) and ρSL2(r) are the charge densities of top and bottom SL layers. The

bonding nature of the vertical covalent+ionic bonding between cation and anion is

clearly seen. In the second step of stacking, we constructed trilayers(TL) and 3D
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layered structures within the same stacking geometries. Corresponding ground

state energies of structures, electronic band gaps and layer binding energies for

all of the structures was shown in Table 5.2.

Table 5.1: Optimized total energies (ET per unit cell), the length of vertical C-
A bonds (dv) and buckling (∆) calculated for bilayers having different stacking
geometries using different vdW corrections.

AA′ AB
ET (eV) dv (Å) ∆ (Å) ET (eV) dv (Å) ∆ (Å)

so
-G

aN

vdW-1[75] -90.91 2.24 0.07 -90.54 2.11 0.65
vdW-2[76] -91.84 2.23 0.09 -91.41 2.11 0.65
vdW-3[77] -92.22 2.24 0.07 -92.07 2.13 0.63
vdW-4[78] -91.51 2.23 0.09 -91.32 2.11 0.66

so
-A

lN

vdW-1[75] -112.89 2.11 0.12 -111.30 2.03 0.54
vdW-2[76] -114.33 2.10 0.12 -112.42 2.03 0.53
vdW-3[77] -113.76 2.11 0.12 -112.31 2.04 0.53
vdW-4[78] -113.66 2.11 0.12 -112.27 2.03 0.54

As seen in Table 5.2, in case of BL, AA’ stacking has lowest total energy.

Relatively, longer eight vertical bonds in the unit cell imply weaker chemical

interaction. The binding energy between two so-GaN layers of BL in AA’ stacking

comprises vdW and chemical interaction and is calculated to be 400 meV per

vertical Ga-N bond (or 1.60 eV per layer per unit cell). This is stronger than the

usual vdW interaction and includes a significant contribution from weak Ga-N

vertical bonds constructed Ga pz-N pz orbitals. Owing to the formation of vertical

bonds, planar so-GaN is slightly buckled by ∆=0.09 Å. Similar situation arises

in TL structure of AA’ stacking with slightly longer bond lengths and slightly

lower binding energy of layers with 382 meV per vertical Ga-N bond. In 3D

periodic layered structure of AA’ stacking, the length of the vertical bond is 2.25

Å and the binding energy is 399 meV per vertical bonds. BL, TL and 3D periodic

layered structure of so-AlN in AA’ stacking sequence display similar trend with

layer binding energies 620 meV, 607 meV and 645 meV per vertical Al-N bonds.

The global minimum energies of 3D layered AB stacking for both so-GaN and

so-AlN Fig. 5.1 are obtained as respectively -12.39 eV and -15.22 eV. While the

total global minimum energies for 3D wurtzite structures of GaN and AlN, are
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Table 5.2: Energetics, average layer binding energy and fundamental band gaps
of BL, TL and 3D layered structures of so-GaN and so-AlN formed by different
stacking of corresponding planar SLs. Columns are: stacking geometry; ET total
energy (eV per in-plane C-A pair); Elb layer binding energy (eV per layer per
unit cell); fundamental band gap (eV) with d direct or i indirect. For the sake of
comparison, the total energy of SL so-GaN (so-AlN) is -11.08 eV (-13.63 eV) per
C-A pair. The total energy of 3D wz structure of GaN (AlN) is -12.65 eV (-15.43
eV) per C-A pair. All total energies include vdw correction.[76]

stacking
Bilayer Trilayer Bulk

ET Elb Eg ET Elb Eg ET Elb Eg

so
−
G
a
N AA′ -11.48 1.60 1.58 (i) -11.59 2.05 1.53 (i) -11.88 2.13 1.27(d)

AB -11.43 1.39 1.52(i) -11.36 1.11 1.11(i) -12.39 3.49 1.60(d)
Cubane -11.47 1.55 1.48(d) -11.67 2.35 1.36(d) -12.09 2.68 1.59(d)

so
−
A
lN AA′ -14.25 2.48 3.06 (i) -14.44 3.23 2.93 (i) -14.92 3.44 2.24(d)

