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Atomistic modeling of the (a+c)-mixed dislocation core in wurtzite GaN
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An atomistic simulation of the threading (a+c)-mixed dislocation core in wurtzite GaN has been carried out.
Starting from models generated in the framework of continuum elasticity theory, two core configurations are
obtained independently by using an empirical potential and a tight-binding based ab initio method. The most
energetically favorable core with a 5/7-atoms ring structure is fully coordinated without wrong bonds, whereas
the other with a complex double 5/6-atoms ring structure contains two rows of dangling bonds. Both core
configurations introduce empty states spread over the upper half of the band gap.

DOI: 10.1103/PhysRevB.75.115201

I. INTRODUCTION

Owing to its interesting physical properties,! gallium ni-
tride has been used in the fabrication of blue light emitting
diodes, high-temperature, and high-power electronic
devices.2 Because of the lack of bulk substrate, this material
has been grown heteroepitaxially on sapphire or SiC
substrates.> The significant lattice mismatch between GaN
and the used substrates results in a high density of threading
dislocations in the grown layers.*

In wurtzite GaN grown in the [0001] direction, threading
dislocations are of three types, with Burgers vectors:

1/3(1120) (a edge), (0001) (c screw) and 1/3(1123) [(a
+c) mixed].* Typically, the majority of these dislocations are
a edge, whereas the ¢ screw usually constitutes the smallest
fraction.” The density of the (a+¢)-mixed dislocations varies
between that of the a edge® and of the ¢ screw” dislocations
depending on the growth conditions.

Over the last decade, a tremendous effort has been going
on in order to attain a better understanding of the atomic and
electronic structures of dislocations in GaN.” Among the
threading dislocations, the @ edge was extensively investi-
gated. Three stoichiometric core configurations with 8-,
5/7-, and 4-atoms rings structures were theoretically pre-
dicted and experimentally observed.® Most of the energetic
calculations showed the core with the 5/7-atoms ring struc-
ture to be the most energetically favored among the stoichio-
metric ones.”!® However, in a recent investigation, using a
multiscale based approach, Lymperakis et al. reported the
4-atoms ring core to become the most stable in the presence
of tensile strain.!' Beside the previous core configurations,
nonstoichiometric ones have also been theoretically
reported'? and experimentally observed.' Their stability was
shown to depend both on the growth conditions and charge
state.!?

In spite of their reduced number, the c-screw dislocations
have also attracted much interest. This is due mainly to their
profound impact on the electronic performances of GaN
layers.'* For the ¢-screw dislocation, different core structures
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PACS number(s): 61.72.Lk, 61.72.Bb, 71.15.N¢

have been experimentally observed: the full-core, the open-
core, and the nonstoichiometric configurations.® Initial theo-
retical calculations'> showed that the open-core configuration
is more energetically favorable than the full core. Recent ab
initio calculations performed by Northrup!® revealed that
screw dislocations with nonstoichiometric core configura-
tions could be more energetically favorable than those with
stoichiometric cores under some growth conditions. Indeed,
while the Ga-filled core is predicted to be the most stable
configuration under Ga-rich conditions, a nonstoichiometric
core structure with Ga (50%) and N (25%) atoms was found
more energetically favorable in the N-rich conditions.

In contrast to the above dislocations, there is still a lack of
information concerning the core structure of the
(a+c)-mixed dislocation. For the time being, only a picture
based on the simple superimposition of an edge and a screw
component is usually adopted for its core structure.'” Even if
such a basic model can account for the properties of the
mixed dislocation far from its center, it is quite limited in
describing the core area where the nonlinear effects are
dominant. Furthermore, the superimposition principle obvi-
ously fails to describe an eventual change in bonding intro-
duced by the presence of one component (edge or screw)
with respect to the other. This is more relevant in compound
semiconductors, such as gallium nitride, where states of
bonding (Ga-N, Ga-Ga, N-N, or dangling bonds) have very
different geometrical and electronic features. Recently, Ar-
slan et al.'® succeeded in providing the first Z-contrast image
of an (a+c¢)-mixed dislocation core. The observed structure
was interpreted as a filled core with 8-atoms ring configura-
tion, just like an a-edge dislocation projected along the
[0001] direction.

Up to date, no model based on atomistic simulation has
yet been provided for the (a+c)-mixed dislocation core to
support the experimental observations. To fill this gap, we
report here the first atomistic simulations related to this dis-
location core. Starting from models generated in the frame-
work of elasticity theory and by using independently two
different atomistic simulation methods: an empirical poten-
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tial and a tight-binding based ab initio method, we succeeded
in obtaining the same core structures. In the following, we
show that these core structures cannot be simply described
by a superimposition of an edge and screw component. The
energetic study was accomplished by combining results from
atomistic calculations and continuum elasticity theory. Both
empirical potential and tight-binding based ab initio calcula-
tion favor a fully coordinated core without wrong bonds.
Finally, we present and discuss the electronic structures of
the two cores. Both were found to induce several empty
states in the band gap.

