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Structure atomique des domaines d’inversion et joints de grains 

dans les semiconducteurs wurtzites : Modélisation atomistique 

et microscopie électronique haute résolution 

Les semiconducteurs nitrures d’éléments III (AlN, GaN, InN) et le ZnO de structure wurtzite 

sont des matériaux d'une grande importance pour les applications optoélectroniques en 

raison de leurs larges bandes directes qui couvrent la plus large gamme de longueurs d’onde 

d’émission pour une seule famille de matériaux de l’ultraviolet lointain (6.2 eV) au proche 

infrarouge (0.65 eV) en ce qui concerne les nitrures. Ils sont donc très attendus pour de très 

nombreuses applications en optoélectronique et microélectronique. Ils sont le sujet de 

recherches très intenses pour optimiser la qualité des couches minces, et donc les 

investigations portent sur tous les aspects : les mécanismes de croissance, les propriétés 

structurales comme l'élasticité, la polarité, les défauts cristallins, etc. ... En effet, dans ces 

couches minces obtenues par épitaxie sur divers substrats, les défauts de croissance vont 

jouer un rôle important sur les propriétés du matériau et les performances de dispositifs.  

Au cours de ce travail, nous avons étudié particulièrement deux types de défauts plans: 

l’inversion de polarité dans le plan (0001), et les joints de grain de rotation autour de l’axe 

[0001]. Nous avons ainsi pu déterminer la structure atomique la plus stable dans ce plan 

d’inversion pour les composés wurtzite et l’hétérostructure ZnO/GaN et ensuite celle des 

joints, grâce à deux approches complémentaires menées en parallèles: l’investigation au 

microscope électronique haute résolution et la modélisation atomistique par des techniques 

ab initio. Ceci nous a permis non seulement de connaître la structure intime, mais aussi de 

mettre en évidence les propriétés électroniques correspondantes. 

Le manuscrit de cette thèse contient six chapitres: 

Le chapitre 1 examine les propriétés structurelles et électroniques fondamentales des 

composés des nitrures et de ZnO, en passant d’abord en revue la structure wurtzite, ses 

propriétés élastiques, et la polarité induite. Dans ce chapitre, nous avons aussi décrit 

brièvement les techniques de croissance des matériaux analysés, ainsi que les principaux 

défauts rencontrés dans les couches minces correspondantes.  
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Le chapitre 2 rappelle la théorie de la densité fonctionnelle et introduit les principales 

approximations qui ont permis d’aborder de façon raisonnable la résolution de l’équation de 

Schrödinger, jusqu’aux programmes de résolution pratiques que nous avons utilisés dans ce 

travail.  

Dans le chapitre 3, nous présentons les résultats obtenus sur la structure du plan d’inversion 

(0001) dans ZnO et les nitrures d’éléments III. Il s’agit d’une modélisation entièrement 

théorique où nous avons analysé la stabilité structurale, les propriétés de liaison chimique 

ainsi que la structure électronique. 

Le chapitre 4 propose une corrélation entre les analyses de la structure atomique par 

microscopie haute résolution et la modélisation ab initio de l’inversion de polarité à 

l’hétérointerface ZnO/GaN. Ainsi, la configuration la plus stable du point de vue énergétique 

a été déterminée, et imposée par la polarité Ga du substrat GaN, il est montré que cette 

inversion dans une monocouche se forme sur une couche métallique contrairement à ce qui 

avait été rapporté auparavant.  

Dans le chapitre 5, nous discutons des résultats originaux obtenus sur des joints de grains de 

rotation autour de l’axe [0001] qui est la direction de croissance des couches étudiées. Plus 

particulièrement en utilisant le dépôt en phase vapeur assisté par plasma, nous avons pu 

obtenir des couches de ZnO polycristallin sur saphir avec seulement deux orientations: en 

maintenant l’axe [0001] commun, les nano-domaines adjacents avaient leurs axes [112�0] et 

[101�0] parallèles. Théoriquement, il y avait donc une rotation de 30° ou alors de 90° entre 

ces domaines. Par microscopie haute résolution, nous avons systématiquement observé la 

formation des joints de grain de type Ʃ13, de rotation de 32.2° ou 27.8°. Plus intéressant, les 

interfaces correspondantes étaient systématiquement soit le côté ou alors la diagonale de la 

cellule unitaire de coïncidence. Ainsi, nous avons eu la possibilité de montrer que le concept 

d’unités structurales existait dans la structure wurtzite. En effet, pour la première fois, et 

pour quatre joints de grains, on peut observer exactement les dislocations prévues par la 

théorie topologique. Plus particulièrement dans ZnO, la structure atomique de la dislocation 

coin [101�0] avec un cœur spécifique large de 486-atomes est montré comme une unité 

structurale fondamentale pour ces joints de grain de symétrie wurtzite. 

Au chapitre 6, une conclusion générale et des perspectives de ce travail sont présentées. 
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Introduction 

Group III-nitrides and ZnO semiconductors are of great importance materials for the 

optoelectronics applications due to their wide direct band gaps which cover from the 

ultraviolet to infrared energy range. It has been a subject of intense investigations on their 

structural properties like elasticity, polar nature et al., growth mechanism such as polarity 

control, as well as lattice defects. Among these investigations, the structural defects gained 

from the film epitaxy growth may influence the material property and further degrade the 

device performances which consequently received a great deal of attentions in this field. 

With the thesis, we pay more attention to the two kinds of planar defects: (0001) plane 

inversion domain boundary (IDB) and [0001] tilt grain boundary (GB). The aim of this work 

is to clarify the interfacial configuration of (0001) plane IDB at ZnO/GaN heterointerface 

and the core structure of [0001] tilt GB using precise atomic scale STEM measurements and 

extensive theoretical simulations. Furthermore, based on the determined atomic structures, 

the electronic properties are studied as well. 

The doctoral dissertation is segmented into five chapters:  

Chapter 1 reviews the fundamental structural and electronic properties of group III-nitrides 

and ZnO compounds including wurtzite crystal, elasticity character, and polarization. In 

addition, several thin film growth techniques and the selected planar defects are introduced 

as well.  

Chapter 2 briefly reviews the development of density functional theory. Some particular 

approximations and algorithms are introduced. At the end, the advantages of two kinds of 

ab initio packages used in this thesis are related. 

Chapter 3 deals with the investigation of (0001) plane inversion domain boundary in group 

III-nitrides and ZnO homogeneous compounds. A completely theoretical calculation is 

presented. Comparison of structural stability, chemical bonding properties as well as the 

defective state in electronic structure are analyzed in this chapter. 

Depending on the theoretical investigations in chapter 3, the (0001) plane IDBsare 

implemented in more complex interface, ZnO/GaN heterointerface, since the lattice 

mismatch between the two materials is moderate (1.8%) and successfully achievement of 

ZnO/GaN heterojunction based devices. Chapter 4 first presents a serial of atomic scale TEM 
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images to uncover that polarity reversal took place at one monolayer at ZnO/GaN 

heterointerface. Based on the theoretical studies in chapter 3, eight (0001) plane IDB models 

are constructed for the ZnO/GaN heterointerface and their thermodynamical stability, 

chemical bonding as well as electron structure are investigated.  

Chapter 5 discusses a study of [0001] tilt GBs in ZnO. High-resolution TEM is used to 

analyze the core structure of grain boundaries. For the first time, the [101�0] edge dislocation 

with a specific core of 486-atom ring is shown to be a characteristic structural unit of this 

grain boundaries of wurtzite symmetry in agreement with early theoretical reports. 

Furthermore, the defective state on valence band edge is discussed as well. 

In chapter 6, a general conclusion and perspectives of this investigation are given.
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Chapter 1 

Wurtzite Semiconductors 

The group III-nitrides and ZnO semiconductors have attracted a great deal of attentions 

due to their prominent properties such as large direct band gaps (GaN, AlN and ZnO) 

and high exciton binding energy (~60 meV in ZnO) which have applications in 

optoelectronic and electronic fields. In this chapter, basic properties encompassing 

crystallography, elastic constants, polarity, electronic properties, crystal growth, as well 

as crystal defects are briefly introduced.  

1.1 Crystal Structure and Related Properties 

1.1.1 Crystal Structure 

AlN, GaN, InN and ZnO are the most stable in wurtzite (WZ) structure at ambient 

conditions. In this structure, the atoms occupy tetrahedral sites with each atom bonded 

to four neighbors of the other atomic species. The respective topology is shown in 

Figure 1.1 [1]. The unit cell consists of two interpenetrating hexagonal close packed 

sublattices, in which one of the sublattices is shifted along the c-axis by a relative 

displacement of u in fractional coordinates (seen in Figure 1.1(a)). In an ideal WZ 

crystal, the two lattice constants, a and c, are related by  
𝑐𝑐𝑎𝑎 = �8 3⁄ = 1.633 and the 

internal parameter u equals to 3/8=0.375. The side view of Figure 1.1(b) indicates a 

stacking sequence of -AaBbAaBb- along the [0001] axis.  

The dashed lines in side view of Figure 1.1(b) denote the projected positions (A or B 

sites) along [0001] direction. Due to the different ionicities (ionic radii) of the cations 

respect to the anions, the group III-nitrides and ZnO exhibit various lattice parameters. 

Table 1.1 gathers a set of lattice parameters: c/a ratio and u parameter for AlN, GaN, 

InN and ZnO either from experiments or from theoretical calculations. As can be seen, 
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the c/a ratios and u parameters slightly vary from the ideal values of 1.633 and 0.375, 

which depends on the atom sizes. 

 

Figure 1.1. Topology of wurtzite crystal including stick-ball model (a) and side view (b) 

presentations. Solid and hollow dots represent the cation and anion. Atomic stacking sequence 

is shown aside [1]. 

Table 1.1 Lattice parameters a, c (Å), internal parameter u, as well as c/a ratio of WZ structure 

for the group III-nitrides and ZnO semiconductors. 

 

 

 

 

 

 

 a (Å) c (Å) u c/a 

AlN 3.112a 4.983a 0.380b 1.601 

GaN 3.189a 5.185a 0.376b 1.626 

InN 3.545a 5.703a 0.377b 1.609 

ZnO 3.250c 5.204c 0.382c 1.602 

aFrom [2] 
bFrom [3] 
cFrom [4] 
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1.1.2 Elastic Strain 

The elasticity of the solid allows the material to deform under the external force induced 

by impurities, lattice mismatch etc., and completely recovers its initial state with 

removal of the stress. The lattice deformation induced by the stress is called strain. The 

relationship between the stress σ and the strain ε is defined by the generalized Hook’s 

law [5]: 

σ𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖                                               (1.1) 

where 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the elastic stiffness coefficient related to stress tensor 𝜎𝜎𝑖𝑖𝑖𝑖  and strain 

tensor 𝜀𝜀𝑖𝑖𝑖𝑖. With hexagonal symmetry, five independent elastic stiffness constants: 𝐶𝐶11, 𝐶𝐶12, 𝐶𝐶13 , 𝐶𝐶33 and 𝐶𝐶44 are included to simplify the matrix as: 

                                (1.2) 

where the Voigt notation is employed: 𝑥𝑥𝑥𝑥 → 1, 𝑦𝑦𝑦𝑦 → 2, 𝑧𝑧𝑧𝑧 → 3, 𝑦𝑦𝑧𝑧, 𝑧𝑧𝑦𝑦 → 4, 𝑥𝑥𝑧𝑧, 𝑧𝑧𝑥𝑥 →
5, 𝑥𝑥𝑦𝑦,𝑦𝑦𝑥𝑥 → 6. In the matrix, x, y, z-axes are parallel to the orthogonal crystal axis 

[21�1�0], [011�0] and [0001], respectively And 𝐶𝐶66 equals to (𝐶𝐶11 − 𝐶𝐶12)/2. In most 

cases including wurtzite single crystal, the elastic constants are evaluated by measuring 

the velocity of sound after applying the transverse and longitudinal waves along the c 

axis and any axis perpendicular to it [5], table 1.2 reports elastic constants taken from 

the literature. 
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Table 1.2 Elastic constants of the group III-nitrides and ZnO compounds (GPa). 
 

 

 

 

 

 

1.1.3 Polarity 

The wurtzite structure (space group: P63mc) does not have a center of symmetry along 

the [0001] direction (Fig. 1.2). So that a crystal film grown along this direction is polar. 

By convention, the positive polarity [0001] has been defined as when the c axis is 

pointing from the cation to the anion. 

 

 

 

 

 

 

 

 

 

Figure 1.2. The polarity lay out in wurtzite, the case of GaN [1]. 

The polarity of group III-nitrides and ZnO has a marked influence on material growth 

and electronic properties. For instance, as reported in experiments, the growth of GaN 

along the [0001] direction leads to layers with smooth surfaces, whereas they can be 

WZ C11 C12 C13 C33 C44 

AlNa 396 137 108 373 116 

GaNb 390 145 106 398 105 

InNa 223 115 92 224 48 

ZnOc 209.7 121.1 105.1 210.9 42.5 

aFrom [6] 
bFrom [7] 
cFrom [8] 
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rough on top of the N-face [9]. The results are similar with the growth of ZnO films 

[10]. As for the influence on electronic properties, the most typical application refers to 

high electron mobility transistors (HEMTs) in which a two-dimensional electron gas 

(2DEG) can be obtained at heterointerfaces without the need of doping like in cubic 

semiconductors [11]. Without considering external fields, the macroscopic polarization 

is given as a sum of spontaneous polarization 𝑃𝑃𝑆𝑆𝑆𝑆 in equilibrium condition and strain 

generated piezoelectric polarization 𝑃𝑃𝑆𝑆𝑃𝑃 as: 

P = P𝑆𝑆𝑆𝑆 + P𝑆𝑆𝑃𝑃                                                   (1.3) 

In the following section, the determination and derivation of spontaneous and 

piezoelectric polarization are briefly introduced. 

Spontaneous Polarization 

Spontaneous polarization of group III-nitrides and ZnO wurtzite semiconductors 

directly results from the absence of inversion symmetry along the c axis. Figure 1.3 

shows the diagram of dipole moments in wurtzite GaN. Due to the difference of 

electronegativities between Ga and N atoms, Ga-N bond is polarized with a dipole 

moment of 𝑃𝑃0  pointing from N to Ga. The asymmetry along the c axis leads to a 

permanent dipole moment along the [0001] direction, named as spontaneous 

polarization 𝑃𝑃𝑆𝑆𝑆𝑆. The absolute value of spontaneous polarization is unknown and can 

only be calculated as a relative value with respect to an “unstrained” material reference 

like zinc-blend structure. Table 1.3 lists the values of spontaneous polarization from 

Ref.[12]. It is worth noting that the reference structure must have ideal values of 

c/a=1.633 and u=0.375. As the real lattice parameters can be distorted through small 

deviations, the obtained polarization values are sensitive to the lattice parameters used 

in the calculations. 
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Figure 1.3. Ball-and-stick diagram of the tetrahedral bonding in wurtzite GaN for Ga- (a) and 

N-polarity (b) configuration, respectively. The dipole moments of polarized Ga-N bond are 

shown. 

Piezoelectric Polarization 

Apart from the spontaneous polarization, the strain induced or piezoelectric 

polarization PPE has also important influence on electronic properties of the group III-

nitrides and ZnO compounds. Similar with the elastic stress, in the linear regime, the 

piezoelectric polarization is approximatively given as a linear function of elastic strain 

by: 

P𝑖𝑖𝑆𝑆𝑃𝑃 = 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖                                               (1.4) 

In hexagonal symmetry, the three non-vanishing and independent piezoelectric 

constants are: 𝑒𝑒33, 𝑒𝑒13, 𝑒𝑒15. The piezoelectric polarization components along the three 

axes can be deduced as: 

P1𝑆𝑆𝑃𝑃 = 𝑒𝑒15𝜀𝜀5                                                       (1.5) 

P2𝑆𝑆𝑃𝑃 = 𝑒𝑒15𝜀𝜀4                                                       (1.6) 

P3𝑆𝑆𝑃𝑃 = 𝑒𝑒31(𝜀𝜀1 + 𝜀𝜀2) + 𝑒𝑒33𝜀𝜀3                                            (1.7) 

The coefficient 𝜀𝜀3 denotes the strain along the c-axis and is expressed as 𝜀𝜀3 = (𝑐𝑐 −𝑐𝑐0)/𝑐𝑐0. As the in-plane strain in (0001) plane is biaxial, 𝜀𝜀1 = 𝜀𝜀2 = (𝑎𝑎 − 𝑎𝑎0)/𝑎𝑎0, 𝑐𝑐0 and 𝑎𝑎0are the equilibrium lattice constants of WZ structure. Based on Berry phase approach 
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[13], Bernardini and Fiorentini [12] calculated the polarization constants for all group 

III-nitrides and compared the results with the conventional III-V and II-VI compounds. 

Table 1.3 collects the calculated spontaneous polarization and the piezoelectric 

constants for our compounds using the set of lattice parameters from Ref. 12. The 

spontaneous polarization has negative sign and increases from GaN over InN to AlN. 

In particular, the piezoelectric response of AlN is comparable to that of ZnO which is 

reported to possess the highest piezoelectric polarization among the tetrahedrally 

bonded compounds. 

In case of biaxial strain, the lattice parameters a and c in hexagonal symmetry have the 

relationship: 

𝑐𝑐−𝑐𝑐0𝑐𝑐0 = −2
𝐶𝐶13𝐶𝐶33 𝑎𝑎−𝑎𝑎0𝑎𝑎0                                             (1.8) 

The piezoelectric polarization along c axis in Eq.(1.7) is then determined by: 

𝑃𝑃3𝑆𝑆𝑃𝑃 = 2
𝑎𝑎−𝑎𝑎0𝑎𝑎0 (𝑒𝑒31 − 𝑒𝑒33 𝐶𝐶13𝐶𝐶33)                               (1.9) 

From the piezoelectric constants tabulated in Table 1.3, �𝑒𝑒31 − 𝑒𝑒33 𝐶𝐶13𝐶𝐶33� < 0, therefore, 

the piezoelectric polarization is negative for tensile strain and positive for compressive 

strain, respectively. 

The polarization induced interfacial sheet charge density is given as the change of 

polarization between the lower and the upper layer: 

𝜎𝜎 = 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝐿𝐿𝐿𝐿                                                      

= (𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆 + 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃 ) − �𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃 �     (1.10) 

If the charge density σ is positive , electrons will accumulate at the interface region to 

form a so-called two-dimensional electron gas (2DEG); but if σ is negative, a 2-
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dimensional hole gas (2DHG) takes place at the interface.
 

Table 1.3 Theoretical results of spontaneous polarization and the piezoelectric coefficients for 

the group III-nitrides and ZnO. The values are given in (C/m2).
 

 

 

 

 

 

1.2 Growth Techniques  

In this section, a few growth methods are reviewed with a particular attention focused 

on the plasma-induced molecular beam epitaxy (PIMBE) and magnetron sputtering that 

have been used to grow our samples.  

1.2.1 Substrates 

The foreign substrates are necessary for obtaining high quality layers in case no bulk 

material is available at an affordable price. Due mostly to the large availability and 

symmetry compatibility, as well as moderate thermal expansion mismatch, silicon [14] 

and silicon carbide (SiC) [15] and sapphire (α-Al2O3) [16] are the most popular 

substrates used to grow group III-nitrides and ZnO. Besides, the heteroepitaxy of ZnO 

on GaN can be used to yield a better performance. The combination of GaN and ZnO 

is stimulated by the moderate lattice mismatch (~2.1%) between the two materials, but 

also mainly due to the unavailability of stable and reproducible p-type doping of ZnO. 

With the growth of p-GaN/n-ZnO heterojunction applications for light emission may 

Ref.[12] PSP e33 e31 

AlN -0.081 1.46 -0.60 

GaN -0.029 0.73 -0.49 

InN -0.032 0.97 -0.57 

ZnO -0.057 0.89 -0.51 
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be foreseen [17]. 

1.2.2 Plasma-Induced Molecular Beam Epitaxy (PIMBE) 

MBE is one of the main methods to grow thin films of semiconductors, insulators as 

well as metals [18]. It offers precise control of growth rate within one monolayer which 

is interesting for achieving sharp interface for an accurate tuning of the properties. 

Different from the metalorganic chemical vapour deposition (MOCVD) which operates 

under the thermodynamical equilibrium and mostly relies on diffusion process, MBE 

uses impinging beams reaction on the substrate surface [19]. 

Figure 1.4 shows a diagram of MBE chamber. For group III-nitrides or ZnO film 

growth, as reported by Moustakas et al. [20], an electron cyclotron resonance (ECR) 

may be mounted in the metal effusion cell port to evaporate the atoms; Nitrogen flux is 

provided via a compact plasma source or second ECR. Through the process, the strong 

triple bond between two nitrogen atoms in N2 is dissociated [21-23] to produce the 

chemically reactive nitrogen radicals under reduced pressure. Thus, the group III-

nitrides and ZnO grow by the synergetic effects of the evaporation of metal resource 

from the effusion cell and the plasma produced nonmetal radical flux. 

The MBE growth process follows the three steps: 1) surface cleaning. In the used 

ultrahigh vacuum, the substrate is first exposed to a nitrogen plasma in order to remove 

the residual impurities. Taking the ZnO/GaN as an example, GaN substrate surface is 

pre-exposed to a Zn flux to saturate or remove the Ga top atomic layer. 2) Lower 

temperature nucleation growth. In this case a ZnO nucleation layer of 25 nm thickness 

is deposited at 300°C. 3) Finally, a high temperature up to 670°C is adopted to perform 

an epitaxial growth of ZnO. During the film growth stage, by varying the ratio of metal 

or nonmetal flux, the speed of step flow growth, surface’s morphology, as well as the 

polarity can be well controlled. 
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Figure 1.4. Schematics of a molecular beam epitaxy chamber. A Plasma or ECR source is used 

to generate chemically active nitrogen atoms [24]. 

1.2.3 Plasma-Assisted Sputtering 

Modern Plasma assisted sputtering is based on a plasma which is generated between a 

target and the substrate at low pressure using a closed magnetic field at 13.56 MHz. In 

this process, a pre-sputtering process is needed in order to remove the contamination 

on the target material surface. A mixture of nitrogen and argon is utilized to serve as 

the N-resource and sputtering gas. Figure 1.5 schematically exhibits the work principle 

of magnetron sputtering. The positively charged ions from the plasma are accelerated 

by an electrical field superimposed on the negatively charged electrode or “target” with 

a potential range from few hundred to few thousand electron volts, and strike the 

negative electrode until the atoms are ejected from the target material. Those dislodged 

metal atoms will condense on the top of the substrate which is in proximity to the 

sputtering cathode. The substrate holder is rotatable and we could place the substrate 

above either sputtering source to allow for the sequential deposition required for bilayer 

and multilayer films. The obtained films by sputtering are in general polycrystalline or 

columnar, we shall investigate the atomic structure of their boundaries in chapter 5. 
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Figure 1.5. Diagram of magnetron sputtering system: the source is a target made of the 

material to be deposited [24]. 

