
Atomic structures and energies of partial dislocations in wurtzite GaN

J. Kioseoglou, G. P. Dimitrakopulos, Ph. Komninou,* and Th. Karakostas
Department of Physics, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

(Received 18 December 2003; revised manuscript received 5 March 2004; published 16 July 2004)

The atomic structures of 1/6k202̄3l partial dislocations delineating the I1 intrinsic basal stacking fault in
wurtzite GaN are modelled using an empirical interatomic potential in combination with anisotropic elasticity
calculations. Twelve stable configurations are obtained for each polarity, and their core radii, energies, and
atomic configurations are given. The 5/7-atom ring core in which the atoms are tetrahedrally coordinated is
found energetically favorable among the edge dislocation configurations. For the mixed type partials, 5 /7- and
12-atom rings are obtained as low-energy cores, but none of them is found to comprise only tetrahedrally
coordinated atoms. Each of them is found energetically favorable under distinct structural conditions.
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I. INTRODUCTION

Transmission electron microscopy observations show that
epitaxial GaN films contain large numbers of line and ex-
tended defects mainly threading and misfit dislocations, in-
version domain boundaries, and stacking faultssSFsd.1,2

Such defects are introduced mainly due to the generalized
(structural, thermal) mismatch between the epilayer and the
substrate, which is usually sapphire but may also be SiC, Si,
GaP, etc.3 In order to improve epilayer quality, buffer layers
are commonly employed to mediate misfit relief. High defect
densities are observed at or near such layers comprising
many SFs delimited by partial dislocations. It has been
shown that the prevalent SF4–6 is the I1 intrinsic one.7

The influence of dislocations on the electrical, optical, and
mechanical properties of Ga-based III-nitride semiconduc-
tors is currently under intense investigation. Efficient optical
devices such as blue-light-emitting diodes are commercially
available despite the presence of a high density
s,109 cm−2d of threading dislocations.3 Initial theoretical re-
sults usingab initio calculations indicated that charge-neutral
edge and screw threading dislocations do not contribute to
gap states and they are electrically inactive.8 Otherab initio
studies have shown that edge dislocations may be charged,
giving rise to deep-gap states.9,10 Dependence of the core
formation energies on the Fermi level and growth stoichiom-
etry has also been examined.9 Moreover tight binding calcu-
lations have shown evidence for empty gap states associated
with edge dislocations in the top half of the gap.11 More
recently, new structures for the screw dislocation have been
proposed under certain growth conditions.12,13In addition, by
the use of first-principles calculations of electron energy-loss
spectra, another study has shown gap stages associated with
edge dislocations.14

Besides the perfect lattice dislocations, optoelectronic
properties of devices should be also influenced by the partial
dislocations when they exist in large numbers. The aim of the
present contribution is to perform a systematic investigation
of the core structures and the corresponding energies of the

1/6k202̄3l edge and mixed partial dislocations that bound I1

intrinsic basal stacking faults in wurtzite GaN, from which
an understanding of their influence on optoelectronic proper-

ties may be developed. Core radii and energies are evaluated
in an approach combining anisotropic elasticity and atomistic
calculations. Initially, the dislocation displacement field is
imposed according to anisotropic elasticity theory, and the
system is then relaxed to the minimum energy. Such an ap-
proach has been applied in the past on dislocations in a va-
riety of materials.15–17For our purpose, a modified empirical
Stillinger-Weber potential18 is employed in the atomistic cal-
culations; this potential has been found suitable to describe
line and extended defects in GaN.17,19–22The use of an em-
pirical potential in order to describe the structures and ener-
getics of dislocations is certainly less accurate in comparison
with a tight-binding approach orab initio calculations, since
it does not consider explicitly the electronic effects.

Tight-binding orab initio calculations employ mainly two
approaches in order to model dislocations. In the first ap-
proach, a dislocation dipole or multipole is placed in a su-
percell and this leads to a considerable interaction between
dislocations. In the second approach, in which an isolated
dislocation is considered in a supercell cluster with periodic
boundary conditions along the dislocation line and hydrogen-
terminated surfaces parallel to the line direction, the long-
range elastic effects are not treated rigorously.14,16,23On the
other hand, however, in dislocation modeling, medium and
long-range strain effects play an important role and the em-
pirical potential offers better embedding of the core into the
surrounding bulk material. The advantages of the empirical
potential calculations are the competency to treat more than
15 000 atoms and the efficient way to take into account fixed
boundary conditions in surfaces parallel to the line direction
of the dislocation far from the core area. The strain induced
by the dislocation in this case is more accurately estimated,
and, since the stress of the supercell geometry influences the
core structure and the core energy,24 it provides a better em-
bedding of the core. Moreover, such calculations have been
proven25 suitable for treating relatively complicated super-
cells comprising planar defects.

