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Abstract

The atomic structures and energiesof 1=6 < 2023 > and 1=3 < 1010 > partial dislocations
in wurtzite GaN are modelled using an empirical interatomic potential in combination with
topological theory and anisotropic elasticity calculations. Twelve stable con gurations of the
1=6 < 2023 > edgeand mixed partial dislocations that bound I, intrinsic basal stadking faults
are obtained for ead polarity and their core radii, energies,and atomic con gurations are
given. Moreover, the 1=3 < 1010 > edge and mixed partial dislocations along the junction
lines betweeninversion domain boundaries (IDBs) and |; staking faults are studied. Twenty
eight stable junction line con gurations have beenidenti ed, sixteen of them resulting in stable
transformations of the energetically favourable IDB* defectto the electrically active Holt type
IDB. The majority of the dislocation core structures possesseeither dangling bonds or highly
strained bonds. Since reduced coordination or strained bonds can intro duce gap states, suc
dislocations could be electrically active.

1. Intro duction

The in uence of dislocations on the electrical, optical and medanical properties of Ga-based
I11-nitride semiconductorsis currently under intenseinvestigation. E cien t optical devicessuc
as blue-light-emitting diodes are commercially available despite the presenceof a high density
( 10° cm 2) of threading dislocations [1]. Theoretical and experimental investigations so far
have concertrated on lattice dislocations. Initial theoretical results using ab initio calculations
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indicated that charge-neutral edge and screw threading dislocations do not cortribute to gap
states and they are electrical inactive [2]. This has beendisputed by other ab initio studies
which have shawvn that edge dislocations may be charged, giving rise to deep-gapstates [3],
[4]. Dependenceof the core formation energieson the Fermi level and growth stoichiometry has
alsobeenexamined[3]. Moreover tight binding calculations have shavn evidencefor empty gap
states assaiated with edgedislocations in the top half of the gap [5]. Also, by the useof rst-

principles calculations of electron energy-lossspectra, hasbeenshowvn gap stageassaiated with
edgedislocations [6]. Regarding the screw dislocations, full core structure has beenobsened
using Z-cortrast imaging [7] and the open core structure by transmissionelectron microscopy, [8]
[9] while their electrical activity hasbeenrelated to the growth stoichiometry [10]. More recertly
new structures for the screw dislocation have been proposedunder certain growth conditions
[11] [12).

Beside the perfect lattice dislocations, optoelectronic properties of devicesshould be also in-
uenced by the partial dislocations when they exist in large numbers. The aim of the presen
contribution is to perform a systematic investigation of the core structures and the correspond-
ing energiesof the 1=6 < 2023 > edgeand mixed partial dislocations that bound I intrinsic
basal staking faults in wurtzite GaN, and of the 1=3 < 1010 > edgeand mixed partial dislo-
cations along the junction lines between inversion domain boundaries (IDBs) and |1 stadking
faults (SFs). Core radii and energiesare evaluated in an approad combining anisotropic elas-
ticity, topological theory and atomistic calculations. Initially , the dislocation displacemen eld
of the 1=6 < 2023 > edgeand mixed partial dislocations is imposedaccording to anisotropic
elasticity theory [13]. For the IDB-I 1SF junction line, the initial con gurations are basedon
Volterra models. In both casesthe supecellsare relaxed to the minimum energy by the use of
an interatomic potential.

In order to achieve a satisfactory description of the microstructure and the energeticsof junctions
between extended defects, a large number of atoms must be taken into accourt. Although the
energiesof many of the isolated planar defects obsened in epitaxial GaN layers have been
determined using ab initio calculations, the total energy of large scale atomic con gurations
involving di erent planar defectscannot be calculated, for supercellsexceed15,000atoms. For
this purpose, an empirical potential of the Stillinger-Weber type [14], can be employed; this
potential has previously been successfullyapplied for the study of line and extended defects
in GaN [15] [16] [17] [18] [19] [20]. The use of an empirical potential in order to describe the
structures and energeticsof dislocations is certainly lessaccurate in comparisonwith a tight-
binding approad or ab initio calculations, sinceit does not consider explicitly the electronic
e ects. Tight-binding or abinitio calculations employ mainly two approadesin order to model
dislocations. In the rst approad a dislocation dipole or multip ole is placedin a supercell and
this leadsto a considerableinteraction between dislocations. In the secondapproad, where
an isolated dislocation is consideredin a supercell-cluster with periodic boundary conditions
along the dislocation line and hydrogen-terminated surfacesparallel to the line direction, the
long range elastic e ects are not treated rigorously [6] [21] [22]. On the other hand howewer,
in dislocation modeling, medium and long range strain e ects play an important role and the
empirical potential o ers better embedding of the core into the surrounding bulk material.
The advantagesof the empirical potential calculations are the competencyto treat thousandsof
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atoms and the e cien t way to take into account xed boundary conditions in surfacesparallel to
the line direction of the dislocation far from the corearea. The strain induced by the dislocation
in this caseis more accurately estimated. Sincethe stressof the supercell geometry in uences
the corestructure and the coreenergy[23], it providesa better embedding of the core. Moreover,
such calculations have been proven [24] suitable for treating relatively complicated supercells
comprising multiple planar defects.

