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Results obtained by atomic computer simulation based on an adapted Stillinger-

Weber (S-W) potential concerning the structure and relative stability of lattice 

dislocations, tilt and twin boundaries in GaN are discussed.  The method used 

for the search and description of all possible atomic configurations depends on 

the crystallographic structure; consequently it is of general application and the 

results are transferable to the wurtzite binary compounds.  On the contrary, the 

relaxed structures and their relative energetic stability are potential dependent. 

The results presented here correspond to a GaN model described by a pair 

potential.  Whenever it has been possible our results have been compared with 

experiments or with ab initio calculations.  

We present the core shape and energy of a
r

and c
r

 crystal dislocations of both 

edge and screw character; [0001] tilt boundaries of misorientation angles from 

9.30 (corresponding to Σ37) to θ=44.8º (corresponding to Σ43) and ( n110 ) twin 

boundaries (n=1,2,3) [1-4].  The atomic structures of the tilt boundaries can be 

described in terms of the three stable structures of the prism a
r

-edge dislocation 

core.  The ( 3110 ) twin boundary is entirely described by 6-coordinated 

channels whereas the other twin boundaries present more complex structural 

units.  
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Introduction 

 

GaN is a semiconductor that has to be artificially produced. The growth has mainly been 

hetero-epitaxial on several foreign substrates with different orientations including a-plane 

)2011( , m-plane )0110( , r-plane )2101(  and c-plane )0001(  (for a review see, e.g. Ref. 

[5]).  The substrate employed determines the crystal orientation, polarity, polytype, the 

surface morphology, strain and the defects nature and concentration of the GaN film (for a 

review see, e.g. Ref. [6]). During the growing process a big amount of defects in the 

crystallographic structure are formed which will strongly influence the electronic properties 

of the GaN based devices.  Therefore, a precise knowledge of their atomic and electronic 

structure is of main importance.  These defects can be either localised or extended.  The 

former, namely, point defects and their clusters can be studied with great accuracy by first 

principle calculations [7-11]. The later, need to be reproduced in systems formed by 

thousands of atoms and therefore their study is hardly affordable by ab initio calculations.  

The use of empirical effective potentials reduces enormously the number of calculations. 

This fact allows giving a preliminary overview to all possible configurations that can be 

later studied individually by first principles.  Among the extended defects existing in the 

grown GaN, threading dislocations and tilt boundaries are well recognised by the 

experimental observations [12-14]. In particular, three types of threading dislocations are 

observed in epilayers grown on the substrate (0001) plane with Burgers vectors 1/3 < 1021 > 

(a-type of edge character), [0001] (c-type of screw character) and 1/3 < 3211 > (a+c type of 

mixed character).  It has been found that, under certain techniques of growth, such as the 

two-step Epitaxial Lateral Overgrowth (2S-ELO) process [14], the dislocation line changes 

its orientation from [0001] to a direction lying on the basal plane.  Thus, there is evidence of 

the creation of c-type dislocation with edge character and a-type dislocation with screw 

character during the growth process.   

When the growth is produced on the (0001) surface of the substrate and the mosaic growth 

mode applies, individual islands rotated around the [0001] axis [15] are formed.  The 

misorientation between these islands gives rise to the tilt boundary formation that is often 

associated with electronic states in covalent semiconductors. 

In addition, the various epitaxial relationships, induces the formation of other extended 

defects, such as twins, that causes serious problems in the compound semiconductors as it 

reduces the single crystallite yield [16].  Whereas the most commonly observed twins in 
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hexagonal-close-packed (h.c.p.) metals ( }1110{ , }2110{ , }1211{  and }2211{  twins) have 

been extensively studied [17-21], there is very little information on these twins in GaN.  

The only HREM published on twins in GaN to our knowledge concerns a cubic crystallite 

[22]. 

In this overview we present a study by computer simulation of the stable atomic structures 

of these defects.  In the study of each defect there are two parts. First, all possible initial 

configurations that cannot be related by simple translations of one part of the crystal relative 

to the other are considered and described.  This result is related to the wurtzite structure and 

can be used as starting point for the study of any binary compound. In section 2 there is a 

detailed description of the method used.  Second, each particular configuration has been 

relaxed to find the minimum energy.  The selection of the most stable configurations for a 

given defect by energetic criteria is done and only the structures of lower energy are 

considered.  This result may be potential dependent; thus, the validity of the potential used 

has been checked by comparing the results with the experiment or with ab initio 

calculations.   In section 2 there is a full description of the potential used. 

 

1 Computational method 

In this section we describe the characteristics of the simulated system, the interatomic 

potential used, the relaxation procedure and the method of analysis of the results.  

 

1.1 Construction of simulation cells 

 

The simulation cell is a set of atoms that contains the defect to be studied. This cell is 

surrounded by an external region (outer region) to avoid undesirable surface effects.  The outer 

region has a thickness such that all inner-region atoms have a full neighbourhood within the 

range of the interatomic potential. The nature of the outer region depends on the defect. In the 

simplest case, i.e., point defects, the outer region is formed by fixed atoms located in sites of 

the perfect crystal.  In the simulation of a dislocation, the system has to be infinite along the 

dislocation line.  This is achieved by constructing a periodic system formed by the images of 

the cell along that direction. In this case the outer region in the other two directions is fixed.  In 

the simulation of periodic interfaces, the outer region on the plane of the interface is periodic 

whereas in the perpendicular direction the outer region can be either fixed or periodic.   
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1.1.1 Atomic models for the dislocation structures 

 
In our simulation the system was created initially as a perfect crystal in the form of a 

rectangular parallelepiped with sides along the [ 1021 ], [ 0110 ] and [0001] directions.  The 

size of each crystallite must be big enough in order to ensure the elastic behaviour at a certain 

distance from the line dislocation.  The system is divided into two coaxial cylindrical regions 

(inner relaxable region and outer fixed boundary) with the axis along the dislocation line.   

 

Each dislocation was introduced by imposing the displacements of the isotropic, linear 

elasticity theory [23] on the inner and outer region atoms.  Since the dislocation core may 

present more than one stable configuration depending on the location of the origin of 

displacements [18], a systematic study of the possible cores has been done by changing the 

position of the dislocation line.   

It follows the description of the displacement field associated to a dislocation. 

Consider an edge dislocation whose line coincides with the z-axis while the Burgers vector 

b=bxex is parallel to the x-axis of the Cartesian coordinate system.  The dislocation is generated 

by applying a displacement iu = ( i
xu , i

yu ,0) to each atom in the cell [23]  
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where ν is the Poisson ratio, xi and yi are the x and y components of the ith atom relative to the 

origin of the dislocation line location and 2
i

2
i

2
i yxr += . 

 
A screw dislocation of Burgers vector b=bzez is generated by applying a displacement in the z-

axis to each atom in the cell.  The total displacement field that generates the screw dislocation 

is described by the vector iu (0,0, i
zu ) with the component i

zu  given [23] by: 
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where xi and yi are the x and y Cartesian components of the ith atom relative to the origin of 

the dislocation line location. 

 

1.1.2 Atomic models for the grain boundary structures 
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Consider two crystals, one designated white (λ) and the other black (µ), with a fixed relative 

orientation represented by a matrix P that relates the black coordinate frame to the white.  