II. COMPUTATIONAL METHODS

In the specific case of the (a+c)-mixed dislocation, the
presence of both edge and screw components, combined with
the large magnitude of the Burgers vector (b=6.08 A), leads
to a strong strain field which is extended far away from the
dislocation center. As a consequence, large sized models are
required to achieve atomistic simulations of such dislocation
cores. In the present study, two numerically expedient meth-
ods were applied to perform atomistic simulations. These
are, an  empirical  potential (MSW:  modified
Stillinger-Weber),>!” and an accurate tight-binding based ab
initio method (SCC-DFTB: self-consistent charge density
functional tight binding).?°

In the original version of the Stillinger-Weber potential
(SW),?! there are: a two-body and a three-body term of the
potential energy, which correspond to a pair and pseudo-
many-body interaction, respectively. The three-body term
represents the angular distortion which is important in the
description of deformed structures. This potential is unable
to take into account the chemical nature of the bonds. The
latter was modified to account for the three different kinds of
bonds (i.e., Ga-N, Ga-Ga, and N-N “wrong” bonds) which
can take place in gallium nitride.!” The parameters of the
MSW potential were fitted to reproduce the wurtzite GaN
experimental lattice parameters and elastic constants, as well
as the formation energies of the inversion domain and stack-
ing mismatch boundaries.??

The SCC-DFTB method® belongs to the family of self-
consistent tight-binding methods?? and may be considered as
an approximate density functional scheme. In its total energy
expression occurs the two usual tight-binding terms, i.e., the
band structure and the short-ranged pair potential. Moreover,
based on a second order expansion of the Kohn-Sham
energy,?* a third term has been introduced in order to include
Coulomb interactions between charge fluctuations. At large
distances, this accounts for long-range electrostatic forces
between two point charges and approximately includes self-
interaction contributions of a given atom when the charges
are located at the same atom. The incorporated self-
consistent procedure in this term, at the level of Mulliken
charges, allows taking into account charge transfer that could
occur in heteronuclear systems. The exchange and correla-
tion contributions to the total energy as well as the ionic
core-core repulsion are accounted for in the short-ranged pair
potential. The latter is obtained by fitting the total energy to
full DFT-LDA based calculations carried out on reference
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TABLE I. Experimental and calculated (SCC-DFTB, MSW) lat-
tice parameters and bulk modulus of wurtzite gallium nitride.

Lattice parameters (A) Bulk modulus (GPa)

Experiment a=3.190* 188°
¢=5.189* 210°

SCC-DFTB a=3.178 189
c=5214

MSW a=3.190 209
¢=5.200

2Experimental data by Schultz et al. (Ref. 28).
PExperimental data by Xia et al. (Ref. 29).
“Experimental data by Polian et al. (Ref. 30).

systems.?> The electronic wave function is expanded in a
linear combination of atomic orbitals involving a basis set of
s, p, and d confined orbitals. The Hamiltonian and overlap
matrix elements are obtained from atom-centered valence
electron orbitals and the superposition of neutral atomic po-
tentials, and evaluated within the Slater-Koster two-center
approximation.?®

Both the MSW-potential and the SCC-DFTB method
were extensively applied to investigate dislocations and grain
boundaries in gallium nitride.®»?” In the present study, we
have first carried out test calculations on bulk gallium nitride
by using as well the MSW-potential as the SCC-DFTB
method. The results are summarized in Table I. The calcu-
lated lattice parameters were found to be in good agreement
with the experimentally observed values. For the bulk modu-
lus we have obtained values which are in the range of the
those provided by experiments. Finally, within the SCC-
DFTB method, the evaluation of the Mulliken charges on
each atom leads to a charge transfer of 0.56e from the Ga to
N atoms, resulting in a polar bonding character.

III. SIMULATION MODELS

To perform atomistic simulation of dislocation cores one
needs to consider an atomistic model which should reason-
ably represent the core region, and adopt suitable boundary
conditions. Different models were applied for this purpose:
supercells, clusters, and supercell-cluster hybrids. In the su-
percell model,?' the translational symmetry is artificially re-
stored by applying periodic boundary conditions in the three
directions. This imposes to arrange the dislocations in a mul-
tipolarlike configuration (dipolar or quadripolar) in order to
have zero Burgers vector content. The periodic boundary
conditions eliminate the difficulty of treating atoms at the
surface of the simulation cell. However, this model suffers
from introducing interactions between an infinite number of
dislocations. The cluster model®” is formed by extracting a
finite atomic cluster around the defect area of interest, i.e.,
the dislocation core. As a result, the dislocation line inter-
sects with the surface of the cluster. Although all transla-
tional symmetries are lost in this model, it provides at least
the ability of treating an isolated dislocation. By using the
supercell-cluster hybrid model,* one takes advantage of both
the supercell and the cluster model. In this approach a single
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FIG. 1. (Color online) Ball and stick models for starting and relaxed core configurations of the (a+c¢)-mixed dislocation. (a): the different
origins of the displacement field (P1,P2,P3). (b), (c), and (d): Starting core configurations: 4-atoms ring, 8-atoms ring, and 5/7-atoms ring,
corresponding respectively to the origins: P1, P,2 and P3. (e) and (f): the relaxed core configurations, respectively, the double 5/6- and the
5/7-atoms ring structures. Black balls represent gallium atoms and the white ones nitrogen atoms.

dislocation is treated and besides respecting the natural peri-
odicity of the dislocation along its line direction, it also
avoids artificial dislocation-dislocation interactions which
occur when a dipole is inserted into a supercell.