The material of this highlight has been presernied in detail in three regular articles of Physi-
cal Review B. The topological analysis of the IDB-SF interactions and the characterization of
experimental obsenations using circuit mapping technique and electron microscopy image simu-
lations hasbeenanalysedin ref [25]. The atomic structures and energiesof 1=6 < 2023 > patrtial
dislocations delineating the |1 intrinsic basal stacing fault in wurtzite GaN are modelled using
an empirical interatomic potential in combination with anisotropic elasticity calculations in ref
[26]. Finally the predicted IDB-SF interactions [25 have beenanalyzed at atomic scale using
large scaleempirical potential calculationsin ref [27].

Our study is divided in two parts. In the rst part the 1=6 < 2023 > partial dislocations
are analysed. In section 2.1 the computational method is given. In section 2.2 the dislocation
parameters are calculated using elasticity theory and empirical potertial calculations. In the
secondpart and in section 3.1 the topological methodology is outlined and the admissiblejunc-
tions betweenIDBs and basal |1 SFs are determined. The relaxed atomic con gurations and
their energiesare presened in section3.2. Finally, in section4 the main conclusionsof our study
are presened.

2. 11 SF Partial Dislo cations
2.1 Computational Metho d

The GaN structure (spacegroug® 6smc) [28] consists of four atoms per unit cell and can be
visualized as two interpenetrating hexagonal substructures, one of Ga and one of N atoms
related by a spacing u along the c-axis. The position vectors of the atoms comprising the
crystal's motif are ua=1/12 [4043], ug=1/12 [4043] for atoms of the one species,and u,=1/12
[4043] + u [0001],up=1/12 [4043] + u [0001]for atoms of the other species[29]. For the GaN
wurtzite structure, c=a= 1.626,u= 0.375and the coordination number is 4 [1].

The stacking sequenceor the perfect wurtzite structure along [0001]is ... AaBbAaBbAaBb ...,
i.e. ea layer parallel to the basal plane is composedof two sublayers of distinct atomic species
(aB or bA where capital and small fonts denotesdistinct atomic species.) (gure 1(a)).

In the wurtzite structure, two types of intrinsic SFs, designatedl; and I,, and one extrinsic,
designatedE, can be formed [13]. These are low-energy defectssince they do not disturb the
nearest-neigtbor padking. The |1 intrinsic SF (gure 1(b)) correspondsto one violation of the
stadking rule and canbeformed by the removal of a B planefollowed by shearingby 1=3 < 1010 >
(gure 2).

In order to describethe 1, SF con guration with bounding partial dislocations, we start from the
perfect crystal [13]. Upon removal or addition of a basal disc of atoms (vacancy or interstitial
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Figure 1. (a) Wurtzite structure and (b) 1, SF projected along the < 1210 > direction. The
brokenline indicates the SF plane, large and small circlesdenotedistinct atomic species,un lled
circlesare at O level, and lled circlesare at level a/2 along the projection direction.

....AaBbAaBbAa? AaBbAaBb....
l LT

....AaBbAaBbAaé CcAaCcAa....

Figure 2. The stadking sequencdn the formation of al; SF.
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disc) and assumingthat only displacemens normal to the basal plane are assaiated with the
precipitation, the SF is boundedby a Frank loop with Burgers vectors 1/2[0001] [13]. A loop of
Shockley partial dislocation is then nucleatedin the faulted region leading to the formation of | ;
SF. In other words, if a shearis assaiated with vacancy(casea) or interstitial disc precipitation
(caseb) the 11 type fault could be formed. The above SFs are bounded by loops comprising
edgeand mixed segmets with Burgers vectors:

be = 1=2[0001]+ 1=3[1010] = 1=6[2@3]
and
bn = 1=2[0001]+ 1=3[1100]= 1=6[2203]

respectively (assuminga [1210] segmehn line direction).