Assuming that individual atoms do not relax from their ideal black or white crystal sites, the 

structure of this dichromatic bicrystal depends on the chosen location of the interface plane 

and the relative position of the two crystals, the later being represented by p [24].  The 

interface plane can be chosen on the dichromatic pattern of the bicrystal [25] among the 

planes of the coincident site lattice (CSL).  The CSL is characterized by the multiplicity Σ 

(ratio between the volume of the unit cells of the CSL and the crystal lattice).   For each 

interface, there is a misorientation angle between the bicrystals, θ, which is defined as the 

angle between the ( 0211 ) planes closest to the interface located on the upper and lower 

crystals respectively (see fig.1 in [3]). 

For the case of a periodic interface, each structure can be represented by a single point in a 

2-D cell which is a Wigner-Seitz cell of the common translation vectors p parallel to the 

interface [26].  Vitek et al. [27] referred to such constructions as “cells of non-identical 

displacements” (cnid’s), reflecting the fact that all structures obtained from a given 

reference structure by a displacement of the black crystal parallel to the interface can be 

represented by points within this cell.  It was shown by Pond [25] that for the case of grain 

boundaries in materials with a single-atom basis, all of the possible bicrystal structures for a 

given relative orientation and interfacial orientation can be mapped into a single cnid.  Thus, 

any pair of distinguishable structures represented by two distinct points in the associated 

cnid can be interrelated by the displacement ∆p = (∆x,∆y) corresponding to the vector 

joining the two mapping points. When the crystals exhibit n-atoms basis, the bottom surface 

of the upper crystal (Pλ) (assumed to be λ) can be terminated at n different levels thereby 

leading to n distinguishable unrelaxed surfaces.  The same situation arises to the µ crystal 

(Pµ).  It follows that a total multiplicity of nxn distinguishable bicrystal structures can be 

created by bonding together all combinations of possible λ and µ surfaces. For such 

bicrystals a set of nxn distinct cnid’s exist.  This number is reduced when the vectors ∆rij 

relating basis atoms i and j are parallel to the interface plane [28].  Thus, for a given 

misorientation and for a particular location of the interface, the total number of cnid’s has to 

be identified and all the stable structures in each cnid have to be considered. In the GaN 

crystals of wurzite structure, with 4-atom basis, the maximum number of cnids is 16. 

In the case of the [0001] tilt boundaries, as the gallium and nitrogen atoms are aligned along 

the c axis, the vector ∆rGa,N is parallel to the interface and each crystallographic plane has a 
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maximum of two possible terminations, namely the two basal planes. Thus, the maximum 

number of different cnids is 2x2. For symmetrical tilt boundaries two of these cnids are 

interrelated by antisymmetry operators [28] and therefore only three cnids can be different. 

Also, for the special subset where all four atoms in the basis lie in the atomic plane parallel 

to the interface, there will be only one cnid.  This is the case of one interface considered for 

Σ13 along the )5072(  plane. 

In the ]0211[  twin boundaries, we have a total multiplicity of 4x4 bicrystal structures created 

by bonding together all of the combinations of possible λ and µ surfaces.  We recall that 

wurtzite structure can be imagined as two interpenetrating hexagonal substructures, one 

occupied by Ga atoms and the other by N atoms.  The two substructures are shifted by 

approximately 3/8[0001], and the stacking sequence along [0001] is …AaBbAaBb…. where 

Ga atoms are in A and B planes and N atoms are in a and b planes. When the wurtzite structure 

is projected along [ 0211 ], each stacking corresponds to a row of one of the four atoms of the 

basis.  Then, the four possible Pλ/ Pµ bicrystal structures formed from the A(λ) surface are 

A(λ)/A(µ), A(λ)/a(µ), A(λ)/B(µ) and A(λ)/b(µ).  Once the mirror twin is created, the other 

three are obtained by removing one, two or three Pµ planes. 

In our simulations the size of each crystallite depends on the period along each direction.  Two 

periods were taken in the interface plane, i.e., perpendicular to [0001] (X-axis) and along 

[0001] (Z-axis).  The number of periods in the direction normal to the interface (Y-axis) was 

chosen to ensure that there is no influence on the interface from the atoms of the outer region.  

Periodic boundary conditions were imposed, when possible, in the three directions.  Special 

attention has to be paid in the Y direction, normal to the plane, to control if the same interface 

can be reproduced in the boundary [2].  Fig.1a shows schematically the studied interface A/B 

and the boundaries C/D in the edges of the inner region.  The condition for A/B and C/D to be 

equivalent is that it exists an antimirror symmetry perpendicular to the interface in the 

dichromatic complex. Fig.1b shows the couple A/B and C/D reproduced in the dichromatic 

complex of Σ7 together with the antimirror plane.  Most of the interfaces studied meet the 

requirement but the interface ( )3041  of Σ13 does not, and this should be considered in the 

calculation of the energy. 

The point in the cnid that corresponds to the atomic structure of minimum energy was found 

by calculating the corresponding γ-surface.  Thus, starting from a bicrystal obtained directly 

from the dichromatic complex, relative displacements parallel to the boundary where 
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applied within the cnid and for every position the crystal was relaxed to the local minimum 

of energy. 

 

1.2 Empirical potentials describing atomic interactions in GaN 

 

Empirical potentials are constructed by considering that changes in the lattice energy can be 

written as a function of the position of the atoms comprising the material [29].  The energy 

function is based on different physical and symmetry criteria and constructed by fitting their 

parameters with experimental values of bulk properties and, if appropriated, some defects. It is 

important to notice that these parameters are adjusted for atoms already located in a particular 

structure; therefore these interatomic potentials describe, in fact, effective interactions. For 

particles with no net charge, the potentials are based on the idea that the force is repulsive if 

the atoms are very close and it is attractive vanishing smoothly to zero when the distance 

between them increases.  The range of the potential - interaction distance - varies according to 

the kind of interaction. 

When any empirical fitting is used to determine the parameters of the energy function, there is 

no uniqueness to the result: in most cases a number of quite different models can yield 

satisfactory agreement.  In this work we have chosen the valence-force approach. 

In the framework of the valence-force approach a set of interatomic potentials have been 

derived to study extended defects in GaN [1, 30-34]. 

Recently, a new analytical bond-order potential for GaN is available for the study of large 

systems: Nord et al [34] have presented a potential that describes structure and bonding of 

Ga, N and GaN within an analytical form using a short-ranged bond-order algorithm.  It 

consists of pair-like attractive and repulsive energy terms plus a bond angular term that 

models accurately the deformation of covalent bonds.  The potential describes several solid 

structures of the pure elements and the compound; it has been used successfully to 

investigate native point defects.    

The Keating potential [35] is the simplest one that has been used for the simulation of 

silicon, especially for zero temperature studies. A parameterisation has been proposed by 

Kim et al [30] to extend it for the simulation of GaN.  These potentials have a strong 

limitation in the study of defects that comes from the necessity of having always four 

neighbours for each atom.  
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In the scheme of the standard Stillinger and Weber potential [36], a series of potentials have 

been adapted to the defect study in III-V semiconductors [37].  This type of potential is a 

model comprising both two and three-atom contributions and accepts any atomic 

surrounding. GaN crystal has wurtzite structure and consists of atoms linked by strong and 

directional bonds.  Thus, the potential energy function φ is approximated by a combination 

of pair and triplet potentials V2 and V3. 



