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Atomic structures and energies of partial dislocations in wurtzite GaN

J. Kioseoglou, G. P. Dimitrakopulos, Ph. Komnirfoand 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 Jyly 2004

The atomic structures of 1{B023) partial dislocations delineating the 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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[. INTRODUCTION ties may be developed. Core radii and energies are evaluated
. . . in an approach combining anisotropic elasticity and atomistic
Transmission electron microscopy observations show th

itaxial GaN fil tain | b Pt d alculations. Initially, the dislocation displacement field is
epaxial Lalv fims contain large numbers of fin€ an e.X'imposed according to anisotropic elasticity theory, and the

t/eer;gﬁ)?] dg:)?ncgsmmsg::z dtgrrzzd”;%;nsdtalzfizt d;;ﬁ)&a:téofzs ' In'system is then relaxed to the minimum energy. Such an ap-
) ! ) 9 " . proach has been applied in the past on dislocations in a va-
Such defects are mt_roduced mainly due to t_he generalize ety of materialsi-17 For our purpose, a modified empirical
(stl;uctural, trr:grmalmlsml?tch be;]v_veetT the ep|li':1yelr3 ansqctthtillinger-Weber potentid? is employed in the atomistic cal-
substrate, which Is usually sapphire ut may also be SIL, Spyations; this potential has been found suitable to describe
GaP, etc In order to improve epilayer quality, buffer layers |ine ang extended defects in GAK*-22The use of an em-
are commonly employed to mediate misfit relief. High defect i | hotential in order to describe the structures and ener-

densitieSsF arz ?bs_er(\j/eg at or Teg.r lsuch_ Iayerls ﬁom%”Si tics of dislocations is certainly less accurate in comparison
rr;]any . S he Imite | y ggr_ﬂah Islocations. It _has beeyith 4 tight-binding approach ab initio calculations, since
shown that the prevalent SPis the h intrinsic one. djt does not consider explicitly the electronic effects.

The influence of dislocations on the electrical, optical, an Tight-binding orab initio calculations employ mainly two
mec_hamcal propertles_ of Ga—based_ III-_nltnde _S'_sm'conqucépproaches in order to model dislocations. In the first ap-
tors is currently under intense investigation. Efficient Opt'calproach a dislocation dipole or multipole is placed in a su-
dev!ces such as blue-light-emitting diodes are qommerua}l ercell and this leads to a considerable interaction between
avagble_zde:pr:te dt.he d.plreserllce% ‘_)f, Iah h|gh ldenS|t dislocations. In the second approach, in which an isolated
(~10" cm™) of threading dislocationslnitial theoretical re-  iqiocation is considered in a supercell cluster with periodic
sults usingab initio calcul.anon.s |nd|c§1ted that charge—qeutral boundary conditions along the dislocation line and hydrogen-
edge and screw threading dislocations do not contribute 1@, minated surfaces parallel to the line direction, the long-
gap 'states and they are electrlca'lly mac;ﬁ@therab initio range elastic effects are not treated rigorod&h?:230n the
studies have shown that edgeodlslocatlons may be chargeginer hand, however, in dislocation modeling, medium and
giving rise to deep-gap statés? Dependence of the core |onq range strain effects play an important role and the em-
formation energies on the I;erm| level and growth stoichiomyirica| potential offers better embedding of the core into the
etry has also been examinedjoreover tight binding calcu- g, rrounding bulk material. The advantages of the empirical
lations have shown evidence for empty gap states associatfenial calculations are the competency to treat more than
with edge dislocations in the top half of the gdpMore 15000 atoms and the efficient way to take into account fixed
recently, new structures for the screw dgés;ocat|or_1_have beeBoundary conditions in surfaces parallel to the line direction
proposed under certain growth conditions:In addition, by 4t the dislocation far from the core area. The strain induced
the use of first-principles calculations of electron ener_gy—los% the dislocation in this case is more accurately estimated,
spectra, anotherystudy has shown gap stages associated Wifyy since the stress of the supercell geometry influences the
edge ol_lslocanon ' . . . _core structure and the core enefgyt provides a better em-

Besides the perfect lattice dislocations, optoelectroniqyeqging of the core. Moreover, such calculations have been
properties of devices should be also influenced by the partial, e?5 sujtable for treating relatively complicated super-
dislocations when they exist in large numbers. The aim of the.q s comprising planar defects.
present contribution is to perform a systematic investigation |, sec. |1 the | SF and its bounding partial dislocations
of the core structures and the corresponding energies of thge gescribed. In Sec. Ill, the computational method is given,
1/6(2023) edge and mixed partial dislocations that boupd | and the results of its application to the partial dislocation
intrinsic basal stacking faults in wurtzite GaN, from which core configuration are analyzed in Sec. IV. In Sec. V, dislo-