In wurtzite GaN, the (a+c)-mixed threading dislocation

lies in the (0001) direction with a 1/3(1123) Burgers vector.
In all the calculations carried out here, the dislocations were
modeled using supercell-cluster hybrids, periodic along the
dislocation line direction. The models were constructed as
follow: starting from an initial cell with perfect wurtzite GaN
structure, a single straight dislocation is introduced by dis-

placing the atoms from their initial positions according to the
relations of the displacement field given by linear isotropic
elasticity.>* For this purpose, the expressions suggested by de
Wit® were adopted as they prevent singularities in the core
area. Following Béré et al.,*° different starting core configu-
rations of the dislocation were obtained by changing the po-
sition of the origin of the displacement field of the edge
component, corresponding to the center of the dislocation, in

the two differently spaced {1010} prismatic planes [Fig.

1(a)]. The screw component was added to the edge one by
conserving the same origin of the displacement field. Similar
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to the case of pure edge dislocations, we have obtained by
this procedure three initial configurations of the (a+¢)-mixed
dislocation. Viewed along the [0001] direction, these core
structures look like a 4-, 8-, and 5/7-atoms ring [Figs.
1(b)-1(d)], when the location of the dislocation center is set
at: P1, P2, and P3 [Fig. 1(a)], respectively.

In the MSW-potential based calculations, the used models
were large rectangular parallelepiped cells with sides along

[1120], [1010], and [0001] directions. These models contain
28 800 atoms and their size was [60a X 30v3a X 2¢| (a and ¢
are the equilibrium lattice parameters). The periodic bound-
ary conditions were applied along the dislocation line direc-
tion, while fixed boundaries were imposed perpendicular to
the dislocation line. The equilibrium core configurations of
the dislocation were obtained by minimising the energy of
the supercell-cluster hybrid using quenched molecular
dynamics.’” The equilibrium is reached when the average
thermodynamic temperature of the system becomes smaller
than 10~ K. For these calculations, we defined two concen-
tric cylinders around the dislocation line, with respective ra-
dii of 46 A and 60 A, dividing the cell into three parts. The
internal region is the area inside the 46 A radius cylinder,
while the external region is the area beyond the 60 A radius,
in between lays the intermediate region. The thickness of
both the external and intermediate regions has to be chosen
at least larger than the maximum range of the potential
(3.36 A for the Ga-Ga interaction). The atoms in the external
region have fixed positions, while those of the internal and
intermediate regions are allowed to relax. Eventually, the en-
ergy of the system is calculated taking into account only the
relaxed atoms in the internal region.

The SCC-DFTB calculations are carried out on hydrogen
terminated supercell-cluster hybrids of 764
(Gazg, N, Hgz™ HES®) and 760 (Gayyg,Nyyg, Hes” Hey
atoms. These were constructed by extracting, from the initial
large cells, clusters with about 15 A of lateral extension
around the dislocation line. Pseudohydrogen atoms with
fractional charge of 1.25¢ (0.75¢) were used to cap the Ga
(N) dangling bonds at the cluster lateral surface.*® This pro-
cedure allows an emulation of the crystalline bulk by avoid-
ing electronic gap states associated with termination dan-
gling bonds, and as well as surface reconstruction which
might induce artificial strain in the dislocation core. The
structural relaxations were performed using the conjugate
gradient algorithm. For these calculations, the Brillouin zone
is sampled only at the I point. Within this approximation,
the lateral extent of the used models, i.e., perpendicular to
the dislocation line direction, is sufficient. However, dou-
bling the size of the models along the dislocation line direc-
tion was necessary to obtain total energies that are properly
converged. Periodic boundary conditions were applied in the
three directions and, following Blumenau et al.,’® the cluster
lateral surface was allowed to relax freely. In order to pre-
vent interactions between the supercell-cluster hybrid and
those of the neighboring image cells, 190 a.u. thick of
vacuum has been only included in the directions perpendicu-
lar to the dislocation line. The equilibrium was reached when
the atomic forces were below to 0.001 a.u. Finally, the Ga
(3d) electrons are treated as part of the valence band.?>*
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Since Ga (3d) and N (2s) orbitals are hybridized, the last
consideration may improve the evaluation of the Ga-N bond
energy, thus providing more accurate values for the disloca-
tion core energies.