 σε=

σσσε=
)/r(f)r(V

)/r ,/r ,/r(f)r,r,r(V
ij2ij2

kji3kji3
       (4) 

where ε  is chosen to give 2f  depth –1, and σ  is chosen to make 









6

1

2 2f  vanish. 

The reduced pair potential was selected from the following 5-parameter family: 







 <−−−−−

≥=













a r  if     1)ar(exp)qrpBr(A

ar if     0
)r(f2      (5) 

where A, B, p and a are positive.  This generic form automatically cuts off at ar =  without 

discontinuities in any r derivatives.  This fact is of main importance in most of the computer 

simulation applications.  The three-body interaction is: 
 

( )=kji3 r,r,rf ( )jikikij ,r,rh θ + ( )ijkjkji ,r,rh θ + ( )ikjkjki ,r,rh θ     (6) 

 

where jikθ is the angle between jr  and kr  subtended at vertex i . The function h  belongs to a 

two-parameter family (λ, γ > 0): 

( )







 <+θ−−γ+−−γλ

≥
=θ














a r  if   3/1 cos  1)ar(1)ar(exp

ar if     0
),r,r(h

2
jikikij

jikikij   (7) 

Notice that the ideal tetrahedral angle is such that 31cos −=θ , so that the potential favours 

pairs of bonds with the desired geometry.  The values of the seven parameters were chosen to 

ensure that the diamond structure is the most stable at low pressure and that the liquid structure 

inferred from molecular dynamic simulations and the melting point are in good agreement with 

experiment. 

Since the S-W potential, in standard form, could not reproduce the c/a ratio characteristic of 

the hexagonal structure, Béré et al [31] adapted the potential by adding a gaussian term to be 

able to include the third nearest neighbour interactions.  A parameter that characterises the 
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wurtzite structure of GaN is the displacement u along the c axis between the two sub-lattices.  

The gaussian parameters were chosen as the ones that minimise the energy of the perfect 

crystal by imposing the experimental values of c/a and u.  The derived potential was applied to 

investigate the atomic structures of two models of the { 0112 } stacking fault with the starting 

configurations corresponding to the 61 < 0322 > and 21 < 0111 > displacement vectors [38]. 

Later, the radial (two body) and angular (three body) terms describing the energy of a GaN 

system were derived by Aichoune and co-workers [32] to take into account the specificity of 

the different bonds, namely, Ga-N, Ga-Ga and N-N.  The fitting parameters were the lattice 

parameters, experimental elastic constants and the results of the ab initio calculations for an 

inversion domain boundary (IDB, described by the Holt model [39]) performed by Northrup 

and co-workers [40].  In fact, those authors claim that the IDB structure is quite unstable in 

GaN, and would relax to another inversion domain boundary named IDB* having no wrong 

bonds.  This structure can be formed by translating one side of an IDB by c/2 along the 

[0001] direction. Nevertheless, Potin and co-workers [41] reported an experimental 

evidence of the existence of both inversion domain boundaries. The parameters given by 

Aichoune and co-workers [32] are such that they only stabilise the IDB structure if the 

range of potential is fixed close to the first-neighbours distance (1nn).  

  We have generalized the applicability of Aichoune potential by slightly modifying the 

parameters (see table 1 and fig.2) and vanishing all interactions smoothly to zero just before 

the second-neighbours distance (2nn).  No gaussian term is added to this generalization. The 

two body terms are plotted in Fig.2 as a function of each interaction type.  The modified 

potential reproduces the lattice parameters and elastic constants; it stabilises the IDB 

structure and reproduces the ab initio results [40] obtained for the length of the wrong bond 

crossing the boundary and the energy per unit area.  It gives the IDB* as the most stable 

configuration although it overestimates its energy. The potential is able to discriminate two 

close minima of similar energy corresponding to two configurations of the prism edge 

dislocation and gives results that may well compare with ab initio calculations as described 

in section 3.  Among the factors contributing to the inaccuracy of the potential there is the 

fact that such a potential cannot accurately describe radial and angular deformations 

simultaneously [42] and it does not consider explicitly the electronic effects.  Moreover, 

being an empirical potential, it is affected by the experimental error assigned to the fitting 

parameters.  Even though, the comparison with the ab initio results indicates that the S-W 

potential gives a reasonable approximation of the energies and thus, S-W is a suitable 
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potential for the study of the stable atomic configurations of extended defects.  This is the 

potential that was used in the calculation of the results presented. 

1.3 Relaxation procedure 

 

To study structure dependent properties such as the energy (binding, creation), the atomic 

structure of a defect, the stress field around a defect, the stability of the configuration under a 

strain field and even some aspects of the interaction with other defects it is enough to find the 

configuration that minimise the energy of the system.  This process is known as crystal 

relaxation. Well-known methods used for the search of a minimum are the conjugate gradient 

method [43] and the quasi-dynamic relaxation. In the quasi-dynamic method at each time step 

the forces on each atom are calculated and the standard equations of motion are solved giving 

the velocities and new positions of the atoms. When the velocity of an atom has a negative dot 

product with the force, the velocity is cancelled ("quench" condition).  The relaxation finished 

when the average thermodynamic temperature of the system is smaller than a certain value (10-

6 K in our simulations).  A problem inherent to these methods is that the configuration found 

corresponds to a local minimum that depends on the starting configuration.  Thus, to avoid a 

metastable solution either a quasi-dynamic relaxation method or a combination of the 

conjugate gradient method and a dynamic simulation have been chosen depending on the 

complexity of the relaxed structure.    

 
 

2 RESULTS 

Atomic structure and energy of dislocations 

 
2.1.1 Characterization of the dislocation core 

 
  Two complementary characterizations have been applied to analyse the dislocation cores.  

The first one, based on the behaviour of the strain energy stored in the cylinder of radius R 

containing the dislocation line, determines the core radius and the core energy.   

The strain energy of a dislocation within the linear elasticity theory is given by [23]: 

)r/Rln(AE cth= , where rc is the dislocation core radius and R is the radius of a cylinder 

containing the dislocation line.  The pre-logarithmic factor thA  is 
)1(4

b2

ν−π
µ

 for the edge 
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dislocation and 
π

µ
4
b2

 for the screw, where b is the Burgers vector, µ is the shear modulus 

and ν (0.37 for GaN [44]) is the Poisson ratio.  The expression of the energy E does not 

include the core energy of the dislocations, where the linear elasticity theory cannot be 

applied.  

Thus by plotting the energy of a simulated dislocation versus ln(R) it is possible to identify 

the core radius as the value from which the curve starts being linear. The slope of the linear 

part gives the value of the pre-logarithmic factor, A0, which takes into account the 

anisotropy of the crystal. The values of A0 can be compared to the theoretical values (See 

table 2). 

The second characterization is based on the map of differential displacements of 

neighbouring pairs of atoms [45] that gives information on the shape and extension of the 

dislocation core.  The components of the difference in displacement ∆u between 

neighbouring atoms, measured from a suitable reference state, are calculated and plotted in 

the form of arrows superimposed on the atomic projection, the arrow length denoting the 

difference between ∆ui and the components of an appropriate translation vector. 