The supercells, for the 1=6 < 2023 > edgeand mixed partial dislocations, initially cortained
perfect crystal of wurtzite GaN. By employing displacemetts expected from anisotropic elac-
ticity theory [13], the unrelaxed structures of the |1 intrinsic SF and the corresponding partial

dislocation wereformed to be usedasinitial atomic positions. The supercellswere createdin the
form of rectangular parallelepiped volumes. Periodic boundary conditions wereapplied alongthe
dislocation line direction (i.e. [1210]), while xed boundarieswereimposedperpendicular to the
dislocation line, thus following the so-called\h ybrid" model [22]. The xed boundary conditions
were applied using the following methodology ( gure 3): perpendicular to the dislocation line
the supercell was divided into three concerric domainsde ning a thin external domain, a thin

intermediate domain and the internal areawith the dislocation line at the certre. The thickness
of the external domain is larger than the maximum range of the potential (3.36 A for the Ga-Ga
interaction [19]), and the atoms are at xed positions there. The intermediate domain starts at
the end of the external one and also extends further than the maximum range of the potential

and up to the internal area. In the intermediate domain the atoms are relaxed but are not
taken into accourt in energetic calculations. The energetic calculations are evaluated taking

into consideration only the energiesof the relaxed atoms in the internal area. (Although test
calculations have shown that in most casesthe atoms in the intermediate domain are relaxed
su cien tly well and their energiescould also have beentaken into accoun. It has beenfound
that the deviation of the atomic energiesin the intermediate domain, due to their vicinity with

xed atoms, is inversely proportional to the size of the supercell and for the supercellsusedin
the presen casest is very small. Neverthelessthe intermediate domain has beenexcludedfrom
our calculations.)

For the relaxation, the modi ed [19] [20] Stillinger-Weber potential (MSWp) hasbeenemployed.

The Stillinger-Weber [14] potential (SWp) attempts to model a semiconductorin a semiclassical
way and it is basedon a two-body term:

Vo(rij) = "A(B("H) 4 Dexpl(("L) ) Yfort- <
v2(rij ) = Of orli

@
and a three body term:
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Figure 3. Schematic illustration of the xed boundary methodology.

valrij i k) = ° exel G- )Tt - ) T Uxos v 0?2 @

where" and are the energy and length units; A, B, are positive, represens the cut-o
distance,and j i is the angle subtendedby the ji and the jk bond. The original SWp takesinto
accourt 7 parameters( , , ,", A, B, ). Howewer, its build-in tetrahedral bias of onekind of
bonds createsproblems in other situations; it is necessaryto take into account 21 parameters
in order to represen the three kinds of bondsin GaN (i:e: Ga-N, and Ga-Ga or N-N \wrong"
bonds). In table 1 we presen the SWp parameters.

Type " A B 0
of bond (a.u) | (eV)
Ga-N 1.8 | 1.2 |3.203 | 2.17 7.917 | 0.720 | 32.50 | 1/3
Ga-Ga |16 |12 |3968 |1.2 7.917 | 0.720 | 26.76 | 1/3
N-N 1.8 |12 | 2457 | 1.2 7.917 | 0.720 | 26.76 | 1/3

Table 1: Parametersof the modi ed Stillinger-Weber potential. ( , , A, B, and g
dimensionless)

The minimum energycon gurations were obtained using the quend molecular dynamics method
[30]. We assumedbondsbetweenatoms within distancesup to 2.4 A in all atomic con gurations
which is the minimum range of the MSWp (for the N-N interaction [19]).

Generally, atomistic empirical potertial calculations provide the total energyof a relaxed struc-
ture. Let ES A bethe total excessenergy of a supercell, de ned asthe di erence between

the total energyfound by empirical potertial calculationsand the energyof a supercell of perfect
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GaN crystal containing the samenumber of atoms. Let also Eplanardefectbethe planar defect
energy per unit area, i.e. the total excessenergy of a supercell cortaining the planar defect
divided by planar defect area. Eplanardefect was evaluated by relaxing a supercell cortain-
ing a planar defect in the middle; periodic boundary condition were employed along all three
directions.

The 11 SF hasbeenfound to have formation energyequalto 1.8 meV/ A2 which is in satisfactory
agreemem with the value of 1.1 meV/ A? given by ab initio [31].

The dislocation energyper unit length, E4(R), of ead dislocation in a cylinder of radius R was
calculated asthe total excessnergyof the cylinder minusthe sum of the planar defectsenergies.

Hence

P
Eoxcess (R) Enplanar defect  (Planar def ectrea(R))
planar def ects

Eq(R) = 3

L
whereL is the length of the supercell along [1210].

Continuum elasticity theory is complemenary to atomistic simulations for the modeling of line
defectssinceit allows an evaluation of the long range strain e ects whereasatomistic simulations
describe core structure and energy The strain energy of an in nite straight dislocation in a

perfect crystal can be calculated analytically using linear elasticity [13]. The total energy of a
dislocation is equal to the elastic energy plus the core energy:

Etotal = Eelastic* Ecore 4)

The elastic energy per unit length of a dislocation cortained in a cylinder of radius R is given
by

R
Eelasc = Aln G; ro R (5)

2
where A = %b— is the prelogarithmic factor, b is the Burgers vector, K is an energyfactor and
ro is the coreradius.