In Sec. II, the I1 SF and its bounding partial dislocations
are described. In Sec. III, the computational method is given,
and the results of its application to the partial dislocation
core configuration are analyzed in Sec. IV. In Sec. V, dislo-
cations’ core radii and energies are calculated. The potential
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influence of these partial dislocations on the electrical prop-
erties is discussed, and the conclusions are given in Sec. V.

II. THE I 1 STACKING FAULT IN WURTZITE GaN

GaN commonly adopts the wurtzite structure(space
group P63mc),26 which comprises four atoms per unit cell
and can be visualized as two interpenetrating hexagonal sub-
structures; one of Ga and one of N atoms related by the
distanceu along thec axis. With primitive vectorsa1= s 1

2 ,
−Î3/2,0da, a2= s 1

2 ,Î3/2,0da, anda3s0,0,c/ada in Cartesian
coordinates, the positions of the atoms, in units ofa1, a2, and
a3, ares 1

3 , 2
3 ,0d ands 2

3 , 1
3 , 1

2
d for atoms of the one species, and

s 1
3 , 2

3 ,ud and s 2
3 , 1

3 ,u+ 1
2

d for atoms of the other species. The
stacking sequence along[0001] is . . .AaBbAaBbAaBb. . .,
i.e., each layer parallel to the basal plane is composed of two
sublayers of distinct atomic species(aB or bA, where capital
and small fonts denote distinct atomic species) [Fig. 1(a)].

In the wurtzite structure, two types of intrinsic SFs, des-
ignated I1 and I2, and one extrinsic, designated E, can be
formed.7 These are low-energy defects since they do not dis-
turb the nearest-neighbor packing. The I1 intrinsic SF [Fig.
1(b)] corresponds to one violation of the stacking rule and
can be formed by the removal of a B plane followed by

shearing by 1/3k101̄0l (Fig. 2).
In order to describe the I1 SF configuration with bounding

partial dislocations, we start from the perfect crystal.7 Upon
removal or addition of a basal disk of atoms(vacancy or
interstitial disk) and assuming that only displacements nor-
mal to the basal plane are associated with the precipitation,
the SF is bounded by a Frank loop with Burgers vectors
1/2f0001g.7 A loop of Shockley partial dislocation is then
nucleated in the faulted region leading to the formation of I1
SF. In other words, if a shear is associated with vacancy

(case a) or interstitial disk precipitation(case b), the I1 type
fault could be formed. The above SFs are bounded by loops
comprising edge and mixed segments with Burgers vectors

be = 1/2f0001g + 1/3f101̄0g = 1/6f202̄3g

and

bm = 1/2f0001g + 1/3f11̄00g = 1/6f22̄03g,

respectively(assuming af12̄10g segment line direction).

III. COMPUTATIONAL METHOD

Atomic configurations(supercells) of each dislocation
model were created in the form of rectangular parallelepiped

volumes with edges along thef12̄10g, f101̄0g, and f0001g.
The size of the parallelepiped was 43a along f12̄10g,
243c along f0001g and 233a 31/2 along f101̄0g (wherea
and c are the equilibrium lattice parameters) and contain a
total of 16 000 atoms.

The supercells initially contained perfect crystal of wurtz-
ite GaN. By employing displacements expected from aniso-
tropic elacticity theory,7 the unrelaxed structures of the I1
intrinsic SF and the corresponding partial dislocation were
formed to be used as initial atomic positions. Each supercell

contained one partial at its center with line directionf12̄10g;
the partial separated the faulted from the unfaulted part of the
supercell. The dislocation line was taken to be defined by the
symmetry center of one of the two interpenetrating hexago-
nal substructures. Periodic boundary conditions were applied

alongf12̄10g, while fixed boundaries were imposed along the
other two directions. For the calculations, the modified17

Stillinger-Weber potential(MSWp) has been employed. The
calculations of the minimum energy configurations were per-
formed using the quench molecular dynamics method.27

Generally, atomistic empirical potential calculations provide
the total energy of a relaxed structure. LetETOTAL

excess be the
total excess energy of a supercell, defined as the difference
between the total energy found by empirical potential calcu-
lations and the energy of a supercell of perfect GaN crystal
containing the same number of atoms. Let alsoESF be the SF
energy per unit area, i.e., the total excess energy of a super-
cell containing the planar defect divided by planar defect
area.ESF was evaluated by relaxing a supercell containing a
I1 SF in the middle; periodic boundary condition were em-
ployed along all three directions. The I1 SF formation energy
was found equal to 1.8 meV/Å2 compared to 1.1 meV/Å2

given byab initio;28 i.e., the MSWp provided the energy in
satisfactory agreement with theab initio calculations.