 
2.1.2 Dislocations with b = 1/3 < 0211 > 

 

2.1.2.1 Edge dislocation 

 
This edge dislocation lies along [0001] and its glide plane is the { 0011 } plane.  The core 

presents three stable configurations that can be related to the location of the origin of 

displacements imposed to the atoms to create the dislocation in the initial configuration.   

Fig. 3a shows the relaxed core configuration of the dislocation with line dislocation origin 

located between two closely spaced ( 0110 ) planes. This core presents a 5/7-coordinated 

channel structure (5/7 core) with wrong bonds.  Fig 3b shows the map of differential 

displacements of neighbouring pairs of atoms [45] and demonstrates that the core is spread 

about 5a lattice parameters along the two adjacent ( 0110 ) planes that contain the 5/7-

coordinated channel.   

Figs 4a and 5a show the core structures of 4 and 8-coordinated channels (4-core and 8-core) 

corresponding to the location of the line dislocation between two widely spaced ( 0110 ) 

planes.   The 4-core is characterised by four bonds practically in the same plane and the 8-

core has a dangling bond.  Figs 4b and 5b show that both structures have quite comparable 
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displacement maps.  The cores spread mainly in one ( 0110 ) plane although displacements 

up to 5% of the Burgers vector length are distributed over the two adjacent planes in a 

region of about 7a lattice parameters.    

Fig.6 shows the energy Es stored in a cylinder of radius R as a function of ln(R) for the case 

of the a
r

dislocation in a relaxable region of 46 Å of radius.  For the 5/7-core the slope is A0 

= 0.78 eV/Å and the curve starts being linear from ln (R/ Å) = 1.9 which gives a core radius 

of 6.7Å and a core energy of 1.46 eV/Å.   

Similar studies of the total energy (Es) against ln(R) have been done with the other two 

stable cores. The slope and the core radius for both configurations were found to be the 

same than for the 5/7 structure, as expected. However, the core energy (Ec=1.72 eV/Å) is 

3% higher than that obtained for the 5/7-structure core energy.  

According to our calculations the 5/7 core is the most stable followed by the 4 and 8 cores.  

The SW potential is sensitive to the two minima of energy corresponding to the 4 and 8 

cores although the difference in their energies is within the inaccuracy of the potential. 

These two cores are related by a conservative movement of the dislocation line along the 

glide plane, whereas the 4 and 8 cores are related to the 5/7 core by a climb of the 

dislocation line. 

The existence of these three cores has been proved experimentally by HREM [12] and by Z-

contrast [46].  No other core structures have been observed. 

 

2.1.2.2 Screw dislocation 

 
The dislocation core presents two stable configurations related to the origin of the 

displacements imposed to the atoms when the dislocation is introduced.  The displacement 

maps are presented in figs. 7.  In the two cases there are displacements in both basal and 

prism planes showing dislocation cores extended within a cylinder of a diameter of about 4a 

lattice parameters.  The main difference between the two cores is in the displacements along 

the prism plane. One core is spread on one prism plane whereas the other is distributed in 

two prism planes. 

In Fig. 6, it is also shown the corresponding function of energy versus ln(R) calculated in a 

relaxable region of a radius of 46 Å for the R2 core.  The slope is A0 = 0.59 eV/Å and the 

curve starts being linear from ln (R) = 1.9 which gives a core radius of 6.7Å and a core 

energy of 1.2 eV/Å.   
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2.1.3 Dislocations with b=[0001] 

 

2.1.3.1 Edge dislocation 

 
The c

r
 edge dislocation has a { 0110 } glide plane and lies along the [ 1021 ] direction. The 

dislocation line can be located either between two widely spaced ( 0110 ) planes (position 

S1) or between two closely spaced planes (position S2). In the former interplanar space 

each Ga atom of one plane is linked to one N atom of the other plane.  In the later, each Ga 

atom of one plane is linked to two N atoms of the other plane.   

The stable core configurations are shown in Figs 8 and 9.  The core shown in fig.8 has been 

obtained locating the dislocation line in the position S1.  The map of relative displacements 

shows that the core is spread on two adjacent prism planes along a distance of 4 Burgers 

vectors.   This core has lower energy than the core shown in fig.9 that has been obtained 

locating the dislocation line in the position S2.  The map of relative displacements shows 

that the core is extended to three prism planes and spread along 4 Burgers vectors.  The core 

radius deduced for this configuration is 8.5 Å and its core energy is 3.68 eV/Å.   

 
 
 

2.1.3.2 Screw dislocation 

 

Fig. 10a shows the displacement map for the core obtained when the dislocation line is in a 

plane of mirror glide symmetry of the crystal (position T1), and then the displacements 

almost keep such symmetry. Such map presents a core located inside a cylinder of radius 2a 

≈ 6.4 Å.  This configuration presents slightly smaller energy than the second stable 

configuration that is obtained by locating the dislocation line in coincidence with the three-

fold axis (position T2). of the crystal (fig.10b).  The corresponding displacement map shows 

a core constrained into a cylinder of radius 1.5a ≈ 4.8 Å.  From the curve of the strain 

energy, we deduce the slope A0 = 1.35 eV/Å, a core radius of 6.7 Å and a core energy of 

2.82 eV/Å.   

The core radius, core energies and pre-logarithmic factors of the studied dislocations are 

summarized in table 3. 
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In [45-47] c-type dislocation with screw character are reported. These dislocations can have 

either a full-core or an open core. The later are described as nano-pipes of hexagonal section 

that terminate on the free surface of the film. 

 

2.1.4 Validation of the S-W empirical potential in the simulation of extended defects 

 
As mentioned in section 2.2, the S-W potential used was derived to reproduce the inversion 

domain boundaries found experimentally.  In this section we use the results on dislocation 

energies as a test on the applicability of the potential to the study of extended defects.  

We have compared our calculations of the dislocation energies with some results reported in 

the literature obtained by ab initio methods (see table 3).  The fact that the ab initio results 

have been obtained in crystals of smaller sizes than in the present calculation implies that, 

although the calculations are more precise, the systems are often not fully relaxed.  In order 

to compare the results we have calculated the energy of the dislocations within cylinders of 

the same radius as the ones used in the ab initio calculations, i.e., 7.5 Å and 8.5Å. 

Prism screw dislocation 

In the present simulation, when the total relaxable region has a radius of 46Å, the energy 

inside a cylinder of 7.5Å is about 2.9 eV/Å but if the relaxable region is constrained to the 

cylinder of a radius of 7.5 Å, then the energy is 3.3 eV/Å.  The decrease of 0.4 eV/Å by 

increasing the size of the simulated crystal is directly related to the long-range relaxation.  

The value of 3.3 eV/ Å compares with 4.0 eV/Å (in a cylinder of radius 7.5Å) obtained by 

Northrup [10] and 4.88 eV/Å (in a cylinder of radius 8.5Å) obtained by Elsner and co-

workers [8], both using first principle calculations. 

 

Prism edge dislocation.    

First principle calculations [8] performed with a supercell containing the 8-atom ring core 

gives an energy stored in a cylinder of radius equal to 8.5 Å of 2.19 eV/Å.  The energy per 

unit length of this configuration for the same radius with the S-W potential is 1.95 eV/Å.  