9 Yy
an understanding of their influence on optoelectronic propereations’ core radii and energies are calculated. The potential
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(case aor interstitial disk precipitatioricase b, the |, type
fault could be formed. The above SFs are bounded by loops
comprising edge and mixed segments with Burgers vectors

b, = 1/20001] + 1/31010] = 1/§2023]
and

b, = 1/20001] + 1/31100] = 1/6[2203],

respectively(assuming 41210] segment line direction
FIG. 1. (a) Wurtzite structure angb) 1, SF projected along the
(1510) direction. The broken line indicates the SF plane, large and
small circles denote distinct atomic species, unfilled circles are at 0 Atomic configurations(supercells of each dislocation
level, and filled circles are at leved/2 along the projection model were created in the form of rectangular parallelepiped

direction. volumes with edges along tHea210], [1010], and [0001].

. - . . The si f th llelepiped X4 al 1210],
influence of these partial dislocations on the electrical prop- © size of the parafelepiped was along [ l

erties is discussed, and the conclusions are given in Sec. \#4 ¢ along[0001] and 23xa 3'2 along [1010] (wherea
and c are the equilibrium lattice parametg@nd contain a
total of 16 000 atoms.

Il. THE | , STACKING FAULT IN WURTZITE GaN ~ The supercells initially contained perfect crystal of wurtz-
ite GaN. By employing displacements expected from aniso-
GaN commonly adopts the wurtzite structutepace tropic elacticity theory, the unrelaxed structures of the |
group P6;mc),?® which comprises four atoms per unit cell intrinsic SF and the corresponding partial dislocation were
and can be visualized as two interpenetrating hexagonal sullsrmed to be used as initial atomic positions. Each supercell

structures; one of Ga and one of N atoms related 1by th@ontained one partial at its center with line directdr210];

distanceu alongl thec axis. With primitive ve_ctorsal:(é, the partial separated the faulted from the unfaulted part of the
~\3/2,0a, a,=(3,13/2,0a, anday(0,0,c/a)a in Cartesian supercell. The dislocation line was taken to be defined by the
coordinates, the positions of the atoms, in unitagfa,, and  symmetry center of one of the two interpenetrating hexago-

ag, are(%,%,o) and(%,l,%) for atoms of the one species, and nal substructures. Periodic boundary conditions were applied

(5.5.u) and(%,%,u+§ for atoms of the other species. The g1ong[1210], while fixed boundaries were imposed along the
stacking sequence alonf00] is ...AaBbAaBbAaBD..., qther two directions. For the calculations, the modifled
i.e., each Iayer p_arallel to _the bas_al plane is composed_of tWStiIIinger-Weber potentialMSWp) has been employed. The
sublayers of distinct atomic specieB or bA, where capital  5|cylations of the minimum energy configurations were per-
and small fonts denote distinct atomic spegigsg. 1@)]. formed using the quench molecular dynamics meftod.
_In the wurtzite structure, two types of intrinsic SFs, des-Gegnerally, atomistic empirical potential calculations provide
ignated | and b, and one extrinsic, designated E, can bey,q tota) energy of a relaxed structure. LEFSES be the
formed! These are low-energy defects since they do not disgyia| excess energy of a supercell, defined as the difference
turb the nearest-neighbor packing. Theirtrinsic SF[Fig.  pagyeen the total energy found by empirical potential calcu-
1(b)] corresponds to one violation of the stacking rule and;tions and the energy of a supercell of perfect GaN crystal
can be formed by the removaf @ B plane followed by  containing the same number of atoms. Let digpbe the SF
shearing by 1/@.010) (Fig. 2). energy per unit area, i.e., the total excess energy of a super-
In order to describe the ISF configuration with bounding cell containing the planar defect divided by planar defect
partial dislocations, we start from the perfect crydthlpon  area.Eg- was evaluated by relaxing a supercell containing a
removal or addition of a basal disk of atomgacancy or |, SF in the middle; periodic boundary condition were em-
interstitial disk and assuming that only displacements nor-ployed along all three directions. The$F formation energy
mal to the basal plane are associated with the precipitatiorwas found equal to 1.8 meVPAcompared to 1.1 meV/A
the SF is bounded by a Frank loop with Burgers vectorsgiven byab initio;?® i.e., the MSWp provided the energy in
1/2[0001].” A loop of Shockley partial dislocation is then satisfactory agreement with tta initio calculations.
nucleated in the faulted region leading to the formation,of I The energy per unit lengtBy(R) of each partial disloca-
SF. In other words, if a shear is associated with vacancyion in a cylinder of radiusR was calculated as the total
excess energy of the cylinder minus the SF engvgyich is

IIl. COMPUTATIONAL METHOD

equal to theEgr multiplied by the SF area in the cylinder
....AaBbAaBbAa@,TT]?TITT]?T Hence,
...‘AaBbAaBbAag CcAaCcAa.... _ %:TGESL(R) - ESF]:SFaree( R)]
FIG. 2. The stacking sequence in the formation of &F. wherelL is the length of the supercell anrﬁgElO].
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a-edge-a a-edge-b

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

GaN projected along thg§1210]
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.