IV. CORE CONFIGURATIONS AND ATOMIC
STRUCTURES

Starting from models generated in the framework of linear
isotropic elasticity theory [Figs. 1(b)-1(d)], geometry opti-
misations based on both the MSW potential or the SCC-
DFTB method gave similar core structures for the
(a+c)-mixed dislocation. While the configuration with the
5/7-atoms ring structure was conserved [Figs. 1(d) and 1(f)],
the initial core configuration with an 8-atoms ring structure
[Fig. 1(c)] led to a core with a complex double 5/6-atoms
ring structure [Fig. 1(e)]. The initial core with a 4-atoms ring
structure [Fig. 1(b)] was found to be unstable, as it turns
spontaneously during relaxation to an 8-atoms ring to finally
give rise to a double 5/6-atoms ring structure.

In the the 5/7-atoms ring configuration, all the atoms are
fully coordinated and they establish only Ga-N bonds [Fig.
1(f)]. This is in contrast to the 5/7-atoms ring core configu-
ration of a pure edge dislocation where wrong bonds (N-N or
Ga-Ga) are involved.*! This change in bonding between a
pure edge and a mixed dislocation, is explained as follow: in
the presence of only an edge component, each Ga or N atom
from the column (3) is at the same level with similar one
from the column (3 7). However, due to the screw compo-
nent a relative displacement of ¢/2 is imposed, along the
[0001] direction, to the atoms of the latter columns, allowing
the formation of Ga-N bonds instead of wrong bonds.

The complex structure of the double 5/6-atoms ring con-
figuration [Fig. 1(e)] may be seen as the result of a strong
coupling between the edge and screw components inside the
core of the (a+c¢)-mixed dislocation. Indeed, in such a con-
figuration there is a presence of profound changes in bonding
state with respect to the initial 8-atoms ring core [Fig. 1(c)].
The formation of the double 5/6-atom ring core could be
summarized by the following: starting from an §-atoms ring
configuration [Fig. 1(c)], the displacement along the [0001]
direction introduced by the screw component enables estab-
lishing Ga-N bonds between the atoms of column (1) and
those of column (2). As a consequence, a separation of spe-
cies occurs in the column (2), leading to its splitting into two
close subcolumns 2-N and 2-Ga, which are respectively
composed only by N and Ga atoms [Fig. 1(e)]. This last
effect leads to the occurrence of Ga and N dangling bonds in
the columns (7) and (12), respectively.

From the previous analysis, it clearly appears that a
simple model based on the superimposition of a screw and
an edge component is not adequate in describing the core
structure of the (a+c)-mixed dislocation. Such basic as-
sumption is unable to take into account the changes in the
bonding state and their related reconstructions that occur in
both the 5/7-atoms ring and the double 5/6-atoms ring
cores.

In bulk wurtzite GaN, the equilibrium bond length is
1.95 A and the equilibrium bond angle, corresponding to sp>
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hybridization, is equal to 109.5°. To our knowledge there are
few experimental reports on the atomic structure of the (a
+c¢)-mixed dislocation core. Recently, by using high resolu-
tion transmission electron microscopy (HRTEM), Wang et
al.® attempted to estimate the bond distortions in the vicinity
of the (a+c¢)-mixed dislocation core. They found the relative
bond extension to be in average 6+4% and the relative bond
compression to be 7+4%. In the present work, quantitative
analysis of the atomic core structure was achieved by calcu-
lating the lengths and angles of the different bonds estab-
lished at particular sites.

A large bond angle dispersion was obtained in the sym-
metric 5/7-atoms ring core: from 87° to 129° (SCC-DFTB)
and from 81° to 135° (MSW). Otherwise, while the most
constricted bonds are involved between the Ga atoms at the
column (1) and the N atoms at the column (2), -5.81%
(SCC-DFTB) or —2.82% (MSW), the most stretched ones are
established by the Ga atoms at the column (5) and the N
atoms at the column (6), +18.86% (SCC-DFTB) or +12.74%
(MSW). In contrast to the 5/7-atoms ring of a pure edge
dislocation, where the atoms of the 5-atoms ring involve ex-
clusively compressed bonds and those of the 7-atoms ring
exclusively stretched bonds, those of the (a+c¢)-mixed dislo-
cation contain atoms with both constricted and stretched
bonds, which is attributed to the presence of the screw com-
ponent. The distance between the two columns, involving
Ga-N bonds, separating the two rings of 5 atoms from that
with 7 atoms is equal to 1.71 A (SCC-DFTB) or 1.81 A
(MSW). These values are in between the lengths of the in
plane N-N bonds, 1.62 A (SCC-DFTB) or 1.65 A (MSW),
and the Ga-Ga bonds, 2.26 A (SCC-DFTB) or 2.24 A
(MSW), established by the atoms belonging to the equivalent
columns in the pure edge core.