AB -14.05 1.67 2.35(i) -14.03 1.56 2.20(i) -15.22 4.24 3.66(d)
Cubane - - - -14.37 2.95 2.46(d) -14.89 3.36 3.04(d)

obtained as respectively -12.65 eV and -15.43 eV. The total ground state energies

per Ga/AlN pairs of 3D layered AB and cubane type stacking of both so-GaN

and so-AlN structures are found at a close value to the wurtzite counterparts

which are known as globally minimum structures. Since, we investigated them

very neatly. It is seen that those 3D layered AB and cubane structures of GaN

and AlN have direct and smaller band gaps than wurtzite counterparts, as seen

in Table 3.1 and Table 3.2. Namely, the stacking geometry could change the band

gap energy while the direct gap is preserved as presented in Table 5.2.
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Figure 5.2: (a) Top and side views of 3D layered AB structure of so-GaN together

with its unit cell, lattice parameters. The lengths of vertical cation-anion bonds

and the buckling of cation and anion in the same layer are indicated. bond

lengths, angles and buckling. (b) Same as (a) for 3D layered AB structure for

so-AlN . (c) 3D layered cubane structure of so-GaN, seen as square-octagen for

top and each side views, with its unit cell, lattice parameters. The lengths of

vertical cation-anion bonds and the buckling of cation and anion in the same

layer are indicated. bond lengths, angles and buckling. (d) Same for (c) for 3D

layered cubane structure of so-AlN.
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As a conclusion of this part of the thesis, we emphasize that the interlayer

interaction in multilayers of so-GaN and so-AlN involves chemical interaction in

addition to attractive vdW, and hence it is usually stronger than that in van der

Waals solids. We calculated the phonon dispersions Fig. 5.1 and come out finite

temperature of ab-initio MD calculations as defined in Chapter II. In phonon

calculations, we tested dynamical stability at T=0 K in the Brillouin zone by

constructing(3 × 3 × 3) supercell, described in Chapter II. We first increase the

temperature of the system from 0 K to 1000 K in 2ps and then keep the system

at 1000 K for another 2ps. In the light of the phonon and MD calculations,

we found that 3D layered structures are stable. Furthermore, their electronic

properties showed that their tunable gaps with the stacking geometry indicates

them as future materials to be used in electronic and optical applications.
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Chapter 6

Other works

6.1 2D-allotrope structures of GaN and AlN

Malko [36] et al., showed that, carbon atoms can form different configuration

from graphene. Graphene shows metallic behaviour due to its linearly crossing

valance band edge and conduction band edge at K point on BZ which is also

called as Dirac Cones being the source of ballistic transportation of electrons.

Similarly, all its suggested 2D allotropes; α, β, γ and 6, 6, 12-graphynes shows

Dirac Cones in their electronic structures. Therefore, those interesting structures

gave us inspiration to study same structures for GaN and AlN. In this thesis, by

referring to Malko’s article, we also studied 2D periodic allotrope configurations

of GaN and AlN.

We reconstruct α, β, γ and 6, 6, 12-graphynes for GaN and AlN. α, β, γ

structures have hexagonal lattice. α structure is actually similar to hexagonal,

because it is constructed by adding a pair of ions between the hexagonal structures

basis atoms and forming three pairs instead of one Fig. 6.1. Three different bond

lengths occur along a chain. β structure has a bigger lattice than α and it includes

18 atoms in the unitcell. However, this structure reconstructed to Zhang’s H-GaN

structure [39] for both GaN and AlN. Which is predicted as stable. The new
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porous structures of reshaped-β structures allow them to be used for sieve like

applications such as water purification. γ structure is actually similar to β . Since

both of them actually includes one symmetric-hexagon and one antisymmetric-

hexagonal structure. Whereas in β symmetric hexagons are smaller, in γ it is

bigger. Hence, γ structure includes 12 basis atoms in its unit cell. 6, 6, 12

structure is completely different one. The structure’s lattice is rectangular with

12 basis atoms. Nevertheless, this structure is also reconstructed into a different

structure. Thus, we did not study 6, 6, 12 structures.

a) α-GaN 

a =  5.82 Å

b) α-AlN 

c) γ-GaN d) γ-AlN 

a =  6.76 Å
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Figure 6.1: (a) Top views of 2D (a)α-GaN, (b) 2D α-AlN, (c) 2D γ-GaN and

(d)2D γ-AlN with lattice and different bond lengths.

In this chapter, all calculations for GaN and AlN were done with same param-

eters as in Chapter 3. To satisfied the accuracy wurtzite, zincblend, hexagonal

and so structures were also included as in Table 6.1 and Table 6.2. Cohesive and
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formation energies were calculated as defined in Chapter 3.