IV. PARTIAL DISLOCATIONS’ CORE CONFIGURATIONS obtained in which all the atoms are fourfold coordinated.
This core does not exhibit any dangling bond, although it
comprises a “wrong” bondbond between atoms 2 and 8,

) " which are of the same atomic spegids order to eliminate
tated interstitial loopcase b followed by a shear. For each the wrong bond, removabr addition) of one atomic column

cqnflguratlon, the s'hear may lead to_elth'er ar? edge O & necessary. Upon removal of one atomic column from the
mixed type partial dislocation. For t§&210] line direction,  a-edge-a configuration, the vacancy core structure shown in
the edge dislocation i$,=1/62023] and the mixedb,, a-edge-b is obtained. The a-edge-c core configuration is the
—1/6[2203]. In Fig. 3, the fully relaxed core structures of all interstitial structure formed by the addition of a column of

o . . . . atoms. Both the a-edge-b and the a-edge-c configurations
the admissible atomic configurations are presented. Since, 9 g 9

; i - - Ekhibit an 8-atom ring comprising an atom with coordination
[000]] orientation, the wurtzite structure presents two p°|a”'number 2(atom 7 in Fig. 3, a-edge-b and.c

ties(N or Ga polarity, each atomic configuration is relaxed  |n Table I, we present the bond lengths and bond angles
in both cases. In all atomic configurations we have assumeg@ninimum, maximum, averageof the core atoms of the
bonds between atoms within distances up to 2.4 A, which ii-edge relaxed configurations in N-polarity material, whereas
the range of the MSWp for the N-N interactigalthough the  in bold face we present the variation of each value due to the
range for Ga-N and Ga-Ga interactions is larger than)3’A  reversal of the polarity. In wurtzite GaN the equilibrium
In the following, the configurations obtained for cases a andond length is 1.96 A and the equilibrium bond angle is

As mentioned in Sec. Il, thg ISF can be considered to be
formed from a collapsed vacancy digkase aor a precipi-

b are discussed in detail for both polarities. 109.47°. Each value changes when we inverse the polarity of
) ) each atomic configuration, and we present the significantly
A. Case (a): hh SF obtained from a collapsed vacancy disk large variations(larger than 0.07 A for bond lengths and

In Fig. 3, a-edge-a is the relaxed atomic configurationlarger than 5° for bond anglesin the a-edge-a configura-
obtained for the edge partial dislocation. A 5/7-atom ring istion, atoms 2 and 8, which are bounded by a wrong bond,
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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 paiaifyGa
polarity) is presented for variations larger than 0.07 A for bond lengths and larger than 5° for bond angles.
Atom numbers refer to Fig. 3.

a-edge-a
Bond lengthsA) Bond angleg®)
Atom Min Max Av Min Max Av
1 N 1.88 1.93 1.91 1056 119+9 110
2 Ga 1.9190.29 2.24-0.27 2.00-0.13 84+13 119 109
3 N 1.91 1.97 1.94 104 1.24r 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 1.9190.29 2.24-0.29 2.00-0.14 99 12748 109
9 N 1.89 1.93 1.91 1056 114 109
10 Ga 1.89 1.91 1.90 103 114 109
a-edge-b
Bond lengths(A) Bond angleg®)
Atom Min Max Av Min Max Av
1 N 1.89 2.13 1.96 97 144 109
2 Ga 2.06 2.176.11 2.10 89 137 108
3 N 1.99 2.1790.11 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 lengthsA) Bond angleg®)
Atom Min Max Av Min Max Av
1 N 1.89 2.13 1.96 97 144 109
2 Ga 2.05 2.166.11 2.10 89 137 108
3 N 1.99 2.169.11 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

present the largest variations in bond lengths and anglesy interstitial configurations a-mixed-b and c are formed, re-
while their neighboring atoms 1 and 9 present a significanspectively. Both of them present 5/7-atom rings, but in the ¢
variation in bond angles. In the a-edge-b and ¢ configuraconfiguration, the core is shifted with respect to the b model
tions, atoms 2 and 3 present the largest variations in maxialong the[1010] direction. Note that in a-mixed-b the initial
mum bond lengths due to their neighborhood with the lowcolumn of inversion centers that defines the dislocation line
coordinated atom 7. (see Sec. Il passes through the 7-atom ring, whereas in
Regarding the a-mixed configurations, the initial relaxeda-mixed-c, it passes through the 5-atom ring. In the
atomic configuration, a-mixed-a, presents an 8-atom ring i-mixed-b configuration, atom 9 is low-coordinated and ex-
which atom 3 is low coordinated and has a dangling bondhibits a dangling bond, while in a-mixed-c, atom 10 has co-
Upon removal or addition of a column of atoms, the vacancyordination number equal to 5. In both configurations, a