The energy per unit lengthEdsRd of each partial disloca-
tion in a cylinder of radiusR was calculated as the total
excess energy of the cylinder minus the SF energy(which is
equal to theESF multiplied by the SF area in the cylinder).
Hence,

EdsRd =
ETOTAL

excess sRd − ESFfSFareasRdg
L

, s1d

whereL is the length of the supercell alongf12̄10g.

FIG. 1. (a) Wurtzite structure and(b) I1 SF projected along the

k12̄10l direction. The broken line indicates the SF plane, large and
small circles denote distinct atomic species, unfilled circles are at 0
level, and filled circles are at levela/2 along the projection
direction.

FIG. 2. The stacking sequence in the formation of a I1 SF.
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IV. PARTIAL DISLOCATIONS’ CORE CONFIGURATIONS

As mentioned in Sec. II, the I1 SF can be considered to be
formed from a collapsed vacancy disk(case a) or a precipi-
tated interstitial loop(case b) followed by a shear. For each
configuration, the shear may lead to either an edge or a

mixed type partial dislocation. For thef12̄10g line direction,

the edge dislocation isbe=1/6f202̄3g and the mixedbm

=1/6f22̄03g. In Fig. 3, the fully relaxed core structures of all
the admissible atomic configurations are presented. Since, in
f0001g orientation, the wurtzite structure presents two polari-
ties (N or Ga polarity), each atomic configuration is relaxed
in both cases. In all atomic configurations we have assumed
bonds between atoms within distances up to 2.4 Å, which is
the range of the MSWp for the N-N interaction(although the
range for Ga-N and Ga-Ga interactions is larger than 3 Å).17

In the following, the configurations obtained for cases a and
b are discussed in detail for both polarities.

A. Case (a): I1 SF obtained from a collapsed vacancy disk

In Fig. 3, a-edge-a is the relaxed atomic configuration
obtained for the edge partial dislocation. A 5/7-atom ring is

obtained in which all the atoms are fourfold coordinated.
This core does not exhibit any dangling bond, although it
comprises a “wrong” bond(bond between atoms 2 and 8,
which are of the same atomic species). In order to eliminate
the wrong bond, removal(or addition) of one atomic column
is necessary. Upon removal of one atomic column from the
a-edge-a configuration, the vacancy core structure shown in
a-edge-b is obtained. The a-edge-c core configuration is the
interstitial structure formed by the addition of a column of
atoms. Both the a-edge-b and the a-edge-c configurations
exhibit an 8-atom ring comprising an atom with coordination
number 2(atom 7 in Fig. 3, a-edge-b and c).

In Table I, we present the bond lengths and bond angles
(minimum, maximum, average) of the core atoms of the
a-edge relaxed configurations in N-polarity material, whereas
in bold face we present the variation of each value due to the
reversal of the polarity. In wurtzite GaN the equilibrium
bond length is 1.96 Å and the equilibrium bond angle is
109.47°. Each value changes when we inverse the polarity of
each atomic configuration, and we present the significantly
large variations(larger than 0.07 Å for bond lengths and
larger than 5° for bond angles). In the a-edge-a configura-
tion, atoms 2 and 8, which are bounded by a wrong bond,

FIG. 3. The relaxed atomic
core configurations in N-polarity

GaN projected along thef12̄10g
direction. Symbols are as in Fig.
1. Shading of atoms indicates dis-
tinct levels along the projection
direction. For the edge disloca-
tions there are two such levels
(i.e., at 0 anda/2), whereas for
mixed type partials, shading de-
notes multiple different levels.
The shaded atomic rings depict
the cores of the dislocations.
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present the largest variations in bond lengths and angles,
while their neighboring atoms 1 and 9 present a significant
variation in bond angles. In the a-edge-b and c configura-
tions, atoms 2 and 3 present the largest variations in maxi-
mum bond lengths due to their neighborhood with the low
coordinated atom 7.

Regarding the a-mixed configurations, the initial relaxed
atomic configuration, a-mixed-a, presents an 8-atom ring in
which atom 3 is low coordinated and has a dangling bond.
Upon removal or addition of a column of atoms, the vacancy

or interstitial configurations a-mixed-b and c are formed, re-
spectively. Both of them present 5/7-atom rings, but in the c
configuration, the core is shifted with respect to the b model
along thef101̄0g direction. Note that in a-mixed-b the initial
column of inversion centers that defines the dislocation line
(see Sec. III) passes through the 7-atom ring, whereas in
a-mixed-c, it passes through the 5-atom ring. In the
a-mixed-b configuration, atom 9 is low-coordinated and ex-
hibits a dangling bond, while in a-mixed-c, atom 10 has co-
ordination number equal to 5. In both configurations, a

TABLE I. Bond lengths and bond angles for the core atoms of the a-edge relaxed configurations in
N-polarity GaN. In boldface type the variation of each value due to the reversal of the polarity(i.e., Ga
polarity) is presented for variations larger than 0.07 Å for bond lengths and larger than 5° for bond angles.
Atom numbers refer to Fig. 3.