1.3 Extended Defects 

The materials under study are grown on foreign substrates such as Al2O3 and SiC which 

generates a high density of structural defects (up to 1010 cm-2) [25,26] due to the 

mismatch of lattice parameters and expansion coefficients. There is a great need for 

investigating the crystal defects since they can degrade the electronic and mechanical 

properties of the material, with a highly detrimental effect on device performance. This 

work focuses on two kinds of planar defects: the (0001) plane inversion domain 

boundary (IDB) and the [0001] tilt GBs in ZnO through investigation within a close 

combination of high-resolution TEM observations and theoretical modelling.  

1.3.1 Inversion Domain Boundaries (IDBs) 

The reports on the polarity control of wurtzite layers along the c axis displays a number 

of controversial conclusions. For example, Xia et al. [27] have reported that low growth 

temperature (<500°C) and Ga-rich condition lead to a Ga-polar GaN based on O face 

ZnO; whereas, N-polar GaN can be achieved on O face ZnO by using high growth 

temperature and low III/V ratio. However, Ohgaki et al. [28] have pointed out that the 

polarity inverted GaN epilayer based on O face ZnO mainly comes from the very thin 

interfacial layer of Ga2O3. 
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The IDB is a planar interface between two parts of a crystalline material which are 

connected by a polarity reversal. It was first reported by Aminoff and Broom in wurtzite 

ZnO [29], however other terms have also been used to name the same defect such as 

inversion twins [30], antistructure or antiphase boundaries (APB) [31,32]. Up to now 

extensive atomic structure and properties investigations have been carried out on the 

{101�0} prismatic IDBs. Four models of {101�0} IDBs have been reported in the 

literature. Austerman et al. have proposed two models [30] obtained by keeping the 

anion (cation) sublattice continuous when crossing the boundary, whereas the cation 

(anion) sublattice switch to an equivalent tetrahedral site for the polarity reversal. The 

Holt IDB model [33], as shown in Figure 1.6 (a), is a pure inversion operation across 

the boundary, it exhibits wrong bonds inside the boundary plane. This kind of structure 

has been reported to be energetically unfavorable [34], it may change to a more stable 

configuration through a translation of 1/2[0001], as shown in Figure 1.6(b).  

 

 

 

 

 

 

Figure 1.6. [112�0] projections of (a) Holt IDB and (b) IDB* models. Large (cation) and small 

(anion) circles represent the different elements. The wurtzite stacking sequence of -ABAB- is 

shown on the left side [33]. 
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For the (0001) IDB, Kim and Goo [35] have reported a TEM observation on the “pure” 

(0001) plane IDB structure and proposed eight geometrical models. Their projections 

along the [112�0] direction are exhibited in Figure 1.7 using their notation, where H 

stands for head to head and T for tail to tail. As can be seen, H1 and H4 IDBs exhibit 

similar structural features: a metal atomic layer locates at octahedral position sharing 

six nearest neighbor nonmetallic atoms at the interface, which in turn bond to the 

adjacent layer of tetrahedrally coordinated metal atoms. The difference between H1 and 

H4 IDB comes from the adjacent atomic bi-layer which shifting from Bb location in 

H1 to Aa in H4. In H2 and H3 IDBs, an aligned metal-nonmetal-metal atomic 

arrangement is shown: the nonmetal atomic layer at interface bonds to two metal layers 

with an angle of 180° in deviation of tetrahedral occupation. As for the T IDBs, the 

interface is made of a nonmetallic atomic layer where each atom is surrounded by six 

nearest metal atoms occupying tetrahedral sites. The corresponding displacement 

vectors are given in Table 1.4. 

Figure 1.7. Atomic structures of the eight (0001) plane IDBs projected along the [112�0] 

direction. The green and blue balls represent metal and nonmetal atoms, respectively. The 

arrows indicate the polarity. 
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Table 1.4 The stacking sequences and displacement vectors of models in Figure 1.7. 

 

 

 

 

1.3.2 Grain Boundaries (GBs) 

A GB is a more complex interface which connects two adjacent crystals of the same 

material, where the acting symmetry element may be a combination of more than one 

operation. It always involves a rotation which does not belong to the symmetry group 

of the crystal. When it results from a pure rotation (Figure 1.8), it can be represented 

by 𝜃𝜃°[ℎ𝐿𝐿�⃗ ,𝑘𝑘𝐿𝐿�⃗ , 𝑙𝑙𝐿𝐿�⃗ ], (ℎ𝑛𝑛�⃗ 𝐴𝐴,𝑘𝑘𝑛𝑛�⃗ 𝐴𝐴, 𝑙𝑙𝑛𝑛�⃗ 𝐴𝐴), the rotation thus takes place around a common axis 𝑜⃗𝑜 = [ℎ𝐿𝐿�⃗ , 𝑘𝑘𝐿𝐿�⃗ , 𝑙𝑙𝐿𝐿�⃗ ] and θ° is the rotation angle. It is simpler to refer to the boundary plane 

using the coordinates of one of the grains (ℎ𝑛𝑛�⃗ 𝐴𝐴,𝑘𝑘𝑛𝑛�⃗ 𝐴𝐴, 𝑙𝑙𝑛𝑛�⃗ 𝐴𝐴).  

Depending on the angle between the rotation axis 𝑜⃗𝑜 and the boundary plane normal 

vector 𝑛𝑛�⃗ , grain boundaries are tilt GBs (𝑜⃗𝑜 ⊥ 𝑛𝑛�⃗ ), twist GBs (𝑜⃗𝑜‖𝑛𝑛�⃗ ), or of mixed grain type 

[37]. Moreover, they are also termed as low-angle (<15°) and high-angle (>15°) GBs 

according to the value of rotation angle θ. 

 

Models Stakings Displacement vector 

H1 AaBbA-cCbBc 1/3[01�10] 

H2 AaBbA-aAbBa 0 

H3 AaBbA-aAcCa 1/3[01�10] 
H4 AaBbA-cCaAc 1/3[01�10] 

T1 AbBaA-bAaBb 1/3[01�10] 

T2 AbBaA-cBbCc 1/3[01�10] 
T3 AbBaA-bAaBb 0 

T4 AbBaA-cAaCc 1/3[01�10] 
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Figure 1.8. In a pure rotation grain boundary, xA-zA and xB-zB are the basis vectors of grains A 
and B. Boundary plane is determined by its normal vector n


. The connecting operation 

between two grains is a rotation of angle θ around the direction o


 [36]. 

Coincidence-Site Lattice (CSL) Model 

The coincidence-site lattice model for the GBs was proposed by Kronberg and Wilson 

[38] in an attempt to describe the atomic structure of the boundaries. In this formalism, 

the lattices are artificially interpenetrated and one of them is rotated around the 𝑜⃗𝑜 axis 

by θ. The results is that for specific angles, sites of the two lattice coincide, which lead 

to the as-called coincidence-site lattice (CSL). Indeed, it is understandable that the low 

energy GBs correspond to the highest density coincidence of the two grains and the 

density of the coincidence site, Σ, was adopted to denominate the grain boundaries as: 

Ʃ =
𝑉𝑉𝐿𝐿𝑖𝑖𝑉𝑉𝑉𝑉𝐿𝐿  𝐿𝐿𝑜𝑜 𝑉𝑉𝑛𝑛𝑖𝑖𝑢𝑢𝑐𝑐𝐿𝐿𝑖𝑖𝑖𝑖 𝑖𝑖𝑛𝑛 𝐶𝐶𝑆𝑆𝐿𝐿𝑉𝑉𝐿𝐿𝑖𝑖𝑉𝑉𝑉𝑉𝐿𝐿 𝐿𝐿𝑜𝑜 𝑉𝑉𝑛𝑛𝑖𝑖𝑢𝑢𝑐𝑐𝐿𝐿𝑖𝑖𝑖𝑖                                       (1.11) 

Subsequently, the formalism of dichromatic complexes proposed by Pond and 

Vlachavas [39] is used to determine symmetry operations common to the two grains. 

In hexagonal symmetry, the rotation angle of θ is identical with (60°-θ) around the tilt 

axis of [0001]. As can be seen in Figure 1.9, two misoriented grains are designed as 

black (μ) and white (λ), the coincident sites are clearly visible in the overlap region of 

two crystals with the periodic unit cell shown by ABDC. Thus, the density of the 
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coincidence site is given as: 

Ʃ =
𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝜇𝜇                                                    (1.12) 

Using μ as the reference crystal, 𝐴𝐴𝐴𝐴 = −3𝑎𝑎3 + 𝑎𝑎2 ,𝐴𝐴𝐶𝐶 = 𝑎𝑎3 + 4𝑎𝑎2 , thus 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐶𝐶 =𝐴𝐴𝐴𝐴 × 𝐴𝐴𝐶𝐶 = 13|𝑎𝑎3 × 𝑎𝑎2|; applying to Eq.(1.12), the Sigma value can be obtained as: 

Ʃ =
13|𝑎𝑎3×𝑎𝑎2|𝑎𝑎3×𝑎𝑎2 = 13                                    (1.13) 

Therefore, the grain boundary in Figure 1.9 can also be recognized as Σ13 [0001] tilt 

GB. The GB is periodic with coincidence sites connected by structural defects [40]. 

These defects are called the primary dislocations of the grain boundary, they are found 

through the usual Burgers circuits which enclose one period and travel from μ to λ 

crystal. When such circuits are mapped into the λ or µ crystal, a unique defect content 

is obtained which correspond to such a dislocation.  

For Σ13 GB in Figure 1.9, for the side of CSL unit cell AB {4� , 1,3,0}, the Burgers 

circuit is exhibited as SXF (𝐶𝐶𝜇𝜇 = −3𝑎𝑎3 + 𝑎𝑎2 ,𝐶𝐶𝜆𝜆 = 𝑎𝑎3 − 3𝑎𝑎2). When mapping this 

Burgers circuit in λ crystal, an a edge dislocation core with the defect content of -2a1λ 

is obtained. Similarly for the diagonal of CSL, unit cell BC {5� , 2,7,0} boundary, the 

defect content comes out as F'S'=2(a3-a1)λ. 

Equipped with the basic topology above, the type and the Burgers vector of the defect 

content can be directly determined. Their defect core structure can be identified further 

by high-resolution TEM and atomic modelling. 
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Figure 1.9. Dichromatic complex of the CSL for Σ13 GB at 32.2°. A superposition of sublattices 

μ and λ is shown. The Burgers circuits for the side AB {4� , 1,3,0} and diagonal BC {5� , 2,7,0} 
boundaries are mapped in crystal λ. The rotation axis is along [0001] direction [40] 
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Chapter 2 

Density Functional Theory and Application Techniques 

During the last decades, the density functional theory (DFT) has been an important 

approach to understand the properties of matter down to the level of individual atoms. 

All material are many-body systems of electrons and nuclei, and their physical and 

chemical properties are governed by the Schrödinger equation. Therefore, many 

simulation packages have been developed to help for its resolution and access to the 

materials properties, for instance: CASTEP [1], ABINIT [2], VASP [3-6], SIESTA [7], 

Quantum ESPRESSO [8-9], … In this work, the VASP package was adopted to deal 

with the simulation of (0001) plane IDBs because of the relative small scale system 

(around 40 atoms). However, the SIESTA package based on norm-conserving 

pseudopotential was used to treat the GB simulation that needs a larger number of atoms 

(more than 100 atoms). 

In the following, the basic framework of DFT is briefly reviewed followed by an 

introduction of the used software packages.  

2.1 Schrödinger Equation 

The Schrödinger Equation allows describing the stability of any system down to the 

atomic level throughout the movements of the constituents.  

𝐻𝐻�𝛹𝛹(𝑟𝑟,𝑅𝑅) = 𝐸𝐸𝛹𝛹(𝑟𝑟,𝑅𝑅)                                        (2.1) 

where 𝐻𝐻� is the Hamiltonian operator. ψ is the wave function of system, it is a function 

of the spatial coordinates of N electrons ri {i=1,2...N} and M nuclei RA {A=1,2,...M}. 

E is the corresponding energy for the system.  

The Hamiltonian operator is complex, it concerns the kinetic energies of the nuclei and 
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the electrons, the interactions between the nuclei and the electrons and their mutual 

interactions. By taking these interactions into account and avoiding the influence of 

possible external fields, the Hamiltonian operator, 𝐻𝐻�, can be described as: 

𝐻𝐻� = 𝑇𝑇�𝐿𝐿(𝑟𝑟) + 𝑇𝑇�𝑛𝑛(𝑅𝑅) + 𝑉𝑉�𝐿𝐿𝐿𝐿(𝑟𝑟) + 𝑉𝑉�𝑛𝑛𝑛𝑛(𝑅𝑅) + 𝑉𝑉�𝐿𝐿𝑛𝑛(𝑟𝑟,𝑅𝑅)             (2.2) 

The five terms in right side define, in order, the kinetic energy operator of electrons 𝑇𝑇�𝐿𝐿 

and nuclei 𝑇𝑇�𝑛𝑛; the potential energy operator of electrons 𝑉𝑉�𝐿𝐿𝐿𝐿  and nuclei 𝑉𝑉�𝑛𝑛𝑛𝑛; 𝑉𝑉�𝐿𝐿𝑛𝑛 is a 

potential energy operator that describes the interaction between electrons and nuclei. In 

practice the complex coupling between electrons and nuclei term, 𝑉𝑉�𝐿𝐿𝑛𝑛(𝑟𝑟,𝑅𝑅), makes it a 

strong challenge to solve the Schrödinger Equation. Therefore, further approximations 

are needed to simplify the Hamiltonian operator and the overall wave function. 

2.2 Born-Oppenheimer Approximation 

The Born-Oppenheimer approximation [10] was introduced to take into account that 

the mass of a nucleus is much larger than that of the electrons. Therefore, the electrons 

respond rapidly to the movement of nucleus, but this is not reciprocal. The wave 

function of the system can thus be decoupled as the product of electron 𝜙𝜙(𝑟𝑟) and nuclei 𝜒𝜒(𝑅𝑅) wave functions: 

𝛹𝛹(𝑟𝑟,𝑅𝑅) = 𝜙𝜙(𝑟𝑟)𝜒𝜒(𝑅𝑅)                                     (2.3) 

So, instead of considering the overall wave function and energy operator in Schrödinger 

equation, the problem can be split into two parts: 1) solving the electron-related 

Schrödinger equation. At this stage, the nuclei are fixed in a certain configuration, thus 

the electron-related Hamiltonian describes a system of electrons placed in a fixed 

external potential of nuclei 𝑉𝑉�𝐿𝐿𝑒𝑒𝑢𝑢 including the 𝑉𝑉�𝑛𝑛𝑛𝑛 electron-nuclei interaction 𝑉𝑉�𝐿𝐿𝑛𝑛 term. 

Therefore, the electron-related Schrödinger equation is given as:  

�𝑇𝑇�𝐿𝐿 + 𝑉𝑉�𝐿𝐿𝐿𝐿 + 𝑉𝑉�𝐿𝐿𝑒𝑒𝑢𝑢�𝜙𝜙(𝑟𝑟) = 𝐸𝐸𝐿𝐿𝜙𝜙(𝑟𝑟)                                    (2.4) 

As the nuclei are fixed, by solving the Eq.(2.4), the eigenstate 𝜙𝜙(𝑅𝑅) and eigenvalue 
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𝐸𝐸𝐿𝐿(𝑅𝑅) of electrons can be obtained with respect to the positions of nuclei R. 2) solving 

the nuclei-related Schrödinger equation based on the eigenstate of electron. Since the 

movement of nuclei are not affected by electrons, the overall Schrödinger equation 

(Eq.(2.1) and (2.2)) can be simplified as: 

�𝐸𝐸𝐿𝐿(𝑅𝑅) + 𝑇𝑇�𝑛𝑛�𝜒𝜒(𝑅𝑅) = 𝐸𝐸𝜒𝜒(𝑅𝑅)                                  (2.5)  

By solving this equation, the energy of the whole system can be obtained. Subsequently, 

taking into account the movement of nuclei, iterative scheme is proceeded from step 

one to step two, and the ground state energy of the system can be obtained at the end. 

Among the process, most of the computer efforts are payed to find the eigenstate of 

electrons (step one, solution of electron-related Schrödinger equation) since the number 

of electrons are larger than nuclei and the electronic configuration is complex. 

Therefore, the electron structure calculation is very expensive and complex. The basic 

notation is introduced as following.  

2.3 Density Functional Theory 

As mentioned above, the main point turns to solve the electron-related Schrödinger 

equation Eq.(2.4). Considering the huge number of electrons in a system, it’s apparent 

that the solution of the Eq.(2.4) is still a many-body problem. To further simplify the 

problem, density of electrons n(r) is used as the probability of electrons at a set of 

particular positions ri in real space to replace the set of individual electron wave 

functions. It can be given as: 

𝑛𝑛(𝑟𝑟) = 2∑ 𝜙𝜙∗𝑖𝑖(𝑟𝑟)𝑖𝑖 𝜙𝜙𝑖𝑖(𝑟𝑟)                                          (2.6) 

Herein, the term inside the summation is the probability of an electron to be at a specific 

position r with a wave function 𝜙𝜙𝑖𝑖(𝑟𝑟); the summation goes over all the individual 

electron wave functions that occupied by electrons. The factor of 2 is induced by the 
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Pauli exclusion principle. Use of the electron density has turned the 3N-dimensional 

full wave function solution of Schrödinger equation into a 3-dimensional solution 

which possesses only three coordinates. Besides, the electron density is physically 

observable and experimentally measurable [11-14].  

2.3.1 The Hohenberg-Kohn Theorems 

The entire density functional theory is established based on the two theorems proposed 

by Hohenberg and Kohn in 1964 [15], which apply to any system consisting of electrons 

moving in an external potential 𝑉𝑉�𝐿𝐿𝑒𝑒𝑢𝑢(𝑟𝑟). 

Theorem 1: The external potential is a unique functional of the electron density. Thus 

the Hamiltonian, and hence all ground state properties, are determined solely by the 

electron density. 

The total energy of the system can be written as: 

𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑛𝑛(𝑟𝑟)] = 𝐹𝐹[𝑛𝑛(𝑟𝑟)] + 𝑉𝑉�𝐿𝐿𝑒𝑒𝑢𝑢[𝑛𝑛(𝑟𝑟)] = 𝐹𝐹[𝑛𝑛(𝑟𝑟)] + ∫𝑑𝑑𝑟𝑟𝑛𝑛(𝑟𝑟) 𝑣𝑣𝐿𝐿𝑒𝑒𝑢𝑢(𝑟𝑟)        (2.7) 

Where 𝐹𝐹[𝑛𝑛(𝑟𝑟)] is a universal functional of the electron density independent of the 

external potential which describes the electronic kinetics and electronic exchange-

correlation interaction energies. 

Theorem 2: The ground state energy can be obtained variationally: the density that 

minimizes the total energy is the exact ground state density. 

Therefore, for a N electrons system within an external potential 𝑉𝑉[𝑟𝑟] with a ground 

state of 𝐸𝐸0 the total energy is constrained to the inequality: 

𝐸𝐸𝑉𝑉[𝑛𝑛(𝑟𝑟)] ≥ 𝐸𝐸0                                          (2.8)
 

Thus, the Hohenberg-Kohn Theorems point out that the total energy of the system is a 

functional of electron density and the full solution of the Schrödinger equation can be 
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obtained by minimization of the system total energy. However, in practice, the system 

is made of an ensemble of electrons in interaction. And the contribution of electronic 

exchange-correlation energies to the universal functional 𝐹𝐹[𝑛𝑛(𝑟𝑟)] needs to be further 

defined through various approximations.  

2.3.2 The Kohn-Sham Equations 

Subsequent to the Hohenberg-Kohn theorems, Kohn and Sham [16] proposed to map 

the fully interacting system of N-electrons onto a fictitious auxiliary system of N non-

interacting electrons moving within an effective Kohn-Sham single-particle potential, 𝑉𝑉�𝐾𝐾𝑆𝑆[𝑛𝑛] and provided the Hamiltonian operator of the system as: 

𝐻𝐻� = 𝑇𝑇�𝑠𝑠[𝑛𝑛] + 𝑉𝑉�𝐾𝐾𝑆𝑆[𝑛𝑛]                                                     

= 𝑇𝑇�𝑠𝑠[𝑛𝑛] + 𝑉𝑉�𝐿𝐿𝑒𝑒𝑢𝑢[𝑛𝑛] + 𝑉𝑉�𝐻𝐻[𝑛𝑛] + 𝑉𝑉�𝑋𝑋𝐶𝐶[𝑛𝑛]          (2.9) 

where the four terms on the right are: the kinetic energy operator of non-interacting 

electrons, the external potential representing the interaction between an electron and 

the nuclei, the Hartree potential including coulomb repulsion between electrons, and 

the exchange-correlation potential. Thus, the single-particle Schrödinger equation or 

Kohn-Sham equation is derived as: 

�− 12𝛻𝛻2 + 𝑉𝑉𝐿𝐿𝑒𝑒𝑢𝑢(𝑟𝑟) + ∫ 𝑛𝑛�𝐿𝐿′�
|𝐿𝐿−𝐿𝐿′|𝑑𝑑𝑟𝑟′ +

𝛿𝛿𝑃𝑃𝑋𝑋𝐴𝐴[𝑛𝑛]𝛿𝛿𝑛𝑛(𝐿𝐿)
� 𝜙𝜙𝑖𝑖(𝑟𝑟) = 𝜀𝜀𝑖𝑖𝜙𝜙𝑖𝑖(𝑟𝑟)        (2.10) 

where the 𝜀𝜀𝑖𝑖 and 𝜙𝜙𝑖𝑖(𝑟𝑟) denote the single-electron eigenvalues and wave functions. This 

approach generates a set of equations where each describes one electron. The electron 

density of the N-electron system is then obtained by summation over the occupied 

states: 

𝑛𝑛(𝑟𝑟) = ∑ |𝜙𝜙𝑖𝑖(𝑟𝑟)|2𝑁𝑁𝑖𝑖=1                                       (2.11) 

For solving the set of Kohn-Sham equations, the challenge is to have an accurate form 
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of the exchange-correlation functional, 𝐸𝐸𝑋𝑋𝐶𝐶[𝑛𝑛] in Eq.(2.11). To this end, a number of 

approximations have been proposed. 