The difference of 0.24 eV/Å can be partly due to the bigger system (better relaxation) 

considered in the S-W model.  However, since this value is of the same order of the 

difference in energies between the 5/7-core and 8-core, it indicates that the S-W model 

cannot discriminate which is the core of lower energy.  In fact, Wright and Grossner [9] 

have calculated the formation energy of the 5/7 and 8 cores and have shown that they 
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exhibit a pronounced dependence of the Fermi level.  They report that the 8-core has an 

energy lower than the 5/7-core in the neutral charge state.  However recent Density 

Functional based Tight Binding (DFTB) simulations [49] present the 5/7-core structure as 

the most stable configuration in coincidence with our results.    

 

2.2 Atomic structure and energy of tilt boundaries 

 
A variety of [0001] tilt boundaries with misorientation angles from θ=9.3º (corresponding 

to Σ37) to θ=44.8º (corresponding to Σ43) have been simulated [2-3, 51]. There are-

experimental images of all the boundaries studied, some of them have been found in GaN 

[12] and the others in materials of wurtzite structure [52]. 

As a general trend, all structural units can be related to the structures of the cores of the a
r

 

edge dislocation.   We notice that whereas the dislocation cores depend on the location of 

the dislocation line, the configurations of the interfaces depend on the chosen CNID. 

Lets consider, as examples, the periodic boundaries determined respectively by 

( )λ2053 / ( )µ3052  in the Σ19 (misorientation angle of 13.40) and by ( 1032 )λ/( 2031 )µ in the 

Σ7 (misorientation angle of 21.60); figs 11 and 12 respectively.  

In both cases the γ-surface study reveals two different structures (S1 and S2) of low energy 

related to two different cnids (C1 and C2).  C1 is obtained by facing a-type atoms of the 

white (λ) crystal to b-type atoms of the black crystal (shown in figure 11 for the Σ19) and 

C2 is obtained by suppressing from C1 the a-type atoms of the white crystal. S1 (figs.11a 

and 12a) present 5/7 coordinated channels that compares with the 5/7 edge dislocation core 

(fig.3a).  These boundaries have been observed experimentally [12]. S2 (figs.11b and 12b) 

presents 4 coordinated channels like the edge dislocation core in fig.4a.  Initially, in the 

starting configurations of the four results presented, the two half crystals are relatively 

displaced along c
r

 by ∆x = 0.375 c so that during relaxation the bonds can be restored, i.e., 

the 5/7 dislocation core is reproduced and the region of the interface between the 4 

coordinated channels relaxes to an almost perfect structure.  In agreement with the 

dislocation energies, the surface energy of the configuration S1 (ES1= 1518 mJ/m2 for the 

Σ19 and ES1= 1827 mJ/m2 for the Σ7) is smaller than the surface energy of S2 (ES2= 1806 

mJ/m2 for the Σ19 and ES2= 2357 mJ/m2 for the Σ7).  There are other configurations in C1 

(fig. 11c and 11d) related to S1 that correspond to translation states of the S1 structure. 

They present 5/7 channels of alternate orientations more densely distributed than in S1.  The 
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energy of these configurations for the Σ19 interface is 1921 mJ/m2 for the structure in 

Fig.11c and 2452 mJ/m2 for the structure in Fig.11d respectively. 

The Σ37 interface with a misorientation angle of 9.40 presents qualitatively the same 

structures S1 and S2 described above, the only difference is that the coordinated channels 

are less densely distributed along the interface because the misorientation to be 

accommodated is smaller.  As a consequence the energy is smaller, i.e., ES1= 1286 mJ/m2 

and ES2= 1485 mJ/m2.  

It can be seen in the figures 11 to 12 that the structural unit of the configurations of low 

energy is formed by a single coordinated channel.  This is not a general characteristic of the 

[0001] tilt boundaries.  It follows the description of some boundaries where the structural 

unit is formed by two or more coordinated channels.    The relaxed configuration of a Σ43 

boundary along the ( )6071  plane has an energy of ES2= 1834 mJ/m2 and it is formed by 

units of two 5/7 coordinated channels (fig.13).  The relaxed configuration of Σ49 along 

( )5083  is shown in fig.14. It has an energy of ES2= 1692 mJ/m2 and it is formed by units of 

one 5/7 plus one 4 coordinated channel equally spaced. 

Σ13 along the plane ( )5072 , gives an example of an interface that has only one CNID since 

there are atoms of both the a- type and b-type in the plane.  This boundary presents a 

configuration formed by three types of coordinated channels (see fig.15a) although the 

configuration of lowest energy (ES1= 2185 mJ/m2) is formed by three 5/7 channels as shown 

in fig.15b.  It has been observed experimentally [50] in ZnO that has the wurtzite structure 

as GaN. 

Finally in fig.16 we present a second interface of Σ13 along ( )3041  plane that corresponds 

to the case mentioned is section 2 where the plane perpendicular to the interface is not an 

antimirror plane of the dichromatic pattern.  The structure of lower energy of the first 

interface (A/B) is presented in fig.16a.  This configuration has an energy of EI1= 1528 

mJ/m2.  It exhibits two 5/7 channels of alternate orientations and has been observed 

experimentally [51].  The structure of the second interface (C/D) is formed by one 5/7 and 

one 4-coordinated channels as shown in fig. 16b. Its energy EI2= 2659 mJ/m2 is higher than 

the energy of the first interface. 

The crystallographic parameters and energies of [0001] tilt boundaries are summarised in 

table 4.   We notice that, for a given [0001] tilt boundary, the energy of a configuration is 

related to the type of a
r

 edge dislocation that appears on the structural unit.  Therefore the 
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sensitivity of the potential to the discrimination of the 4 and 5/7 dislocation cores is of main 

importance. 

 

2.3 Dislocations mobility and boundary-dislocation interaction 
 

2.3.1 Glide of 1/3[ 0112 ] edge dislocations 

 

The glide plane of a

r
 edge dislocations is the ( )0101  plane. As we mentioned in the 

introduction, the atomic structure of the dislocation core depends on the location of the 

dislocation line and this has direct influence on the mobility of these dislocations too. In fact 

the C5/7 core, located between the narrowly spaced { 0101 } planes, was immobile under 

strains up to 5%.  The energies of the C4 and C8 cores have close values (1.72 eV/Å in a 

cylinder of radius R=6.7Å) and represent two minima separated by a low energy barrier 

(table 3).  This characteristics favour the glide movement of the dislocation.  In fact, the 

dislocation moves under a critical strain of 1% and the core transforms as C4, C8, C4, …The 

shape and extension of the dislocation core can be identified by means of the map of 

differential displacements (MDD) of neighbouring pairs of atoms [45].  This map 

characterizes the different cores and has been used here to follow the movement of the 

dislocations. In figs. 4 and 5 there are two MDD corresponding to a C4 and C8 cores 

respectively showing that they are essentially spread along the glide plane. 

 

2.3.2 Boundary movement and boundary interaction with the a
r

 edge dislocation 

 

We have restricted the mobility study to the boundaries of low misorientation formed by C4 

dislocation cores.  We present the case of the Σ37 boundary.  On the one hand, we checked 

if the C4 units in the boundaries still behave as dislocations, for instance, keeping their 

mobility. On the other hand, we studied the feasibility of the incorporation of a crystal 

dislocation to an existing boundary and the interaction dislocation-boundary. 