a-edge-a

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.88 1.93 1.91 105−6 119+9 110

2 Ga 1.91−0.29 2.24−0.27 2.00−0.13 84+13 119 109

3 N 1.91 1.97 1.94 104 1.24−7 110

4 Ga 1.97 2.10 2.01 100 117 109

5 N 2.01 2.10 2.04 99 119 109

6 Ga 2.03 2.03 2.03 92 117 110

7 N 1.91 2.03 1.97 101 118 109

8 Ga 1.91−0.29 2.24−0.29 2.00−0.14 99 127+8 109

9 N 1.89 1.93 1.91 105−6 114 109

10 Ga 1.89 1.91 1.90 103 114 109

a-edge-b

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.89 2.13 1.96 97 144 109

2 Ga 2.06 2.17−0.11 2.10 89 137 108

3 N 1.99 2.17−0.11 2.05 100 117 109

4 Ga 2.02 2.05 2.03 91 118 110

5 N 1.90 2.05 1.96 101 119 109

6 Ga 1.90 2.01 1.94 95 114 109

7 N 1.95 2.01 1.98 91 91 91

8 Ga 1.89 1.95 1.91 95 124 109

a-edge-c

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.89 2.13 1.96 97 144 109

2 Ga 2.05 2.16−0.11 2.10 89 137 108

3 N 1.99 2.16−0.11 2.05 100 117 109

4 Ga 2.02 2.05 2.03 91 118 110

5 N 1.90 2.05 1.96 101 119 109

6 Ga 1.90 2.01 1.94 94 114 109

7 N 1.95 2.01 1.98 91 91 91

8 Ga 1.89 1.95 1.91 95 124 109
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“wrong” bond between atoms of the same species(atoms 9
and 5) occurs. In Table II we present the bond lengths and
bond angles of the core atoms of the a-mixed relaxed con-
figurations in N-polarity, and in boldface type the variation
of these values for Ga-polarity material. In the a-mixed-a
configuration, the only significant variation is the minimum
angle of atom 5 that is bonded with the low coordinated atom
6. In a-mixed-b and c configurations, considerable variations
are observed in wrong bonded atoms 9 and 5. In the b con-
figuration, significant angle variation occurs in atom 8,

which is bonded with the low-coordinated atom 9, while in
the c configuration, the over-coordinated atom 10 presents
significant variation in maximum bond length.

B. Case (b): I1 SF obtained from a precipitated interstitial
loop

In Fig. 3, b-edge-a is the relaxed atomic configuration
obtained for the edge partials. As in the a-edge-a case, a
5/7-atom ring is again observed with all the atoms being

TABLE II. Bond lengths and bond angles for the core atoms of the a-mixed relaxed configurations in
N-polarity. Notations are as in Table I. Atom numbers refer to Fig. 3.

a-mixed-a

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.95 2.17 2.02 97 124 109

2 Ga 1.99 2.21 2.10 95 133 109

3 N 1.99 2.21 2.07 95 127 108

4 Ga 1.97 2.06 2.00 91 127 109

5 N 1.93 1.97 1.94 93−8 129 109

6 Ga 1.92 1.93 1.93 93 113 106

7 N 1.89 1.93 1.92 98 117 109

8 Ga 1.89 2.00 1.95 98 123 109

a-mixed-b

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.94 2.05 1.99 101 120 109

2 Ga 1.99 2.08 2.03 100 124 109

3 N 1.96 2.08 2.01 102 119 109

4 Ga 1.94 2.03 1.98 101 117 109

5 N 1.62+0.31 1.99+0.32 1.88+0.17 95−19 120+12 109

6 Ga 1.91 1.99 1.95 97+7 119 109

7 N 1.92 1.94 1.93 99 122−7 110

8 Ga 1.91 1.96 1.93 98+5 128−14 109

9 N 1.62+0.30 1.96+0.36 1.84+0.21 103 146−20 120−8

10 Ga 1.94 2.01 1.96 105−7 120 109

a-mixed-c

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.99 2.10 2.05 100 120 109

2 Ga 1.98 2.07 2.02 102 124 109

3 N 1.96 2.07 2.00 102 119 109

4 Ga 1.93 2.01 1.98 101 117 109

5 N 1.93 2.31+0.09 2.03 77 132 109

6 Ga 1.92 1.96 1.94 100 116 109

7 N 1.88 1.93 1.91 99 118 109

8 Ga 1.88 2.00 1.93 97 126 109

9 N 2.00 2.31+0.09 2.14 92 152 110

10 Ga 2.04 2.22+0.12 2.09 68 144 106
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fourfold coordinated. The core comprises a wrong bond be-
tween atoms 10 and 4(Fig. 3). Upon addition or removal of
a column of atoms, the interstitial or vacancy configurations
b-edge-b and b-edge-c, respectively, are formed. The
b-edge-b configuration exhibits an 8-atom ring, including an
atom with coordination number 2(atom 3). The b-edge-b
core in Ga-polarity exhibits a quite different configuration.