2.3.3 Exchange-Correlation Functional 

Local Density Approximation (LDA) 

The local density approximation assumes that the electron correlation energy at a point 

ri is equal to that of a homogeneous electron gas [17] which has the same electron 

density. Then, the corresponding (Eq.(2.10)) exchange-correlation energy functional 

can be written as: 

𝐸𝐸𝑋𝑋𝐶𝐶𝐿𝐿𝐴𝐴𝐴𝐴[𝑛𝑛] = ∫𝑛𝑛(𝑟𝑟)𝜀𝜀𝑋𝑋𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿(𝑛𝑛(𝑟𝑟))𝑑𝑑𝑟𝑟                      (2.12) 

where the exchange-correlation energy density 𝜀𝜀𝑋𝑋𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿(𝑛𝑛(𝑟𝑟))  is derived from the 

homogeneous electron gas with the electron density n(r) [18,19]. Moreover, the 

exchange-correlation energy density in a homogeneous electron gas (excluding the spin 

polarization) is an addition of the exchange and correlation terms: 

𝜀𝜀𝑋𝑋𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿 = 𝜀𝜀𝑋𝑋ℎ𝐿𝐿𝑉𝑉𝐿𝐿 + 𝜀𝜀𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿                                   (2.13) 

The exchange term can be given as: 

𝜀𝜀𝑋𝑋ℎ𝐿𝐿𝑉𝑉𝐿𝐿 = −0.4582 𝑟𝑟𝑠𝑠�                                          (2.14) 

and the correlation term is obtained by fitting the Quantum Monte Carlo simulation 

results proposed by Ceperley and Alder [17,18] as: 

𝜀𝜀𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿 = �−0.1423 �1 + 1.0529�𝑟𝑟𝑠𝑠 + 0.3334𝑟𝑟𝑠𝑠�,                               𝑟𝑟𝑠𝑠 > 1⁄
0.0311 ln(𝑟𝑟𝑠𝑠) − 0.048 + 0.002𝑟𝑟𝑠𝑠 ln(𝑟𝑟𝑠𝑠) − 0.0116𝑟𝑟𝑠𝑠 ,          𝑟𝑟𝑠𝑠 ≤ 1

    (2.15) 

where 𝑟𝑟𝑠𝑠 is the average distance between electrons in homogeneous electron gas: 𝑟𝑟𝑠𝑠 =

(3/4𝜋𝜋𝑛𝑛)1 3⁄ . This approximation uses only the local electron density to evaluate the 
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exchange-correlation functional term and it is known as the local density approximation 

(LDA). The use of this method implies that the electron density is uniform in the 

vicinity of position r, so that the exchange-correlation energy is over-estimated in most 

materials. 

General Gradient Approximation (GGA) 

In order to improve the LDA, the generalized gradient approximation (GGA) which 

includes both the electron density n(r) and its gradient ∇𝑛𝑛(𝑟𝑟)  in the exchange-

correlation functional was proposed to account for the non-homogeneity of true electron 

density [20]. The corresponding functional is:  

𝐸𝐸𝑋𝑋𝐶𝐶𝐿𝐿𝐴𝐴𝐴𝐴[𝑛𝑛] = ∫𝐹𝐹[𝑛𝑛(𝑟𝑟),∇𝑛𝑛(𝑟𝑟)]𝜀𝜀𝑋𝑋𝐶𝐶ℎ𝐿𝐿𝑉𝑉𝐿𝐿(𝑛𝑛(𝑟𝑟))𝑑𝑑𝑟𝑟                (2.16) 

FXC represents the influence of electron density gradient. For practical calculations of 

the properties of the materials, it has been necessary to develop various GGA 

functionals depending on the practical physical problem. For instance, for the 

calculation involving solids, two of the widely used functionals are the Perdew-Burke-

Ernzerhof functional (PBE) [21] and Perdew-Wang functional (PW91) [22]. In this 

work, we choose the GGA-PEB since it can correct the overbonding problem and 

improve the cohesive energy with group III-nitrides and ZnO semiconductors [23]. 

However, it still has some drawbacks, such as, the underestimation of the band gap and 

a noticeable reduction of bulk modulus [23,24]. 
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2.3.4 The Solution of the Kohn-Sham Equations 

Variational Principle 

Using the advanced approximations to describe the exchange-correlation energy 

functional, the Hamiltonian of Kohn-Sham system can be determined approximately. 

For performance, the electron wave function can be expanded by the basis set functions 𝜑𝜑𝛼𝛼(𝑟𝑟) as: 

𝜙𝜙𝑖𝑖(𝑟𝑟) = ∑ 𝐶𝐶𝑖𝑖𝛼𝛼𝜑𝜑𝛼𝛼(𝑟𝑟)∞𝛼𝛼 = ∑ 𝐶𝐶𝑖𝑖𝛼𝛼𝜑𝜑𝛼𝛼(𝑟𝑟)𝑀𝑀𝛼𝛼                    (2.17) 

For the point of view of computer cost, the size of basis set functions is limited as a 

finite number of M.  

For a certain Hamiltonian, the Kohn-Sham equations are then: 

𝐻𝐻�𝑖𝑖−𝑠𝑠 ∑ 𝐶𝐶𝑖𝑖𝛼𝛼𝜑𝜑𝛼𝛼(𝑟𝑟)𝑀𝑀𝛼𝛼 = 𝜀𝜀𝑎𝑎𝑈𝑈𝑈𝑈 ∑ 𝐶𝐶𝑖𝑖𝛼𝛼𝜑𝜑𝛼𝛼(𝑟𝑟)𝑀𝑀𝛼𝛼                          (2.18) 

Multiplying by 𝜑𝜑𝛽𝛽∗ (𝑟𝑟) on both sides of Eq.(2.18), and integrating in the whole space: 

∑ 𝐶𝐶𝑖𝑖𝛼𝛼 ∫𝜑𝜑𝛽𝛽∗ (𝑟𝑟)𝐻𝐻�𝑖𝑖−𝑠𝑠𝑀𝑀𝛼𝛼 𝜑𝜑𝛼𝛼(𝑟𝑟)𝑑𝑑𝑟𝑟 = 𝜀𝜀𝑎𝑎𝑈𝑈𝑈𝑈 ∑ 𝐶𝐶𝑖𝑖𝛼𝛼 ∫𝜑𝜑𝛽𝛽∗ (𝑟𝑟)𝜑𝜑𝛼𝛼(𝑟𝑟)𝑑𝑑𝑟𝑟𝑀𝑀𝛼𝛼             (2.19) 

∑ 𝐶𝐶𝑖𝑖𝛼𝛼�𝐻𝐻𝛼𝛼𝛽𝛽 − 𝜀𝜀𝑎𝑎𝑈𝑈𝑈𝑈𝛿𝛿𝛼𝛼𝛽𝛽� = 0𝑀𝑀𝛼𝛼                          (2.20) 

where 𝐻𝐻𝛼𝛼𝛽𝛽 = ∫𝜑𝜑𝛽𝛽∗ (𝑟𝑟)𝐻𝐻�𝑖𝑖−𝑠𝑠𝜑𝜑𝛼𝛼(𝑟𝑟)𝑑𝑑𝑟𝑟  and 𝛿𝛿𝛼𝛼𝛽𝛽 = ∫𝜑𝜑𝛽𝛽∗ (𝑟𝑟)𝜑𝜑𝛼𝛼(𝑟𝑟)𝑑𝑑𝑟𝑟 are constants when 𝐻𝐻�𝑖𝑖−𝑠𝑠 and 𝜑𝜑𝛼𝛼(𝑟𝑟) are known. This is an eigenvalue of the system which can be solved to 

give the approximate energies 𝜀𝜀𝑎𝑎𝑈𝑈𝑈𝑈. The eigenvalues should converge to true energy 

values 𝜀𝜀𝑖𝑖 of the corresponding Hamiltonian when the basis set is increased to infinity. 
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Self-Consistent Iteration 

In practice the Kohn-Sham equations of Eq.(2.10) are solved in an iteratively as follows: 

(1) Define a initial electron density, 𝑛𝑛(𝑟𝑟), and deduce the starting Hamiltonian. 

(2) Solve the set of Kohn-Sham equations to obtain the single-particle electron wave 

function, 𝜙𝜙𝑖𝑖(𝑟𝑟). 

(3) Calculate the new electron density through Eq.(2.11) as 𝑛𝑛𝐾𝐾𝑆𝑆(𝑟𝑟). 

(4) The criterion of convergence is: if 𝑛𝑛(𝑟𝑟) = 𝑛𝑛𝐾𝐾𝑆𝑆(𝑟𝑟) , the ground state density is 

obtained. Thus, as long as 𝑛𝑛(𝑟𝑟) ≠ 𝑛𝑛𝐾𝐾𝑆𝑆(𝑟𝑟), the calculated electron density is used as an 

input and the process is repeated from step (2). 

In this way, the electron structure is obtained as well. 

2.4 Hybridization Functional Method 

A well-known limitation in DFT is the underestimated band gap prediction in 

semiconductors and insulators. On the contrary, Hartree-Fork (HF) theory generally 

leads to overestimation of the band gaps [25]. Hybrid functionals are combinations of 

non-local HF exchange energy and local density functional energy. One of the widely 

used hybrid functional is B3LYP (Becke, 3-parameters, Lee-Yang-Parr) exchange-

correlation functional [26,27] which combines exchange energy of 80% DFT and 20% 

HF and correlation part of 19% Vosko-Wilk-Nusair (VWN) [28] and 81% Lee-Yang-

Parr [29] energy, as well as an additional Becke’s correction [30], ∆𝐸𝐸𝑋𝑋𝐴𝐴88 . The 

expression can be written as: 

𝐸𝐸𝑋𝑋𝐶𝐶𝐴𝐴3𝐿𝐿𝐿𝐿𝑆𝑆 = 0.8𝐸𝐸𝑋𝑋𝐿𝐿𝐴𝐴𝐴𝐴 + 0.2𝐸𝐸𝑋𝑋𝐻𝐻𝐻𝐻 + 0.19𝐸𝐸𝑋𝑋𝑉𝑉𝑉𝑉𝑁𝑁 + 0.81𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿𝑆𝑆 + 0.72∆𝐸𝐸𝑋𝑋𝐴𝐴88       (2.21) 

The involved coefficients are determined empirically by fitting on known molecules 

energies. Attempts have been made to reduce the number of empirical parameters, and 

for instance the PBE0 functional [31-33] mix the 25% HF exchange energy with 75% 

PBE exchange energy: 
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𝐸𝐸𝑋𝑋𝐶𝐶𝑆𝑆𝐴𝐴𝑃𝑃0 = 0.25𝐸𝐸𝑋𝑋𝐻𝐻𝐻𝐻 + 0.75𝐸𝐸𝑋𝑋𝑆𝑆𝐴𝐴𝑃𝑃 + 𝐸𝐸𝐶𝐶𝑆𝑆𝐴𝐴𝑃𝑃                     (2.22) 

In these approximations, the introduction of HF exchange contribution means a large 

computational effort since the decay of HF exchange energy is slow with distance. To 

reduce the computational cost, Heyd et al. [34] separated the exchange energy into two 

parts, short- and long-range. Only 25% of the short-range contribution comes from the 

HF exchange energy: 

𝐸𝐸𝑋𝑋𝐶𝐶𝐻𝐻𝑆𝑆𝑃𝑃03 = 0.25𝐸𝐸𝑋𝑋𝑠𝑠𝐿𝐿𝐻𝐻𝐻𝐻 + 0.75𝐸𝐸𝑋𝑋𝑠𝑠𝐿𝐿𝑆𝑆𝐴𝐴𝑃𝑃 + 𝐸𝐸𝑋𝑋𝑖𝑖𝐿𝐿𝑆𝑆𝐴𝐴𝑃𝑃 + 𝐸𝐸𝐶𝐶𝑆𝑆𝐴𝐴𝑃𝑃                (2.23) 

The mixture of screened HF exchange in HSE03 [35] enlarges the band gaps for narrow 

and medium gap semiconductors. 

In VASP, not only the three mentioned hybrid methods but also other latterly developed 

functionals (eg. HSE06 et al [36]) are available. 

2.5 On-Site Coulomb Repulsion Correction-DFT+U 

Use of the hybrid functional method can perform a better description of band structure, 

but the computational consumption is rather expensive. DFT+U is a semi-empirical 

approach to treat the strong on-site Coulomb interaction of localized electrons, such as: 

3d- or 5f- orbitals and also p orbitals. The Hubbard-type on-site Coulomb repulsion 

parameter U and on-site exchange parameter J are added to the DFT Hamiltonian [37-

39]. The DFT+U is introduced in ab initio through two ways. One of the methods 

proposed by Anasimov et al. [37] includes a single effective 𝑈𝑈𝐿𝐿𝑜𝑜𝑜𝑜  parameter 

considering only the Coulomb interaction and the DFT+U total energy is defined as: 

𝐸𝐸𝐴𝐴𝐻𝐻𝐷𝐷+𝑈𝑈 = 𝐸𝐸𝐴𝐴𝐻𝐻𝐷𝐷 +
𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒2 ∑ 𝑇𝑇𝑟𝑟[𝜌𝜌𝜎𝜎 − 𝜌𝜌𝜎𝜎𝜌𝜌𝜎𝜎]𝜎𝜎                      (2.24) 

where the 𝜌𝜌𝜎𝜎is the atomic orbital occupation matrix. If the on-site density matrix is 

idempotent, 𝜌𝜌𝜎𝜎 = 𝜌𝜌𝜎𝜎𝜌𝜌𝜎𝜎, for example in a completely full or an empty band, the total 

energy is only dependent on DFT results. The other way is to split the single effect 𝑈𝑈𝐿𝐿𝑜𝑜𝑜𝑜 
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into two parameters as: 𝑈𝑈𝐿𝐿𝑜𝑜𝑜𝑜 = 𝑈𝑈 − 𝐽𝐽. The DFT+U applicability of VASP has been 

widely used for transition-metal compounds [40-43] as well as for the group III-nitrides 

which contain full or partly filled d shells. In this thesis, the DFT+U method is the 

dominant approach adopted for achieving better description of electron structure within 

group III-nitrides and ZnO compounds. 

2.6 Computational Methods 

In practice, for performing a first-principle calculation, choices have to be made in 

advance: (i) The selection of a basis set to expand the eigenfunctions in Kohn-Sham 

equations, between plane waves and localized basis functions. (ii) The description of 

interactions between ionic core and valence electrons to use either a full-potential 

approach or pseudopotential method to avoid the consideration of complicate nodal 

character. (iii) The choice of exchange-correlation functional to describe the electron-

electron interactions from the many DFT functionals (LDA, GGA or hybrid functional 

etc…) or DFT+U method. 

According to the particular requirements, calculation packages are available for solving 

the Schrödinger equation. For instance, VASP (Vienna ab initio Simulation Package) 

[3-6] and SIESTA (Spanish Initiative for Electronic Simulations with Thousands of 

Atoms) are widely used to perform the ab-initio quantum-mechanical simulations. They 

have been applied for the calculation of the materials properties including the structure 

and phase stability, magnetism, mechanical and dynamical properties, chemical 

reaction etc.. VASP and SIESTA are utilized in this work to model the (0001) plane 

IDBs and [0001] tilt GBs, respectively.  

2.6.1 Simulation Packages 

VASP is a plane wave code using ultra-soft pseudopotentials or projector-augmented 

wave (PAW) method to describe the electron-core interactions. In contrast SIESTA 

implements strictly localized basis set and linear-scaling algorithms to allow dealing 
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with the system with larger number of atom systems. Both packages can use the local 

density (LDA) and generalized gradient (GGA) approximations for implementation of 

electron-electron interactions. In the following, a summary of the procedures used in 

VASP and SIESTA are introduced. 

Basis set 

As pointed out in section 2.3.4, for solving the Kohn-Sham equations and reduce the 

computation cost, definite number of basis set functions are used to expand the electron 

wave function. In VASP, plane wave functions are used as the basis set. In practical, a 

reasonable convergence of plane wave basis set can be achieved when performing the 

total energy versus cut-off energy curve. Besides, the use of the plane wave basis set is 

independent of the topology of system. It can perform better prediction on system 

energy and avoid the basis-set superposition errors [44].  

SIESTA package uses linear combination of atomic orbital (LCAO) basis set in which 

the basis functions are atom-centered. It strictly goes to zero beyond a specific radius 

from the center. The orbitals are the products of radial function and spherical harmonic. 

In the case of single-zeta (minimal) basis set, one atomic orbital consists of only one 

radial dependent function. This small basis set is suitable for a fast structural search and 

less cost simulation. Beyond this, multiple-zeta is realized using one or several radial 

dependent orbitals with the same angular dependence. The cut-off radii of these orbitals 

is in general different. So that the scale of basis set is increased to perform a careful 

simulation. 

Pseudopotentials 

When solving the Kohn-Sham equations, the single electron wave functions are 

expanded as the product of basis set like plane wave functions or local-basis set as 

mentioned in last section. However, difficulties still exist: 1) inside the atomic core 

region, electron wave functions oscillate rapidly, as seen in the region 𝑟𝑟 < 𝑟𝑟𝑐𝑐 in Figure 
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2.1, so that a large basis set is needed to reach a precise presentation. In addition, the 

wave functions are localized and their response to the chemical environment is stiff. 2) 

In bonding region (𝑟𝑟 > 𝑟𝑟𝑐𝑐), the electron wave function is smooth and response rapidly 

to the chemical environment. Different strategies are developed to reach the 

requirements. 

The concept of pseudopotential was first advanced by Hans Hellmann in 1934 [45]. It 

treats the core electrons and the nucleus as rigid non-polarizable ion core with an 

effective potential. Only chemical active valence electrons are explicitly described by 

plane wave basis functions or local-basis set functions to reduce the computational 

effort. Outside the core region 𝑟𝑟 > 𝑟𝑟𝑐𝑐), see solid line of Figure 2.1, the pseudo wave 

function and potential of nucleus produce the same eigenenergy and amplitude as the 

all-electron approach. While the wave function inside the ion core region is nodeless 

and smooth. Use of the method efficiently reduced the number of basis set functions 

when solving the Kohn-Sham equations and the number of electrons counted as well. 

However, the loss is the unknown electronic state inside the core region.  

 

Figure 2.1. Comparison of the real (blue) and the pseudo (red) potentials and their 

corresponding electron wavefunctions. Beyond a certain cutoff radius rc, the two are in 

agreement (see https://en.wikipedia.org/wiki/Pseudopotential). 

https://en.wikipedia.org/wiki/Pseudopotential
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The other way to simplify the electron-core interaction is to develop the basis set 

functions. Via the combination of pseudopotential method and full-potential linearized 

augmented plane wave (FLAPW) method [46], projector-augmented wave (PAW) 

method is first advanced by Blochl [47], which becomes the benchmark of DFT 

calculation in VASP method. In PAW method, the all-electron (AE) wave function is 

reconstructed using Pseudo (PS) wave function with a linear transformation: 

|𝛹𝛹𝑛𝑛𝐴𝐴𝑃𝑃⟩ = |𝛹𝛹𝑛𝑛𝑆𝑆𝑆𝑆⟩ + ∑ (|𝜑𝜑𝑖𝑖𝐴𝐴𝑃𝑃� − |𝜑𝜑𝑖𝑖𝑆𝑆𝑆𝑆�)�𝑝𝑝𝑖𝑖𝑆𝑆𝑆𝑆�𝛹𝛹𝑛𝑛𝑆𝑆𝑆𝑆�𝑖𝑖                (2.25) 

where, within the augmentation region, the AE and the corresponding PS wave 

functions can be linearly expanded by their partial wave functions: |𝛹𝛹𝑛𝑛𝐴𝐴𝑃𝑃⟩ =∑ |𝜑𝜑𝑖𝑖𝐴𝐴𝑃𝑃�𝑐𝑐𝑖𝑖𝑖𝑖 , |𝛹𝛹𝑛𝑛𝑆𝑆𝑆𝑆⟩ = ∑ |𝜑𝜑𝑖𝑖𝑆𝑆𝑆𝑆�𝑐𝑐𝑖𝑖𝑖𝑖 , and the common coefficients are products of PS wave 

function and projector functions: 𝑐𝑐𝑖𝑖 = �𝑝𝑝𝑖𝑖𝑆𝑆𝑆𝑆�𝛹𝛹𝑛𝑛𝑆𝑆𝑆𝑆�. The transformation results can be 

determined by quantifying the three terms: 

1) AE partial wave function |𝜑𝜑𝑖𝑖𝐴𝐴𝑃𝑃� by integrating the Schrodinger equation of the 

atomic energy for a set of energies εi and orthogonalization to the core states; 

2) Outside the augmentation region, a PS partial wave function |𝜑𝜑𝑖𝑖𝑆𝑆𝑆𝑆� is identical with 

the AE partial wave function; 

3) Within the augmentation region, the projector function obeys the relationship: �𝑝𝑝𝑖𝑖𝑆𝑆𝑆𝑆�𝜑𝜑𝑖𝑖𝑆𝑆𝑆𝑆� = 𝛿𝛿𝑖𝑖𝑖𝑖. 
In VASP code, the valence electron-core interaction is described using 

pseudopotentials or PAW method. The size of basis set is restricted to be small to save 

the computational resource. Even with the transition metals, the number of the plane 

wave required to describe the bulk material is restricted within 100 per atom. In some 

case, only 50 PW per atom is sufficient to achieve an adequate description.  

In SIESTA code, norm-conserving pseudopotential is used [48] in the form of:  
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𝑉𝑉𝑈𝑈𝑠𝑠(𝑟𝑟) = ∑ ∑ |𝑌𝑌𝑖𝑖𝑉𝑉⟩𝑉𝑉𝑖𝑖𝑉𝑉(𝑟𝑟)⟨𝑌𝑌𝑖𝑖𝑉𝑉|𝑉𝑉𝑖𝑖                                    (2.26) 

where |𝑌𝑌𝑖𝑖𝑉𝑉⟩ is a one-particle wave function projected to the angular momentum ( l and 

m). 𝑉𝑉𝑖𝑖𝑉𝑉(𝑟𝑟) is the pseudopotential acting onto the projected component. The norm-

conserving pseudopotentials are non-local potentials. The generation of norm-

conserving pseudopotentials relies on two conditions: 

1. ∫ 𝜑𝜑𝐴𝐴𝑃𝑃∗ (𝑟𝑟)𝜑𝜑𝐴𝐴𝑃𝑃(𝑟𝑟)𝑑𝑑𝑟𝑟𝐿𝐿𝑐𝑐0 = ∫ 𝜑𝜑𝑈𝑈𝑠𝑠∗ (𝑟𝑟)𝜑𝜑𝑈𝑈𝑠𝑠(𝑟𝑟)𝑑𝑑𝑟𝑟𝐿𝐿𝑐𝑐0 , where 𝜑𝜑𝐴𝐴𝑃𝑃(𝑟𝑟)  is the all-electron 

wavefunction and 𝜑𝜑𝑈𝑈𝑠𝑠(𝑟𝑟) is the pseudo-wavefunction. This means that, inside the cutt-

off radius 𝑟𝑟𝑐𝑐 , the norm of each pseudo-wave function is equal to that of the 

corresponding all-electron wave function. 