In the core with a double 5/6-atoms ring structure, the
presence of different types of dangling bonds in each side
(columns 7 and 12) causes local relaxations that lead to a
structural asymmetry. Our calculations show wider bond
angle dispersion than that occurs in the 5/7-atoms ring core:
from 86° to 134° (SCC-DFTB) and from 77° to 132°
(MSW). The most compressed bonds, —8.91% (SCC-DFTB)
and —2.67% (MSW), were found to be established by the
atoms at columns (7) and (12) that contained dangling bonds.
Compressed bonds have also been found to be formed be-
tween the two subcolumns 2-Ga and 2-N, —6.95% (SCC-
DFTB) and -2.47% (MSW), leading to a separation of
0.76 A (SCC-DFTB) or 0.85 A (MSW). Due to the presence
of bonds between the previous two subcolumns (2-Ga and
2-N) and both the upper and lower columns (1 and 3),
stretched bonds are involved between the atoms belonging to
these columns and those of the columns (9) and (10),
+15.54% (SCC-DFTB) or +7.50% (MSW), and those of the
columns (4) and (15), +11.76% (SCC-DFTB) or +7.44%
(MSW).

From the above results, it clearly appears that the values
of bond lengths and angles provided by the SCC-DFTB
method or the MSW potential are in good agreement for both
the double 5/6-atoms ring and the 5/7-atoms ring cores
(Tables II and III). However, more stretched bonds are ex-
pected in the 5/7-atoms ring core configuration than in the
double 5/6-atoms ring one. The cores obtained within the
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SCC-DFTB method are more strained than those obtained by
mean of the MSW potential. Such differences are mainly
attributed to the difference in describing the interactions in
both methods.

The obtained bond length distortions are more important
than those experimentally reported by Wang et al.® Such dif-
ference is attributed to the fact that our calculations are per-
formed in the core itself, while the experimental measure-
ments were made in the core vicinity. Moreover, it iS most
probable that the lack of a sufficient resolution may not have
allowed the above authors to evaluate bond distortions with
enough accuracy.

The large stress field produced by the distorted bonds at
the (a+c)-mixed dislocation core is at the origin of attracting
impurities and point defects near the dislocation.*’> Moreover,
the dangling bonds at the core with a double 5/6-atoms ring
structure are expected to be an extra source for attracting
impurities. This double 5/6-atoms ring structure can be cor-
related with the 8-atoms ring structure reported by Arslan et
al.'® According to our results, distinguishing a complex
double 5/6-atoms ring structure from an 8-atoms ring one
requires a subangstrom spatial resolution. Indeed, the major
feature of the core with a 5/6-atoms ring structure is the
presence of two subcolumns for which the separation was
estimated to be between 0.76 and 0.85 A.

V. ENERGETIC CALCULATIONS

The energetic calculations of the (a+c¢)-mixed dislocation
cores have been driven by combining continuum elasticity
theory and atomistic calculations based on the MSW-
potential or SCC-DFTB method. While elasticity theory was
used to describe the asymptotic behavior of the dislocation
far from its center, the atomistic methods were used to de-
termine the properties of the core area. This procedure al-
lowed us to derive both core energies and radii for the two
obtained configurations.

When introduced in a medium, the strain energy (E,,,,;)
associated with a dislocation is represented as the sum of the
elastic (E,;,;.) and core (E,,,,) contributions

Etotal = Eelam'c + Ecore' (1)

Within linear elasticity, the strain energy per unit length
stored in a cylinder of a radius R around the dislocation is
given by the relation®*

Eelasli(' =A ll'l(R/RL) for R > Rw (2)

where R, is the dislocation core radius.

For a mixed dislocation, the prelogarithmic factor A is
related to both the edge and screw components of the Bur-
gers vector (b, and b,, respectively) through the relation®*

A=(1/4m)(K,b,> + Kb 7). (3)

The energy factors, K, and K|, associated respectively with
the edge and screw components, are in the framework of
anisotropic elasticity*

K,=(Cy = Cp/2Cy, (4a)

and

115201-5



BELABBAS et al.

PHYSICAL REVIEW B 75, 115201 (2007)

TABLE 1II. Bond lengths (minimum, maximum and average) and bond angles (minimum, maximum and average) at the double
5/6-atoms ring core. The presented values are obtained by the SCC-DFTB method or the MSW potential. For the atom numbers refer to Fig.