The system was formed by a bicrystal containing a low angle boundary.  The relaxable 

region contained two C4 cores bounded by fixed C4 cores at both sides; the distance 

between cores, i.e., the period of the boundary, is T= 73 a. To induce the movement of the 

dislocations we applied a shear strain perpendicular to the boundary. The reorganization of 

the atoms of the boundary was investigated by comparing the strained and unstrained 
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boundaries through the MDD.  fig.17 shows the MDD of the two relaxable C4 cores 

displaced to the left and right respectively, as a result of a shear strain of ± 4%.  The dotted 

line indicates the location of the initial boundary.  The movement of these C4 units and the 

fact that for this boundary the relation for low angle boundaries, i.e., tg α = 
T

b
, is 

accomplished allow us to identify the structural units of the boundary as being crystal 

dislocations. Under a perpendicular shear stress, the boundary bends and eventually the 

dislocation can leave it. The opposite process, i.e., the incorporation of a crystal dislocation 

to the boundary submitted to a local stress happens if the glide plane of the crystal 

dislocation does not coincide with the glide plane of the structural units of the boundary. 

Fig.18 shows the different reactions that may occur depending on the glide plane and sign 

of the interacting dislocation. The dislocations were placed near the boundary and the 

system was relaxed, no strain was applied.  In all cases the expected interaction between 

two edge dislocations is accomplished.  Fig.18a shows the repulsion when the crystal 

dislocation is located just beside the C4 unit of the boundary.  Both dislocations move in 

opposite directions about 6a0 (a0 is the lattice parameter), thus the crystal dislocation pushes 

the C4 out of the boundary.  If the sign of the dislocation is reversed there is a total 

recombination and the boundary loses the corresponding structural unit as shown in fig.18c.  

Fig.18b corresponds to an intermediate case where the crystal dislocation was located on a 

glide plane between two structural units. The stress field of the boundary is short ranged and 

the dislocation is in equilibrium at distances larger than 2a0. Fig.19 shows that, under a 

perpendicular shear strain of 2%, the dislocation joins the boundary.  If the strain is of 

opposite sign the two nearest structural units of the boundary move until they are aligned 

with the crystal dislocation. Notice that the lower dislocation core has transformed from C4 

to C8 core.  Since the remaining part of the boundary has been frozen during the relaxation 

process, the final configuration is a stepped boundary.  The same configuration would occur 

in a pinned boundary under strain. 

 

2.4 Atomic structure and energy of twin boundaries 

 
Three twin boundaries, namely, ( )1110 , ( )2110  and ( )3110  twins have been simulated.  

For each boundary we have considered distinct reference bicrystal structures and we have 

calculated the corresponding γ-surfaces to search all possible stable configurations.  The 

Page 19 of 54

http://mc.manuscriptcentral.com/pm-pml

Philosophical Magazine & Philosophical Magazine Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

24/06/10 20 

core structure of the twin boundaries was found to be dependent on the starting bicrystal 

structure Pλ/Pµ (see subsection 2.1.2).  Although some starting configurations do not present 

an entirely symmetrical shape the mirror symmetry was recovered by rigid body 

displacements parallel to the twin plane and/or during the relaxation process.  4-, 8- or 5/7-

coordianted channels separated by 6-coordinnated channels describe the ( )2110  boundary 

whereas 6-coordinated channels uniquely composed the ( )3110  boundary that is the one 

with lowest energy.  The energy calculations show that the low-energy structures only 

exhibits a pure mirror symmetry for the )2110(  and )3110(  twins.   

 
2.4.1 ( )1110  Twin 

 

Three relaxed structures of this twin projected along [ 0211 ] are shown in fig.20.  The 

four symbols represent the four atoms of the basis that are located in four layers along the 

normal to the twinning plane.  The two first structures, S1 (fig.20a) and S2 (fig.20b), were 

obtained with an A(λ)/a(µ) bicrystal configuration and the latter, S3 (fig.20c), from a 

B(λ)/B(µ) one.  A single plane of atoms formed by the coalescence of two ( )1110  planes 

forms the boundary of the structure J1 whereas a corrugated plane marks the structures J2 

and J3.  The structure J2 is related to the structure J1 by a rigid body displacement in the 

direction of the twin plane with a clear effect on the mirror symmetry by changing the motif 

in one of the crystals. Our energetic calculations shown that structures characterized by 

corrugated boundary plane (J2 and J3) are energetically more favourable than the structure 

with a single plane boundary (J1).  These energies are 2709 mJ/m2 for the structure J3, 2753 

mJ/m2 for the structure J2 and 3567 mJ/m2 for the structure J1.  Other stable boundaries were 

found but the twin energy was higher than the low-energy structure given above. 

 

2.4.2 ( )2110  Twin 

 

We present in fig.21 the three atomic structures of low energy.  The K1 configuration 

contains a 4-coordinated channel (4-interface, Fig. 21a), the K2 one, an 8-coordinated 

channel (8-interface, Fig.21b) and the K3 configuration, a 5/7-coordinated channel (5/7-

interface, Fig. 21c).  The structures were obtained from a twin with mirror symmetry by 

removing one, two or three ( )2110  layers of atoms.  Then, the mirror symmetry was 

recovered in the relaxation process. All these boundaries are marked by a single plane of 
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atoms formed by the coalescence of two or three ( )2110  planes that were distinct in the 

unrelaxed structures.  The K1 configuration was obtained from a B(λ)/b(µ) bicrystal 

structure and the K2 and K3 configurations from  b(λ)/A(µ)  and b(λ)/b(µ) respectively.  The 

energetic calculations indicate that the 4-interface (∆Ε=1954 mJ/m2) is energetically more 

favourable than the 8-interface (∆Ε=2478 mJ/m2) and the 5/7-interface (∆Ε=2809 mJ/m2).  

Notice that similar structural units (4-, 5/7- and 8-coordinated channels) have been obtained 

for the [0001] tilt boundaries of low rotation angle. In that case it was found a direct relation 

of these structures and the three core structures of the a
r

 prism edge dislocation [1, 3]. 

 

 

 

2.4.3 ( )3110  Twin 

 

Figure 22 shows the low-energy structure obtained for this twin.  A single plane of atoms 

formed by the coalescence of two ( )3110  planes as in the previous cases marks the 

boundary plane.  The relaxed structure was obtained from an A(λ)/B(µ) bicrystal 

configuration.  It shows mirror symmetry and the structural units composing this boundary 

exhibit six-coordinated channels.  The twin-boundary energy is 1302 mJ/m2. Other stable 

boundaries were found but the twin-boundary energy was much higher.  This energy is 

much lower than the values obtained for the low-energy structures of the ( )1110  and 

( )2110  twins.  This is in agreement with the fact that the 6-coordinated channels minimize 

the distortion of the tetra-coordination. 

 
 
3 Summary and conclusions 

 
Extended defects appearing in GaN films grown on substrates of hexagonal structure have 

been studied by means of atomic computer simulation.   

 

In this work we describe a
r

 and c
r

 dislocations of both edge and screw character. Among 

the two dimensional defects we have focussed on both the periodic [0001] tilt boundaries 

and ( )n110  twin boundaries that, together with stacking faults and inversion domains, are 

the main interfaces found in grown GaN.  
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The atomic interactions are represented by an empirical potential of the Stillinger – Weber 

form adapted to simulate the three types of interactions Ga – Ga, N – N and Ga – N. This 

potential was fitted to reproduce the inversion domains found in GaN. In this work we 

validate the potential by comparing our results on the energy of dislocation cores with first 

principle calculations. 