2. Outside of the chosen cut-off radius 𝑟𝑟𝑐𝑐 , all-electron wave function is identical to the 

pseudo- wave function. 𝜑𝜑𝐴𝐴𝑃𝑃(𝑟𝑟) = 𝜑𝜑𝑈𝑈𝑠𝑠(𝑟𝑟), when 𝑟𝑟 > 𝑟𝑟𝑐𝑐. 
2.6.2 Relative Formation Energies 

When dealing with defects in a perfect material, the question is to determine the 

additional energy that is consumed by the system for the generation of such a defect. 

This formation energy of a defect X  is calculated by following the definition of Van 

de Walle [49] as: 

𝐸𝐸[𝑋𝑋] = 𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑋𝑋] − 𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑛𝑛𝑐𝑐𝑒𝑒] − ∑ 𝑛𝑛𝑖𝑖𝜇𝜇𝑖𝑖𝑖𝑖               (2.27) 

𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑋𝑋] and 𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑛𝑛𝑐𝑐𝑒𝑒]  are the total energies of the supercell containing the 

defect and of the reference structure. 𝑛𝑛𝑖𝑖 indicates the number of atoms of i element that 

have been added to (𝑛𝑛𝑖𝑖 > 0) or removed from (𝑛𝑛𝑖𝑖 < 0) the supercell when the defect 

or impurity is created, 𝜇𝜇𝑖𝑖  is the corresponding chemical potential of element i. By 

defining the upper and lower bounds associating with the experimental process, the 

relative stability of the defect with respect to the reference structure can be determined. 

For example, in ZnO, the formation energy of a Zn point defect can be given as: 𝐸𝐸[𝑋𝑋] =
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∆𝐸𝐸 + 𝜇𝜇𝑍𝑍𝑛𝑛. The chemical potential of Zn, 𝜇𝜇𝑍𝑍𝑛𝑛, is subjected to a upper bound 𝜇𝜇𝑍𝑍𝑛𝑛 ≤𝜇𝜇𝑍𝑍𝑛𝑛[𝑍𝑍𝑛𝑛, 𝑏𝑏𝑏𝑏𝑙𝑙𝑘𝑘]  in Zn-rich growth condition to avoid the precipitation of bulk Zn. 

However, in thermodynamic equilibrium of bulk ZnO, it follows the expression: 𝜇𝜇𝑍𝑍𝑛𝑛 +𝜇𝜇𝑂𝑂 = 𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑍𝑍𝑛𝑛𝑍𝑍]. So, the lower limitation of 𝜇𝜇𝑍𝑍𝑛𝑛 can be obtained when 𝜇𝜇𝑂𝑂 takes the 

maximum. In O-rich condition, the maximum of 𝜇𝜇𝑂𝑂 is 𝜇𝜇𝑂𝑂[𝑍𝑍2,𝑔𝑔𝑎𝑎𝑔𝑔]. The firm bounds 

of 𝜇𝜇𝑍𝑍𝑛𝑛 is shown as: 𝐸𝐸𝑢𝑢𝐿𝐿𝑢𝑢[𝑍𝑍𝑛𝑛𝑍𝑍] − 𝜇𝜇𝑂𝑂[𝑍𝑍2,𝑔𝑔𝑎𝑎𝑔𝑔] ≤ 𝜇𝜇𝑍𝑍𝑛𝑛 ≤ 𝜇𝜇𝑍𝑍𝑛𝑛[𝑍𝑍𝑛𝑛, 𝑏𝑏𝑏𝑏𝑙𝑙𝑘𝑘] . So that the 

defect is relative stable under the various range of chemical potential. 

2.6.3 Chemical Bonding Properties 

The electron localization function (ELF) was introduced by Backe and Edgecombe 

based on Hartree-Fock theory [50]. They proposed that the electron localization can be 

given by: 

𝐷𝐷(𝑟𝑟) = 𝜏𝜏(𝑟𝑟) − 14 (∇𝑛𝑛(𝐿𝐿))2𝑛𝑛(𝐿𝐿)
                                      (2.28) 

where 𝜏𝜏(𝑟𝑟)  is the kinetic energy density and 𝑛𝑛(𝑟𝑟)  is the electron density. The 

localization value 𝐷𝐷(𝑟𝑟) is expected to be small in areas where the localized electrons 

are located. The relative electron localization with respect to the uniform electron gas 𝐷𝐷0(𝑟𝑟) which possesses the same electron density 𝑛𝑛(𝑟𝑟) is: 

𝜅𝜅(𝑟𝑟) =
𝐴𝐴(𝐿𝐿) 𝐴𝐴0(𝐿𝐿) 

                                                   (2.29) 

where 𝐷𝐷0(𝑟𝑟) =
35 (6𝜋𝜋2)2 3⁄ 𝑛𝑛5 3⁄ (𝑟𝑟). ELF is defined as the electron localization function 

by mapping its values from 0 to 1 in the three-dimensional (3D) space and projecting 

along particular projections of the investigated material:  

𝐸𝐸𝐸𝐸𝐹𝐹(𝑟𝑟) =
11+(𝜅𝜅(𝐿𝐿))2                                              (2.30) 

ELF=1 indicates the perfect electron localization and ELF=1/2 corresponds to the 

uniform electron gas [51-53]. The ELF in bulk GaN is shown in Figure 2.2 to give a 
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first insight on the binding character. The 3D topological representations, where only 

one ELF value, as called isosurface value η, is shown in Figure 2.2(a) and (b) with the 

value of 0.7 and 0.83, respectively. As seen, owing to the large electronegativity of 

nitrogen, the electron localization domains of Ga-N bonds are more localized towards 

N core (yellow regions in Figure 2.2(a) and (b)). As increasing the isosurface value ƞ 

from 0.7 to 0.83, the electron localization domains further bifurcate spatially into four 

irreducible domains, named as bonding attractors, which are consistent with the four 

polarized covalent Ga-N bonds in bulk material [51]. Additionally, 2D slice contour of 

ELF is adopted, where the ELF values are coded in a color scheme range from blue 

through green, and yellow to brown when the ELF value increases from 0 to 1, to 

visualize the electron localization property. As per Figure 2.2(c), the high electronic 

localization regions, large value of ELF, are seen as a large yellow-brown annular 

region and they correspond to N atoms. On the contrary, the Ga atoms are seen as the 

light blue ring. Atomic ball-stick model is correspondingly superimposed onto the 2D 

slice contour to identify the atoms.  

 

Figure 2.2. ELF of bulk GaN. (a) and (b) 3D topological representations bounded with the 
isosurface value 7.0=η and 83.0=η  unveil the spatial electron localization; (c) 2D slice 

contour indicates the chemical bonding character between two atoms. Large and small atoms 

correspond to Ga and N, respectively. 

 

The covalent character of Ga-N bond is seen in the localization domains of N atoms 

pointing towards domain of Ga atoms, without a clear cut separation. Analysis of the 

ELF mapping over the whole space provides a way to understand the chemical bonding 
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character between atoms and the distribution of electron localization in the overall 

configuration. 

2.6.4 Electronic Structure 

The electronic structure of group III-nitrides and ZnO has been a subject of extensive 

investigations in the literature [54,55]. A number of theoretical techniques such as semi-

empirical and ab initio methods [56], as well as experimental measurements like x-ray 

spectroscopy [57] have been used for such investigations. In addition to the usual two 

dimensional band structure in the section of the reciprocal space, the main features of 

the spectroscopy are present through two ways. 1) The total density of states (DOS) 

which shows the total occupation of the states and 2) the partial density of states (PDOS) 

which exhibits each contribution of the valence electron orbitals for the constituents. 

For instance, in the case of nitrides and ZnO, it can be seen in Figure. 2.3 that for both 

AlN and ZnO compounds, the total DOS patterns present three regions, whereas for 

GaN and InN, four segments are seen in the right panels of Figure 2.3. Moreover, the 

examination of the PDOS shows that the metal-d electrons play an important role on 

the valence band. As seen in Figure 2.3(a), in absence of d electrons, the lowest part of 

valence band ranging from -15 to -12.5 eV is contributed from N:2s and Al:3s electron 

orbitals. The immediate upper valence band with the energy range between -6 and 0 eV 

is dominated by Al:3p, 3s and N:2p electron orbitals. As for the first conduction band, 

Al:3s electron orbital is dominant. As for ZnO shown in Figure 2.3(c), since the Zn:3d 

electron orbital is located at the middle of valence band, a strong hybridization of Zn:3d, 

3s and O:2p orbitals is present at energy range between -6 and -4.5 eV. The valence 

band edge states are contributed by Zn:3d, 3p and O:2p orbitals. The lowest valence 

band states mainly come from O:2s orbital and a small contribution of Zn:3s. The first 

conduction band is predominantly contributed by Zn:3s electron orbital [54]. 

Unlike the DOS patterns of AlN and ZnO in which the cation d electrons are absent or 

their location is at middle of valence band, the electronic structures of GaN and InN 
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possess four regions and similar characters as reported in the literature [57]. as shown 

in Figure 2.3(b) and (d). The metal-d electron orbitals are located at bottom of valence 

band. Therefore, from -16 to -12 eV, the hybridization states mainly come from metal-

3d and N:2s electrons. The Ga/In:s electrons hybridize with N:2p states at the energy 

range from -7 to -4 eV in GaN and from -5.5 to -3 eV in InN. As for the valence band 

edge, strong hybridization of Ga/In:p and N:2p states is dominant. In agreement with 

the AlN and ZnO, the lowest conduction bands of GaN and InN are originated from 

Ga/In:s electrons. 

 

Figure 2.3. Calculated DOS and PDOS of the group-III nitirdes and ZnO. The Fermi level is 

allocated to zero position. 
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Chapter 3 

(0001) Plane Inversion Domain Boundaries (IDBs) in Wurtzite 

Semiconductors 

3.1 Introduction 

During the last decades, the nitride semiconductors have come up to dominate the 

optoeletronic industry especially for applications in lighting [1]. They crystallize in the 

wurtzite structure, which exhibits polarity along its [0001] direction which is used for 

the fabrication of most devices. For instance, heavy p doping of GaN leads to a change 

in polarity during the growth in a non-controlled way [2] with Mg rich precipitates at 

the interface between the Ga and N-polar zones. More recently, it appeared that high 

electron mobility transistors may have best characteristics along the N polar side of the 

device on single crystal GaN substrates [3]. Therefore, the polarity governs the physical 

properties in these materials and has an impact on the devices. In nitride layers grown 

along the [0001], extensive attention has been focused on the polarity reversal and 

plenty of investigation methods like TEM and theoretical calculation have been carried 

out on {101�0} IDBs to investigate their native structure and growth behavior [4-7]. 

However, up to now, only Kim and Goo [8] reported a TEM observation of (0001) 

plane IDB in polycrystalline ZnO material with a flat interface and they proposed eight 

possible geometric models. They concluded that a head-to-head type IDB with the 

stacking sequence of AaBbAa-AcCaA could be the most stable structure in their sample 

by matching the high-resolution TEM images with the simulation images of 

geometrical models. However, the local structure and electronic properties were not 

dealt with in their investigation. 

The most stable form of group III-nitrides and ZnO compounds is the wurtzite structure 

which exhibits a polarity along [0001] direction. The polarity reversal may occur during 

the film growth, which may influence the material property. Therefore, it is necessary 
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to investigate this resulting planar interface for homogeneous materials in order to 

contribute to a better understanding of the materials and necessary polarity control 

during the growth of epitaxial layers. 

In this chapter, based on the eight models proposed by Kim and Goo [8], as seen in 

Figure 1.8, the energetic stability of these (0001) plan IDB models is investigated for 

group III-nitrides (AlN, GaN and InN) and ZnO homogeneous compounds since they 

share the same wurtzite structure. Subsequently, their chemical bonding character, 

Bader charge as well as electronic structure are investigated in detail.  

3.2 Simulation Method  

First-principle calculations with the slab geometry scheme are implemented using 

Vienna ab initio simulation package (VASP) to calculate the total energies, charge 

transfer as well as the electronic structures. The slabs with stacking sequence of 

(AaBb)9A- (Metal-polar) and (AbBa)9A- (N-polar) are first constructed as substrates 

along the [0001] direction. The corresponding polarity inverted slabs starting with 

nitrogen atoms are put on the front metal surfaces with displacement of 1/3[101�0] 

(displacement vectors are shown in Table 1.4) to form H and T IDBs. Figure 3.1 and 

3.2 give the detailed interface configurations. The surfaces are saturated with virtual 

hydrogen (H*) which host corresponding fractional electron located straight along 

[0001] direction for termination. A vacuum layer of ~24.434 Å thickness is set to avoid 

the artificial interactions. In the supercells the in-plane coordinates (x and y directions) 

of atoms away from boundaries are fixed. The relaxation along c-axis did not give rise 

to any significant change in the test calculations [9]. The exchange correlation 

functional adapts the generalized gradient approximation [10, 11] with the U 

corrections (GGA+U) according to the approach of reference 12 and the 

pseudopotential uses the projector augmented-wave method (PAW) method [13]. The 

21×21×1 Monkhorst-Pack Gamma k-point mesh is applied for Brillouin zone sampling. 

The atomic positions are optimized until the force on each atom is less than 10-2 eV/Å, 

and the energy difference between two electronic steps reaches 10-6 eV. The valence 
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electron configurations are chosen as: Al(3s23p1), Ga(3d104s24p1), In(4d105s25p1) 

Zn(3d10 4p2) and N(2s22p3), respectively.  

3.3 Energetic Stability 

The calculated relative energies obtained by total energy calculation of DFT are utilized 

to make statement for the relative stability among those candidates as shown in Table 

3.1. The number of atoms and polarity arrangements are different between H and T 

IDBs but are identical in H and T supercells respectively, therefore the relative energies 

are evaluated by taking total energy of H1 and T1 supercell as their respective reference. 

For H IDBs, H4 is the most stable configuration in GaN, InN and ZnO materials with 

the energies slightly lower than those of H1 (~1, 4 and 10 meV lower in GaN, InN and 

ZnO respectively). This is understandable when comparing the atomic stacking 

sequences of H1 (A/B/A/C/B) and H4 (A/B/A/C/A) (seen in Figure 1.8). It can be seen 

that the first-nearest neighbors of interfacial cations are similar. The changes of stacking 

sequence take place at the second-nearest neighbors suggesting a small influence on 

energetics as reported by Yanfa Yan and M.M. Al-Jassim [14] for IDBs in ZnO. 

Moreover, as compared with H1 IDB which hosts two violations of stacking rule, H4 

possesses only one stacking violation which is expected to be more energetically 

favorable [15, 16]. H2 and H3 IDBs have linear metal-nonmetal-metal bonding at 

boundaries and their calculated total energies are 46, 650 and 520 meV higher than 

those of H4 in GaN, InN and ZnO, respectively. As for AlN, H1/H4 have higher 

energies than H2/H3, which is at variance to the results obtained in the another three 

compounds. Bond length distribution analysis reveals that, in interface region, H1/H4 

IDBs shows a deformation of ~9.3% in AlN, which is around 1.3% larger than those in 

GaN and InN. However, the bond length deformations of H2/H3 IDBs in AlN are rather 

small, 1.1% on average, when compared with the other two compounds. This is 

probably at the origin of the lower energy in H2/H3 with respect to H1/H4 in AlN. 

As for T types, the T2 IDB exhibits the lowest relative energy in all group III-nitrides 
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discussed here which indicates that it is more energetically favorable. The interactions 

between the first-nearest neighbor metal layers play a primary role on the 

thermodynamic stability. As seen in Figure 3.2, the interfacial cation-anion bonds in T 

IDBs are distorted after structural relaxation. Moreover, the calculated lattice 

distortions (strains) between the first-nearest metal atom layers of interfacial N layer in 

T2 are smaller than those of T1(~0.5% smaller), and T3/T4 (~5% smaller).  

Table 3.1 IDB relative energies calculated in AlN, GaN and InN with DFT by taking H1 and 

T1 as the respective reference in H and T IDBs. The relative energies are given in meV. 

3.4 Chemical Bonding and Bader Population Analysis 

To visualize the chemical bonding character and charge transfer in the vicinity of the 

boundaries, the ELF as well as Bader charge population are calculated for the H and T 

IDBs in the group III-nitrides and ZnO homogeneous compounds. Since group III-

nitrides and ZnO compounds have the same tetrahedral bonding characters, in the 

following, the main properties of chemical bonding around IDB regions and the layer-

by-layer charge transfer profile near the boundaries are shown through the example of 

GaN. 

Following the basic conception of ELF introduced in chapter 2 (section 2.7.3), ELF is 

calculated for all the IDBs with homogeneous wurtzite compounds. Figure 3.1 and 3.2 

display the obtained ELF isosurface contours of H and T IDBs along with the structures 

 AlN GaN InN ZnO  AlN GaN InN ZnO 

H1 0 0 0 0 T1 0 0 0 0 

H2 -46 46 652 520 T2 -59 -35 -12 0 

H3 -46 47 654 520 T3 249 110 222 200 

H4 -2 -1 -4 -10 T4 200 84 210 200 



 

46 

projected along [112�0] direction. The corresponding color-coded 2D contour slices are 

depicted on right-hand panel. As expected, owing to the large electronegativity of 

nitrogen, the electron localization domains of Ga-N bonds are more localized towards 

N core and further bifurcate spatially into four irreducible bonding attractors (yellow 

regions in left-hand panels of Figure 3.1 and 3.2) by increasing the isosurface η value 

to 0.823, which is consistent with the four polarized covalent Ga-N bonds in bulk 

material [17]. The electron localization domains between the interfacial Ga atoms and 

the first-nearest neighbor N atoms in H1 and H4 IDBs show the identical bifurcation of 

four spherical bonding attractors corresponding to perfect crystal region (seen in left 

panels of Figure 3.1(a) and (d)). However, for H2 and H3 IDBs, as the interfacial N 

atoms bind with only two Ga atoms due to the linear Ga-N-Ga bond chain, the spherical 

electron localization domains divide into two bonding attractors with 180 degree apart 

along the Ga-N-Ga bond direction (shown in left panels of Figure 3.1(b) and (c)). 

Figure 3.1. ELF isosurface contours with η=0.823 on the left-hand panel and the 

corresponding 2D contour slice crossing atomic plane on right-hand panel for H IDBs in GaN. 

The green and grey ball represent Ga and N atom, respectively. The respective atomic stacking 

sequences are shown on top: (a) H1, (b) H2, (c) H3 and (d) H4. 

The 2D contour slices of H IDBs are shown in right panels of Figure 3.1 There is no 

obvious change exhibited by the ELF graphical presentation in H IDBs, the picture is 

more or less similar to that of a perfect crystal. For the T IDBs, the situation is 

completely different; as shown in Figure 3.2, the Ga-N bonds below the interfacial N 

atoms are stretched after structural relaxation and the electron localization domains 
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around the interfacial N atoms bifurcate into smaller domains along the bond directions 

radically deviating from the tetrahedral geometry in all T IDBs. In particular, all the 2D 

contour slices exhibit a visible electron delocalization with ELF value of about 0.5 at 

Ga atomic layer just below the interface which indicate a homogeneous electron gas at 

the boundaries [18]. 

Figure 3.2. The ELF isosurface contours of T IDBs in GaN. The ƞ values and atom balls stay 

the same as in Figure 3.1: (a) T1, (b) T2, (c) T3 and (d) T4. 

Bader charge analysis of each atomic layer is carried out to quantify the charge transfer 

at IDBs [19]. Independent of atomic species, H1/H4, H2/H3 and T IDB possess similar 

electron transfer behavior, respectively; Figure 3.3(a) shows Bader charges of Ga and 

N atomic layer along [0001] direction in H IDBs. As can be seen, the first-nearest 

neighbor N atomic layers just below and above interfacial Ga layer in H1/H4 structures 

has a Bader charge of -1.2e- per atom, 0.32e- lesser than the value in perfect crystal (-

1.52e- per atom). This indicates a positively charged N atomic layer in H1/H4 boundary 

regions. Similar with the H1/H4 structures, an extra positive charge excess of 0.61e- 

per atom is also found to confine at the interfacial N atomic layer in H2/H3 ones. This 

hole accumulation appearing at one monolayer of IDBs can be considered as 2-

dimensional hole gas (2DHG). In contract to H IDBs, a distinct electron accumulation 

with an extra negative charge of 0.9e- per atom is located at the Ga atomic layer just 

below the interfacial N layer in all T IDB regions as shown in Figure 3.3(b). In this 

case, the adjacent interfacial N layer is slightly positively charged by about 0.11e- per 
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atom. This electron accumulation at interfacial monolayer of T IDBs suggests the 

formation of a 2-dimensional electron gas (2DEG), which is in agreement with the of 

ELF contours in Figure 3.2. However, the ELF cannot show the hole density; therefore, 

the 2D slices of H IDBs in Figure 3.1 do not exhibit any visible change across the 

boundaries. Considering AlN, InN and ZnO, the hole accumulation (2DHG) or the 

electron excess (2DEG) appear at the same atomic layers similar to GaN although with 

different charge values. The final net charges after removal of the bulk values are given 

in Table 3.2, where the values for GaN have also been included. It can be pointed out 

that, similar with GaN, the N atom at the first-nearest neighbor layer below and above 

the IDBs has a positive net Bader charge of 0.57e-, 0.2e- and 0.18e- in AlN, InN and 

ZnO in H1/H4 IDBs respectively. And also, the interfacial N atom in H2/H3 IDBs has 

an additional positive charge of 1.15e-, 0.52e- and 0.4e- in AlN, InN and ZnO 

respectively. This indicates the formation of 2DHG in H IDBs. As for T IDBs, the 

negatively charged cation layers with the magnitude of 1.35e-, 0.7e- and 0.e- per atom 

contribute 2DEG just below the interface in T IDBs.  

The charge transfer in IDBs is induced by the polarization (P) discontinuity of the two 

domains above and below [9,20,21]. In the H IDBs, the substrate has cation-polarity 

with a spontaneous polarization (Psp) pointing to [0001] direction. While the upper 

domain has a N-polarity with an equal value of Psp but opposite direction. This 

polarization discontinuity leads to a maximum negative sheet charge density δ (about -

0.162, -0.058, -0.064 and -0.114 C/m2 for AlN, GaN, InN and ZnO, orderly [22]) in 

boundaries. It consequently induces a positive charge (hole) accumulation at H 

boundaries [20] which is confirmed by Bader charge analysis shown in Figure 3.3(a) 

and Table 3.2. In contrast to H IDBs, T types have a N-polarity in substrate and cation-

polarity in upper region. Therefore, the discontinuity in spontaneous polarization results 

in a maximum positive sheet charge density δ (about +0.162, +0.058, +0.064 and 

+0.114 C/m2 for AlN, GaN, InN and ZnO respectively) in boundaries, which leads to 

an electron excess at T boundaries. As seen in Figure 3.3(b), all the T types exhibit 

electron accumulation in boundaries. Besides, in addition to the spontaneous 
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polarization, a piezoelectric polarization with an opposite direction with respect to its 

corresponding Psp is induced in substrates of T types due to tensile strain after structural 

relaxation (up to 2.5% bond deformation as shown above). As a consequence, the 

electron accumulation regions shifted down to cation-layer of substrate which is 

consistent with the ELF and Bader charge analysis in Figure 3.2 and Figure 3.3(b).  