Table 6.1: Values calculated within GW for 3D-wz, 3D-zb and 2D alloptropes
of GaN structures: Optimized lattice constant a, c; different Ga-N bond lengths
d1/d2/d3/d4; cohesive energy Ec per Ga-N pair; formation energy Ef per Ga-N
pair; indirect/direct band gap.

a/c d Ec Ef EG−i/EG−d
(Å) (Å) (eV/GaN) (eV/GaN) (eV)

d1 d2 d3 d4
3D-wz 3.25/5.28 1.99 8.77 - -/1.69
3D-zb 4.55/- 1.97 8.75 -0.02 -/1.59
h-GaN 3.24 1.87 7.92 -0.85 1.95/-
α-GaN 9.25 1.84 1.68 1.82 - 5.82 -2.95 -/1.30
γ-GaN 9.10 1.89 1.82 1.71 1.79 6.76 -2.01 1.44/-
so-GaN 6.42 1.83 1.91 - - 7.53 -1.24 1.82/-

Table 6.2: Values calculated within GW for 3D-wz, 3D-zb and 2D alloptropes
of AlN structures: Optimized lattice constant a, c; different Ga-N bond lengths
d1/d2/d3/d4; cohesive energy Ec per Al-N pair; formation energy Ef per Al-N
pair; indirect/direct band gap.

a/c d Ec Ef EG−i/EG−d
(Å) (Å) (eV/AlN) (eV/AlN) (eV)

d1 d2 d3 d4
3D-wz 3.12/5.01 1.90 12.48 - -/4.20
3D-zb 4.35/- 1.91 11.75 -0.73 3.28/-
h-AlN 3.14 1.81 10.46 -2.02 2.90/-
α -AlN 9.08 1.80 1.66 1.78 - 7.89 -4.59 1.75/-
γ-AlN 8.79 1.81 1.75 1.68 1.73 9.10 -3.38 1.78/-
so-AlN 6.16 1.83 1.76 - - 10.07 -2.41 2.86/-

For 3D structures, cohesive and formation energies are similar to experimental

values.

6.2 Vacancy Construction for h-GaN

Since vacancy formation in a lattice could change electronic properties of the

material, we tried different vacancy formations for 4× 4 superlattice of h-GaN as
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shown in Fig. 6.2.

a)

Ga atom

vacancy

N atom

vacancy

Ga atom

vacancy

N atom

vacancy

b) h-GaN type II vacancy in 4×4 supercellh-GaN type Ivacancy in 4×4 supercell

Figure 6.2: Vacancy formation in 4×4 supercell h-GaN; (a) Type I vacancy: sub-

tracting a cation-anion bond together (b)Type II vacancy: subtracting a cation-

anion atoms separately from far away positions to each others in the supercell.

We used same parameters and GW pseudopotential, except for the energy

difference between the sequential steps in the total energy minimization set to

10−3 eV. This gives very course energy estimation. Extracting a GaN pair is

more favourable than extracting a pair of cation-anions atoms separately being

far away from each others in the supercell (see Fig. 6.2). The total energy of

the supercell without vacancy obtained as -283.2 eV while pair extraction is; -

265.2 eV and Ga and N atom extraction is -262.5 eV. This means that required

vacancy formation energy is less for a vacancy in the structure that is formed by

subtracting a cation-anion pair bond.
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Chapter 7

Conclusion

In conclusion, we investigated single-layer, square-octagon structures of GaN

and AlN. First of all, we obtained the ground state energy structures of both

SL so-GaN and so-AlN by using self consistent calculations. Then, to ensure

their stability at room temperatures, we first carried out an extensive analysis of

dynamical and thermal stability using ab-initio phonon and finite temperature

molecular dynamic calculations, which indicated that these free-standing struc-

tures remain stable at high temperature. Having obtained the phonon modes

of the SL so- structure, irreducible point representations corresponding to each

obtained mode, were defined by using group theory and symmetry properties of

eigenvectors. Relative to the irreducible point representations, whether the mode

is Infrared active(IR) or Raman active, was analysed. More specifically, in IR ac-

tive modes two N atoms in the same square move in the same direction while in

the Raman active modes the opposite is true. In phonon dispersion curve, the Eu

branches with the highest frequency have similar dispersion to the Mexican hat

dispersion of the valance band edge. Our study of mechanical properties provided

evidences that they are robust. We predict a strong directionality in the calcu-

lated elastic constants. In-particular, these structures become more stiff under

the tensile stress along the diagonal of the unit cell. However, their fundamental

gaps are less than hexagonal counter parts. Both so-GaN and so-AlN struc-

tures are wide band gap semiconductors with indirect fundamental band gaps as
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proved by both PBE pseudopotential calculation and corrected with HSE. The

valance band structures for both so-GaN and so-AlN show similar dispersion to

Mexican hat dispersion. Hence, the Mexican hat dispersion, appearing in both

electronic and phononic band structures, can be interpreted as a fundamental

property of interactions in the so- geometry. In both structures total density of

state of valance bands are dominated by N atom contribution, especially by N

atoms’ pz orbitals contributions. Under uniaxial and biaxial strain these band

gaps of SL so-GaN and so-AlN structures, reduce and eventually get closed with

increasing strain and shows unique increasing behaviour with decreasing uniaxial

and biaxial strain.