035309-4



ATOMIC STRUCTURES AND ENERGIES OF PARTIAL. PHYSICAL REVIEW B 70, 035309(2004)

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 lengths(A) Bond angleg®)
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 1.94 938 129 109
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 lengthsA) Bond angleg®)
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+40.32 1.88+0.17 95-19 120+12 109
6 Ga 1.91 1.99 1.95 97H 119 109
7 N 1.92 1.94 1.93 99 122F 110
8 Ga 1.91 1.96 1.93 o9&+ 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~ 120 109
a-mixed-c
Bond lengths(A) Bond angleg®)
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 2.3190.09 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 2.316.09 2.14 92 152 110
10 Ga 2.04 2.220.12 2.09 68 144 106

“wrong” bond between atoms of the same spec¢aems 9  which is bonded with the low-coordinated atom 9, while in
and 5 occurs. In Table Il we present the bond lengths andhe ¢ configuration, the over-coordinated atom 10 presents
bond angles of the core atoms of the a-mixed relaxed corsignificant variation in maximum bond length.

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 0o
angle of atom 5 that is bonded with the low coordinated atom P

6. In a-mixed-b and c configurations, considerable variations In Fig. 3, b-edge-a is the relaxed atomic configuration
are observed in wrong bonded atoms 9 and 5. In the b corebtained for the edge partials. As in the a-edge-a case, a
figuration, significant angle variation occurs in atom 8,5/7-atom ring is again observed with all the atoms being

B. Case (b): I; SF obtained from a precipitated interstitial

035309-5



KIOSEOGLOUet al. PHYSICAL REVIEW B 70, 035309(2004)

b-edge-b-inverse 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

FIG. 4. The b-edge-b relaxed atomic core in Ga-polarity Ganstrain energy of an infinite straight dislocation in a perfect
viewed along(1210). Symbols are as in Fig. 1. crystal can be caIcuIat.ed anglytlf:ally using linear eI_asthny.

The total energy of a dislocation is equal to the elastic energy
fourfold coordinated. The core comprises a wrong bond beplus the core energy:
tween atoms 10 and @&ig. 3). Upon addition or removal of
a column of atoms, the interstitial or vacancy configurations Erotal = Eelastict Ecore (2)
b-edge-b and b-edge-c, respectively, are formed. Thehe elastic energy per unit length of a dislocation contained
b-edge-b configuration exhibits an 8-atom ring, including anin a cylinder of radiuR is given by
atom with coordination number gatom 3. The b-edge-b R
core in Ga-polarity exhibits a quite different configuration. Eapeic= AN, ro<R, 3)

As shown in Fig. 4, the 8-atom ring is shifted alof@p01] lo

by ~c/2 and is located below the SF plane. In this corenerea=Kb?/ 4 is the prelogarithmic factob is the Bur-
structure, two atoms¢l and 3 are low-coordinated and ex- gers vectorK is an energy factor, ang is the core radius.

hibit dangling bonds. . o
In the b-edge-c configuration, a 12-atom ring is observed Let xz be the basal plane wheseis [1010], and let the

exhibiting two atoms with coordination number equal to 3dislocation ling[1210] coincide with thez axis. They axis in
(atoms 6 and Iland an atom with coordination number 2 this coordinate system is along tfh6001] direction. The
(atom 3.The distances between atoms 3 and 11, and betweealastic energy of a dislocation in the basal plane can be de-
3 and 6, are found much larger than 2.4 A in both polaritiescomposed into screw and edge parts according to anisotropic
and consequently no bonds between them are assumed. éfasticity as follows"
Table Ill, we present the bond lengths and bond angles of the
core atoms for the b-edge relaxed configurations. Significant Eelastic= i(KSbZJ, K. b2 + K. b2 )InB, (4)
variations are observed due to the reversal of the polarity in 2 A A A
the b-edge-a configuration in atoms 4 and 10, which ar
bound by the wrong bond. In addition, in atoms 1 and 3
variation occurs in bond angles due to their neighbourhoo
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

?/\/hereKS is the energy factor db, the screw component of
ahe Burgers vector of the dislocation, aid, K¢ are the
energy factors of the edge componerhé, and bey respec-
tively.