Figure 3.3. (a) and (b) Bader charge of each atomic layer with H and T IDB structures in GaN. 

Black and red solid lines are guide for eyes. The values have been subtracted from the 

background of bulk values. 

Table 3.2. Net Bader charge values at the corresponding atom layers in IDBs with respect to 

Figure 3.3 for those compounds.  

 

 

 

 

 

 

IDB Net Bader charge (e) 

 AlN GaN InN ZnO 

H1/H4 +0.57 +0.32 +0.2 +0.18 

H2/H3 +1.15 +0.61 +0.52 +0.4 

T -1.35/+0.15 -0.9/+0.11 -0.7/+0.08 -0.49/+0.09 
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3.5 Electron Structure of IDBs 

3.5.1 Band Structure 

The influences in electron structures resulting from IDB defect are mainly contributed 

by cation d electrons and the anion 2p electrons at the valence band edge. However, the 

conventional DFT-GGA method overestimates the interaction of semicore cation d 

states and the anion p-derived valence states due to the discontinuities in derivative of 

the exchange-correlation energy, and consequently pushes up the valence band 

maximum (VBM) and decrease the band gap [23,24]. Particularly in the case of InN, a 

wrong metallic ground state is predicted (see band structure of InN in Figure 3.4). To 

this end, on-site U Coulomb interactions are used both on cation d electrons and anion 

p electrons to reduce the d-p coupling interaction for the discussed compounds.  

For group III-nitrides, the VBM and the conduction band minimum (CBM) are mainly 

contributed by N orbitals, and the d states of Ga and In are located near the bottom of 

valence band, more than 10 eV below the VBM, the band gap is more sensitive to the 

U(N) value. Therefore, a test of UN:2P value was firstly performed in a wide range. 

Based on the best value of U(N)=5 eV, an extra correction test on d orbital was 

attempted. The U parameters: U(Ga) = 10 eV, U(In) = 1.9 eV, U(Zn) = 8.5 eV, U(N) = 

5 eV were determined since the change of defect states at VBM is small. The large U 

of Ga results from the more localized nature of 3d state compared to In, where the 4d 

electrons are more efficiently screened by the In core electrons. In ZnO, the 

overestimation of p-d coupling still exist at VBM, but the position of Zn:3d state is 

located at the middle of valence band, higher than the position of group III-nitrides. 

Depending on the previous report [25], we choose U(Zn:3d) = 8.5 eV for the electronic 

structure calculation.  
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Figure 3.4 shows a quantitative change of GaN, InN and ZnO band structure along the 

high symmetry lines of hexagonal Brillouin zone with GGA+U and GGA 

approximation. In agreement with the previous reports [23-27], the GGA+U method 

significantly improves the band gap (Eg) of GaN to 2.75 eV compared to the Eg =1.86 

eV using GGA method. Besides, the d states are pushed down by more than 1 eV using 

U correction with respect to the VBM and bear now less dispersion, which suggests an 

increased localized character. Moreover, the p-d interaction is even smaller now 

although the d states are located at more than 12 eV below the VBM.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Calculated band structure of GaN, InN and ZnO unit cell predicted by the GGA 

+U (UGa:3d = 10 eV, UIn:4d = 1.9 eV, UZn:3d = 8.5 eV and UN:2p = 5 eV) as well as the GGA 

method. The energy of VBM is set to zero in each case. 
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Similarly for InN, as the 4d states are efficiently screened by In core electrons, a minor 

improvement is obtained with the band gap increased from -0.011 eV to 0.00 eV and 

with the position of d states pushed down by around 0.7 eV. The calculated band gap 

of AlN is 4.2 eV which is consistent with typical theoretical value using U calibration 

[27]. The Zn: 3d state is more sensitive to U correction, as we can see, the band gap 

calculated using GGA+U method is 1.86 eV, which is a significant improvement over 

the GGA method with the band gap of 0.80 eV and also conforms to the archetypical 

theoretical values using U calibration method [23]. In particular, the GGA+U 

calculation yields a slightly smaller dispersion of the lowest band which is 

predominantly originating from Zn:3d states. The anion p band (mainly from O:2p) just 

above is no longer pushed up towards conduction band bottom and the p-d interaction 

are smaller now. It has to be pointed out that one should not expect a perfect band 

alignment with this on-site Coulomb correlation, the application of U calibration was 

mostly motivated by the aim to prevent the overestimation of p-d interactions at VBM. 

3.5.2 Projected Density of States (PDOS) 

Now we turn to discuss the influence of IDBs on electronic structures by means of the 

partial density of states (PDOS). Consistent with the bonding and charge transfer, 

H1/H4, H2/H3 and all the T types show, respectively, very similar characters in the 

four compounds. Therefore, only PDOS of interfacial cation-anion bonding atoms in 

H1, H2 and T1 IDBs are depicted in Figure 3.5 in the energy range from -7 eV to 3 eV. 

All the IDBs exhibit a metallic character with non-zero DOS at Fermi level position. 

The cation d electrons (of Ga, In and ZnO) play an important role in hybridization at 

VBM which is supported by both experimental measurement using x-ray photoelectron 

spectroscopy [28] as well as theoretical calculations [29]. Independent of the atomic 

species, this metallic behavior of H IDBs mainly originates from the hybridization 

states of cation d states and N 2p states around Fermi level as seen in Figure 3.5. The 

empty hybridization states at VBM just above Fermi level indicate a p type interface 

with hole carriers at H boundaries, which is consistent with the Bader charge analysis 
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in Figure 3.3(a). As compared to the group III-nitrides, the Zn: 3d orbital exhibits higher 

density and is dominant for the hybridization states at the valence band. This is 

consistent with the band structure character unveiled in Figure 3.4, in which the Zn:3d 

electrons are located at higher energy rang (more close to the valence band edge) than 

the other cation d electrons. 

Figure 3.5 Calculated PDOS of Ga-N, In-N and Al-N and Zn-O bonding atoms in regions of 

H1, H2 and T1 IDBs. The Fermi level is specified to zero in each case. In H1 IDBs, the 

interfacial cation and the anion just below are chosen to plot the PDOS. For H2 and T1 IDBs, 

the interfacial N and the cation below are used.  

The partial DOS of anion: 2p orbital in px, py, pz direction is further calculated by 

projecting the wave functions onto spherical harmonics within spheres of a radius 

around each ion to investigate the electronic contribution. As shown in Figure 3.5, the 
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distribution of the anion: 2p electrons at the valance band edge is very dependent on 

topological structures of IDBs. Indeed, the cation d states hybridize with all projected 

p states (N/O: px, py, pz states) at the valence band edge crossing the Fermi level in 

H1/H4 IDBs. Whereas in H2/H3 IDBs, only N/O: px and py states are found to 

hybridize with cation d states at band edge of valance band. The N: pz states remain 

unchanged with respected to that of perfect structures. Considering the topological 

configurations of H IDBs, the interfacial cations at H1/H4 IDBs are located at 

octahedral sites and bond with their adjacent N atoms in tetrahedral positions. 

Therefore, the number of cation-anion bands, as well as the bond angles, deviate from 

the perfect wurtzite structure. So that the N/O: p states in all directions follow the same 

deviation. The interfacial N/O atom in H2/H3 IDBs linearly bonds with their adjacent 

two cations to achieve the cation-N-cation bond chain in z direction but the cations are 

located at normal tetrahedral positions. Therefore, the N/O: pz states stay identical as 

in perfect crystal, while N p states in x and y directions deviate.  

As for the T IDBs, the band gap reduces, and an extended band is generated with a 

strong hybridization peak contributed from cation s electrons and p electrons as well as 

anion p electrons crossing Fermi level. The DOS of cation are remarkably intense at 

this band edge. This demonstrates a metallic character in all the T IDBs which agrees 

with the electron accumulation as already depicted by ELF and Bader charge analysis. 

3.6 Conclusion  

In this work, we presented systematic calculations on energetics, interfacial bonding 

properties as well as electronic structures of eight (0001) plane IDBs in group III-

nitrides (AlN, GaN and InN) and ZnO homogeneous compounds. The energetic 

comparison shows that, among H IDBs, H4 is the most stable in GaN and InN, but not 

in AlN due to the lattice deformation. As for T types, T2 one is the most energetically 

favorable configuration in the three compounds. ELF and Bader charge analysis clearly 

indicate a formation of 2DHG and 2DEG in H and T IDBs, respectively. This charge 
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transfer is mainly attributed to the polarity discontinuity across the IDBs and to strain 

effects. The electronic structures corrected by on-site Coulomb interaction (U) exhibit 

a metallic character in all IDBs with none-zero DOS crossing Fermi level position. The 

hybridization states of valance band edge cross the Fermi level in H boundaries 

indicating hole excess interfaces. As for T types, the PDOS is extended in density with 

the Fermi level shifted up above the conduction band minimum (CBM) which 

corresponds to an electron accumulation in boundaries consistent with ELF and Bader 

charge results. 
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Chapter 4 

Experimental and Theoretical Investigation of the (0001) Plane 

IDBs at ZnO/GaN heterointerface 

4.1 Introduction 

The last two decades have shown intensive research on wurtzite semiconducting 

materials, primarily the group III-nitrides and ZnO, for a wide range of potential 

applications, such as high efficiency light emitters [1], high-power, high-frequency 

transistors [2,3], as well as spintronic devices [4]. Indeed, a whole industrial field was 

opened for solid state lighting based on GaN, as soon as reliable p-type doping with Mg 

has been established [5]. Of course this is not yet the case in ZnO for which efficient p-

doping is still a challenge, notwithstanding its large exciton binding energy [6]. 

Recently, ZnO-based heterojunction concept is introduced to operate 2DEG with a 

sheer carrier density of 1013 cm-3 at heterointerface without the need of doping [7], 

which extends its application into heterojunction field-effect Transistors (HFET), such 

as: ZnMgO/ZnO HFET, the electron mobility is reported to reach as high as 106 cm2V-

1s-1 at low temperature [8]. While, limited availability and high price of native ZnO 

substrate necessitate establishing growth of high-quality ZnO structure on foreign 

substrates, for instance III-nitrides [9], Al2O3 [10,11] and SiC [12]. However, due to 

the large lattice mismatch, the epitaxial ZnO layers are always plagued with high 

densities of extended defects inherent to the wurtzite structure [13-15]. Detrimental 

effects of these defects on the performances of the related devices have been the subject 

of numerous reports [16-20]. For instance, the basal and prismatic stacking faults in 

ZnO were reported to exhibit low formation energies, and tend to coexist with large 

densities of point defects [13-14]. For the prismatic {101�0} inversion domain boundary 

(IDB) which exhibits two stable atomic configurations [21-24], it has been found that 

this type of boundary does not induce electronic states in band gap, but could attract 
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charged point defects and build up an electrical potential for the minority carriers in 

both p- and n-type ZnO [15]. Obviously, in order to fabricate high performance devices, 

it is necessary to fabricate high quality ZnO thin films. To further improve the structural 

perfection of ZnO films, (0001)-GaN/c-sapphire template is considered as one of the 

best substrates for epitaxial growth, since the 1.8% of the lattice mismatch between 

GaN and ZnO is ten times smaller than that with sapphire. This improvement for high 

quality ZnO film growth would indeed open the way for optimizaition of devices 

performance [25]. The predicted electron velocity in bulk ZnO reaches to 3.1x107 cm/s 

[26,27], exceeding that in GaN (2.9x107 cm/s) [28]. When combined with inexpensive 

epitaxial technology, this feature makes ZnO an attractive choice for high-power, high-

frequency FETs (note that p-type problem is not an obstacle for these unipolar devices 

relying on electron conduction). In particular, theory predicts superior performance of 

ZnO-based FETs in THz-range as compared to GaAs [27].  

The realization of full potential of ZnO-based heterostructures on GaN in electronic 

devices requires an insight into the properties of the ZnO/GaN heterointerfaces at 

atomic scale. At the interface, one not only faces purely crystallographic and chemical 

relationship, but also requires a precise control on the polarity relationship. As an 

example, in a number of reports published on the luminescence properties of p-GaN/n-

ZnO heterojunctions, the emission was observed either from the GaN [29,30] or the 

ZnO side [31,32]. However, as was reported by Schuster et al. for nearly defect-free \p-

GaN/n-ZnO nanowires [33], strong excitonic UV emission originating from the ZnO-

side of the interface as well as stimulated emission can be controllably attained from 

the ZnO side. Until now, attempts to attain a control of the layer polarity at the 

ZnO/GaN heterostructure are scarce, mainly consisting in the insertion of ultrathin (4 

nm) Ga2O3 which helped to change the polarity of the overgrown ZnO to O-polar on 

top of a Ga-polar template [34,35]. However, for device application, an abrupt and clean 

interface between the two semiconductors is the most efficient way to achieve the best 

performance. In this vein, early attempt to grow Ga-polar GaN on O-polar ZnO by 

pulsed laser deposition reported that this could take place at room temperature, while it 
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was necessary to use low temperature buffer layer in order to achieve similar result at 

700°C [36,37]. It is only recently that, by close tuning of the growth conditions in 

molecular beam epitaxy (MBE), one may obtain complete reversal of polarity of a ZnO 

layer growing on a Ga-polar GaN template within one monolayer [38]. But the details 

of atomic structures of this ZnO/GaN heterointerface and the corresponding physical 

properties have not been clarified yet. Clearly, this ZnO/GaN heterointerface is (0001) 

plane IDB and a number of reports on its investigation mainly focus on polycrystalline 

wurtzite BeO [39] and ZnO [40] using either optical or high resolution transmission 

electron microscopy. In agreement with the geometrical models proposed by Kim and 

Goo [40], the study of the surface energy points out to the eight atomic configurations 

of the (0001) IDB in wurtzite. However, until now, no systematic investigation of their 

structural, energetic and electronic stability has been reported, neither has been reported 

a detail experimental analysis of the stable atomic structure.  

In this chapter, we report on a systematic investigation of a one monolayer transition 

from Ga-polar GaN to O-polar ZnO heterostructure using STEM, particularly in the 

high angle annular dark field and annular bright field mode (HAADF, ABF) in order to 

clarify the atomic structure and chemical composition. To gain insight into the genesis 

of the experimental observations, a detailed theoretical analysis based on density 

functional theory is used to elucidate the chemical bonding character and electron 

property of the heterointerfaces. 

4.2 Samples 

ZnO films were grown by plasma enhanced molecular beam epitaxy (P-MBE). Highly 

resistive (60 kΩ.mm), carbon-compensated 2.5-µm Ga-polar (0001) GaN layers 

prepared by metalorganic chemical vapor deposition on c-plane sapphire served as 

substrates. Prior to loading into the MBE system, the GaN templates were cleaned with 

aqua regia to remove possible metal contamination followed by immersion in a 

HCl:H2O = 1:1 solution to remove any gallium oxide (Ga2O3) from the surface. After 

loading the substrate to the growth chamber, GaN surface was thermally cleaned at 625℃ 
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for 15 min followed by an exposure to Zn beam to terminate the GaN surface with Zn 

adatoms [38]. The same Zn flux of 0.1 Å/s was maintained during cool down and the 

growth of low-temperature (LT) ZnO nucleation layer of thickness 25 nm at Tg = 300℃. 

During the LT ZnO growth, the oxygen-to-Zn ratio (VI/II ratio in the following 

discussion) was varied via varying the O flux within a wide range, from deep Zn rich 

(VI/II = 0.55) to deep oxygen rich (VI/II = 3) conditions. After annealing the LT-ZnO 

layer at 730℃ for 5 min at 1×10-5 Torr reactor pressure with closed O-plasma shutter, 

ZnO growth proceeded at 670℃. For all the samples under investigation, Zn flux and 

oxygen gas flow during the high temperature (HT) ZnO growth were kept at 0.25 Å/s 

and 0.7 sccm, respectively. 400W RF power of the plasma cell was used for both the 

LT- and the HT-ZnO growth. The growth time for HT ZnO was 2 hours and total film 

thickness for the samples nucleated with VI/II ratio below 1.5 is around 365 nm and for 

those nucleated with larger VI/II ratio is 175nm. Figure 4.1 exhibits the sample structure. 

The heterointerface of ZnO/GaN can be seen as a high contrast line pointed out by red 

rectangle. 

 

 

 

 

 

 

 

Figure 4.1. Sample structure of ZnO/GaN heterointerface. Red rectangle points out the 

interface 

As we have reported previously [38], O/Zn ratio higher than the critical value of 1.5 

gives rise to the nucleation of O-polar ZnO films, and it turns out that this polarity 

inversion at nucleation takes place at the whole wafer surface and thus results in a ZnO 

layer with an reversed polarity to that of the underlying GaN. Herein, the studied O-

polar ZnO/Ga-polar GaN heterostructure was prepared at a high O/Zn ratio of 6.0 to 

verify the occurrence of polarity inversion. A Zn-polar ZnO/Ga-polar GaN nucleated 

(0001) plane IDB 
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at low O/Zn ratio was investigated for comparison. 

4.3 TEM Observations 

High angle annular dark field (HAADF, collection angles of 75-309 mrad) and annular 

bright field (ABF, collection angles of 11-24 mrad) analysis were carried out in double 

Cs corrected JEOL ARM 200CF scanning transmission electron microscope (STEM) 

to determine the atomic stacking and elemental composition across the ZnO/GaN 

heterointerface. A semi-convergence angle of 20.4 mrad was used, giving rise to a 

probe size of 0.8 Å. To improve the signal-to-noise ratio and minimize the image 

distortion, 10 serial frames were acquired with a short dwell time (2 µs per pixel). 

Multiple images were then aligned and superimposed.[41] 

TEM investigation on polarity inverted ZnO/GaN heterointerface is shown in Figure 

4.2. As pointed out by white arrow (HAADF image of Figure 4.2(a)), only one 

monolayer in this ZnO/GaN heterointerface exhibits a change in contrast, which 

originates from the abrupt transition from GaN to ZnO. Further in GaN template and 

ZnO epilayer, the change of stacking sequence, as illustrated by blue dots and lines, 

reveals the occurrence of polarity inversion between two layers [41]. In the ABF image 

recorded simultaneously (Figure 4.2(b)), a clear atomic resolution is obtained and the 

light atom positions are now well visible. The characteristic polarity dumbbell pairs of 

wurtzite crystal are resolved with the presence of the lighter contrast zigzag below or 

above the darker atomic positions (Ga, Zn). The interface plane comes out as only one 

monolayer which exhibits a different geometry with respect to the perfect wurtzite 

structure. Otherwise, on each side of the interface, the hexagonal ‘-ABAB-’ stacking is 

clearly preserved and the polarity can be identified as O-polar in ZnO and Ga-polar in 

GaN, respectively. Figure 4.2(c) is the superimposition of HAADF and ABF images in 

which the large green spots correspond to intensities where the metal atoms are 

dominant. Now the abrupt ZnO/GaN heterointerface is evidently identified as a 

contribution of metal layer. And the whole stacking sequence of the heterostructure can 
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be directly deduced to AaBbA-cCaAc (H4 IDB) by following the same definition in 

reference [40]. The corresponding atomic model is seen in Figure 4.2(d).  

 

Figure 4.2. STEM images of O-polar ZnO/Ga-polar GaN heterointerface. (a) HAADF image 

of O-polar ZnO/Ga-polar GaN heterointerface. The white arrow shows the interface. The blue 

dots and lines underline the stacking sequences. (b) Simultaneous ABF image where atoms 

have been superimposed. Big circles indicate metal atoms and small circles denote nonmetal 

atoms. (c) Overlap of the HAADF and ABF images showing the interface configuration. (d) 

Corresponding atomic model of the (0001) plane IDB. 

When the polarity inversion was not initiated by tuning the right O/Zn ratio, the polarity 

of substrate extends to ZnO epilayer and the interface geometry is completely preserved. 

As seen in HAADF image of Figure 4.3(a), only a faint change in chemical contrast 

permits to delineate the ZnO/GaN interface (see white arrows). The corresponding ABF 

image (Figure 4.3(b)) displays a perfect transfer of cation-anion sequence through the 

interface. This polarity continuity also can be underlined directly in superimposition of 

HAADF and ABF images (Figure 4.3(c)) in which a Zn-polar ZnO/Ga-polar GaN 

heterostructure is shown. 
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Figure 4.3. STEM images of Zn-polar ZnO/Ga-polar GaN heterointerface, (a) HAADF image 

where the interface position is pointed out by the white arrows. (b) ABF image recorded on the 

same area as in (a). (c) A superposition of the HAADF and ABF images showing the continuous 

polarity. 

Although the TEM observations clearly displayed the geometry of ZnO/GaN 

heterointerface and proved that the inversion operation has taken place at a metal atomic 

layer, the exact elemental composition of the interfacial monolayer (cation-anion) 

should be subjected to a more intimate examination. Considering the reduced surface 

mobility in MBE process with low temperature (300℃) growth [38], we may suspect 

that mixtures of atomic species (Zn/Ga, O/N) at the interface should remain at the level 

of dopants, and shall not be considered in modelling the dominant properties of the 

(0001) plane IDB at heterointerface. Moreover, since the GaN surface was thermally 

pre-cleaned at high temperature and the use of O/Zn ratio flux is high as 6.0, one may 

conclude that the growth was initiated with a Ga-terminated surface leading to a -N-

Ga-O-Zn- (type-A) interface alignment. However, we could also consider the extreme 

case of a monolayer shift of the interface to the next layer to form a -Ga-N-Zn-O- (type-

B) interface. From the above points, for each IDB model, two types of interfaces (type-

A and type-B) are considered in the following simulation sections. For convenience, 

the simplified expression in form of H(A) IDB is also used to represent an H IDB with 

type-A interface in following discussion 
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4.4 Theoretical Modeling of (0001) Plane IDBs in ZnO/GaN 

heterostructure 

First-principle calculations are performed using the Vienna Ab-inito Simulation 

Package (VASP) [42,43]. The exchange correlation functional adopts the generalized 

gradient approximation (GGA) with Perdew-Burke-Ernzerhofer (PBE) scheme. The 

interaction between core and valence electrons are described by the projector 

augmented-wave (PAW) method [44]. A 21×21×1 Monkhorst-Pack Gamma mesh is 

applied for Brillouin zone sampling; the tolerance of energy and force convergence is 

set to 10-6 eV and 10-2 eV/Ǻ, respectively. 