Let xz be the basal plane where x is [1010], and let the dislocation line [1210] coincide with the
z axis. The y axis, in this coordinate system is along the [0001] direction. The elastic energy
of a dislocation in the basal plane can be decomposedinto screw and edgeparts according to
anisotropic elasticity asfollows [13]

1 R
Eelastic = 4_(Ksb§+ Kexng + Keybgy)ln% (6)

whereK s is the energyfactor of bs, the screwcomponert of the Burgers vector of the dislocation,
and Key, Key are the energyfactors of the edgecomponerts, be, and bey respectively.

The energyfactors are equal to [13]

Ks = (CasCes)*™; (7)
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C44[(C11C33) 1=2 C13] 1=2.

Ko = [(C11Ca3)Y2 + Cra] f :
e = [(C11Cza) 13] C33[(C11C33)72 + Cy3+ 2C44]g

(8)

And

Ca4[(C11C33)¥?  Cyg] 1=
C11[(C11C33) 172 + Ci3+ 2Ca4]

Ke = [(C11Ca3)'™ + Cag] f )

where Cq1, C13,C33, C44 and Cgg are the elastic constarts.

As has been shown previously, two types of admissible partial dislocations may bound the
I1 SF. An edge dislocation with Burgers vector equal to be = 1=6[2@R3] and a mixed-type
dislocation with Burgers vector by, = 1=6[2203]. In both casesthe dislocation line is taken to
be [1210]. Using the elasticity theory, the prelogarithmic factors for the edge and the mixed
dislocations were calculated, as well as the ratio betweenthem. The edgedislocation can be
decomposed into two normal edge componerts be, = 1=3[1010]and bey = 1=2[0001] while
the mixed dislocation can be decomposedinto a screw by = 1=6[1210] and two normal edge
componerts be, = 1=6[1010] and bey = 1=2[0001]. Using elastic constarts calculated by the
MSWp [32], the prelogarithmic factors are found to be Ag = 0:79 eV=A and Ay, = 0:73 eV=A
leading to a ratio equalto AA—; = 1:08. If experimental determined elastic constarts [33] are used
the prelogarithmic factorsare A = 0:82 eV=A and A, = 0:76 eV=A, and the ratio betweenthem
again equals an = 1.08, i.e. due to the satisfactory agreememn betweenthe experimenal and
the calculated elastic constarts [32], the obtained prelogarithmic factors are alsoin consistency

The elastic energy of a dislocation is related to the radius of the cylinder and it is in nite for
an in nite crystal. Although it can be calculated for a nite radius, it cannot be considered
a characteristic invariable property like the core energy Therefore, only the dislocation core
energy i:e: the energy of the minimum region which cannot be described by elasticity theory,
can be usedin sud capacity.

In order to evaluate the core parameters of dislocations, the energyin the region bounded by
coaxial cylinders of radii r and R is plotted versusIn(r), where R is the external cylinder radius
(taken aslarge as possible),and r is the internal cylinder radius (ro r Rp). The coreradius
ro is taken at the point wherethe curve stops being linear. Equation 5 can be written as:

Eclastic (r) = AINRg  Alnr r Rg: (10)

The corresponding prelogarithmic factor is evaluated by tting equation (10) to the calculated
values. The coreenergyis evaluated by averagingthe calculated energyvaluesfollowing equation
(3) minus the elastic part:

Eq(r) Eelasic = Eg(r) Alnr+ Alnrg: r rg (1))

2.2 Results

In gure 4 the fully relaxed core structures of all the admissible atomic con gurations are
preseried. Since,in [0001]orientation, the wurtzite structure preseris two polarities (N or Ga
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polarity), ead atomic con guration is relaxed in both cases. In all atomic con gurations we
have assumedbonds between atoms within distancesup to 2.4 A which is the range of the
MSWop for the N-N interaction (although the range for Ga-N and Ga-Ga interactions is larger
than 3 A) [19.

Following the proceduredescribed in the previous section, gures 5 and 6 illustrate the energies
Eelastic (F) and Ecore(r) = Eq(r) Eelastic Versusin(r) plots for partial dislocationsdelineatingal 1
SF formed by a collapsedvacancydisc or a precipitated interstitial loop respectively. In all cases,
it canbe obsenedthat the curve becomedinear and the energyassumeghe expressiongiven by

elasticity theory (eqg. 10). In table 2 the calculated coreradii, energiesand prelogarithmic factors
of the analyzed partial dislocationsin both polarities of GaN are given. Also the prelogarihmic
factors are presened asthey have beenevaluated by the useof elastic constarts calculated with

the MSWp (AMSWP) and by the experimental elastic constarts (AS®.. ).

elastic elastic

In the a-edgediagram of gure 5 we notice that the 5/7 coreis energetically favorable for both
polarities and it exhibits the smallest core radius. In the b-edgecase,it is found that, asin
a-edgecase,the 5/7 core con guration has the lowest energy These two core con gurations
are the lowest energy models between all the admissible dislocations and they are the only
con gurations in which all the atoms are tetrahedrally coordinated. The 8-atom rings (a-edge-
b, a-edge-cand b-edge-b) and the 12-atom ring (b-edge-c)con gurations include at least one
atom with dangling bond and consequetly require higher energies.