1(e).
Bond lengths (A) Bond angles (°)
Nature MSW-potential SCC-DFTB MSW-potential SCC-DFTB
(coordination
Column Nb) Min Max Av Min Max Av Min Max Av Min Max Av
1 Ga (4) 1.98 2.10 2.04 1.90 2.21 2.01 85 122 108 89 117 109
N (4) 1.98 2.09 2.04 1.90 2.25 2.01 88 123 108 88 118 109
2 Ga (4) 1.90 2.11 2.01 1.82 2.24 2.04 84 131 109 96 131 109
N (4) 1.90 2.08 1.99 1.81 2.23 2.03 97 130 109 94 129 109
3 Ga (4) 2.03 2.10 2.07 1.99 2.17 2.08 94 123 110 92 123 110
N (4) 2.03 2.09 2.06 1.99 2.18 2.10 93 122 110 93 122 110
4 Ga (4) 2.00 2.09 2.06 1.98 2.18 2.04 94 119 109 95 118 109
N (4) 2.00 2.13 2.07 1.98 2.20 2.07 98 123 109 98 121 109
5 Ga (4) 1.94 2.13 2.04 1.91 2.20 2.01 96 120 109 98 121 109
N (4) 1.99 2.02 2.01 1.95 2.04 1.99 94 123 110 94 122 110
6 Ga (4) 1.93 2.02 1.98 1.89 2.04 1.96 102 121 109 103 123 110
N (4) 1.93 1.99 1.96 1.85 2.09 1.95 96 123 109 94 123 110
7 Ga (3) 1.90 1.99 1.95 1.78 1.85 1.82 99 123 111 107 126 117
N (4) 1.93 2.11 2.02 1.84 2.24 2.02 82 132 109 89 133 109
8 Ga (4) 1.92 2.03 1.98 1.84 2.09 1.95 93 123 109 94 123 109
N (4) 1.90 1.97 1.94 1.78 2.12 1.94 95 126 110 100 122 109
9 Ga (4) 1.93 2.03 1.98 1.86 2.12 1.97 89 129 110 96 134 110
N (4) 1.92 2.10 2.01 1.84 2.21 2.00 89 126 108 96 121 109
10 Ga (4) 1.90 2.09 2.00 1.83 2.25 1.99 95 122 108 96 120 109
N (4) 1.94 1.98 1.96 1.86 2.12 1.95 94 129 110 98 129 110
11 Ga (4) 1.90 1.98 1.94 1.77 2.12 1.94 94 124 110 99 121 110
N (4) 1.90 2.03 1.97 1.83 2.09 1.95 95 124 109 98 124 109
12 Ga (4) 1.92 2.08 2.00 1.82 2.23 2.00 77 131 108 86 134 109
N (3) 1.90 1.99 1.95 1.77 1.82 1.80 98 122 109 106 124 114
13 Ga (4) 1.94 1.99 1.97 1.82 2.10 1.95 95 122 110 94 124 110
N (4) 1.92 2.02 1.97 1.86 2.04 1.96 101 123 110 102 124 109
14 Ga (4) 1.98 2.02 2.00 1.96 2.04 2.00 94 123 110 93 124 110
N (4) 1.94 2.13 2.04 1.93 2.18 2.01 96 120 109 96 122 109
15 Ga (4) 2.00 2.13 2.07 1.98 2.18 2.07 97 123 109 97 121 109
N (4) 2.00 2.10 2.05 1.98 2.17 2.05 94 119 110 94 119 109
K,=Cyy, (4b)  2(a) and 2(b)]. By fitting the previous data to the analytical

where C;, C},, and Cyy are the elastic constants of the ma-
terial.

In atomistic calculations, one can define the excess of
energy related to a single atom as its difference in energy
between the system containing the defect and that with bulk
material. Thus, the total strain energy contained in a cylinder
of radius R around the dislocation is evaluated by summing
the excess of energy related to individual atoms inside this
area.

In order to determine the core parameters of the disloca-
tion, i.e., core energy and core radius, the total strain energy,
obtained by atomistic calculations based on the SCC-DFTB
method or the MSW potential, is plotted versus In(R) [Figs.

relation of the elastic strain energy [Eq. (1)], it is possible to
identify the core radius of the dislocation as the value from
which the curve starts to be linear.’* The slope of the linear
part gives the value of the prelogarithmic factor A.

Thanks to the large lateral extension of the models used in
the MSW-potential calculations, a clear linear behavior has
been obtained beyond the core area, in the dislocation strain
energy curves [Fig. 2(b)]. However, in the case of the SCC-
DFTB calculations [Fig. 2(a)], the linear part of the curves
are followed by a quick enhancement of the strain energy.
This is due to the predominance of the free surface effects
with respect to the elastic behavior of the dislocation in that
region. By fitting the linear parts of the strain energy curves,
the prelogarithmic factors are evaluated for both configura-
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TABLE III. Bond lengths (minimum, maximum and average) and bond angles (minimum, maximum and average) at the double
5/7-atoms ring core. The presented values are obtained by the SCC-DFTB method or the MSW potential. For the atom numbers refer to Fig.