The IDBs are constructed using the slab model with consideration of two type interfaces 

(type-A and type-B). Each supercell contains only one boundary at interface with nine 

bi-layers on both sides along [0001] direction. The detailed interface alignment can be 

seen in Figure 4.5 (type-A interface) and Figure 4.6 (type-B interface). The use of slab 

scheme implies a infinite planar defect on (0001) plane. Pseudo-Hydrogen atoms with 

fractional charge are used to saturate the terminated surface and a vacuum layer of 24.4 

Å thickness is set to avoid the artificial interaction between image slabs [45]. During 

the structural relaxation, the top two bi-layers of GaN and the whole ZnO epilayer are 

relaxed whereas the rest of GaN atoms are fixed at their bulk positions to simulate the 

substrate. 

4.5 Energetic Stability 

The thermodynamical stability of the sixteen IDBs is evaluated by computing their 

relative formation energies 𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉 as introduced in chapter 2 (section 2.6.2) [22]: 

𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉 = ∆𝐸𝐸 − ∆𝑛𝑛𝑂𝑂𝜇𝜇𝑂𝑂 − ∆𝑛𝑛𝑍𝑍𝑛𝑛𝜇𝜇𝑍𝑍𝑛𝑛 − ∆𝑛𝑛𝑁𝑁𝜇𝜇𝑁𝑁 − ∆𝑛𝑛𝐺𝐺𝑎𝑎𝜇𝜇𝐺𝐺𝑎𝑎             (4.1) 

where ∆𝐸𝐸 is the energy difference of a supercell containing one IDB relative to the 

reference structure with bulk stacking sequence at ZnO/GaN heterointerface. 
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∆𝑛𝑛𝑂𝑂(𝑍𝑍𝑛𝑛,𝑁𝑁,𝐺𝐺𝑎𝑎)  is correspondingly the variation of individual atom number in those 

supercells. ∆𝜇𝜇𝑂𝑂(𝑍𝑍𝑛𝑛,𝑁𝑁,𝐺𝐺𝑎𝑎)  is the chemical potential of the constituent O (Zn, N, Ga) 

referenced to elemental solid/gas phase.  

The chemical potential of different species is difficult to determine directly in a given 

experimental process from theoretical method. Even so, under thermal equilibrium 

growth condition, there are some thermodynamic limits on the chemical potential which 

can be used to estimate the energy range. 

In bulk ZnO, the relation is: 𝜇𝜇𝑍𝑍𝑛𝑛2𝑂𝑂2𝐴𝐴 = 2𝜇𝜇𝑂𝑂 + 2𝜇𝜇𝑍𝑍𝑛𝑛 = 2𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴 + 2𝜇𝜇𝑂𝑂𝑔𝑔 − ∆𝐻𝐻𝑍𝑍𝑛𝑛2𝑂𝑂2                           (4.2) 

Among, 𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴  is the chemical potential of bulk Zn in hexagonal phase. 𝜇𝜇𝑂𝑂𝑔𝑔 is the chemical 

potential of O (gas phase). ∆𝐻𝐻𝑍𝑍𝑛𝑛2𝑂𝑂2 is the formation energy of bulk ZnO . 

For bulk Zn3N2, It corresponds to:  𝜇𝜇𝑍𝑍𝑛𝑛48𝑁𝑁322𝐴𝐴 = 48𝜇𝜇𝑍𝑍𝑛𝑛 + 32𝜇𝜇𝑁𝑁 = 48𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴 + 32𝜇𝜇𝑁𝑁𝑔𝑔 − ∆𝐻𝐻𝑍𝑍𝑛𝑛48𝑁𝑁32                          (4.3) 

where 𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴  is the chemical potential of bulk Zn (hexagonal phase). 𝜇𝜇𝑁𝑁𝑔𝑔 is the chemical 

potential of N (gas phase). ∆𝐻𝐻𝑍𝑍𝑛𝑛48𝑁𝑁32 is the formation energy of bulk Zn3N2. 

For bulk GaN, the relation is: 𝜇𝜇𝐺𝐺𝑎𝑎2𝑁𝑁2𝐴𝐴 = 2𝜇𝜇𝐺𝐺𝑎𝑎 + 2𝜇𝜇𝑁𝑁 = 2𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 + 2𝜇𝜇𝑁𝑁𝑔𝑔 − ∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2               (4.4) 

where 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴  and 𝜇𝜇𝑁𝑁𝑔𝑔 are the chemical potential of bulk Ga in orthorhombic phase and of 

N in gas phase. ∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2 represents the formation energy of bulk GaN crystal. 

As for bulk Ga2O3, it is: 𝜇𝜇𝐺𝐺𝑎𝑎8𝑂𝑂12𝐴𝐴 = 8𝜇𝜇𝐺𝐺𝑎𝑎 + 12𝜇𝜇𝑂𝑂 = 8𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 + 12𝜇𝜇𝑂𝑂𝑔𝑔 − ∆𝐻𝐻𝐺𝐺𝑎𝑎8𝑂𝑂12                (4.5) 

where 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴  and 𝜇𝜇𝑂𝑂𝑔𝑔 are the chemical potential of bulk Ga in orthorhombic phase and of 

O in gas phase. Correspondingly, ∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑂𝑂3 is the formation energy of Ga2O3 bulk. 

For H1-H4(A) and T1-T4(A) IDBs, the relative formation energy can be simplified as: 𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉 = ∆𝐸𝐸                                                       (4.6) 
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The relative formation energy of H1/H4(B) IDBs is: 

𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉 = ∆𝐸𝐸 + (𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛)                                      (4.7) 

Under the N-rich condition (as we have N-Zn interface), the value of 𝜇𝜇𝑁𝑁 is equal in 

GaN and Zn3N2 system under thermal equilibrium. According to Eq.(3) and (4),the 

chemical potential difference of 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 is  

𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 = (8𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 − 𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴 ) +
13 �𝜇𝜇𝑁𝑁𝑔𝑔 − 𝜇𝜇𝑁𝑁� − 12∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2 +

148∆𝐻𝐻𝑍𝑍𝑛𝑛48𝑁𝑁32        (4.8) 

The lower limit of 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 is given when 𝜇𝜇𝑁𝑁takes the maximum value 𝜇𝜇𝑁𝑁𝑔𝑔: 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 > (𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 − 𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴 ) − 1

2
∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2 +

1

48
∆𝐻𝐻𝑍𝑍𝑛𝑛48𝑁𝑁32 = −2.7431 

and the upper limit can be determined when 𝜇𝜇𝐺𝐺𝑎𝑎 = 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴  and 𝜇𝜇𝑁𝑁 = 𝜇𝜇𝑁𝑁𝑔𝑔: 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 < 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 − �𝜇𝜇𝑍𝑍𝑛𝑛𝐴𝐴 − 1

48
∆𝐻𝐻𝑍𝑍𝑛𝑛48𝑁𝑁32� = −1.7585 

Therefore, for H1/H4(B) IDB, the restriction is −2.7431 < 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛 < −1.7585. 

In H2/H3(B) and T1-T4(B) IDBs, the relative formation energy is: 𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉 = ∆𝐸𝐸 + (𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁)                                     (4.9) 

In thermal equilibrium, during the growth of ZnO on GaN, µGa is the same as in Ga2O3 

and in GaN. Then according to the Eq.(4.4) and (4.5): 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 = �𝜇𝜇𝑂𝑂𝑔𝑔 − 𝜇𝜇𝑁𝑁𝑔𝑔� +
13 (𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 ) − 112∆𝐻𝐻𝐺𝐺𝑎𝑎8𝑂𝑂12 +

12∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2     (4.10) 

The upper limit of 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 is obtained when 𝜇𝜇𝐺𝐺𝑎𝑎 = 𝜇𝜇𝐺𝐺𝑎𝑎𝐴𝐴 , namely, 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 < �𝜇𝜇𝑂𝑂𝑔𝑔 − 𝜇𝜇𝑁𝑁𝑔𝑔� − 112∆𝐻𝐻𝐺𝐺𝑎𝑎8𝑂𝑂12 +
12∆𝐻𝐻𝐺𝐺𝑎𝑎2𝑁𝑁2 = −0.3253        (4.11) 

Correspondingly, the lower limit can be determined when 𝜇𝜇𝑁𝑁 = 𝜇𝜇𝑁𝑁𝑔𝑔 : 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 > �𝜇𝜇𝑂𝑂𝑔𝑔 − 𝜇𝜇𝑁𝑁𝑔𝑔� − 1

12
∆𝐻𝐻𝐺𝐺𝑎𝑎8𝑂𝑂12 = −1.3099 

Therefore, for H2/H3(B) and T1-T4(B) IDBs, the range of 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 is between -1.3099 

to -0.3253. Table 4.3 and 4.4 show the total energies of IDB supercells and formation 

energies as well as chemical potentials of the species used above. 
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Table 4.3. Energy difference E∆ of the sixteen IDBs with respect to the reference structure. The 

energies are given in eV. 

 

Table 4.4. Formation enthropy and chemical potentials 

Figure 4.4 shows the relative formation energies of those IDBs with the variation of 

processing condition. In the results, negative value of 𝛾𝛾𝑜𝑜𝐿𝐿𝐿𝐿𝑉𝑉demonstrates the relatively 

lower formation energy compared with the reference. For all the IDBs considered, it’s 

 Type-A  Type-B   Type-A Type-B  

H1 -1.2982 2.4813 T1 -0.2799 -1.6302 

H2 -0.9733 -0.4100 T2 -0.3052 -1.6164 

H3 -0.9709 -0.4090 T3 -0.2204 -1.4251 

H4 -1.3005 2.4798 T4 -0.2376 -1.4092 

Term Eatom (eV) totE (eV) 
gas or solid 

ΔH or μ (eV) 

O2 EO=-1.54804765 -9.84162625 
dimer 

3728.32
1

2
−=−= OO

g
O EtotEµ

 

N2 EN=-3.10862376 -16.59638122 
dimer 

5.18962
1

2
−=−= NN

g
N EtotEµ

 
Zn2 EZn=-0.16452753  -2.51985267 

HCP 
0954.12

1
2n −=−= ZnZn

B
Z EtotEµ

 
Ga8 EGa=-0.33970202  -24.22359019 

orthorhombic 
6882.28

1
8Ga −=−= GaGa

B EtotEµ
 

Zn2O2  -18.21022507 
wurtzite 

8487.5
2222

=−+=∆ totEtotEtotEH OZnOZn  

Zn48N32   -318.06726164 
anti-bixbyite 

951.71624
223248

−=−+=∆ totEtotEtotEH NZnNZn

Ga2N2  -24.62143382 
wurtzite 

969.14
1

2822
−=−+=∆ totEtotEtotEH NGaNGa

Ga8O12   -120.79426354 
β(C2-m) 

5209.376
28218

−=−+=∆ totEtotEtotEH NGaOGa
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found that, the four structure pairs H1/H4, H2/H3, T1/T2 and T3/T4 IDBs exhibit very 

similar energy variation, respectively, independent of interface alignment. When 

comparing their corresponding stacking sequence, it’s understandable that the structural 

deviation comes from the next-nearest neighbors and has small influence on the 

thermodynamical stability of IDBs. 

 

Figure 4.4. Relative formation energy of the (0001) plane IDBs of ZnO/GaN heterostructure 

with type-A and type-B interfaces: (a) H1/H4 IDBs, (b) H2/H3 IDBs in comparison to H4 IDB 

with type-A interface, and (c) T1-T4 IDBs, respectively. 

(c) 

(a) 

(b) 
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In Figure 4.4(a), independent of the 𝜇𝜇𝐺𝐺𝑎𝑎 − 𝜇𝜇𝑍𝑍𝑛𝑛variation, H1/H4(A) IDBs is more stable 

than H1/H4(B) IDBs, and the relative formation energy of H4(A) IDB is 2 meV lower 

than that of H1(A) IDB. It suggests that the H4(A) IDB is always more energetically 

favored than the other three IDBs. The relative formation energies of H2/H3(B) IDBs 

are smaller than those of H2/H3(A) IDBs when the 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 value is lower than -0.56 

eV, seen in Figure 4.4(b). When the 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁  value increases above -0.56 eV, 

H2/H3(A) IDBs become more stable. Taking the H4(A) IDB as a reference (black line 

in Figure 4.4(b)), it's found that H2/H3(A) IDBs always have higher formation energy 

namely lesser energetically favored than the H4(A) one. However, with the 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 

value below to -0.89 eV, H2/H3(B) IDBs are the most stable configurations in all H 

IDBs. Once 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 > −0.89 𝑒𝑒𝑉𝑉, H4(A) IDB becomes the most stable one among all 

H IDBs.  

In regard to T IDBs, since the polarity arrangement has changed, their thermodynamic 

stability should be individually discussed without the comparison to H counterparts. 

Figure 4.4(c) clearly shows that T1/T2(B) IDBs are more stable than the other T IDBs 

within the whole range of chemical potential difference 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 . Additionally, 

between this two IDBs, the formation energy of T1(B) IDB is 14 meV smaller than 

T2(B) one. It means that T1 IDB with type-B interface is the most stable configuration 

with respect to all T IDBs in ZnO/GaN heterointerface. 

Considering the growth condition of high O/Zn ratio in MBE process, the constraint of 

chemical potential difference 𝜇𝜇𝑂𝑂 − 𝜇𝜇𝑁𝑁 is larger than -0.89 eV, which indicates that the 

most energetically stable H4(A) IDB is the best appropriate structure to describe 

experimental results. 

4.6 Chemical Bonding and Bader Population Analysis 

After the atomic structure and elemental distribution of (0001) plane IDB observed by 

STEM (Figure 4.2) has been identified as an H4 IDB with -Zn-O-Ga-N- configuration 

at the ZnO/GaN heterointerface, the properties of chemical bonding and charge transfer 
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in vicinity of IDBs are further investigated for all possible (0001) plane IDBs in 

ZnO/GaN heterointerface for completeness. The corresponding analyses include ELF, 

and Bader charge population. 

Figure 4.5. ELF of (0001) plane IDBs in ZnO/GaN heterointerface with type-A interface: (a)-

(d) H IDBs and (e)-(h) T IDBs. In each panel the left side is ELF isosurface, while the right 

side is the 2D contour slice of ELF crossing (112�0) atomic plane. Interfacial atomic alignment 

-Zn-O-Ga-N- is labeled by element symbols, and Zn, O, Ga and N atoms are represented by 

grey, red, green and silver balls, respectively. 

Figure 4.5 and Figure 4.6 illustrate the ELF isosurface contour and 2D contour slice 

crossing (112�0) atomic plane for the eight IDB structures with respect to type-A and 

type-B interfaces, respectively. As seen in GaN and ZnO bulk regions, the electron 

localization domains of -Zn-O- or -Ga-N- bonds localize more toward O/N atoms due 

to their large electronegativity. By increasing the isosurface value, those electron 

localization domains spatially bifurcate into four irreducible domains (yellow regions 

in left panels of Figure 4.5 and 4.6), named as bonding attractors, which correspond to 

the four bonds in perfect structure. The corresponding 2D contour slices are displayed 
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on right panels of Figure 4.5 and 4.6(a)-(h) using a color scheme in which the colors 

rang from blue through yellow to brown while ELF increases from 0 to 1. Regions of 

high electron localization are seen with a large brown-yellow annular region which are 

identified as O/N atoms. The Zn/Ga atoms are associated to a small ELF value with a 

light blue ring. The polarized covalent character of Zn-O and Ga-N bonds can be seen 

in the oval shaped localization domains of O/N atoms pointing towards Zn/Ga domains.  

 

Figure 4.6. ELF of (0001) plane IDBs in ZnO/GaN heterointerface with type-B interface: (a)-

(d) H IDBs and (e)-(h) T IDBs. Image layout keeps the same as in Figure 4.5. 

In regard to H1/H4(A) IDBs, electron localization domains resolve into four bonding 

attractors around interfacial O/N atoms, which are consistent with those in bulk regions, 

as shown in the left panels of Figure 4.5(a) and (d). However, in H1/H4(B) IDBs, see 

left panels of Figure 4.6(a) and (d), the localization attractor along the N-Zn bonds 

appears to be a large domain located above N atom, deviated from tetrahedral 

configuration, which may respond to the high energy shown in Figure 4.4(a). As for 
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H2/H3(A) IDBs, the electron localization domain exhibits a spherical section around 

the interface O atom as shown in the left panels of Figure 4.5(b) and (c). Whereas in 

Figure 4.6(b) and (c), interfacial N atom at H2/H3(B) IDBs has two bonding attractors 

180° apart which are located at the links of Zn-N and N-Ga. 2D contour slices exhibit 

no obvious change in H IDBs relative to the perfect crystal as described in their 

corresponding right panels of Figure 4.5(a)-(d) and Figure 4.6(a)-(d). 

The electron localization domains of either Zn-O-Ga or Zn-N-Ga chains in T IDBs are 

located close to the intermediate O/N atoms and exhibit more dispersion since the O/N 

atoms are located at octahedral site which correspond to more nearest-neighbor atoms 

as shown in left panels of Figure 4.5(e)-(h) and Figure 4.6(e)-(h). Additionally, more 

interesting is seen that all the 2D contour slices exhibit a visible electron delocalization 

with the ELF value of about 0.5 at interfacial Ga/Zn atom layer in T(A/B) IDBs, which 

indicate the formation of homogeneous electron gas at the boundaries [46], as shown 

in right panels of Figure 4.5(e)-(h) and Figure 4.6(e)-(h). 

Bader population analysis of each atom layer is implemented along [0001] direction to 

quantify the charge transfer in vicinity of IDBs. As shown in Figure 4.7(a) for all H(A) 

IDBs, the interfacial Ga atom has a charge of +1.7 e-, 0.2 e- more than the value in 

perfect crystal (+1.5 e-). This indicates a positively charged interfacial Ga layer in H(A) 

IDBs. Additionally, the adjacent N or O layer in H1/H4 or H2/H3 IDBs is also found 

to accept an extra charge of +0.3 e- per atom in comparison to those in bulk regions, 

respectively. In the same vein, Bader charge shown in Figure 4.7(c) exhibits a positively 

charged N layer at H(B) IDBs with an additional charge of around +0.7 e- gained by 

each N atom. This hole concentration at one (or even two) atom layer points to the 

existence of 2DHG in H IDBs. However, since the ELF does not visualize the hole 

density, there is no variation uncovered in 2D contour slices of ELF (right panels of 

Figure 4.5 and 4.6(a)-(d)).  

Regarding to the T IDBs, the interfacial Ga or Zn atoms accept an extra charge of - 1.0 

e- each in type-A interface and of -0.5 e- each in type-B interface relative to those in 



 

73 

bulk region. And this electron accumulation in interfacial monolayer does not extend 

vertically to the adjacent atom layers, which strongly suggests the occurrence of 2DEG 

and perfectly agrees with the ELF results shown in Figure 4.5 and 4.6(e)-(h). The 

present DFT calculations constitute a quantum mechanical explanation of the results 

which were recently reported based on the effective mass approach, where the 

formation of interface charges attributed to the synergetic effect of piezoelectric and 

spontaneous polarization in such heterostructures.[34] 

 

Figure 4.7. Bader population analysis of the (0001) plane IDBs in ZnO/GaN heterointerface: 

(a) H IDBs with type-A interface, (b) T IDBs with type-A interface, (c) H IDBs with type-B 

interface, (d) T IDBs with type-B interface.  
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4.7 Electronic Structure of IDBs 

The computed partial density of states (PDOS) on individual atom layer at each IDB 

are plotted in Figure 4.8, in which H1/H4, H2/H3 as well as all T IDBs exhibit similar 

profiles within type-A and type-B interface, respectively. Moreover, the corresponding 

PDOS onto the p (px, py and pz) orbitals of the atoms near the valance band edge are 

provided to further illustrate the electron contribution (see right panel of each figure). 

As can be seen in Figure 4.8(a), (b), (d) and (e), all H IDBs are observed to be metallic 

as there is non-zero DOS across the Fermi level position. The metallic behavior of H(A) 

IDBs mainly comes from the contribution of Ga/Zn: 3d, 4p and N/O: 2p orbitals around 

the Fermi level position. The hybridization peak emerging across the Fermi level came 

from the strong interaction of Ga/Zn: 3d and N/O: 2p orbitals also confirms the metallic 

character in H(B) IDBs (Figure 4.8(d) and (e)). Combining with the ELF and Bader 

charge analysis above, the empty states just above the Fermi level may serve as p type 

interface states in H IDBs. The split PDOS onto px, py and pz orbitals of the interfacial 

atoms reveal that contributions of N/O: p orbitals on valence band edge are strongly 

dependent on local topology of the IDBs. As shown for H1/H4 IDBs in Figure 4.5 and 

4.6(a), (d), interfacial cations are located at octahedral site and bounded with the 

symmetric O/N atoms in tetrahedral position. The number of cation-anion bonds and 

their bond angles are deviated from the perfect crystal. Therefore, the hybridization 

states at band edge are intensive in density with the contribution mainly comes from 

N/O: px, py, pz orbitals below 0 eV; while the hybridization states above the Fermi 

level are originated from N/O: px and py orbitals. In H2/H3 IDBs which have linear 

atomic chain in z direction with the cations located at tetrahedral site (seen in Figure 

4.5 and 4.6(b) and (c)), the pz orbitals of the interfacial O atom in Figure 4.8(b) and N 

atom in Figure 4.8(e) stay identical as those in perfect wurtzite structure, while the py 

and pz orbitals are strongly hybridized with Zn/Ga: 4d orbitals at the valence band edge. 

As for the rest band immediately below valence band maximum, states of Zn/Ga: 3d, 

4p and N/O: 2p orbitals are dominant. The high density of Zn:3d orbital at entire valence 



 

75 

band range and the strong coupling interaction of p-d orbitals at valence band maximum 

fully agree with the experimental results from X-ray photo-electron spectroscopy[47] 

and the theoretical investigations obtained by all-electron band structure calculation[48] 

and LDA+U method[49]. 

 

Figure 4.8. PDOS of the individual atomic layer (labeled in Figure 4.5 and 4.6) in H and T 

IDBs with type-A interface (a)-(c), and type-B interface (d)-(f). The atom sequence follows the 

atomic chain in type-A: Zn-O-Ga-N and type-B: O-Zn-N-Ga. Fermi level is highlighted by the 

dash line at zero position. 

