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Structure of †0001‡ tilt boundaries in GaN obtained by simulation with empirical potentials

Antoine Béré and Anna Serra*
Department de Matema`tica Aplicada III, Escola Te´cnica Superior Enginyeria de Camins, Canals i Ports,
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The atomic structures of@0001# tilt boundaries from 9.3° to 44.8° misorientation angles in wurtzite gallium
nitride have been studied by atomic computer simulation using two interatomic potentials of the Stillinger-
Weber and shell-model types. For each misorientation of the two adjacent crystals several periodic boundaries
have been considered. A relation between the boundary structures and the cores of the prisma-edge dislocation
has been established. The structures of some boundaries of larger periods found experimentally have been
investigated, and it was found that in some cases they are energetically more favorable than the boundaries of
shortest period.
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I. INTRODUCTION

GaN is a semiconductor that presents a high applicab
in optoelectronics and in high-power, high-frequency d
vices. However, a significant density of extended defe
~threading dislocations, grain boundaries,...! is observed in
the grown GaN and some of them are detrimental to
performance of the device. When the growth is produced
the ~0001! surface of the substrate and the mosaic grow
mode applies, individual islands rotated around the@0001#
axis1 are formed. The misorientation between these isla
gives rise to a tilt boundary formation that is often associa
with electronic states in covalent semiconductors. Thus,
important to know their atomic structure from which we c
determine whether the electronic states are caused by
intrinsic structural features of the boundary, or by impurit
segregated to the boundary. Recently, high-resolution e
tron microscopy~HREM! images of periodic interfaces suc
as the symmetricS19, S7, andS13 and asymmetricS7 tilt
boundaries have been reported.1 There is experimental evi
dence that these boundaries contain1

3 @21̄1̄0# edge disloca-
tions. In a recent paper2 we presented a preliminary study b
atomic computer simulation of some periodic boundaries
lated to theS19, S7, andS13 coincident site lattice. The
procedure of creating the bicrystal and considerations of
possible initial configurations were described there.

In this paper we present the atomic structure of severa
boundaries of low and high angles of misorientation. W
show that the structural units associated to all of them can
explained in terms of combinations of the three stable co
of the 1

3 @21̄1̄0# edge dislocation, namely, the57 channel, 4
channel, and 8 channel.2–3 Two empirical potentials have
been used, a modified Stillinger-Weber~SW! and shell-
model potential. The SW potential was previously used
the study ofa andc dislocations in GaN.3

II. COMPUTATIONAL METHOD

The simulated system is a bicrystal with a periodic int
face containing up to 4000 relaxable atoms. Periodic bou
aries were applied in the directions along the interfa
whereas in the direction perpendicular to the interface
0163-1829/2002/66~8!/085330~7!/$20.00 66 0853
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boundary was considered periodic if there is an antimir
symmetry perpendicular to the interface,2 otherwise the
boundary was fixed. We notice that the application of t
shell model imposes periodic boundaries in all directio
The relaxation procedure is a combination of the conjug
gradient method and the quench-molecular dynamic meth
The relaxation finished when the temperature was sma
than 1026 K ~SW calculations! or when the gradient norm
falls bellow a certain tolerance~shell-model calculations!.4

The details of the computational methods can be found
Ref. 2 for the tilt boundary model and in Refs. 3–6 for t
interatomic potentials.

A. Tilt boundary model

Let us consider two crystals, white~l! and black~m!,
initially superimposed. Let us rotate by an anglea the white
crystal anticlockwise around a@0001# axis that passes
through an atomic site. The obtained dichromatic comp
has certain atoms in coincidence that forms a superlatt
namely, the coincident site lattice~CSL! that is common to
the two crystals~see Fig. 1!. The interface plane of the bic
rystal is chosen among the planes of the CSL. Figure
shows the two planes chosen in our work for theS19. The
bicrystal is created by discarding the white crystal from t
one side of the chosen plane and the black crystal from
other side. The CSL is characterized by the multiplicityS
~ratio between the volume of the unit cells of the CSL a
the crystal lattice!. In the case of the hexagonal symmet
there are two different angles of rotation~a1 anda2! about
the c axis that lead to the same CSL~see Ref. 7, Appendix
A!. They are related bya11a2560°. In Table II the rota-
tion angles of minimum valueamin for the interfaces studied
are listed. For a given crystallographic plane of the CSL~i.e.,
for a given interface!, the angleu formed by the (112̄0)l and
(112̄0)m planes closer to the interface~see Fig. 1! coincides
either witha1 or a2 . This angleu is defined as the misori
entation angle of the interface. In Table II the misorientati
angles measured on our simulations are listed. For a g
CSL, the misorientation angle is either the rotation anglea
or its complementary to 60°.
©2002 The American Physical Society30-1
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ANTOINE BÉRÉ AND ANNA SERRA PHYSICAL REVIEW B 66, 085330 ~2002!
When the crystals exhibit ann-atom basis, the bottom
surface of the upper crystal~assumed to bel! can be termi-
nated atn different levels thereby leading ton distinguish-
able unrelaxed surfaces. The same situation arises to thm
crystal. In the present study, limited to@0001# tilt boundaries,
there are two possible levels~a andb type! corresponding to
the two basal planes. Thus, there are four possible interf
a(l)/a(m), a(l)/b(m), b(l)/a(m), and b(l)/b(m), al-
though symmetries can reduce the total number to be con
ered. Once the interface is constructed, the relative displ
ments parallel to the interface that can produce differ
configurations are considered. These displacements in a
riodic boundary are confined to a Wigner-Seitz cell, i.e.,
cell of nonidentical displacements~CNID!.8 Therefore, dis-
tinct CNID’s should be considered for each interface exc
in the interfaces that contain botha- andb-type atoms, then
a unique CNID exists.9 This is, for example, the case of th
symmetric boundaryS13 along the (27̄50) plane.