As shown in Fig. 4, the 8-atom ring is shifted alongf0001̄g
by ,c/2 and is located below the SF plane. In this core
structure, two atoms(1 and 3) are low-coordinated and ex-
hibit dangling bonds.

In the b-edge-c configuration, a 12-atom ring is observed
exhibiting two atoms with coordination number equal to 3
(atoms 6 and 11) and an atom with coordination number 2
(atom 3).The distances between atoms 3 and 11, and between
3 and 6, are found much larger than 2.4 Å in both polarities,
and consequently no bonds between them are assumed. In
Table III, we present the bond lengths and bond angles of the
core atoms for the b-edge relaxed configurations. Significant
variations are observed due to the reversal of the polarity in
the b-edge-a configuration in atoms 4 and 10, which are
bound by the wrong bond. In addition, in atoms 1 and 3,
variation occurs in bond angles due to their neighbourhood
with the wrong bonded atoms.

In the b-mixed-a configuration, the initial relaxed core
structure is presented. A 12-atom ring is observed exhibiting
three atoms with coordination number equal to 3(atoms 3, 6,
and 10). The distances between these three atoms are found
much larger than 2.4 Å in both polarities and consequently
no bonds between them are assumed. By adding a column of
atoms, the interstitial configuration b-mixed-b is found. In
the b-mixed-b core, a 10-atom ring is observed having two
atoms with coordination number equal to 3(atoms 2 and 6)
and one atom with coordination number 5(atom 5). In addi-
tion, in this case, the distance between atoms 2 and 6 is
larger than 2.4 Å and hence we do not assume a 5/7-atom
ring. Upon adding one more atomic column in the b-mixed-b
core, the b-mixed-c configuration is obtained. In the
b-mixed-c core an 8-atom ring is observed in which atom 3
is low-coordinated and presents a dangling bond. In Table IV
we present the bond lengths and bond angles of the core
atoms for the b-mixed relaxed configurations. Significant
variations occur in the b-mixed-b core in nontetrahedrally
coordinated atoms 5 and 6. In b-mixed-c core, noteworthy
variations occur primarily in atom 4 and secondarily in the

bond lengths of atoms 6 and 7 and in the bond angles of
atoms 2 and 8 due to their neighborhood with the low-
coordinated atom 3.

V. PARTIAL DISLOCATIONS’ CORE RADII AND
ENERGIES

Continuum elasticity theory is complementary to atomis-
tic simulations for the modeling of line defects since it al-
lows an evaluation of the long-range strain effects, whereas
atomistic simulations describe core structure and energy. The
strain energy of an infinite straight dislocation in a perfect
crystal can be calculated analytically using linear elasticity.7

The total energy of a dislocation is equal to the elastic energy
plus the core energy:

Etotal = Eelastic+ Ecore. s2d

The elastic energy per unit length of a dislocation contained
in a cylinder of radiusR is given by

Eelastic= A ln
R

r0
, r0 ø R, s3d

whereA=Kb2/4p is the prelogarithmic factor,b is the Bur-
gers vector,K is an energy factor, andr0 is the core radius.

Let xz be the basal plane wherex is f101̄0g, and let the

dislocation linef12̄10g coincide with thez axis. They axis in
this coordinate system is along thef0001g direction. The
elastic energy of a dislocation in the basal plane can be de-
composed into screw and edge parts according to anisotropic
elasticity as follows:7

Eelastic=
1

4p
sKsbs

2 + Kex
bex

2 + Key
bey

2 dln
R

r0
, s4d

whereKs is the energy factor ofbs, the screw component of
the Burgers vector of the dislocation, andKex

, Key
are the

energy factors of the edge components,bex
and bey

respec-
tively.

The energy factors are equal to7

Ks = sC44C66d1/2, s5d

Kex
= fsC11C33d1/2 + C13gH C44fsC11C33d1/2 − C13g

C33fsC11C33d1/2 + C13 + 2C44g
J1/2

,

s6d

and

Key
= fsC11C33d1/2 + C13gH C44fsC11C33d1/2 − C13g

C11fsC11C33d1/2 + C13 + 2C44g
J1/2

,

s7d

whereC11, C13,C33, C44, andC66 are elastic constants.
As has been shown in the second section, two types of

admissible partial dislocations may bound the I1 SF. An edge

dislocation with Burgers vector equal tobe=1/6f202̄3g and
a mixed type dislocation with Burgers vectorbm