 

 



 

76 

4.8 Conclusion 

In summary, O-polar ZnO/Ga-polar GaN heterostructure has been achieved using high 

O/Zn ratio, above the critical value of 1.5, during low temperature P-MBE growth 

process. Detailed high resolution HAADF and ABF STEM investigation unveiled that 

the polarity inversion took place within one monolayer, in which the metal atoms are 

dominant, to form (0001) plane IDB at ZnO/GaN heterointerfaces. Systematical theory 

simulation of H and T type polarity alignment at ZnO/GaN heterointerface has been 

performed with the consideration of -Zn-O-Ga-N- and -O-Zn-N-Ga- interfaces. In 

contrast with the earlier work carried out on polycrystalline ZnO which predicted a H3 

IDB, the H4 IDB with -Zn-O-Ga-N- type interface at O-polar ZnO/Ga-polar GaN 

heterointerface matches the experimental topology very well and comes to be more 

energetically stable by comparing the relative formation energy. In a detailed analysis 

of the chemical bonding and charge transfer at those IDBs, it’s shown that, independent 

of atomic sequences, the H IDBs exhibit a 2DHG with one or two interfacial atom 

layers positively charged. Whereas the T IDBs display a visible electron delocalization 

with a ELF value of around 0.5 at interfacial Ga/Zn layers, and the layers gained extra 

1.0/0.5 e- electron per atom which suggest the formation of 2DEG. PDOS analysis 

uncovered a metallic nature at the sixteen IDBs as there are non-zero electron states 

crossing the Fermi level which are mainly originated from Zn/Ga: 3d (H IDBs), 4s (T 

IDBs) and O/N: 2p orbitals. In this instance, we have unveiled a general property of 

such interfaces in agreement with a recent report which was based on the analysis of 

the transport properties in interplay with the polar character of these materials [34]. The 

desirable property suggests that the fabricated O-polar ZnO/Ga-polar GaN 

heterostructure could be a promising material for high electron mobility transistors for 

high frequency, and high power applications in telecommunication. 
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Chapter 5 

[0001] Tilt Grain Boundaries in ZnO Semiconductor 

5.1 Introduction 

An important role is played by polycrystalline materials of technological importance 

where the performances of the corresponding devices are governed by the atomic 

structures of grain boundary (GB) [1]. The corresponding research has led to the 

development of the structural unit model which describes the GB atomic structure 

versus the macroscopic degrees of freedom (tilt, rotation, interface, ...) [2-4]. In this 

formalism, a GB can be built using only a few fundamental bricks: “the structural 

units”. For instance, the atomic structure of several [110] tilt boundaries in Al was 

reported to be systematically described by the combination of a limited number of units 

[4]. 

During the last years, many attempts have been made in order to extend this concept to 

the GBs investigation of lower symmetry systems like wurtzite structure. Especially 

along with the development of light-emitting devices, GaN and ZnO semiconductor 

with a wide bang gap attract a great attention due to their excellent performance in 

luminescence properties. The electrically activated states which may be induced by the 

GB itself as well as the interactions between GB and the native defects, such as intrinsic 

point defects [5,6], isolated dislocations [7-9], stacking faults [9-12] and IDBs [13,14], 

is a strong motivation for their investigation.  

It has been reported that the atomic structure of the high angle (>15°) GBs is made of 

bulk dislocation-like structural units [15,16]. As was shown in GaN, through analysis 

by high-resolution TEM and multiscale atomic modelling, three configurations of pure 

a edge threading dislocation are considered to be the structural units of [0001] tilt GBs: 

4-, 57- and 8-atom rings [5-7, 17-19]. They form upon growth of GaN on the six or 
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three fold symmetry surfaces of highly mismatched sapphire [20-22], silicon carbide 

[23], or silicon [13]. In the same way, Oba et al. [15] have investigated ZnO bi- and 

polycrystalline films, the Ʃ7 boundary atomic structure exhibited an array of bulk 

dislocation-like units which is in agreement with the models proposed for GaN [16,24]. 

In the coincidence site lattice (CSL) formalism, [0001] tilt GBs are defined by two 

angles: θ and 60°-θ among the 12 equivalent descriptions [16,25], In these grain 

boundaries, the Σ13 GB at 27.8°/32.2° seems to have been the most investigated in 

layers grown on sapphire [26]. Moreover, a structural transition from straight structure 

unit alignment to zigzag alignment generally appear at the tilt angle of around 30° 

[15,27-29]. However, the dislocation core structure of this GB is still not well 

understood. From their high-resolution TEM and topological theory analysis, Kiselev 

et al. showed that this boundary could be extensively facetted and form at an average 

angle of around 31.5° in ZnO bicrystals [30]. In their theoretical investigation in ZnO, 

Carlsson et al.[31] reported that the Σ13 (32.2°) boundary defect free atomic structure 

exhibited a minimum energy configuration made of a zigzag open core of 5/7 atom 

cycles exhibiting dangling bonds. In our theoretical investigation of [0001] tilt 

boundaries in wurtzite GaN, it was shown that this boundary exhibits a minimum 

energy configuration with two types of 5/7 atom-rings structural units (57/57- and 

57+57- atom rings) [16]. 

In the following, we report on the [0001] tilt GB in wurtzite ZnO in a close combination 

of detailed experimental and theoretical investigation. Focusing on tilt angles around 

30°, we demonstrate that the structural unit concept is also valid in wurtzite materials, 

and the specific units for GaN and ZnO are unveiled. To begin with, we propose that 

the topological description of the GB (boundary angle and plane, and dislocation 

content for the boundary period) should be the starting point for a better characterization 

or theoretical modelling. Consequently, the influences of those dislocation contents 

related to the electronic properties are investigated in terms of total density of states 

(DOS). The aim of this work is to fully understand the behaviour of GB in polycrystal 
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materials, GaN and ZnO, as well as the role of dislocation contents in the properties of 

materials for further technological applications. 

5.2 Topological Analysis of GBs in Wurtzite Symmetry 

Pond and coworkers [32-35] have developed an elegant device called the “topological 

theory” for the description of the grain boundary. They have proposed the use of 

dichromatic complexes to lay out the two crystals related by their respective orientation: 

as represented in white (λ) and black (μ) [32]. This allows to visually obtain, for special 

misorientations (Σ), the three-dimensional coincident site lattices (CSL). In case of the 

wurtzite structure and rotation around the [0001] axis, the CSL’s resulting from 

rotations θ and 60°-θ are identical except for a c/2 translation [33]. The sides and 

diagonals of these CSLs constitute the densest atomic planes which can be shared by 

the two crystals located on each side of a GB. Therefore, like new basic unit supercells, 

they will tend to constitute the limiting planes for the grains as the most stable and 

lowest energy GBs [16,24]. In Pond’s device, the GB which is thus a particular planar 

defect is completely defined by the indices of the interface plan (for instance a side or 

diagonal of the CSL) and the corresponding unit vector which connect the two end 

coincident sites. Along this direction, the common sites are connected by a 

crystallographic defect known as a primary grain boundary defect which in most cases 

corresponds to one or more dislocations of the parent crystal [35] whose strain field 

overlap and release the misorientation between the adjacent crystals. The determination 

of the defect content follows the conventional Burgers circuit which runs in the two 

adjacent crystals, crossing the interface at coincident sites defining one period of the 

GB. Subsequently, the constructed circuit is mapped in one of the crystals and the 

obtained closure failure corresponds to the corresponding defect content which 

uniquely characterizes the particular boundary [35]. The typical case of Ʃ7 is illustrated 

in Figure 5.1. Considering first the side of the CSL {1/3[1� , 5, 4� , 0]/(3� , 1,2,0)} at the 

rotation angle of θ=21.79° in Figure 5.1(a), the number and type of the GB dislocations 

can be identified by taking circuit SXF (𝐶𝐶𝜇𝜇 = 𝑎𝑎3 − 2𝑎𝑎2 ,𝐶𝐶𝜆𝜆 = −2𝑎𝑎3 + 𝑎𝑎2 ), which 



 

83 

encloses one period in the boundary plane (Figure 5.1(a)), is mapped in the λ crystal as 

the reference crystal. In this instance, the defect content inside one period of the 

boundary corresponds to FS=−𝑎𝑎1𝜆𝜆.  

 

 

 

 

 

 

 

 

 

Figure 5.1 The Σ7 GB dichromatic complex and Burgers circuit, the unit cell is underlined, for 

mapping the circuit, the μ (black) crystal sites have been removed, the defect content is shown 
as the vector connecting the final and starting sites for the side (FS) and diagonal (F’S’): (a) 

θ=21.79°; (b) θ=38.21° 

When a similar circuit is drawn around the diagonal of the CSL {1/3[2, 3� , 1,0]/

(4� , 1� , 5,0) }, the obtained defect content comes out as F'S'= (𝑎𝑎3 − 𝑎𝑎1)𝜆𝜆 , which 

corresponds to a [101�0] dislocation content. Similarly, for the Ʃ7 at θ=38.21° (Figure 

5.1(b)), a [101�0] edge dislocation content of (𝑎𝑎2 − 𝑎𝑎1)𝜆𝜆 and −3𝑎𝑎1𝜆𝜆 are obtained along 

the side {1/3[1,4, 5� , 0]/(3� , 2,1,0) } and the diagonal {1/3[1� , 3, 2� , 0]/(5� , 1,4,0)} of 

CSL, respectively. 
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A similar analysis is shown in Figure 5.2 for Ʃ13 GB. As can be seen, at 27.2°, the 

defect content along the side {1/3[2,5, 7� , 0]/(4� , 3,1,0)} is still (𝑎𝑎2 − 𝑎𝑎1)𝜆𝜆, and along 

the diagonal {1/3[2� , 4, 3� , 0]/(7� , 2,5,0)}, it also −3𝑎𝑎1𝜆𝜆. Things change at 32.2°, as for 

the side { 1/3[2� , 7, 5� , 0]/(4� , 1,3,0) }, we have -2a1, and along the diagonal 

{[3� , 4, 1� , 0]/(5� , 2� , 7,0)}: 2(𝑎𝑎3 − 𝑎𝑎1)𝜆𝜆 which are larger vectors. 

 

Figure 5.2. The Σ13 grain boundary (a) θ=27.8°; (b) θ=32.2° 

This was systematically determined for the main CSLs which can be generated in the 

wurtzite crystal through rotations around the [0001] axis up to 60°. As can be seen in 

Table 5.1 the dislocation content for all the boundaries is made of 1/3[2� , 1,1,0] and 

[1,0, 1� , 0] dislocation whose number increases mainly with the length of the period of 

the corresponding CSL. We may have up to -9a1 along the diagonal {[13����, 2,11,0]/

(3, 8� , 5,0)} of Σ49 at 43.57° and 4[1� , 0,1,0] for the diagonal {[5, 6� , 1,0]/(7� , 4� , 11,0)} 

of Σ31 at 42.1°.  
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Table 5.1 Burgers vectors of interface dislocations of the main [0001].tilt GBs in wurtzite. 

GB Parameters Primary dislocation content 

 Tilt (°) Boundary Plan Period  Vector Length 

19 13.7 (5� , 2,3,0) 1/3 [7� , 1� , 8,0] -a1 1/3 [2� , 1,1,0] 

(7� , 1� , 8,0) [3� , 5, 2� , 0] a1-a3 [1,0, 1� , 0] 

46.83 (5� , 3,2,0)  1/3[1,7, 8� , 0] 2(a2-a1) 2[1� , 1,0,0] 

(8� , 1,7,0)  [3, 5� , 2,0] -6a1 2 [2� , 1,1,0] 

49 16.43 (8� , 3,5,0)  1/3[2� , 13, 11����, 0] -2a1 2/3 [2� , 1,1,0] 

(11����, 2� , 13,0)  [5, 8� , 3,0] 2(a3-a1) 2[1� , 0,1,0] 

43.57 (8� , 5,3,0)  1/3[2,11, 13����, 0] 3(a2-a1) 3[1� , 1,0,0] 

(13����, 2,11,0)  [3, 8� , 5,0] -9a1 3 [2� , 1,1,0] 

31 17.90 (6� , 5,1,0)  1/3[4,7, 11����, 0] a1-a2 [1, 1� , 0,0] 

(11����, 4,7,0) [1� , 6, 5� , 0] -3a1 [2� , 1,1,0] 

42.10 (6� , 1,5,0)  1/3[4� , 11, 7� , 0] -4a1 4/3 [2� , 1,1,0] 

(7� , 4� , 11,0)  [5, 6� , 1,0] 4(a3-a1) 4[1� , 0,1,0] 

7 21.79 (3� , 1,2,0) 1/3[1� , 5, 4� , 0] -a1 1/3 [2� , 1,1,0] 

(4� , 1� , 5,0) [2, 3� , 1,0] a3-a1 [1� , 0,1,0] 

38.21 (3� , 2,1,0) 1/3[1,4, 5� , 0] a2-a1  [1� , 1,0,0] 

(5� , 1,4,0) [1� , 3, 2� , 0] -3a1 [2� , 1,1,0] 

13 27.80 (4� , 3,1,0) 1/3 [2,5, 7� , 0] a2-a1 [1� , 1,0,0] 

( 0,5,2,7 ) [1� , 4, 3� , 0] -3a1 [2� , 1,1,0] 

32.2 (4� , 1,3,0) 1/3 [2� , 7, 5� , 0] -2a1 2/3[2� , 1,1,0] 

(5� , 2� , 7,0) [3� , 4, 1� , 0] 2(a3-a1) 2[1� , 0,1,0] 
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5.3 Methodology 

Subsequent to the work of Hornstra [36] in the diamond structure, Osipiyan and 

Smirnova [37] reported a detailed geometrical investigation of the perfect dislocations 

that could form in the wurtzite lattice. Apart from the straightforward four dislocations 

which possess the simplest translations of 1/3<112�0> and <0001> as the Burgers 

vectors, the authors suggested that additional 9 different dislocations may exist. Two 

of the set exhibit a Burgers vector of <11�00> type and a glide plane of {112�0} which 

can be identified as [101�0] dislocations: the first is of pure edge type with its dislocation 

line along <0001> direction, whereas the second one is a mixed dislocation with the 

dislocation line lies along <1�101>. Of particular interest is the edge type that may form 

as threading dislocation during the growth of layers along the conventional [0001] for 

GaN and ZnO. Indeed, it may then be suspected to be one of the structural unit for 

[0001] tilt GBs [18]. The GBs constructed by a-edge dislocation have already been 

studied both in GaN and ZnO. In GaN, it was shown that the periodic interfaces such 

as symmetric Ʃ19, Ʃ7 and Ʃ13 [5] can be explained in terms of a mixture of the three 

basic structure units of 1/3[112�0] dislocation [15,26,38]. A straight 57/57-atom ring 

core structure based Ʃ13 GB plane was also reported in ZnO [26].  

Therefore, the interesting question is to determine the atomic structure which can take 

the topologically expected [101�0] for the wurtzite crystals. To this end, we have carried 

out an extensive investigation in GaN and ZnO GBs, and in the following, we discuss 

the corresponding results for the atomic structure of the edge dislocations in GaN and 

ZnO using HTEM and theoretical modelling. 

5.3.1 Experimental Procedures 

The 90° misoriented growth domains have been observed in ZnO layers deposited on 

(0001) sapphire between 550 °C and 650 °C using magnetron sputtering. A radio 

frequency (RF) power of 150 W was used for ZnO deposition. Before the actual 
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deposition, ZnO targets experienced a pre-sputter step for 5 minutes to remove 

contamination from the surface. The as-deposited film was annealed at 850 ºC for 1 

hour in an ambient atmosphere which is designed to improve the crystalline quality. In 

addition, [0001] tilt boundaries have been observed in molecular beam epitaxy GaN 

layers. 

The transmission electron microscopy (TEM) plan-view specimens were mechanically 

polished down to 100 µm and then dimpled to 10 µm from back surface. The electron 

transparency was finally obtained by ion-milling with the sample holder maintained at 

liquid nitrogen temperature in order to minimize the ion beam damage. The 

experimental observations were carried out in a 002B Topcon HRTEM operated at 200 

kV with a point to point resolution of 1.8Å. The image simulation based on multislice 

method were carried using electron microscopy software [39,40]. 

5.3.2 Computational Details 

The atomistic simulation methodology was performed in two steps; first within 

molecular dynamics based on the modified Stillinger-Weber (SW) empirical potential 

[41,42] and second using first principle calculation. The modified SW empirical 

potential takes only into account the two- and three-body short-range interactions and 

the molecular dynamics can handle very large systems (100000 atoms) within 

reasonable computing times. As the treatment of semiconductor compounds raises the 

problem of wrong bonds, which form in crystallographic defects, the parameters for 

Zn-O were optimized by fitting the structural parameters and the elastic constants to 

the experimental results. For the Zn-Zn and O-O parameters, we fitted the total-energy 

calculation of inversion domain boundaries (IDBs: Holt IDB and IDB*) which contain 

wrong bonds to the ab-initio calculation results of Yanfa et al. [43]. In our case, the 

Holt IDB is energetic unstable and transforms to IDB* with an energy of 0.4 eV and 

the calculated Zn-O bond length across the boundary is 1.87 Å instead of 1.97 Å in the 

bulk, which is in agreement with the first principle calculations [43]. GBs are 



 

88 

constructed by taking into account the three-dimensional periodic boundary conditions. 

For a given interface all possible distinct initial crystallographic configurations have 

been considered and the corresponding γ surface has been analyzed to obtain the 

structure of lowest energy [38]. 

The first principle calculations were carried out in a next step using the SIESTA 

package [44] with a self-interaction correction (SIC) scheme for LDA as exchange 

correlation as parametrized by Perdew and Zunger [45] and the standard norm-

conserving pseudopotentials for Zn and O are used for the core-valence electron 

interactions. The energy cutoff was set to 250 Ry and the k-point in Brillouin zone was 

sampled in 4×4×4 Monkhorst-Pack scheme. 

We followed the definition of formation energy for boundary in periodic boundary 

conditions proposed by Northrup et al [46] as:  

𝜎𝜎𝐿𝐿𝑎𝑎𝑖𝑖𝑖𝑖 =
1 2⁄ (𝐸𝐸 − 𝐸𝐸𝑏𝑏𝑉𝑉𝑖𝑖𝑖𝑖)𝐴𝐴  

where 1 2⁄ (𝐸𝐸 − 𝐸𝐸𝑏𝑏𝑉𝑉𝑖𝑖𝑖𝑖) is the formation energy of a single boundary by subtracting the 

total energy (𝐸𝐸𝑏𝑏𝑉𝑉𝑖𝑖𝑖𝑖) of a bulk structure with an equivalent atom number from the total 

energy (𝐸𝐸) of the supercell containing two boundaries. The factor of A is the area of 

the periodic unit cell of the tilt boundary.  

The three basic structure units of GB (4-, 8-, 5/7-atom rings) are obtained on the basis 

of the dichromatic complex approach as described in our previous studies of grain 

boundaries in GaN [11,16,38]. The topological structures can be seen in Ref. 19. In the 

simplest case, Ʃ7 GB based on the each of three basic structure units could be taken as 

example to explain the different behavior of ZnO and GaN. Table 5.2 shows the 

calculated formation energies of the Ʃ7 ZnO GB which are made of these 3 basic 

structural units using SW parameters and SIESTA calculation. The energies with 

SW(O) are calculated in open-core condition without considering wrong bonds in 

models. The Zn-Zn wrong bonds are counted in the condition of SW(C). It points out 
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that, the energies are sensitive to the conditions used for calculation and the 5/7 

configuration always appears to have a higher energy in all the calculations. The 

formation energy trend obtained here is at variance from the case of GaN [16] which 

always shows the lowest energy in 57-atom rings structure, but agrees with the relative 

stability of ZnO GB calculated by J. Y. Roh et al [27]. This may be explained by the 

energetically unfavorable Zn-Zn and O-O wrong bonds formed at 5/7-atom rings which 

may theoretically not be expected in this more ionic material. 

Table 5.2. The formation energies of the Ʃ7 grain tilt boundary at 21.79° for the 3 basic 
structural unit structures of the 1/3[112�0] GB dislocation in ZnO compound. The energies are 

given in mJ/m2. 

 

 SW (O) SW(C) SIESTA 

4 1174 1174 1078 

8 1071 1347 999 

5/7 1616 1447 1276 

5.4. The Atomic Structure of the [101�0] Edge Dislocation 

As shown by the topological analysis, all the tilt grain boundaries around [0001] should 

exhibit the <101�0> edge dislocation in the wurtzite structure. In their theoretical report 

on the wurtzite dislocations, Osipiyan and Smirnova have classified this dislocation in 

the category of other dislocation and jogs and proposed a large and open atomic 

structure [37]. However, during our detailed investigations of grain boundaries GaN we 

have not been able to observe a distinct structural unit for this dislocation. In the 

following we report the topological analysis carried out on an asymmetric Σ7 GB in 

GaN which brought about the evidence of such a dislocation.  
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5.4.1. The [101�0] Edge Dislocation in GaN 

In our samples, the observed asymmetric GB is exhibited in Figure 5.3. where 4 periods 

have been marked. In each of them, the three basic dislocation cores have been 

identified. Periods 1 and 2 are aligned; period 3 is a step which makes period 4 to shift 

upward. Therefore, this area contains an additional feature of GBs: an interfacial step 

which also can be characterized using the topological theory [5]. As can also be seen, 

this interface is only made of a mixture of the three atom cycles of the 1/3[112�0] edge 

dislocation (57-, 4-, 8-). As the period has three dislocations, one would compared it to 

the Σ7 θ=38.21° {[1� , 3, 2� , 0]/(5� , 1,4,0)} boundary, but looking at the lower part of the 

boundary, it is seen clearly that a {101�0} is parallel to the boundary. So referring to the 

basal vectors on each side of the boundary, we clearly have a Σ7 θ=38.21°, but the GB 

plane is asymmetric and has indices in the λ and µ crystals as (3�85�0)𝜆𝜆/(01�10)𝜇𝜇. 

 

Figure 5.3. a Σ7 θ=38.21° asymmetric GB exhibiting 4 periods made of 4-, 57- and 8- atom 
cycles of the 1/3<11-20> edge dislocation, as well as a step. 

 

The defect content of the period of this boundary has been determined for period 4. To 

this end a Burger circuit can be seen in Figure 5.4a, as marked by full black circles 

where the start (S) and final (F) points coincide at a coincidence site of the two grains 

in the boundary. The Burgers vectors as can be seen after mapping the same circuit 

inside the λ crystal (open circles) corresponds to FS vector as: -2a1+a2. This vector is 

not parallel to any of the basal vectors a1, a2, a3 and can be decomposed in two vectors: 
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-a1+(a2-a1) as shown in Figure 5.4b. Finally as (a2-a1) corresponds exactly to [1�100], 

the defect content of this asymmetric Ʃ7 GB is: -a1+[1�100]. Therefore, in GaN, the 

core structure of the <101�0> edge dislocation is simply formed by a combination of 

the 1/3<112�0> atom cycles as can be seen in Figure 5.4c in case of the 57- rings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4a. Burgers circuit around period 4 and mapping in λ crystal  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4b. Inside the boundary, the dislocations are mainly grouped and their Burgers 

vectors appear to rotate (arrows). 
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Figure 5.4c. Example of a possible core structure for the <101�0> edge dislocation in GaN. 