In the a-mixed diagram of gure 6 it is seenthat the a-mixed-b con guration which exhibits a
5/7-atom ring has the smallest core and is energetically favorable. In the b-mixed diagram, it
can be seenthat the 12-atomring of the b-mixed-a con guration is energetically favourable and
presers the smallestcorein comparisonwith the interstitial type b-mixed-b and ¢ con gurations.

Regarding the prelogarithmic factors, the calculated values given in table 2 are in agreemen
with the elasticity theory calculations. Discrepanciesoccur betweenthe valuesfor vacancytype
b-edge-ccon guration, and for, interstitial type, b-mixed-c con gurations and the elastic theory
calculated values. This divergenceis related to the tting process,in particular in determining
the exact value where the curvesbecomelinear.

Partial Core |ro Ecore A AY NP ASP
disloca- con- (A) (eVI A) (eVI' A) (eVIA) | (eVIA)
tion gu-

ration
a-edge-a | 5/7 2.0 | (2.0) 0.50 0.02 (0.45 0.01) 0.79| (0.76) 0.79 0.82
a-edge-b |8 3.1 |(3.1) 1.28 0.02 (1.34 0.02) 0.79| (0.79) 0.79 0.82
a-edge-c | 8 3.1 |(3.1) 1.34 0.02 (1.39 0.02) 0.78| (0.78) 0.79 0.82
b-edge-a | 5/7 2.5 | (2.5) 0.72 0.02 (0.76 0.02) 0.78| (0.76) 0.79 0.82
b-edge-b | 8 2.5 |(3.1) 1.34 0.02 (1.43 0.03) 0.75| (0.78) 0.79 0.82
b-edge-c | 12 2.5 | (2.5) 1.48 0.01 (1.39 0.01) 0.73| (0.73) 0.79 0.82
a-mixed-a | 8 3.1 |(3.1) 1.17 0.02 (1.17 0.02) 0.74| (0.74) 0.73 0.76
a-mixed-b | 5/7 2.0 | (2.0) 0.81 0.02 (0.96 0.02) 0.73| (0.72) 0.73 0.76
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a-mixed-c | 5/7 |25 | (3.1)] 1.30 0.04 (1.48 0.02) 0.73] (0.75] 0.73 | 0.76
b-mixed-a | 12 2.0 | (2.0) 0.99 0.02 (1.05 0.02) 0.73] (0.72) 0.73 | 0.76
b-mixed-b | 10 3.1 | (3.1) 1.60 0.02 (1.83 0.03) 0.78] (0.83] 0.73 | 0.76
b-mixed-c | 8 3.1 | (3.1) 1.77 0.03 (1.66 0.04) 0.81] (0.87) 0.73 | 0.76

Table 2: The calculated core radii, energiesand prelogarithmic factors of the 1=6 < 2023 >
partial dislocations of GaN in N-polarity. The valuesfor Ga-polarity are given in parertheses.
The prelogarihmic factors obtained from anisotropic elasticity by the use of MSWp-calculated
elastic constarts (A} >YP) and by the useof experimental elastic constarts (A ) are given.
In closing the discussionon 1=6 < 2023 > partial dislocations we remark that the obtained
coresare structurally similar to those found favorable for perfect basal dislocations in GaN by
ab initio calculations, [22] [34] as discussedin ref [26].

3. IDB-l ;1 SF Junctions
3.1 Topological Analysis and Computational Metho d

A rigorous framework for the a priori characterisation of defects[29] [35] [36] has beenapplied
in order to determine the defect character of IDB{SF junction lines [25]. This analysisis based
on Volterra's description of line defectsin elastic continua [37], as extendedfor bicrystals. For
this purpose,the abutting crystal componerts, designated and , are initially consideredto
be joined along their interface with no long-range stressespreseri (gure 7(a)). A Volterra cut
is then introduced along a part of their interface, and the exposed surfacesare modi ed by
the addition/removal of material and/or the application of tractions as shavn in gure 7(b).
After re-joining the exposedsurfaces,a line defect results betweenthe initial interface and the
new one. In agreemem with the right-handed/ nish-start (RH/FS) convertion, this defectis
described by the rigid-b ody operation required in order to bring the new surfaceonto the new

one [29] [35] [36]. Let the new surfacesbe obtained from the initial onesby the rigid-b ody
operations V( ); and V( )i, whereV( ); = (V( )j, v( );) in Seitz notation [3§ (with V ( );
being the orthogonal part and v( ); the translation part of the operation), and similarly for

V()i

Then the line defectis described by the operation [29] [35] [36]