The energy factors are equal to

three atoms with coordination number equal t@®ms 3, 6, K<=(C44Co0) "2, (5)
and 10. The distances between these three atoms are found

much larger than 2.4 A in both polarities and consequently Cad (C11Cs9 ™2~ Cya] 1/2
no bonds between them are assumed. By adding a column &, =[(Cy;,Cs9*?+ Clg]{ i L } ,
atoms, the interstitial configuration b-mixed-b is found. In C3d (C11C39) "+ Cy3+ 2C44]

the b-mixed-b core, a 10-atom ring is observed having two (6)
atoms with coordination number equal tq&@oms 2 and 6
and one atom with coordination numbetd&iom 5. In addi-
tion, in this case, the distance between atoms 2 and 6 is Cui(C11Cs9) 2= Cy4] 172
larger than 2.4 A and hence we do not assume a 5/7-ator{, = [(C11C39 Y2+ Cyq 7 ,
ring. Upon adding one more atomic column in the b-mixed-b C11[(C11C33)7 "+ Cy3+ 2Cy]
core, the b-mixed-c configuration is obtained. In the (7)
b-mixed-c core an 8-atom ring is observed in which atom
is low-coordinated and presents a dangling bond. In Table | As has been shown in the second section, two types of
we present the bof‘d lengths and bo_nd aﬂg'es O.f th? COdmissible partial dislocations may bound th&F. An edge
atoms for the b-mixed relaxed configurations. Significant . ] —
variations occur in the b-mixed-b core in nontetrahedrallydislocation with Burgers vector equal lp=1/62023] and
coordinated atoms 5 and 6. In b-mixed-c core, noteworthy2 Mixed type dislocation with Burgers vectoby,
variations occur primarily in atom 4 and secondarily in the=1/62203]. In both cases the dislocation line is taken to be

and

&/hereCn, C;3,Cs3, Cy4, andCyqg are elastic constants.
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TABLE lll. 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 lengthsA) Bond angleg®)
Atom Min Max Av Min Max Av
1 N 1.89 1.93 1.91 1047 115+7 109
2 Ga 1.89 1.91 1.90 96 113 109
3 N 1.89 1.93 1.91 1057 115+7 109
4 Ga 1.919.23 2.25-0.28 2.01-0.12 98 12845 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 1.900.23 2.25-0.28 2.00-0.12 99 130 109
b-edge-b
Bond lengthsA) Bond angleg®)
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 lengths(A) Bond angleg®)
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 lengthg(A) Bond angleg®)
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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[1210]. Using the elasticity theory, the prelogarithmic factors lowest energy. These two core configurations are the lowest
for the edge and the mixed dislocations were calculated, a@nergy models between all the admissible dislocations and
well as the ratio between them. The edge dislocation can by are the only configurations in which all the atoms are
decomposed into two normal edge (;ompom.;m@x tetrahedrally coordinated. The 8-atom rings-edge-b,
=1/31010] and b, =1/20001, while the mixed disloca- 3-6d9e-C. and b-edgg-aind the 12-atom ringp-edge- con-
) ) — figurations include at least one atom with dangling bond and
tion can be decomposed into a screyw 1/61210] and two consequently require higher energies.
normal edge componentsb, =1/61010] and b In the a-mixed diagram of Fig. 6, it is seen that the
=1/2[000]1. Using elastic constants calculated by thea-mixed-b configuration that exhibits a 5/7-atom ring has the
MSWp?2° the prelogarithmic factors are found to W&  smallest core and is energetically favorable. In the b-mixed
=0.79 andA,=0.73 eV/A leading to a ratio equal to diagram, it can be seen that the 12-atom ring of the
Ael An=1.08. If experimental determined elastic const#hts b-mixed-a configuration is energetically favorable and pre-
are used the prelogarithmic factors ahg=0.82 andA,  sents the smallest core in comparison with the interstitial
=0.76eV/A, and the ratio between them again equalstype b-mixed-b and c configurations.
A/ An=1.08, i.e., due to the satisfactory agreement between Regarding the prelogarithmic factors, the calculated val-
the experimental and the calculated elastic consfdrttse  ues given in Table V are in agreement with the elasticity
obtained prelogarithmic factors are also consistent. The elasheory calculations. Discrepancies occur between the values
tic energy of a dislocation is related to the radius of thefor vacancy type b-edge-c configuration, and for interstitial
cylinder and it is infinite for an infinite crystal. Although it type, b-mixed-c configurations and the elastic theory calcu-
can be calculated for a finite radius, it cannot be considered Rited values. This divergence is related to the fitting process,
characteristic invariable property like the core energy. Therein particular in determining the exact value where the curves
fore, only the dislocation core energy, i.e., the energy of theyecome linear.
minimum region which cannot be described by elasticity |n closing this section, we remark that the obtained cores
theory, can be used in such capacity. are structurally similar to those found favorable for perfect
In order to evaluate the core parameters of dislocationsyasal dislocations in GaN bgb initio calculations?33! as
the energy in the region bounded by coaxial cylinders ofwill be further discussed in the following section.
radii r andR,; is plotted versus Ifr), whereR,; is the external
cylinder radius(taken as large as possihl@ndr is the in-

ternal Cylinder .radius(ro$ r< RO) The Core. rad?ugo is V1. DISCUSSION AND CONCLUSIONS
taken at the point where the curve stops being linear. Equa-
tion (3) can be written as In recentab initio calculations of 60° perfect basal dislo-
cations in GaN:33! with Burgers vectorb,,=1/32110],
EesidN) =AINRy—Alnr, r<R,. (8)  core structures have been proposed comprising similar 5/7-,