1(9).
Bond lengths (A) Bond angles (°)
Nature MSW-potential SCC-DFTB MSW-potential SCC-DFTB
(coordination
Column Nb) Min Max Av Min Max Av Min Max Av Min Max Av
1 Ga (4) 1.90 2.04 1.98 1.84 2.20 1.99 83 130 109 87 128 110
N (4) 1.91 2.04 1.98 1.85 2.18 1.98 85 132 110 91 126 109
2 Ga (4) 1.91 2.04 1.98 1.86 2.25 1.99 81 127 108 89 122 109
N (4) 1.91 2.03 1.99 1.82 2.20 1.98 89 135 110 94 127 110
3 Ga (4) 1.97 1.98 1.98 1.94 2.01 1.97 87 119 108 90 119 109
N (4) 1.91 2.04 1.97 1.82 2.25 1.97 99 130 110 99 129 110
4 Ga (4) 1.91 2.09 1.99 1.83 2.21 1.99 98 124 109 99 121 109
N (4) 1.98 2.02 2.00 1.95 2.02 1.99 91 124 110 93 119 110
5 Ga (4) 1.98 2.20 2.05 1.95 2.32 2.05 89 125 109 93 121 109
N (4) 2.00 2.10 2.06 1.97 2.21 2.04 85 125 110 91 121 110
6 Ga (4) 1.99 2.20 2.09 1.97 2.31 2.08 84 128 109 90 124 110
N (4) 1.99 2.20 2.09 1.98 2.32 2.09 83 129 109 90 126 109

tions, the 5/7- and double 5/6-atoms ring, from as well as
the MSW potential (A}*"'=2.15 ¢V/A) as from the SCC-
DFTB (A} “P"=2.03 eV/A) calculations. Despite their
underestimation, the latter values well agree with the calcu-
lated prelogarithmic factor (A57=2.25 eV/A), obtained by
replacing the values of experimental elastic constants in [Eq.
(1)].3° Within the SCC-DFTB calculations a core radius of
6.00 A is determined for the (a+c)-mixed dislocation. This
value corresponds to a core energy of 3.17 eV/A for the
5/7-atoms ring and to 3.44 eV/A for the double 5/6-atoms
ring configuration. According to the MSW-potential calcula-
tions, the core radius was found to be equal to 7.24 A corre-
sponding to a core energy of 3.12 eV/A and 3.32 eV/A for
the 5/7-atoms ring and the double 5/6-atoms ring configu-
ration, respectively.

The previous results show that both the SCC-DFTB
method and MSW-potential energetically favor a structure
with a 5/7-atoms ring over a double 5/6-atoms ring, with
asymptotic energy differences of 0.27 eV/A (SCC-DFTB)
and 0.20 eV/A (MSW), which are maintained in the elastic
limit.

VI. ELECTRONIC STRUCTURES

In gallium nitride, threading dislocations are experimen-
tally associated with nonradiative electronic transitions** or
with high leakage currents.** However, an uncertainty still
remains with respect to the contribution of the different kinds
of threading dislocations, i.e., a-edge, c-screw, or
(a+c¢)-mixed, to the previous effects. Nevertheless, almost
all the experimental observations agree that the ¢-screw dis-
locations have more detrimental impact on gate leakage than
the others.'* This well agrees with the calculated electronic
structure, where several states were found to be spread over
the entire band gap leading to a metalliclike behavior.'®

The experimental reports on the electric activity of the
(a+c)-mixed dislocation are conflicting. Combining cathod-
oluminesce with transmission electron microscopy, Yama-
moto et al.¥ found these dislocations to act as strong nonra-
diative centers. However, using the same technique,
Remmele et al.'® reported a completely opposite behavior.
Such a confusing situation is maintained, in one hand, by the
absence of an atomistic model for the (a+c¢)-mixed disloca-
tion core and, in the other hand, by the disability to separate
experimentally the effect of impurities from that of the dis-
locations themselves. Accurate electronic structures could
be, in principle, provided by full ab initio calculations. As in
the present case, the size of the considered models is out of
reach the latter methods, the electronic structure of disloca-
tions was explored via the SCC-DFTB methodology. Over
several applications, the latter method has proven to provide
electronic structures qualitatively in the agreement with
those obtained by more sophisticated ab initio
methods. 03233

The calculated electronic structure showed qualitatively
similar features for both the 5/7-atoms ring and the double
5/6-atoms ring configurations [Figs. 3(a) and 3(c)], in spite
of their difference in the atomic core structure [Figs. 1(e) and
1(f)]. However, we expect the origin of the introduced gap
states to be different in the two cores.

Shallow filled states are present below 0.47 eV, above the
valence band maximum, for the 5/7-atoms ring core, and
they are below 0.67 eV for the double 5/6-atoms ring core.
Empty states are spread over the top half of the band gap for
both cores. The filled states are separated from the unfilled
ones by 1.36 eV, for the 5/7-atoms ring core, and by
1.18 eV, for the double 5/6-atoms ring core. The origin of
the gap states introduced by the dislocation cores was ob-
tained by performing LDOS (local density of states) calcula-
tions. Figures 3(b) and 3(d) show the LDOS related to the
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FIG. 2. (Color online) The total strain energy per unit length
stored in a cylinder of radius R as a function of In(R) for different
core configurations of the (a+c)-mixed dislocation: the double
5/6-atoms ring and the 5/7-atoms ring. (a): The dislocation strain
energy calculated by the SCC-DFTB method. The dotted lines rep-
resent the asymptotic fit, to the [Eq. (2)], yielding a energy prefactor
of 2.03 eV/A. (b): The dislocation strain energy calculated by the
MSW potential.