Zij=V()PV()*'P % (12)

whereP = (P, p) is the transformation relating the coordinate frame to the one (P is the
matrix which transforms vectorsinto corresponding ones,expressedn the frame, and p,
is the relative displacemer, expressedin the frame, of the origin away from the origin).
In the caseof dislocations, Eq. (12) yields Zj; = (I, z; ), where| is the identity rotation, and
bj = z; (other admissibletypesof defectsare discussedby Pond [35]). Interfacial dislocations

69



Figure 4: The relaxed atomic core con gurations in N-polarity GaN projected along the [1210]
direction. Symbols are asin gure 1. Shading of atoms indicates distinct levels along the
projection direction. For the edge dislocations there are two such levelsi.e. at 0 and a/2,
whereasfor mixed type partials shading denotesmultiple dierent levels. The shadedatomic
rings depict the coresof the dislocations. Reprinted gure with permissionfrom [26]. Copyright
(2004) by the American Physical Scciety.
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Figure 5: Elastic energy per unit length Egasiic (r) stored in the region bounded by coaxial
cylinders of radii r and Rg, and the core energy Ecore(r) = Eg(r) Eelastic as a function of
In(r) for the a-edgeand b-edgecon gurations. (Large symbols denote N-polarity whereassmall
symbols denote Ga-polarity) The core radius rqg is given by the radius belonv which linearity
breaks down. Reprinted gure with permissionfrom [26]. Copyright (2004) by the American
Physical Scciety.
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Figure 6: Elastic energy per unit length Egasiic (r) stored in the region bounded by coaxial
cylinders of radii r and Rg and the coreenergyEcore(r) = Eq(r) Eelastiic asa function of In(r)
for the a-mixed and b-mixed con gurations. Symbols are asin gure 5. Reprinted gure with

permissionfrom [26]. Copyright (2004) by the American Physical Scciety.

Figure 7: (a) Bicontinuum. (b) Sdcematic illustration of the introduction of an interfacial
dislocation by the Volterra process. Reprinted gure with permission from [25]. Copyright

(2001) by the American Physical Scciety.
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can also have assaiated step character, and this is taken into accourt by the Volterra approac
(gure 7(b)).

In our particular case,we consider the interface to be the f1010g IDB and henceP =1, the
inversion operation, while p is the relative displacemen of the inverse polarity domains. The
electronically inert character of one type of inversion domain boundaries (IDBs) has beenat-
tributed to a particular relative displacemen of the abutting domainsleadingto the elimination

of \wrong" bondsalongthe IDB plane. Such IDBs have beendesignatedto belongto the IDB*

structural model [39] and their obsenation in GaN specimenshasbeenreported by a number of
authors [40] [4]] [42). A secondtype of IDB, namely the Holt IDB [43], compriseswrong bonds
and has beenshown to be electrically active [39]. Consequetly, it requiresa higher formation
energythan IDB*s [39]. In gure 8 the atomic structures of the f1010g IDB*, and Holt IDB

in the GaN wurtzite structure are illustrated. In the f1010g Holt-type IDB, p = 3=8[0001])
while, for the IDB*, p = 1=8[0001]. The relative displacemen vectors p are de ned taking as
referencethe Austerman { Gehman IDB maodel [25] [36] [44].

Figure 8: Schematic illustrations of f1010g IDBs in the wurtzite GaN structure. (a) Holt-type
IDB (p = 3=8[0001]),(b) IDB* (p = 1=8[0001]). (< 1210> projection, large and small circles
denotedistinct atomic species,shadingindicates levels 0 and a/2 along the projection direction,
and tetrahedra indicate polarity reversal). The vectors denote displacemen of domain  with
respect to domain . The stacking sequencealong [0001]is also given.

Using the Volterra-like approad, the defect character of IDB junctions with 1, (0001) SFs
can be determined by considering SF-intro ducing V; operations. Two such operations can be
distinguished, i:e: either V1 = (I, v1) wherev, = 1/3 < 1010 > + 1/2 [0001],0r Vo = (I,
V2) wherev, = 1/6 < 1010> + 1/2 [0001] 1/6 < 1210 >. The signsof the < 1010 >
componerts of viand v, are reversedwhen changing the senseof the SF-asseiated stading,
i;e: ...ABABCBCB ...or ...ABABA CAC.... The corresponding step heights on the f1010g
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planeareh; =  (3)¥2a/3 andh, =  (3)¥2a/6 respectively.

By employing the aforemerioned operations, Volterra-lik e diagrams of all the admissiblejunc-
tions of an IDB* with a |; SF are illustrated in gures 9(a) to (h), whereit can be seenthat
they lead to transformation of IDB character from IDB* to Holt; the 1/2[0001] componert of the
SF-intro ducing operation accommalates the IDB structural transformation. In gures 9(a)-(h)
we choseto apply the SF-intro ducing operation to domain while, for domain , we may employ
either the identit y operation (I, 0) or a lattice translation (I, t( )), wheret( ) = 1/3< 2110>.
Theseoperationsyield the smallest-in-magnitude Burgers vectorsfor the particular interactions.
The Burgers vectors obtained from Equation (12), aswell asthe averagestep heights h,, on the
IDB plane are alsogivenin gure 9.