Finally, we investigated the effects of adatoms adsorbed to so-structures and

creation of the vacancy of a cation-anion on electronic and magnetic properties.

Specific adatoms, H, O, N, Ga, Al, can modify the electronic structure through

their localized gap states and can acquire local magnetic moment. In H adsorp-

tion, on top of N atom gives rise to the 2pz-like states near the conduction band

edge, which are localized at second nearest neighbour N atoms of so-GaN. In the

case of so-AlN, states localized at N atom just below H occur below and above

the Fermi level. Similarly, Oxygen adatom adsorbed on top of N atom gives rise

to localized states below the valence band edge and above the conduction band

edge of so-GaN. States of O adatom adsorbed on top of N atom of so-AlN occur

at the edge of the conduction band. Permanent and local magnetic moments of

1.0 Bohr magneton are attained upon the adsorption of N and Ga adatoms to

SL so-GaN and upon the adsorption of H, N and Al adatoms to SL so-AlN. As a

result, by decoration of adatoms and doping, so-structures can be functionalized

to present new physical properties.

As a point defect, neutral vacancy of a cation-anion pair gives rise to diverse

electronic structure and local magnetic moment. The vacancy formation energy

of adjacent cation-anion vacancy depends on its location. Also, when cation and

anion vacancies are not adjacent, the formation energy becomes larger, since more

bonds ought to be broken compared to the adjacent cation-anion vacancy. SL

so-GaN or so-AlN acquires a permanent magnetic moment of 2.0 µB through the

formation of a cation-anion vacancy. In particular, depending on the locations
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of cation and anion vacancies localized gap states occur in different energies in

the band gap. This situation stems from different bond angles and resulting spx

hybridization in the square-octagon rings.

The electronic structure can also be modified by forming bilayers, multilayers

and 3D layered structure through stacking of planar so-structures. We consid-

ered three different types of stacking geometry; AA’, AB and cubane with bilayer,

trilayer and multilayes, and investigated their energetics, stability and electronic

properties. As a most remarkable feature of these multilayer so-structures we

found the vertical cation-anion bonds between adjacent layers. These bonds are

weaker than the in-plane cation-anion bonds, but contribute to the van der Waals

interaction in the binding of layers. The planar geometries of the constituent lay-

ers are buckled in multilayer structures. Moreover, because of the electronic cou-

pling between layers, the effect of multilayer formation on the electronic structure

is stronger than those in vertical van der Waals solids. In case of bilayer and tri-

layer studies of so-GaN and so-AlN, AA’ structures found as the most favourable

structures. For specific stacking geometries; AB, we predict that the stable 3D

layered structures can be constructed from single layers. These structures have

direct band gaps and their cohesive energies are slightly smaller than that of 3D

wurtzite structures known to correspond to the global minima. On the other,

cubane type stacking is obtained as the second favourable 3D layered structure.

Those structures are also stable in regards of ab-initio dynamical and thermal

stability analyses.

As a final remark, we shoved that square-octagon structures of nitride semi-

conductors stable and robust and offer several properties suitable for 2D electron-

ics. They can be functionalized by adatoms and vacancies, they can construct

multilayers to form new nanostructures. In-plane and vertical heterostructures of

so-GaN and so-AlN one can form multiple quamtum wells and resonant tunnelling

devices.
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Appendix A

Lattice Optimizations

At the beginning of this thesis, we started with using PBE+GW potentials.

Hence, lattice constant optimization, cut-off energy optimization, k-point sam-

pling optimization and vacuum distance optimizations, done by using PBE+GW

potentials, are presented in this section as an example.
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a)               so-GaN 

Cutoff Energy Optimisation 
b)

c) d)

a
1

              so-GaN 

Vacuum Distance Optimisation 

                   so-GaN 

K-Point Sampling Optimisation 

                 so-GaN 

Lattice Constant Optimisation 

Figure A.1: The convergence graphics of so-GaN structure by using PAW-GW

potential which is nearly same as for PAW-PBE potential. (a)Cutoff Energy

Optimisation (b)Vacuum Distance along z -direction Optimisation (c)K-Point

Sampling Optimisation and (d)Lattice constant optimisation
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              so-GaN Optimisation Results 

Figure A.2: Self-consistently calculated results to obtain the parameters to be

used in methods in regards of minimum computational cost and required accuracy

for (a)so-GaN in accordance of converging graphics above.
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              so-AlN Optimisation Results 

Figure A.3: Self-consistently calculated results to obtain the parameters to be
used in methods in regards of minimum computational cost and required accuracy
for (b) so-AlN in accordance of converging graphics above.
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