8-, and 12-atom rings similar to our results. In the referenced
The corresponding prelogarithmic factor is evaluated by fit-ab initio study?33! all the possible atomic core configura-
ting Eq. (8) to the calculated values. The core energy istions have been found electrically active, with a band in-
evaluated by averaging the calculated energy values followduced close to the valence band maximum, which can be

ing equation(1) minus the elastic part: expected to act as an acceptorphtype GaN in accordance
with cathodoluminescence studies on basal perfect

E4(r) - Egasic=E4() ~AINr+Alnrty, r=ry. (9 disIocatio_ns?’.2 Both these perfect dislocations and the mixed
type partial dislocations treated here have the same screw

Following the procedure described above, Figs. 5 and 6 ilcomponent i.e.(bs=1/61210]), whereas the edge compo-
lustrate the energidSy asidr) aNdE o dr) =Eq4(r) —EgasicVer-  nent along(1010) is 1/21010] and 1/61010] for the per-
sus In(r) plots for partial dislocations delineating a 8F  fect and the partial dislocations, respectively, and the partial
formed by a collapsed vacancy disk or a precipitated interalso comprises an additional 7®01] edge component. Al-
stitial loop, respectively. In all cases, it can be observed thaghough the core structures are not identisitce the Burgers
the curve becomes linear and the energy assumes the expregctors are different the two cases may be compared. As in
sion given by elasticity theorfEq. (8)]. In Table V the cal- the 60° perfect dislocatiort$;*! our 5/7- and 8-atom rings
culated core radii, energies, and prelogarithmic factors of thecases a-mixed-b and a-mixed-a, respectivetntain a dan-
analyzed partial dislocations in both polarities of GaN aregling bond, whereas the 12-atom riagase b-mixed-acon-
given. In addition, the prelogarithmic factors are presented agiins three atoms with coordination number equal to 3. Our
they have been evaluated by the use of elastic constants c&@?7-atom ring vacancy configuratig@-mixed-) has been
culated with the MSWpAYSYP) and by the experimental found to require 0.3 eV/A less energy than the initial 8-atom
elastic constanteAgieio- ring (case a-mixedjain agreement with Blumenaet al?®

In the a-edge diagram of Fig. 5, we notice that the 5/7Moreover, the Ga-Ga wrong bond in the 5/7-atom ring is
core is energetically favorable for both polarities and it ex-equal to 2.31 A compared to 2.37 A in perfect dislocati&hs.
hibits the smallest core radius. In the b-edge case, it is founBegarding the 8-atom ring, the average bond length for the
that, as in a-edge case, the 5/7 core configuration has tHew-coordinated atom has been determined to be 1.82 A and

035309-8



ATOMIC STRUCTURES AND ENERGIES OF PARTIAL. PHYSICAL REVIEW B 70, 035309(2004)

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 lengthgA) Bond angleg®)
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 lengthgA) Bond angleg®)
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 1.97 975 119 109
5 Ga 1.90 2.158.17 2.03+0.09 64+9 141 105
6 N 1.89 2.159.17 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 lengthsA) Bond angleq°)
Atom Min Max Av Min Max Av
1 Ga 1.91 2.10 1.98 90 128 109
2 N 1.91 1.93 1.92 986 126 109
3 Ga 1.91 2.01 1.97 92 107 102
4 N 1.93 2.209.08 2.03 84+7 144-13 107
5 Ga 1.93 2.05 1.99 96 127 108
6 N 1.96 2.319.16 2.07 97 125 109
7 Ga 2.01 2.316.16 2.11 95 129 109
8 N 2.02 2.10 2.07 888 127 110

the average angle is 114°, while the bonds of the other atorthiree low-coordinated atoms are 2.55 A between Ga atoms
of the core are expanded by %31 In our a-mixed-a case, and 2.63 A, 3.84 A between Ga and N atoms, while in the
the average bond length for the low-coordinated atom igerfect dislocation case the distances are 2.5 A between Ga
1.94 A and the average angle is 103°, while the bonds of thatoms and 3.33 A, 3.66 A between Ga and N atdhis.