In addition to applying the SF-introducing operations only to domain , we may apply suc
operations to both the and domains (gure 9(i) to (I)). Thesecasescorrespond to the SF
crossingthe IDB, and it canbe seenthat the IDB type remainsinvariant. In gures 9(i) and (j),
the SF crossesvia a dislocation-free step whereas,if the SF structural units are mirror related
with respect to the IDB plane, a partial dislocation is required ( gures 9(k) and (1)).

For the IDB-SF interactions, the supercells corresponding to ead Volterra model have been
constructed basedon gure 9. The energiesof the IDBs that appearin the studied interactions,
as calculated by the MSWp [19], are E oL =166.3 meV/A? and E | pg =61.4 meV/AZ2.

In the caseof IDB-I ; SF interaction models, due to the existenceof three typesof planar defects,
there is no linear part in the energyversusin(r) plots. Consequetly there is no way to evaluate
the core parameters but only the prelogarithmic factors by calculating the slope of the tted
line to the curve. The calculated valuesof the prelogarithmic factors (A = 0:261 eV=A for the
a-model and A, = 0:203eV=A for the f-model) are in satisfactory agreemem with the values
calculated by elastic theory, (Ae = 0:258 eV=A for edgetype and A, = 0:245eV=A for mixed
type using elastic constarts calculated by the MSWp [32],) con rming the coherency of the
method.

Taking into accoun the size of our supercellsthe interaction energy of ead interaction model
is equal to the core energy plus an elastic contribution. Consequetly the interaction energy
represerts the coreenergyof ead model and dueto the fact that all the supercellshave the same
size, we are able to comparethe calculated values betweenthe models with the sameBurgers
vector.

3.2 Results

Among the twelve models of gure 9, v e comprise edgetype partial dislocations (a, d, e, h,
1), v einvolve mixed type dislocations (b, c, f, g, k), and two models (i and j) are dislocation-
free interactions. Regarding the two dislocation-free interactions, ead casecan appear in two
possiblearrangemers of the SF structural units before and after the IDB, thus leadingto four
initial unrelaxedmodels(ia, ib, ja, jb) [25]. Consequetly the total number of Volterra modelsis
equalto fourteen. Additionally by taking into accourt the polarity of the abutting domains, two
atomic con gurations, one per ead polarity, correspond to ead of the fourteen models. Hence
a total of twenty eight stable atomic con gurations of IDB-SF junctions have beencalculated.
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Figure 9: Volterra diagrams of the IDB* - |1 SF junctions. Junctions (a) to (h) lead to a Holt

IDB, while con gurations (i) to (l) illustrate IDB - 1; SF crossings.The IDBs and SFshave been
indicated by broken lines. On eat SF, a structural unit has beendrawn to indicate its sense.
The given con gurations correspond to minimum Burgers vectors and minimum average step
heights (hay). Reprinted gure with permissionfrom [25]. Copyright (2001) by the American

Physical Saciety.
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The modelsi, j, k, and |, where the SF crossesthe IDB without transforming its character,
may be constructed either with IDB* or Holt type IDB. In the preseri study we examine only
crossingsinvolving IDB*s sincethey are energetically more favourable than Holt IDBs [39].

a) Edge type partial dislo cations
The energycalculations indicate that the a model hasthe lowest energyof the edgetype models.
The relative energies Ejn for the stable atomic con gurations of the a, d, e, h, and | models,

taking asreferencethe lowest energy are givenin gure 10. The assaiated junction line defects
are edgepartial dislocations with Burgers vector be = 1=3[1010].

Figure 10: Relative energiescalculated by the MSWp, for both polarities of the models a, d, e,
h and |. The assaiated partial dislocations have edgecharacter.

The corresponding relaxed atomic con gurations are preseried in gure 11.

b) Mixed type partial dislo cations

In interactions where the assaiated junction line defects are partial dislocations with mixed
character (i.e. b, c, f, g, and k) the Burgers vector can be decomposedinto a screw bs =
1=6[1210] and an edge componert be = 1=6[1010]. The relative energiesas calculated by the
MSWp, and taking as referencethe lowest energy (k model), are givenin gure 12.

In gure 13the relaxed atomic con gurations of the modelsb, c, f, g and k are presened.
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Figure 11: Relaxed atomic con guration of models a, d, e, h and | given in gure 9, which
compriseinteractions involving partial dislocations with edgecharacter. (< 1210> projection,
broken lines indicate planes of IDBs and SFs, large and small circles denote distinct atomic
species,shading of atoms denoteslevels 0 and a/2 along the projection direction and the shaded
areasrepreser the certral atomic rings of the cores).
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Figure 12: Relative energiesof models b, c, f, g, k calculated by the MSWp. The assaiated
junction line defectsare mixed type dislocations.