The atomic structure of a dislocation core depends on the location of the dislocation line.  

This is clearly seen in the case of the a
r

 edge dislocation where the dislocation line can be 

located either between two widely spaced ( 0110 ) planes or between two closely spaced 

ones.  As a result three distinct cores appear, the 5/7 channel related to the narrow space and 

the 4 channel and 8 channel related to the wide space.   In the later case the dislocation core 

transforms from 4 channel to 8 channel by a conservative glide of the dislocation line.  The 

transformation of the 5/7 channel either to the 4 channel or 8 channel can be done only by 

climb.  The displacement maps of the cores show that the 4 and 8 cores are spread on the 

glide plane, whereas the 5/7 core is more localised but it is distributed on two adjacent 

planes.  The comparison of the corresponding maps indicates a better mobility of the 4 and 

8 cores than the 5/7 core that may be sessile. These atomic structures are the only ones 

observed experimentally and in our study we found that no other stable structures of low 

energy exist.  The a
r

 screw presents two stable cores with displacement maps quite 

extended indicating that there are no preferential glide planes. 

In the case of the c
r

 screw threading dislocation the displacement map shows a three-fold 

symmetry that is kept in the open cores found experimentally. For completeness we present 

the results for the c
r

 edge dislocation.  The core presents high distortion in bond length and 

angles. 

We present a set of [0001] tilt boundaries with misorientations from 9.40 to 44.80. We found 

that the stable structural units, in all cases, are formed by combinations of the same 5/7, 4 

and 8 channels as in the a
r

edge dislocation cores. In general, there are two different possible 

structures that cannot be related by a translation parallel to the interface. In the boundaries 

of small rotation angle the structural unit of smaller energy is formed either by one 5/7 

channel or by one 4 channel.   These boundaries can be considered, indeed, as formed by 

aligned a
r

edge dislocations.  The energy of the boundaries is a function of the density of 

dislocations that form the boundary but there is no direct relation between the angle of 

misorientation and the energy. 
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The mobility of the a-edge dislocations has been investigated and it was found that the C5/7 

core is sessile while the C4 and C8 cores are mobile. During the movement the cores change 

from C4 to C8 to C4 … This result is in agreement with the map of differential 

displacements since C4 and C8 cores have a map essentially spread on the glide plane 

whereas the C5/7 core has a map extended to two adjacent planes.  For completeness, we 

have studied the mobility of the a-screw, c-edge and c-screw dislocations and we found that 

none of them is mobile under resolved shear strains up to 5%. These results are in 

accordance with the respective MDD’s. 

The boundaries of low angle of rotation formed by C4 units are mobile since the C4 units 

can be identified as glissile a-edge dislocations.  These units glide under applied strain 

perpendicular to the boundary inducing a conservative displacement of the boundary. If a 

crystal dislocation of the C4 type approaches the boundary an interaction with the 

dislocations of the boundary is produced that depends on the relative positions and Burgers 

vectors.  In particular, dislocations can either annihilate or be accommodated on the 

boundary.  In turn the boundary can emit dislocations. 

For each boundary of ( )1110 , ( )2110  and ( )3110  twins, we have considered distinct 

reference bicrystal structures and we have calculated the corresponding γ-surfaces to search 

all possible stable configurations.  The core structure of the twin boundaries was found to be 

dependent on the starting bicrystal structure Pλ/ Pµ.  Although some starting configurations 

do not present an entirely symmetrical shape, the mirror symmetry was recovered by rigid 

body displacements parallel to the twin plane and/or during the relaxation process.  4-, 8- or 

5/7-coordianted channels separated by 6-coordinnated channels describe the ( )2110  

boundary whereas 6-coordinated channels uniquely composed the ( )3110  boundary that is 

the one with lowest energy.  The energy calculations show that the low-energy structures 

only exhibits pure mirror symmetry for )2110(  and )3110(  twins.   
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Table captions 

 

TABLE 1: Parameters for the Stillinger-Weber potential and calculated structural properties 

of wurtzite structure. Experimental values are in parentheses. 

 

TABLE 2: The shear modulus µ as a function of the elastic constants ijC  and the theoretical 

pre-logarithmic factors ( WS
thA − and Exp

thA ) for the edge and screw dislocations. The S-W and 

experimental elastic constants are reported in Ref. 32. 

 

 

TABLE 3: Core radius (rc), core energy (Ec), slope (A0) and total energy obtained with the 

S-W potential ( SW
TE ) for dislocation structures. The total energy FP

TE  given by first-

principles calculations is included for comparison. 

 

Table 4.  Data for [0001] tilt boundaries.  The angle θ refers to the misorientation angle and 

∆Ε is the lower structure energy.  The sequence of environments for one period along the 

boundary plane is given for the structure of lower energy. 
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Figure captions 

 

Fig. 1:  (a) Periodic images along the Z direction of an interface. (b) Dichromatic complex 

of Σ7 showing an antimirror plane. On the left the studied interface A(white)/B(black); on 

the right the boundary due to the periodic conditions C(black)/D(white). The closed circles 

represent N atoms whereas the open circles represent Ga. 

 

Fig.2:  Two-body terms as a function of each interaction type.  The 1 and 2 digits refer to 

parameters given in Ref.[32] and the present work respectively. 

 

Fig. 3:  Relaxed configuration of the a
r

 edge dislocation when the origin of displacements is 

located between two closely spaced ( 0110 ) planes: (a) Core described by 5/7-coordinated 

channels.  It presents wrong bond (Ga-Ga) in this plane and (N-N) on the planes above and 

below.  (b) Map of differential displacements of neighbouring pairs of atoms. 

 

Fig. 4:  Relaxed configuration of the a
r

 edge dislocation when the origin of displacements is 

located between two widely spaced ( 0110 ) planes: (a) Core described by 4-coordinated 

channels.  It is characterized by four bonds practically in the same plane.  (b) Map of 

differential displacements of neighbouring pairs of atoms. 

 

Fig. 5:  Relaxed configuration of the a
r

 edge dislocation when the origin of displacements is 

located between two widely spaced ( 0110 ) planes (more precisely in the hexagon centre):  

(a) Core described by 8-coordinated channels.  The core has a dangling bond.  (b) Map of 

differential displacements of neighbouring pairs of atoms. 

 

Fig.6: Total energy stored in a cylinder of radius R as a function of ln(R) for the a
r

 

dislocations. 

 

Fig. 7: Map of differential displacements of neighbouring pairs of atoms of the relaxed core 

configurations of the a
r

 screw dislocation.  The origin of displacements is located between 

(a) two closely spaced and (b) two widely spaced ( 0110 ) planes. 
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Fig.8: (a) Core configurations and (b) map of differential displacements of neighbouring 

pairs of atoms of the c
r

edge dislocation with origin of displacements located between two 

closely spaced ( 0110 ) planes. 

 

Fig.9: (a) Core configurations and (b) map of differential displacements of neighbouring 

pairs of atoms of the c
r

 edge dislocation with origin of displacements located between two 

widely spaced ( 0110 ) planes. 