other core atoms are expanded by 5%. Furthermore, in our Based on the above discussion, it is reasonable to postu-
12-atom ring(case b-mixedJa the distances between the late that 1/62023) partial dislocations in wurtzite GaN may
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FIG. 5. Elastic energy per unit lengty.;{r) stored in the region bounded by coaxial cylinders of radii r agdaRd the core energy
Ecord) =E4(r) —Egpastic @ @ function of Ifr) for the a-edge and b-edge configuratiofisarge symbols denote N-polarity, whereas small
symbols denote Ga-polarijyThe core radiusg is given by the radius below which linearity breaks down.
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FIG. 6. Elastic energy per unit lengHy,;dr) stored in the region bounded by coaxial cylinders of radindR,, and the core energy
Ecord 1) =E4(r) —Egpasiic @S a function of Ifr) for the a-mixed and b-mixed configurations. Symbols are as in Fig. 5.
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TABLE V. The calculated core radii, energies, and prelogarithmic factors of th@(ﬂ?ﬁ) partial dislocations of GaN in N-polarity. The
values for Ga-polarity are given in parentheses. The prelogarithmic factors obtained from anisotropic elasticity by the use of MSWp-
calculated elastic constanta)-w?) and by the use of experimental elastic constaAR>..) are given.

r E A MSWp exp
0 core elastic lastic
Partial dislocation Core configuration (A) (eVIA) (eVIA) (eV/IA)  (eVIA)
a-edge-a 5/7 20 (200 050+0.02 (0.45£0.01 079 (0.7  0.79 0.82
a-edge-b 8 31 (31 1.28+0.02 (1.34+0.02 079 (0.79  0.79 0.82
a-edge-c 8 31 (31 1.34+0.02 (1.39+0.02 078 (0.7  0.79 0.82
b-edge-a 5/7 25 (295 0.72+0.02 (0.76+0.02 0.78 (0.76 0.79 0.82
b-edge-b 8 25 (31 1.34+0.02 (1.43+0.03 0.75 (0.78 0.79 0.82
b-edge-c 12 25 (2.5 1.48+0.01 (1.39%+0.02 0.73 (0.73 0.79 0.82
a-mixed-a 8 31 (3D 1.17+0.02 (1.17+0.02 0.74 (0.79 0.73 0.76
a-mixed-b 5/7 20 (20 0.81+0.02 (0.96+0.02 0.73 (0.72 0.73 0.76
a-mixed-c 5/7 25 @3) 1.30+0.02 (1.48+0.02 0.73 (0.75 0.73 0.76
b-mixed-a 12 20 (20 0.99+0.02 (1.05+0.02 0.73 (0.72 0.73 0.76
b-mixed-b 10 3.1 (3) 1.60+0.02 (1.83+0.03 0.78 (0.83 0.73 0.76
b-mixed-c 8 31 3.) 1.77£0.03 (1.66%0.04 0.81 (0.89 0.73 0.76

contribute band gap states. However, in addition to the coreevealed. The 5/7- and 12-atom ring configurations have
structure, the strain environment in the surrounding crystabeen found favorable for partial dislocations, delineating a |
plays an important role. Further investigations are required ir6F formed by a collapsed vacancy disk or a precipitated
order to determine their influence on the band structure. interstitial loop, respectively. However, none of them has
In conclusion, we have systematically modeled thepeen found to consist of only tetrahedrally coordinated at-
1/6(2023) partial dislocations in wurtzite GaN using aniso- oms. Their core energies are larger than the edge type dislo-
tropic elasticity theory and empirical potential calculations.cations, and the energetically favorable models were found
Our calculations reveal twelve stable configurations in eacho require energies from 0.81 to 1.05 eV/A.
polarity and their core structures have been presented. The The empirical potential calculations have been also em-
core radii, energies, and the prelogarithmic factors have begployed to determine prelogarithmic factors of the partial dis-
calculated by plotting the elastic energy contained in twolocations, in satisfactory agreement with anisotropic elastic-
coaxial cylinders versus (n). Although there are difficulties ity theory, thus confirming the coherency of the calculations.
in determining the exact cylinder radius below which linear-  The majority of the dislocation core structures possessed
ity breaks down, the core radii have been calculated in theijther dangling bonds or highly distorted bond angles and
range between 2 and 3.1 A, and, in all cases, the smalleféngths. Since reduced coordination or strained bonds con-
cores belong to the energetically favorable configurations. tribute to the introduction of gap statés?®such dislocations
The 5/7 ring core in which the atoms are tetrahedrallycould be electrically active. Furthermore the core stress field
coordinated has been found energetically favorable amongould act as a trap for electrically active native deféets.,
the edge configurations; such cores have been calculated, Jcanciey or impurities.
all cases, to have energies less than 0.76 eV/A. The 8- and
12-atom rings have been found to require energies from 1.28 ACKNOWLEDGMENTS
to 1.48 eV/A.
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core configurationg8-, 5/7-, and 12- atom ringshas been the GSRT.

*Corresponding author. Electronic address: komnhnoy@auth.gr  2J. I. Pankove and T. D. Moustakas, $®miconductors and Semi-

1J. L. Rouviére, M. Arlery, B. Daudin, G. Feuillet, and O. Briot, metals edited by R. K. Willardson and E. R. Web@cademic,
Mater. Sci. Eng., B50, 61 (1997. New York, 1998, Vols. 50-57.