Figure 13: Relaxed atomic con guration of models b, c, f, g and k given in gure 9, which
comprise partial dislocations with mixed character. (< 1210 > projection, atoms and symbols
areasin gure 11).
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c) Dislo cation-free interactions.

Two dislocation-free IDB-I ; SF junctions have beendepicted in gure 9 (modelsi, j). As it
has already been pointed out, ead casecomprisestwo possiblestable arrangemers of the SF
structural units before and after the IDB, leading to four models (ia, ib, ja, jb) [25]. The
relative energy of ead con guration, taking as referencethe lowest energy was calculated for
both polarities of GaN and the corresponding valuesare presered in the bar-graph of gure 14.

Figure 14: Relative energiesof dislocation-free junctions calculated by the MSWp.

In gure 15, the relaxed atomic con gurations are presened.

We have preseried sofar the admissible IDB-SF junctions and a detailed analysisbasedon the
MSWp potential have beenpreseried in ref [27]. It hasto be noticed that although the MSWp
yields about the maximum accuracy currently possiblefor the given model sizes,especially for
GaN with bulk like coordination of atoms, the energiesof the reconstructed corescomprising of
Ga-Ga and N-N bond are lessaccurately represened. Howeer the relaxed models can be used
as referencefor band structure calculations.

Almost all the relaxed core structures comprisea 5 or 7-atom ring.

Moreover in ref [27], one of the determined core structures has been matched to an IDB-SF
junction line obsened by high resolution transmission electron microscopy. In particular, this
was achieved for the f-model which has the secondlower energy for the mixed type partial
dislocations leading to IDB* transformation to Holt IDB.
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Figure 15: Relaxedatomic con gurations of modelsi and j ( gure 9) which comprisedislocation-
free interactions. (< 1210> projection, atoms and symbols are asin gure 11).
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4. Conclusions

The atomic structures and dislocations parameters of the 1=6 < 2023 > partial dislocations
that bound the I; SF and the 1=3 < 1010 > admissible partial dislocations at the junction lines
betweenl; SFsand IDBs have beencalculated by meansof empirical potential calculations in
combination with topological and elastic theory.

Our calculations on 1=6 < 2023 > partial dislocations reveal twelve stable con gurations in
eat polarity and their core structures and energieshave been preseried. Although there are
di culties in determining the exact cylinder radius belowv which linearity breaksdown the core
radii have beencalculated in the rangebetween2 and 3.1 A, and, in all casesthe smallestcores
belongto the energetically favourable con gurations.

The 5/7 ring corein which the atoms are tetrahedrally coordinated hasbeenfound energetically
favourable amongthe edgecon gurations; sud coreshave beencalculated, in all casesto have
energiedessthan 0.76eV/ A. The 8- and 12-atom rings have beenfound to require energiesfrom
1.28t0 1.48eV/A.

Regarding the mixed type partial dislocations, a variety of core con gurations (8, 5/7 and
12 atom rings) has beenrevealed. The 5/7- and 12-atom ring con gurations has been found
favorable for partial dislocations delineating a |1 SF formed by a collapsedvacancy disc or a
precipitated interstitial loop respectively. Howewer, none of them has been found to consist
of only tetrahedrally coordinated atoms. Their core energiesare larger than the edgetype
dislocations and the energetically favourable models were found to require energiesfrom 0.81to
1.05eV/A.

Based on the analysis of ref [26], it is reasonableto postulate that 1=6 < 2023 > partial
dislocations in wurtzite GaN may introduce band gap states. Howeer, 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 in uence on the band structure.

Regardingthe IDB-1 1 SF interactions, twerty eight stable con gurations of suc junctions have
beenidenti ed, sixteenof them resulting in transformations of IDB* to Holt IDBs. Consequetly,
the IDB*-1 1 SF interactions appearsto be an important medanism for the intro duction of Holt
IDBs.

Moreover, the majority of the core structures exhibit either dangling bonds or highly distorted
bond anglesand lengths [27]. Sincegap states may arise from reduced coordination or strained
bonds, these dislocations could be electrically active. Furthermore the core stress eld could
act as a trap for electrically active native defects(e.g. vacancies)or impurities. Consequetly
almost all the examinedjunction coresare potentially electrically active defects.

It has also beenfound that the core energy depends on polarity for dislocations with line di-
rection along < 1210> [26], [27]. When the polarity of the supercellsis inverted, the core ring
con guration remainsinvariant but not the lengths of the bonds and the anglesbetweenthem.
The changesdepend on the type of the atoms and the positions of their neighbour atoms.
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