 

Fig. 10: Map of differential displacements of neighbouring pairs of atoms of the relaxed 

configurations of the c
r

 screw dislocation.  (a) The origin of displacements is in a plane of 

mirror glide symmetry.  (b) The origin of displacements coincides with the three-fold axis  

 

Fig.11: Atomic structures of the Σ19 (θ=13.4º)( 2053 ) tilt boundary.  The structures in (a, 

unrelaxed) and (b, relaxed) are obtained from a starting configuration formed by the 

a(λ)/b(µ) cnid whereas the structure in (c) is obtained from b(λ)/b(µ). The structures in (d) 

and (e) correspond to translation states of the a(λ)/b(µ) starting configuration. The structure 

in (b) is the most favourable energetically. 

 

Fig.12: Atomic structures of the Σ7 (θ=21.6º)( 1032 ) tilt boundary. The structure in (a) is 

obtained from a starting configuration formed by the a(λ)/b(µ) cnid whereas the structure in 

(b) is obtained from b(λ)/b(µ).The structure in (a) is the most favourable energetically. 

 

Fig.13: Atomic structure of lower energy of the Σ43 (θ=44.8º) ( 6071 ) tilt boundary. 

 

Fig.14: Atomic structure of lower energy of the Σ49 (θ=16.3º) ( 5083 ) tilt boundary. 

 

Fig.15: Atomic structures of the Σ13 (θ=27.8º) ( 5072 ) tilt boundary. (a) Structure formed 

by three n-coordinated channels. (b) Structure of lower energy formed by three 5/7-channels 

of alternate orientations. 
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Fig.16: Atomic structures of the Σ13 (θ=32.2º) ( 3041 ) tilt boundary. (a) Structure of lower 

energy formed by two 5/7-channels of alternate orientations. (b) Structure formed by one 

5/7 and one 4-coordinated channels. 

 

Fig.17: Mobility of tilt boundary under a perpendicular applied shear strain perpendicular to 

the boundary plane. a) reference boundary. b) and c) movement of the C4 cores under a 

strain εxy = ±0.04. 

 

Fig.18: Stable positions of edge dislocation (C4) located near the boundary. a) The 

dislocation has the same glide plane and sign than the C4 unit in the boundary. The 

repulsion pushed the C4 unit out of the boundary. b) The dislocation is between two C4 

units. It is in equilibrium under the short ranged stress field created by the boundary. c) The 

dislocation has the same glide plane but opposite sign than the C4 unit in the boundary. The 

restoration of the perfect crystal confirms the dislocation character of the structural units. 

 

Fig.19: Same configuration as in Fig.18b under an applied strain. b) The dislocation has 

been incorporated to the boundary. c) When the strain is reversed the boundary approaches 

the dislocation that is incorporated to the boundary. Notice that the lower C4 has converted 

into a C8. 

 

Fig.20: Lowest energy structure of the )1110(  twin projected along [ 0211 ].  The four 

symbols represent the four layers in the stacking sequence.  Hexagonal unit cells are shown 

in outline. Squares correspond to A-type layers, triangle to a-type, circles to B-type and 

crosses to b-type layers in the stacking sequence of the wurtzite structure along [0001]. 

 

Fig.21: Atomic structures of the )2110(  twin projected along [ 0211 ]. The structure in a) 

exhibits a four-coordinated channel (4-interface), in b) an eight-coordinated channel (8-

interface) and in c) a five- and seven-coordinated channels (5/7-interface). 

 

Fig.22: Lowest energy structure of the )3110(  twin projected along [ 0211 ]. 
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TABLE I 
 

Aïchoune et al.20 Present work  

Ga-N Ga-Ga N-N Ga-N Ga-Ga N-N 

Parameters of the Stillinger-Weber potential 

ε (eV/bond) 2.17 0.655 0.655 2.17 1.2 1.2 

σ (
0

A ) 
1.695 2.038 1.302 1.695 2.1 1.3 

λ 32.5 26.76 26.76 32.5 32.5 32.5 

a ( σ/rc ) 1.8 1.8 1.8 1.8 1.6 1.8 

A 7.917 7.917 7.917 7.917 7.917 7.917 

B 0.720 0.720 0.720 0.720 0.720 0.720 

Lattice parameters 

a (
0

A ) 
3.23 (3.19) a 3.19 (3.19) a 

c (
0

A ) 
5.28 (5.18) a 5.20 (5.18) a 

Inversion domain boundaries excess energies ∆Ε 
IDB  Not stable 2590 (2663) b ∆Ε (mJ/m2) 
IDB* 702 (400) b 949 (400) b 

 
a Experimental data. 
b Ref. 7 
 
 
 

Page 30 of 54

http://mc.manuscriptcentral.com/pm-pml

Philosophical Magazine & Philosophical Magazine Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

24/06/10 31 

 
 
TABLE II 
 
 

Defect µ WS
thA −  Exp

thA  

Prism edge ( a
r

) 

11

2
12

2
11

C2

CC
)1(

−
ν−  

0.77 0.86 

Basal screw ( a
r

) 2/1
6644 )CC(  0.56 0.58 

Basal edge ( c
r

) e
Bµ  2.16 2.24 

Prism screw ( c
r

) 44C  1.46 1.40 
 

2/1

4413331111

13331144
133311

e
B

)C2CCC(C

CCC(C
)CCC)(1(  














++

−
+ν−=µ  
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TABLE III:  

 
 

a The total relaxable region is constrained to the cylinder of radius R given in parentheses. 
 
 
 
 
 

Defect Type 
Core 

rc  
(Å) 

Ec 
(eV/Å)  

A0  
(eV/ Å)  

SW
TE  (eV/Å) 

(R=20 Å) 

SW
TE   

(eV/ Å) 

FP
TE   

(eV/ Å) 
5/7 6.7 1.46 0.79 2.38   
4 6.7 1.72 0.78 2.57   

 
Prism edge ( a

r
) 

8 6.7 1.72 0.78 2.57 1.95 a 
(R=8.5 Å) 

2.19 8 (R=8.5 Å) 

Basal screw ( a
r

) R2 6.7 1.20 0.59 1.80   

Basal edge ( c
r

) S2 8.5 3.68 1.99 5.55   

Prism screw ( c
r

) T3 6.7 2.82 1.35 4.3 3.30 a 
(R=7.5 Å) 

4.00 10 (R=7.5 Å) 
4.88 8 (R=8.5 Å) 
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TABLE IV 

 
Σ Indices θ Structure* ∆Ε (mJ/m2) 
37 )4073(  

9.3 626162616275 1286 
19 )3052(  

13.4 62616275 1518 
49 )5083(  

16.3 6261627562614 1692 
7 )2031(  

21.6 6275 1827 
13 )5072(  

27.8 63757575 2185 
13 )3041(  

32.2 7575 1528 
43 )6071(  

44.8 6375636375 1834 

 
(*): A 61 unit is crossed by the interface plane (see fig.11b) whereas it passes symmetrically 
between two 62.  A 63 unit is related to corrugated interface (see fig.11d). 
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On the atomic structures, mobility and interactions of extended defects in 

GaN: dislocations, tilt and twin boundaries  

Antoine Béré and Anna Serra
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Figure 18 
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Figure 19 
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Figure 21 
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 b)  c) a)  
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Figure 22 
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