=1/6f22̄03g. In both cases the dislocation line is taken to be

FIG. 4. The b-edge-b relaxed atomic core in Ga-polarity GaN

viewed alongk12̄10l. Symbols are as in Fig. 1.
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TABLE III. Bond lengths and bond angles for the core atoms of the b-edge relaxed configurations in
N-polarity. The values for the b-edge-b configuration are presented in both polarities. Notations are as in
Table I. Atom numbers refer to Figs. 3 and 4.

b-edge-a
Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.89 1.93 1.91 104−7 115+7 109
2 Ga 1.89 1.91 1.90 96 113 109
3 N 1.89 1.93 1.91 105−7 115+7 109
4 Ga 1.91−0.23 2.25−0.28 2.01−0.12 98 128+5 109
5 N 1.91 2.03 1.97 101 118 109
6 Ga 2.03 2.03 2.03 92 117 110
7 N 2.00 2.10 2.04 100 119 109
8 Ga 1.97 2.10 2.01 99 119 109
9 N 1.90 2.03 1.97 98 118 109
10 Ga 1.90−0.23 2.25−0.28 2.00−0.12 99 130 109

b-edge-b
Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.94 2.06 2.02 91 128 108
2 Ga 1.90 1.99 1.93 75 116 109
3 N 1.99 2.01 2.00 89 89 89
4 Ga 1.90 2.01 1.95 93 114 109
5 N 1.90 2.07 1.97 101 119 109
6 Ga 2.04 2.07 2.05 89 119 110
7 N 1.99 2.18 2.06 102 117 109
8 Ga 2.06 2.18 2.09 87 127 107

b-edge-b-inverse
Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 Ga 1.89 2.03 1.95 105 137 120
2 N 1.89 1.92 1.91 96 113 109
3 Ga 1.90 1.92 1.91 101 112 105
4 N 1.90 1.94 1.92 100 118 109
5 Ga 1.90 1.99 1.96 98 123 108
6 N 1.99 2.19 2.04 95 123 109
7 Ga 2.02 2.19 2.10 103 139 109
8 N 2.00 2.18 2.05 94 124 109

b-edge-c
Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.90 1.97 1.92 105 125 110
2 Ga 1.90 1.93 1.91 102 116 109
3 N 1.91 1.92 1.92 99 99 99
4 Ga 1.88 1.92 1.91 96 113 109
5 N 1.88 1.94 1.92 104 116 109
6 Ga 1.90 1.94 1.93 106 110 107
7 N 1.90 2.01 1.96 104 117 109
8 Ga 2.01 2.02 2.02 94 115 110
9 N 2.00 2.09 2.04 103 118 109
10 Ga 1.99 2.09 2.02 102 115 109
11 N 1.99 2.03 2.00 107 114 111
12 Ga 1.95 2.03 1.97 102 117 109
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f12̄10g. Using the elasticity theory, the prelogarithmic factors
for the edge and the mixed dislocations were calculated, as
well as the ratio between them. The edge dislocation can be
decomposed into two normal edge componentsbex

=1/3f101̄0g and bey
=1/2f0001g, while the mixed disloca-

tion can be decomposed into a screwbs=1/6f12̄10g and two

normal edge componentsbex
=1/6f101̄0g and bey

=1/2f0001g. Using elastic constants calculated by the
MSWp,29 the prelogarithmic factors are found to beAe
=0.79 and Am=0.73 eV/Å leading to a ratio equal to
Ae/Am=1.08. If experimental determined elastic constants30

are used the prelogarithmic factors areAe=0.82 andAm
=0.76eV/Å, and the ratio between them again equals
Ae/Am=1.08, i.e., due to the satisfactory agreement between
the experimental and the calculated elastic constants,29 the
obtained prelogarithmic factors are also consistent. The elas-
tic energy of a dislocation is related to the radius of the
cylinder and it is infinite for an infinite crystal. Although it
can be calculated for a finite radius, it cannot be considered a
characteristic invariable property like the core energy. There-
fore, only the dislocation core energy, i.e., the energy of the
minimum region which cannot be described by elasticity
theory, can be used in such capacity.

In order to evaluate the core parameters of dislocations,
the energy in the region bounded by coaxial cylinders of
radii r andR0 is plotted versus lnsrd, whereR0 is the external
cylinder radius(taken as large as possible), and r is the in-
ternal cylinder radiussr0ø r øR0d. The core radiusr0 is
taken at the point where the curve stops being linear. Equa-
tion (3) can be written as

Eelasticsrd = A ln R0 − A ln r, r ø R0. s8d

The corresponding prelogarithmic factor is evaluated by fit-
ting Eq. (8) to the calculated values. The core energy is
evaluated by averaging the calculated energy values follow-
ing equation(1) minus the elastic part:

Edsrd − Eelastic= Edsrd − A ln r + A ln r0, r ù r0. s9d

Following the procedure described above, Figs. 5 and 6 il-
lustrate the energiesEelasticsrd andEcoresrd=Edsrd−Eelasticver-
sus lnsrd plots for partial dislocations delineating a I1 SF
formed by a collapsed vacancy disk or a precipitated inter-
stitial loop, respectively. In all cases, it can be observed that
the curve becomes linear and the energy assumes the expres-
sion given by elasticity theory[Eq. (8)]. In Table V the cal-
culated core radii, energies, and prelogarithmic factors of the
analyzed partial dislocations in both polarities of GaN are
given. In addition, the prelogarithmic factors are presented as
they have been evaluated by the use of elastic constants cal-
culated with the MSWpsAelastic

MSWpd and by the experimental
elastic constantssAelastic

exp d.
In the a-edge diagram of Fig. 5, we notice that the 5/7

core is energetically favorable for both polarities and it ex-
hibits the smallest core radius. In the b-edge case, it is found
that, as in a-edge case, the 5/7 core configuration has the

lowest energy. These two core configurations are the lowest
energy models between all the admissible dislocations and
they are the only configurations in which all the atoms are
tetrahedrally coordinated. The 8-atom rings(a-edge-b,
a-edge-c, and b-edge-b) and the 12-atom ring(b-edge-c) con-
figurations include at least one atom with dangling bond and
consequently require higher energies.

In the a-mixed diagram of Fig. 6, it is seen that the
a-mixed-b configuration that exhibits a 5/7-atom ring has the
smallest core and is energetically favorable. In the b-mixed
diagram, it can be seen that the 12-atom ring of the
b-mixed-a configuration is energetically favorable and pre-
sents the smallest core in comparison with the interstitial
type b-mixed-b and c configurations.

Regarding the prelogarithmic factors, the calculated val-
ues given in Table V are in agreement with the elasticity
theory calculations. Discrepancies occur between the values
for vacancy type b-edge-c configuration, and for interstitial
type, b-mixed-c configurations and the elastic theory calcu-
lated values. This divergence is related to the fitting process,
in particular in determining the exact value where the curves
become linear.

In closing this section, we remark that the obtained cores
are structurally similar to those found favorable for perfect
basal dislocations in GaN byab initio calculations,23,31 as
will be further discussed in the following section.

VI. DISCUSSION AND CONCLUSIONS

In recentab initio calculations of 60° perfect basal dislo-

cations in GaN,23,31 with Burgers vectorbm=1/3f21̄1̄0g,
core structures have been proposed comprising similar 5/7-,
8-, and 12-atom rings similar to our results. In the referenced
ab initio study,23,31 all the possible atomic core configura-
tions have been found electrically active, with a band in-
duced close to the valence band maximum, which can be
expected to act as an acceptor inp-type GaN in accordance
with cathodoluminescence studies on basal perfect
dislocations.32 Both these perfect dislocations and the mixed
type partial dislocations treated here have the same screw

component i.e.,(bs=1/6f12̄10g), whereas the edge compo-

nent alongk101̄0l is 1/2f101̄0g and 1/6f101̄0g for the per-
fect and the partial dislocations, respectively, and the partial
also comprises an additional 1/2f0001g edge component. Al-
though the core structures are not identical(since the Burgers
vectors are different), the two cases may be compared. As in
the 60° perfect dislocations,23,31 our 5/7- and 8-atom rings
(cases a-mixed-b and a-mixed-a, respectively) contain a dan-
gling bond, whereas the 12-atom ring(case b-mixed-a) con-
tains three atoms with coordination number equal to 3. Our
5/7-atom ring vacancy configuration(a-mixed-b) has been
found to require 0.3 eV/Å less energy than the initial 8-atom
ring (case a-mixed-a), in agreement with Blumenauet al.23

Moreover, the Ga-Ga wrong bond in the 5/7-atom ring is
equal to 2.31 Å compared to 2.37 Å in perfect dislocations.23

Regarding the 8-atom ring, the average bond length for the
low-coordinated atom has been determined to be 1.82 Å and
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the average angle is 114°, while the bonds of the other atoms
of the core are expanded by 7%,23,31 In our a-mixed-a case,
the average bond length for the low-coordinated atom is
1.94 Å and the average angle is 103°, while the bonds of the
other core atoms are expanded by 5%. Furthermore, in our
12-atom ring (case b-mixed-a), the distances between the

three low-coordinated atoms are 2.55 Å between Ga atoms
and 2.63 Å, 3.84 Å between Ga and N atoms, while in the
perfect dislocation case the distances are 2.5 Å between Ga
atoms and 3.33 Å, 3.66 Å between Ga and N atoms.23,31

Based on the above discussion, it is reasonable to postu-
late that 1/6k202̄3l partial dislocations in wurtzite GaN may

TABLE IV. Bond lengths and bond angles for the core atoms of the b-mixed relaxed configurations in
N-polarity. Notations are as in Table I. Atom numbers refer to Fig. 3.