5.4.2 The [101�0] Edge Dislocation in ZnO 

Before moving to the atomic structure of the [101�0] dislocation, as shown in Figure 

5.5 we have a typical growth with adjacent grains of ZnO rotated by 30° so that the 

[112�0] and [101�0] zone axis are directly visualized in the same area. It is necessary to 

sum up the results on this type of investigation in ZnO GBs for the a type dislocation. 

In plane-view, the overall diffraction showed systematically the formation of 30° 

rotation grains, as can be seen in Figure 5.6. 

 

 

 

 

 

Figure 5.5a. Columnar growth of ZnO on (0001) sapphire with column (1) along a [112�0] 

zone axis and (2) along [101�0]. 

However during all the subsequent analysis in high resolution TEM, we only observed 

Σ13 GBs for θ = 32.2 or 27.8°. This is an obvious proof of tendency of the materials to 

minimize the formation energy also during the growth. Indeed, the possible existence 
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of the Σ97 with a rotation angle of 29.41° would have needed the formation of some 5a 

dislocation inside period, which would have costed much more energy [16]. In this 

instance, we also could demonstrate the validity of the CSL concept for the wurtzite 

symmetry, by accurately obtaining the core structures and number of dislocations inside 

the side and diagonal planes. 

 

 

 

 

 

Figure 5.5b. The diffraction pattern of ZnO in columnar growth, the spots corresponding to 

the [112�0] and [101�0] zone axis are shown. 

 

 

Figure 5.6. Diffraction pattern recorded along the [0001] 

zone xis of ZnO/sapphire columnar grains. 

 

 

Starting by θ = 32.2°, along the sides of CSL {1/3[2� , 7, 5� , 0]/(4� , 1,3,0)} where one 

expects a Burgers vector content of -2a1, the atomic structure that we determined was 

at variance with the one that had been discussed in the literature for many times which 

had been mistakenly taken for 2a, although that configuration exhibited clearly a 

[101�0] Burgers content [47]. 
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Figure 5.7. Atomic structure of Σ13 GB, CSL side at 32.2°b1 and b2 are parallel and the period 
(black dots) contains two dislocations. 

 

Figure 5.8a. HRTEM image of a Ʃ13 GB for the rotation angle of 27.8° with boundary planes 
lied on the side and diagonal of CSL. 

 

In order to keep the overall average rotation angle as shown in the diffraction pattern 

above, this work shows that the GBs are systematically made of the side and diagonals 

and the rotation angle goes randomly from 27.8° to 32.2° between adjacent grains. In 

this instance, the topological analysis which identifies the defect content and the 

combination with HRTEM become an important tool for the determination of the right 
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grain boundary characteristics. In the HRTEM micrographs of the grain boundary, as 

shown in Figure 5.8a, the symmetric boundaries indices are first determined along with 

the corresponding periods. Subsequently the defect contents are determined by 

mapping each circuit in the λ crystal. As can be seen, the corresponding Burgers 

vectors are a2-a1 (side of the CSL) inside the (4� , 3,1,0) boundary plane, and -3a1 

(diagonal of the CSL) in the (7� , 5,2,0), respectively. Now referring to the CSL diagram 

in Figure 5.8b, this is exactly to a Ʃ13 boundary with a rotation angle of 27.8° around 

[0001] axis.  

 

 

 

 

 

 

Figure 5.8b. The tologogical lay out of a Ʃ13 GB with rotation angle of 27.8° showing the side 

and diagonal planes. Black and white crystal represent the crystal μ and 𝜆𝜆. 
 

As seen in Figure 5.8a, we have thus a Burgers vector content of a2-a1 which then 

corresponds to 1/3[1�21�0] − 1/3[21�1�0] = [1�100] and indeed the corresponding core 

structure is, as can be seen, completely different to that of a simple combination of a 

dislocations (seen above for GaN). The same procedure has been used to systematically 

characterize the boundaries in the same sample, and as seen in Figure 5.9a, we have a 

new configuration.  
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Figure 5.9a. HRTEM of another grain boundary with a different configuration. 

 

Figure 5.9b. The tologogical lay out of a Ʃ13 GB with rotation angle of 32.2° showing the side 

and diagonal planes. 

In this instance the Burgers vector content inside the (5� , 2� , 7,0) plane is -2a1+2a2, which 

is larger than the case above at [1�100 ], whereas that inside the (4� , 1,3,0 ) plane 

corresponds to -2a1. This latter configuration corresponds to Figure 5.7 and illustrates 

perfectly the atomic structure of the side of symmetric Σ13 GB at θ=32.2°. The 

corresponding topological analysis is shown in Figure 5.9b, it thus reproduce the results 

of the general Table 5.1. From these observations, the next step has been to try to 

determine the core structure of this [1�100] dislocation content, which exhibit an 

original configuration which cannot be directly deduced from the three known structure 
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unites for the a edge dislocation in wurtzite GaN [5]. For ZnO, these two observations 

show that the [101�0] type dislocation plays a critical role in the construction of GBs. 

In the following, we have carried out atomic simulations using combinations of the 

known 4-, 8-, 57-, 6-atom rings and variations by opening combined cores to 

determinate the core structure of the observed [101�0]  dislocation. The γ surface 

(energetic minima) of each starting configuration was addressed by taking into account 

the translations in two directions: parallel to the rotation axis ([0001] direction) and to 

GB plane, respectively. Atoms are full relaxed in the third direction which is normal to 

the GB plane [38].  

Table 5.3. Atomic structure of [0001] tilt Ʃ13 GBs with rotation angle of 27.8° simulated in 

SW model. The energies are given in mJ/m2. 

Core Structure Name SW(O) SW(F) SIESTA Burgers Vector (λ) 
inside one period of 

STBP 

 

6684 1861 1861 1384 (a3-a1) 

 

57+57- 2481 1690 1694 (a3-a1) 

57468 

(N1) 

1394 1304 1642 -3a1 

57578 

(N2) 

1651 1619 1525 -3a1 

Table 5.3 and 5.4 list the atomic configurations of the Ʃ13 GBs period with relatively 

low formation energy which should correspond to those that may be observed. The 

corresponding Burgers vector is provided in the last column in order to show the defect 

contents: a or [101�0] type dislocation core. As can be noticed, consistent with the 

energy comparison of single structure unit based GB in Table 5.2, core structures 
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possessed the contribution of 57- structure unit generally have high formation energy 

in Table 5.3 and 5.3. Nevertheless, the energy difference between each type of 

dislocation cores are too small to conclude a definitely stable configuration which could 

be observed. 

Table 5.4. Atomic structure of [0001] tilt Ʃ13 GBs with rotation angle of 32.2°in SW model. 

The energies are given in mJ/m2. 

Core Structure Name SW(O) SW(F) SIESTA Burgers Vector 

(λ) inside one 
period of STBP 

 
468 1177 1497 1364 -2a1 

 
457 1609 2195 1367 -2a1 

 
57/57 2426 2000 1596 -2a1 

 
864866 

(N6) 

1981 1981 1432 2(a3-a1) 
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To this end, extensive image simulations are implemented based on the constructed 

models to further identify the observed new core structure within [101�0] dislocation 

content. The multislice technique in JEMS software was used in all simulations 

[39,40]. Depending on the minimum energy configuration shown in Table 5.3 and the 

Burgers vector contents identified in Figure 5.9a, the 6684 open core structure is seen 

to agree with the experimental observations.  

Figure 5.10. Atomic core structure of the Ʃ13 GB. (a) The atomic model of 6684 core structure. 

(b) The corresponding simulated image of 6684 core structure (defocus: 25 nm, thickness: 5 

nm). (c) A HRTEM micrograph of the new core structure in Figure 5.9a lied on 

{[3� , 4, 1� , 0]/(5� , 2� , 7,0)} boundary plane. Four periods of defect content superposed with atomic 
structure are shown. 
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In Figure 5.10(a) the periodic boundary based on 6684 core structure is presented. The 

SXF circuit 𝐶𝐶𝜆𝜆 = 3𝐚𝐚3 + 4𝐚𝐚3,𝐶𝐶𝜆𝜆 = −4𝐚𝐚3 − 3𝐚𝐚1  within one period of GB plane is 

mapped in λ crystal and a Burgers vector of (a3-a1) is found, which indicates the 

[101�0] dislocation content, as seen in Figure 5.10(b). The simulated image, under 

condition of the 5 nm thickness and 25 nm defocus value, shows one large write 

contrast connect with a normal one in right side within one period of boundary plane 

and a quite small contrast on the left. This is in great agreement with the experimental 

micrograph, as shown in Figure 5.10(c) where the periodic atom model is superposed. 

In the model, the Zn-O bonds in dislocation core are not shown in order to emphasize 

the large contrast respect to TEM image. But the charge population presents a net 

charge of -1.196 and +1.2 e- for the interfacial O and Zn atom respectively, which is 

fairly matched with those in bulk material. It turns out that all those atoms in interface 

are fully (four-folds) coordinated. The small variation may come from the elongated 

bond length. This may explain the rather low formation energy in SIESTA calculation 

and the same amount of formation energy in SW model with different calculation 

conditions. And also, the DOS analysis (discussed below) exhibits bulklike behaviors 

which could further confirm the rationally of this model. 

In this chapter, one of the objectives has been to determine the atomic structure of the 

[101�0] edge dislocation which is a fundamental building unit of [0001] tilt boundaries 

as shown by the topological investigation. For GaN, the corresponding structural units 

in such grain boundaries exhibit only well separated a=1/3[112�0] edge dislocations 

based on the three basic atom rings: 4-, 8- and 5/7. In this case, the Burgers vectors are 

found to adapt their orientation in order to accommodate for the GB tilt angle. In ZnO, 

we have characterized the Ʃ13 GB along the two tilt angles (32.2 and 27.8°), and most 

interestingly, it exhibited boundaries along the sides as well along the diagonals. The 

observed atomic structures of the 4 boundaries reproduced completely the topological 

description and the [101�0] dislocation is found to be a new and entirely characteristic 

structural unit. This dislocation exhibits a large core with the elemental atomic 

configuration of connected 6-8-4 rings. The newly observed core corresponds to the 
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structure of the [101�0] dislocation, as proposed by Osipiyan and Smirinova [37], in 

their theoretical work on possible dislocations and jogs that may exist in the wurtzite 

symmetry materials as shown in Figure 5.11. 

  

 

Figure 5.11. [101�0] edge dislocation in wurtzite structure. 

Dislocation line 𝒍𝒍 is along [0001] axis. 

 

5.5 Electronic Properties of GBs 

Apart from the topology and energetics, the influences of the GBs in ZnO and GaN 

related to electronic property are crucial for the practical applications [48]. Especially 

for the utilization of ZnO varistors, GB-induced deep acceptor levels formed below the 

bottom of conduction band maximum (CBM) can trap the electrons in bandgap, a 

double Schottky Barrier thus is build up resulting in the nonlinear current-voltage 

characteristics in devices [49,50]. The common concept ascribes this deep unoccupied 

electronic level to the GB itself and/or its cooperative effects with impurities and 

excessive oxygen [51]. However, the GB-induced deep donor electronic level formed 

above the VBM is also reported in the literature. For instance, Korner et al. [6] reported 

that the occupied deep levels above valence band edge originated from the 

undercoordinated O atoms in pure and/or non-stoichiometric ZnO GBs. Besides, local 

strain field in the vicinity of GBs is also considered to induce a deep state in some 

covalent compounds like GaN [52], Si, Ge and SiC, [50] in which the bond distortion 

is dominant. 

In the present study, we have analyzed the electronic structures of those GBs proposed 

in Table 5.3 and 5.4, the corresponding total DOS are given in Figure 5.12. For better 
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visualization, the obtained DOS curves are artificially raised by 20-80 (1/eV) in order, 

with respect to the bulk one. As exhibited in Figure 5.12, with SIC-LDA method, the 

band gap of ZnO is very well corrected at 3.4 eV for bulk ZnO. For the ZnO GBs deal 

with in this study, the significant effects on the electronic states associated with GBs 

mainly appear at the valance band edges. Deep electronic levels are recognized above 

the VBM for configurations of faceted 5757, 57468 (seen in Figure 5.12(a)) and straight 

5757, 457 (shown in Figure 5.12(b)), in which 57-atom ring is present. For the other 

configurations containing only 4-, 8- and perfect 6-atom rings, there is no additional 

contribution near the valence band edge. The obtained behavior in total DOS is 

consistent with the boundary energies calculated in Table 5.3 and 5.4 showing that all 

57-atom ring based configurations exhibit relatively high formation energies. It turns 

out that the 57-structure unit is the main factor to affect the system stability and 

contribute the deep electronic state. In the 57-structural unit core, a Zn atom faces to a 

Zn across the boundary plane, and so does O atom in next atom layer along [0001] 

direction. After structural relaxation, bond length population of Zn-Zn and O-O in 57-

structural unit is implemented for all the 57-based GBs. It turns out that, the atom 

distance of Zn-Zn is about 1.34%-4.37% shorter than that of O-O inside these 57-

structural units. This may suggest the coexistence of Zn-Zn wrong bond and oxygen 

dangling bond (O-O broken bond) in those boundary planes. In addition, an analysis of 

the local DOS for individual atom contribution reveals that these deep electronic states 

come from the O dangling bonds in the boundaries. However, if we consider the 6684 

core in which the undercoordinated O atoms are present, the Zn/O atom faces to another 

O/Zn atom across the boundary plane indicates that interfacial broken bonds is the 

normal Zn-O bonds rather than any wrong bond. In addition, its total DOS does not 

show any deep state in near VBM. This study confirms that the GB-induced deep 

occupied states are not solely generated from the undercoordinated O atoms, it more 

likely comes from the cooperative effective of the established Zn-Zn wrong bond and 

O-O dangling bond (O-O broken). In contract, the total DOS at the bottom of 

conduction band are in general delocalized since the interaction of Zn:4s electrons are 

large in ZnO compound. Their shapes are slightly deviated to narrow the band gap for 
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all the considered models. This seems to come from the structural deformation rise by 

the defective boundary regions. Indeed, our present results fairly agree with Oba et al 

[50], who reported bulklike electronic property for GBs only made by 4-, 8- and 6-atom 

rings. As seen in our results, deep state is not induced in those structures even for the 

GBs with dangling bonds like 6684, and 864866. 

Figure 5.12. Total DOS of the dislocation cores shown in Table 5.3 and 5.4. The total DOS of 

bulk ZnO is given for comparison. Fermi level is specified to zero. The dash lines in each figure 

indicates the valance band maximum (VBM) and conduction band minimum (CBM) positions.  

5.6 Conclusion 

In summary, a detailed description using topological CSL formalism has been presented 

with a special focus on [0001] tilt Ʃ7 and Ʃ13 GBs. Combining high-resolution TEM 

and atomistic calculation, we demonstrate that GBs in GaN can be reconstructed using 

the three basic structural units of a edge dislocations. As for ZnO, a new structural unit 

is shown to possess the dislocation content of [101�0] in Ʃ13 GBs. The core structure is 

characterized as a compact mixture of 4-8-6-atom rings. Further investigation on 
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electronic structure of the proposed GB structures indicate that the GB induced deep 

occupied state mainly originate from the complex interface ambient of established Zn-

Zn wrong bond and O-O dangling bond in those 57-atom ring based GBs. 
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Chapter 6 

General Conclusion and Perspective 

6.1 General Conclusion 

In this work, we investigated two kinds of interfacial defects: inversion domain 

boundary (IDB) (group III-nitrides and ZnO/GaN heterointerface) and grain boundary 

(GB) (ZnO and GaN) in wurtzite materials. High-resolution TEM techniques (HAADF, 

ABF) of microstructural investigation at atomic level was used to measure the atomic 

configurations of the defects at interfaces and closely combined with the theoretical 

simulations (molecular dynamic, DFT) to predict the defective boundaries. 

Furthermore, the electronic properties of the defective interfaces were discovered. 

The main results are as follow: 

1. Theoretical total-energy calculation predicted Head-to-Head type IDB with an 

interfacial stacking sequence of AaBbAa-AcCaA (H4 IDB) as the most stable IDB 

configuration both in group-III nitrides and ZnO homogeneous compounds, with 

respective to the other candidates.  

2. Formation of 2-dimensional electron gas (2DEG) and 2-dimensional hole gas (2DHG) 

in Head-to-Head IDBs and Tail-to-Tail IDBs, respectively, is uncovered because of 

the polar character of the materials. 

3. Polarity reversal of O-polar ZnO/Ga-polar GaN heterostructure has been achieved 

within one monolayer using high O/Zn ratio, above a critical value of 1.5, during 

low temperature P-MBE growth process. 

4. This detailed investigation indicated that the polarity reversal took place at one metal 

layer at heterointerface. From the energetic stability analysis, the H4 IDB with -Zn-

O-Ga-N- interface was found to match the experimental results.  
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5. In analogy, 2DEG and 2DHG are found to appear in Head-to-Head IDBs and Tail-

to-Tail IDBs, respectively, at the ZnO/GaN heterointerface. 

6. The topological analysis of [101�0] edge dislocation based [0001] tilt gain boundaries 

(GBs) in wurtzite structure has been carried out. In GaN, the investigated grain 

boundaries in GaN are only made of individual a=1/3[112�0] edge dislocations 

(three basic structure units: 4-, 8- and 57-atom ring), and it shown that the Burgers 

vectors adapt their orientation in order to accommodate for the GB tilt angle. 

7. For tilts grain boundaries around [0001] in ZnO, a new structural unit is reported, it 

corresponds to the [101�0] edge dislocation. The theoretical analysis showed that it 

is a large core made of connected 6, 8- and 4-atom rings in agreement with the TEM 

investigation.  

6.2 Perspectives 

In this analysis, we have closely combined the atomic scale TEM measurement and 

accurate theoretical calculation in order to investigate the interfacial structure of 

inversion domain boundary and grain boundary. Although the experimental results 

show good agreement with the theoretical calculation, some limitations still exist and 

require a further investigation: 

(1) The theoretical models used to simulate the IDBs were taken from Kim and Goo’s 

work. The original models were constructed without taking into account the metal-

metal and nonmetal-nonmetal wrong bonds. This may limit the applicability of the 

theoretical models on the one hand. On the other hand, the implementation of two 

types of interface alignments (-Zn-O-Ga-N- and -O-Zn-N-Ga-) has been adopted 

based on the combination of the TEM results (abrupt interface, no intermediate layer, 

polarity inversion in one monolayer) and growth conditions (low surface mobility 

in MBE, high O/Zn ratio). We therefore did not consider possible mixtures of Zn/Ga 

and N/O within the one atomic layer at interface. This point need further 

experimental confirmation and theoretical analysis. 
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(3) In grain boundary part, we have pointed out that the boundaries of GaN is only made 

of the separated a=1/3[112�0] edge dislocations based on the three basic atom rings: 

4-, 8- and 57-. For ZnO, topological analysis indicated that the boundaries exhibit 

[101�0] edge dislocation content along the side or the diagonal of CSL in Ʃ13 GBs. 

And we have characterized a specific structural unit of [101�0] edge dislocation with 

a large core made of 6-8-4 rings. However, extensive experiments are still needed 

to see if there is another core structure which can be used to describe the GBs in 

ZnO bicrystals. 

  



 

 

 

  



 

 

Structure atomique des domaines d’inversion et joints de grains dans les semiconducteurs 

wurtzite : Modélisation atomistique et microscopie électronique en transmission haute 

résolution 

 

Résumé 

Au cours de ce travail, nous avons étudié deux types de défauts interfaciaux: domaines d’inversion 
(DI) et joints de grains (JG) dans des semiconducteurs de structure wurtzite (nitrures- d’éléments III, 
ZnO et l’hétérostructure ZnO/GaN) en utilisant le MET haute résolution et la modélisation ab initio. 
Dans le cas des DI, nos analyses théoriques montrent qu'une configuration tête-à-tête avec une 
séquence d'empilement à l’interface AaBbAa-AcCaA (H4) est la structure la plus stable dans les 
composés binaires (nitrures et ZnO wurtzites). De plus, un gaz d’électrons (2DEG) ou de trous 
(2DHG) à 2 dimensions est formé pour les configurations « tête-à-tête » ou queue-à-queue. A 
l’interface ZnO/GaN, l'observation de MET très haute résolution a confirmé la configuration H4 avec 
une interface -Zn-O-Ga-N. Notre modélisation théorique a mis en évidence la formation d’un gas de 
trous à 2 dimensions à cette hétérointerface. Nous avons aussi réalisé l’étude topologique, théorique 
et par MET des joints de grains de rotation autour de l’axe [0001] dans ces matériaux. Dans le GaN, 
nous avons trouvé que les plans du joint sont simplement formés par des dislocations de type a déjà 
connues pour le matériau en couche mince. Par contre, dans ZnO, la théorie topologique est 
complétement démontrée, et la dislocation [101�0] est une brique de base dans la constitution des 
joints de grains avec des cycles d’atomes 6-8-4-. 
Mots clé s: Domaines d’inversion; Joints de grains; Nitrures-III; MET; Modélisation ab-initio, 
Dislocation coin [10-10], Unité structurale 
 

The atomic structure of inversion domains and grain boundaries in wurtzite semiconductors: 

an investigation by atomistic modelling and high resolution transmission electron microscopy 

 

Abstract 

In this work, we investigated two kinds of interfacial defects: inversion domain boundaries (IDBs) 
and grain boundaries (GB) in wurtzite semiconductors (III-nitrides, ZnO and ZnO/GaN 
heterostructure) using high-resolution TEM and first-principle calculations. For IDBs, theoretical 
calculation indicated that a head-to-head IDB with an interfacial stacking sequence of AaBbAa-
AcCaA (H4) is the most stable structure in wurtzite compounds. Moreover, 2-dimensional electron 
gas (2DEG) and 2-dimensional hole gas (2DHG) build up in head-to-head and tail-to-tail IDBs, 
respectively. Considering the IDB at the ZnO/GaN heterointerface, TEM observations unveiled the 
H4 configuration with a -Zn-O-Ga-N interface. Moreover the theoretical investigation also confirmed 
stability of this interface along with the corresponding formation of a 2DHG. A detailed topological, 
TEM and theoretical investigation of [0001] tilt Grain Boundaries (GBs) in wurtzite symmetry has 
also been carried out. In GaN, it is shown that the GBs are only made of separated a edge dislocations 
with 4, 5/7 and 8 atoms rings. For ZnO, a new structural unit: the [101�0] edge dislocation made of 
connected 6-8-4-atom rings is reported for the first time, in agreement with an early theoretical report 
on dislocations and jogs in the wurtzite symmetry. 
 

Key words: inversion domain boundary; grain boundary; group III-nitrides; TEM; First-principle calculations, 

[10-10] edge dislocation; Structural unit 