2Ph. Komninou, Th. Kehagias, J. Kioseoglou, E. Sarigiannidou, *N. E. Lee, R. C. Powell, Y. W. Kim, and J. E. Green, J. Vac. Sci.
Th. Karakostas, G. Nouet, P. Ruterana, K. Amimer, S. Mikrou-  Technol. A 13, 2293(1995.
lis, and A. Georgakilas, iisaN and Related Alloys 200@dited 5X. H. Wu, L. M. Brown, D. Kapolnek, S. Keller, B. Keller, S. P.
by U. Mishra, M. S. Shur, C. M. Wetzel, B. Gil, and K. Kishino, DenBaars, and J. S. Speck, J. Appl. Ph88, 3228(1996.
MRS Symposia Proceedings No. 6@@aterials Research Soci- 6V. Potin, P. Ruterana, and G. Nouet, J. Phys.: Condens. Matter
ety, Pittsburgh, 2001 G3.47. 12, 10301(2000.

035309-11



KIOSEOGLOUet al. PHYSICAL REVIEW B 70, 035309(2004)

7J. P. Hirth and J. LotheTheory of Dislocation2nd ed.(Wiley, Ph. Komninou, Comput. Mater. Sc27, 43 (2003.
New York, 1983. 213, Kioseoglou, Ph. Komninou, G. P. Dimitrakopulos, Th. Ke-
8J. Elsner, R. Jones, P. K. Sitch, V. D. Porezag, M. Elstner, Th. hagias, H. M. Polatoglou, G. Nouet, and Th. Karakostas, Solid-
Frauenheim, M. I. Heggie, S. Oberg, and P. R. Briddon, Phys. State Electron47, 553 (2003.

Rev. Lett. 79, 3672(1997%. 227, Bere, and A. Serra, Phys. Rev. 8, 085330(2002.
9A. F. Wright and U. Grossner, Appl. Phys. Let3, 2751(1998.  23A. T. Blumenau, C. J. Fall, J. Elsner, R. Jones, M. |. Heggie, and
10K, Leung, A. F. Wright, and E. B. Stechel, Appl. Phys. Letd, T. Frauenheim, Phys. Status Solidi @ 1684 (2003.
2495(1999. 24x. Blase, K. Lin, A. Canning, S. G. Louie, and D. C. Chrzan,
115, M. Lee, M. A. Belkhir, X. Y. Zhu, Y. H. Lee, Y. G. Hwang, and Phys. Rev. Lett.84, 5780(2000).
T. Frauenheim, Phys. Rev. B1, 16 033(2000. 25M. Kohyama, Modell. Simul. Mater. Sci. End.0, R31(2002.
123. E. Northrup, Appl. Phys. Leti78, 2288(2001). 263, Strite and H. Morkog, J. Vac. Sci. Technol.1®, 1237(1992.
133, H. Northrup, Phys. Rev. B6, 045204(2002. 27L. Verlet, Phys. Rev.159, 98 (1967).
14C. J. Fall, R. Jones, P. R. Briddon, A. T. Blumenau, T. Fauenheim?8C. Stampfl and C. G. Van de Walle, Phys. Rev.58, R15 052
and M. |. Heggie, Phys. Rev. B5, 245304(2002. (1998.
15M. Heggie and M. Nylen, Philos. Mag. B0, 543(1984). 29N. Aichoune, V. Potin, P. Ruterana, A. Hairie, G. Nouet, and E.
16A. T. Blumenau, M. 1. Heggie, C. J. Fall, R. Jones, and T. Frauen- Paumier, Comput. Mater. Scil7, 380(2000.
heim, Phys. Rev. B65, 205205(2002. 30A. Polian, M. Grimsditch, and J. Grzegory, J. Appl. Phye,
17A. Bere and A. Serra, Phys. Rev. &, 205323(2002. 3343(1996.
18 Stillinger and T. A. Weber, Phys. Rev. Bl1, 5262(1985. 31J. Elsner, A. T. Blumenau, T. Frauenheim, R. Jones, and M. I.

193, Kioseoglou, G. P. Dimitrakopulos, H. M. Polatoglou, L. Heggie, MRS Symposia Proceedings No. S98aterials Re-
Lymperakis, G. Nouet, and Ph. Komninou, Diamond Relat. search Society, Pittsburgh, 2000vV9.3.1.
Mater. 11, 905 (2002. 32M. Albrecht, H. P. Strunk, J. L. Weyher, I. Grzegory, S. Porowski,
20J. Kioseoglou, H. M. Polatoglou, L. Lymperakis, G. Nouet, and  and T. Wosinski, J. Appl. Phys92, 2000(2002.

035309-12