b-mixed-a

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 N 1.98 2.05 2.01 95 120 109

2 Ga 1.91 1.99 1.95 101 125 109

3 N 1.91 1.94 1.93 100 111 106

4 Ga 1.88 1.94 1.91 98 117 109

5 N 1.88 1.94 1.92 99 117 109

6 Ga 1.93 1.94 1.93 96 110 104

7 N 1.91 1.94 1.93 98 115 109

8 Ga 1.91 2.00 1.95 100 122 109

9 N 1.95 2.05 1.99 97 118 109

10 Ga 1.99 2.05 2.02 105 121 111

11 N 1.99 2.10 2.03 102 121 109

12 Ga 1.98 2.10 2.03 102 122 109

b-mixed-b

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 Ga 1.91 2.03 1.97 98 127 109

2 N 1.91 1.95 1.93 101 112 108

3 Ga 1.89 1.95 1.92 96 117 109

4 N 1.89 2.07 1.97 97−5 119 109

5 Ga 1.90 2.15+0.17 2.03+0.09 64+9 141 105

6 N 1.89 2.15+0.17 2.03+0.12 99−10 121 109

7 Ga 1.89 2.02 1.97 96 123 109

8 N 1.95 2.12 2.02 98 123 109

9 Ga 1.99 2.12 2.05 102 126 109

10 N 1.99 2.09 2.03 92 124 110

b-mixed-c

Bond lengthssÅd Bond angless°d

Atom Min Max Av Min Max Av

1 Ga 1.91 2.10 1.98 90 128 109

2 N 1.91 1.93 1.92 98−6 126 109

3 Ga 1.91 2.01 1.97 92 107 102

4 N 1.93 2.20−0.08 2.03 84+7 144−13 107

5 Ga 1.93 2.05 1.99 96 127 108

6 N 1.96 2.31−0.16 2.07 97 125 109

7 Ga 2.01 2.31−0.16 2.11 95 129 109

8 N 2.02 2.10 2.07 88−8 127 110
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FIG. 5. Elastic energy per unit lengthEelasticsrd stored in the region bounded by coaxial cylinders of radii r and R0, and the core energy
Ecoresrd=Edsrd−Eelastic as a function of lnsrd for the a-edge and b-edge configurations.(Large symbols denote N-polarity, whereas small
symbols denote Ga-polarity.) The core radiusr0 is given by the radius below which linearity breaks down.

FIG. 6. Elastic energy per unit lengthEelasticsrd stored in the region bounded by coaxial cylinders of radiir andR0, and the core energy
Ecoresrd=Edsrd−Eelastic as a function of lnsrd for the a-mixed and b-mixed configurations. Symbols are as in Fig. 5.
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contribute band gap states. However, in addition to the core
structure, the strain environment in the surrounding crystal
plays an important role. Further investigations are required in
order to determine their influence on the band structure.

In conclusion, we have systematically modeled the
1/6k202̄3l partial dislocations in wurtzite GaN using aniso-
tropic elasticity theory and empirical potential calculations.
Our calculations reveal twelve stable configurations in each
polarity and their core structures have been presented. The
core radii, energies, and the prelogarithmic factors have been
calculated by plotting the elastic energy contained in two
coaxial cylinders versus lnsrd. Although there are difficulties
in determining the exact cylinder radius below which linear-
ity breaks down, the core radii have been calculated in the
range between 2 and 3.1 Å, and, in all cases, the smallest
cores belong to the energetically favorable configurations.

The 5/7 ring core in which the atoms are tetrahedrally
coordinated has been found energetically favorable among
the edge configurations; such cores have been calculated, in
all cases, to have energies less than 0.76 eV/Å. The 8- and
12-atom rings have been found to require energies from 1.28
to 1.48 eV/Å.

Regarding the mixed type partial dislocations, a variety of
core configurations(8-, 5/7-, and 12- atom rings) has been

revealed. The 5/7- and 12-atom ring configurations have
been found favorable for partial dislocations, delineating a I1
SF formed by a collapsed vacancy disk or a precipitated
interstitial loop, respectively. However, none of them has
been found to consist of only tetrahedrally coordinated at-
oms. Their core energies are larger than the edge type dislo-
cations, and the energetically favorable models were found
to require energies from 0.81 to 1.05 eV/Å.

The empirical potential calculations have been also em-
ployed to determine prelogarithmic factors of the partial dis-
locations, in satisfactory agreement with anisotropic elastic-
ity theory, thus confirming the coherency of the calculations.

The majority of the dislocation core structures possessed
either dangling bonds or highly distorted bond angles and
lengths. Since reduced coordination or strained bonds con-
tribute to the introduction of gap states,11,23such dislocations
could be electrically active. Furthermore the core stress field
could act as a trap for electrically active native defects(e.g.,
vacancies) or impurities.
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