core atoms of the 5/7-atoms ring and the double 5/6-atoms
ring configurations, respectively. From the comparison of
Figs. 3(a), 3(c), 3(b), and 3(d), it comes out that the gap
states [Figs. 3(a) and 3(c)] are introduced only by the core
atoms [Figs. 3(b) and 3(d)]. Further analysis based on the
LDOS calculations showed that both the deepest occupied
states, centred around the level L1, and the deepest unoccu-
pied sates, centred around the level L2, have different origins
in the 5/7-atoms ring and in the double 5/6-atoms ring con-
figuration [Figs. 4(a) and 4(b)]. While the states centred
around the level L1 are contributed from the atoms establish-
ing compressed bonds in the column (1) of 5/7-atoms ring
core {Fig. 4(b)], they are due to the N-dangling bonds at the
column (12) in the double 5/6-atoms ring core [Fig. 4(a)].
The states centered around the level L2 are induced by the
atoms involving overstretched bonds between the columns

PHYSICAL REVIEW B 75, 115201 (2007)
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FIG. 3. (Color online) Calculated electronic structures related to
the two core configurations, 5/7-atoms ring and double 5/6-atoms
ring, of the (a+c)-mixed dislocation. The zero was put on the top of
the valence band maximum while the conduction band minimum is
at 3.4 eV. (a): Electronic structure of the dislocation with
5/7-atoms ring structure calculated from the whole model. (b): Lo-
cal density of states of the dislocation with 5/7-atoms ring structure
calculated from the atoms at the core. (c¢): Electronic structure of the
dislocation with double 5/6-atoms ring structure calculated from
the whole model. (d): Local density of states of the dislocation with
double 5/6-atoms ring structure calculated from the atoms at the
core.

(6) and (5) of the 5/7-atoms ring core [Fig. 4(a)]. However,
in the double 5/6-atoms ring core, the previous states are
introduced by the Ga-dangling bonds at the column (7) [Fig.
4(b)].

The presence of a high density of empty states in all the
top half of the band gap suggests that the (a+c)-mixed dis-
location can be at the origin of nonradiative recombinations.
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FIG. 4. (Color online) Calculated local density of states repre-
senting the contribution of different atomic columns to the deepest
occupied states, centred around the level L1, and the deepest unoc-
cupied sates, centred around the level L2. (a): Local density of
states related to particular atomic columns at the 5/7-atoms ring
core. (b): Local density of states related to particular atomic col-
umns at the double 5/6-atoms ring core.

However, this activity is expected to be less important than
in the case of screw dislocations where the states are spread
over the entire band gap.'® Such behavior is consistent with
the experimental observations of Yamamoto et al.*> Other-
wise, in n-type doped materials, the obtained empty gap
states could give rise to a charge migration from the donor

PHYSICAL REVIEW B 75, 115201 (2007)

atoms, such as silicon and oxygen, to those at the core of
(a+c) dislocation.*® An accumulation of negative charge at
threading dislocations has been already observed
experimentally.*’ This process allows dislocation cores to act
as charged scattering centres leading to a decrease in the
carriers mobility.*®

VII. CONCLUSION

We have performed the first atomistic simulation of the
threading (a+c)-mixed dislocation cores in wurtzite GaN.
Our approach is based on a tight-binding based density func-
tional method and a modified Stillinger-Weber potential.
Starting from models generated in the frame of linear elas-
ticity theory, the SCC-DFTB method and the MSW-potential
lead separately to the same core configurations. These are a
5/7-atoms ring configuration without wrong bonds and a
complex double 5/6-atoms ring configuration with two rows
of dangling bonds. The energetic calculations have shown
the 5/7-atoms ring configuration to be more energetically
favorable than the complex double 5/6-atoms ring configu-
ration with both the MSW-potential and SCC-DFTB method.

Our structural analysis has shown that the obtained cores
cannot be described by assuming a simple superimposition
of the edge and screw components. Indeed, we report funda-
mental changes in bonding state from initial structures ob-
tained by the superimposition of the previous two compo-
nents. Severely distorted bonds are established in both cores.
The stress field raised from such distortions could be at the
origin of a segregation of point defects at the dislocation
core. The dangling bonds contained in the core with a double
5/6-atoms ring configuration are an additional source of ap-
peal for impurity segregation. Therefore, this core may be
more reactive with impurities than the 5/7-atoms ring con-
figuration. Moreover, the double 5/6-atoms ring core can be
related to the 8-atoms ring structure reported by Arslan et al.
for the (a+c)-mixed dislocation. According to our results,
distinguishing a complex double 5/6-atoms ring structure
from an 8-atoms ring one requires a subangstrom spatial
resolution. Finally, it was shown that the calculated elec-
tronic of the (a+c¢)-mixed dislocation was consistent with
several experimental observations such as accumulation of
negative charges at the dislocation cores and involvement in
nonradiative recombination.
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