In each CNID the configurations that correspond to str
tures of a local minimum energy were identified in the c
respondingg surface calculated applying relative displac
ments of the two half crystals parallel to the boundary.
some cases a displacement along thec direction restores lo-
cally the environment of the perfect crystal reducing sign
cantly the surface energy.

FIG. 1. Dichromatic complex ofS19. The two boundaries stud

ied (25̄30) and (18̄70) are shown within a CSL unit cell. Th
misorientation anglesu for each boundary are indicated. The sm
circles represent N atoms inA sites of the wurtzite lattice, big
circles represent Ga atoms inB sites. Notice that one small circl
superimposed one big circle and vice versa.
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B. Interatomic potential

The potential model used is an empirical potential
Stillinger-Weber type that was previously used for the cal
lation of atomic structures in semiconductors.10–12 It has
been adapted to take into account the different possible
teractions in GaN, namely, Ga-N, Ga-Ga, and N-N.3,13 We
have used this potential in the simulation of the cores
crystal dislocations in GaN obtaining core structures in
cordance with the HREM observations.1

In order to study the influence of the potential on t
simulated structures and energies, we have also used an
empirical potential, the shell model.4 This model consists of
a long-range Coulombic term and a short-range interac
of Buckinghan form. The polarization of nitrogen atoms
considered by modeling the electrons with a massless s
harmonically coupled to the core. This potential is more su
able for GaN than the SW model because it considers
partly ionic character of this material. However, it is mo
expensive in calculation time and it is restricted to simu
tions with periodic boundary conditions. Therefore we us
the SW potential for the calculation of theg surfaces of each
CNID. The identified configurations of low energy are th
relaxed using the shell model in order to check if the str
ture conserves its geometry and to calculate the bound
energy.

It was found that the shell model does not introduce n
~other than the5

7, 4, and 8! structural units. The shell mode
gives no strongly preferred structure whereas the Stilling
Weber potential yields a clear structural minimum~5

7!, which
is actually the highest in energy using the shell model.
Table I the energies of the three structural units calcula
with both potentials are presented for theS19 boundary.

III. RESULTS

The atomic structures and the values of the energies
will be presented in the following have been obtained w
the SW empirical potential. A variety of@0001# tilt bound-
aries with misorientation angles fromu59.3° ~correspond-
ing to S37! to u544.8° ~corresponding toS43! have been
simulated. There are experimental images for most of
boundaries studied, some of them have been found in G
~Ref. 1! and the others in materials of wurtzite structure.7,14

TABLE I. S19 (25̄30) tilt boundary energy as a function o
interatomic potentials. Two sets of parameters have been use
the description of the shell model. More detailed descriptions
atomic structures exhibiting the57- and 4-atom rings are given in
previous paper@see Ref. 2, Figs. 5~a! and 5~b!#.

Structure Energy~mJ/m2!

Stillinger-Weber Shell model
5
7 1518 2078a 2073b

4 1806 2014a 2051b

8 1934 1958a 1963b

aUsing shell model parameters given by Zapol, Pandey, and G
~Ref. 5!.

bUsing shell model parameters given by Chisholm, Lewis, a
Bristowe ~Ref. 6!.
0-2
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TABLE II. The data for@0001# tilt boundaries.acalc corresponds to the rotation angle calculated in
low angle approximation,amin is the minimum rotation angle given in Ref. 15 andDa their deviation. The
angleu, measured in the simulated boundaries, refers to the misorientation angle.DE is the lower structure
energy. The length of period vectors along the interfaces~T! and the total Burgers vector~b! in the low angle
approximation are given in lattice parameter units.

S Indices b(a) T(a) acalc amin Da ~%! u DE ~mJ/m2!

37 (37̄40) 1 A37 9.3 9.3 3 9.3 1286

19 (25̄30) 1 A19 12.9 13.2 3 13.4 1518

(18̄70) ) A57 46.6 1757

31 (16̄50) ) A31 17.3 17.9 3 42.2 2062

(7̄1 14̄0) 3 A93 17.8 1447

49 (38̄50) 2 A49 16.0 16.4 3 16.3 1692

13 (14̄30) ) A13 25.7 27.8 8 32.2 1528

(27̄50) 3 A39 27.8 2185

7 (13̄20) 1 A7 20.7 21.8 4 21.6 1827

(01̄10) A7 A49 38.4 1642

43 (17̄60) ) A43 14.8 15.2 3 44.8 1834
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It follows a description of their atomic structure and som
energetic considerations. As a general trend, all struct
units can be related to the structures of the cores of tha
edge dislocation. These cores have been previously stu
with the same SW potential,3 giving three possible stabl
structures formed by57 channels, 4 channels, and 8 channe
respectively, the5

7 core being the one of lowest energy. Th
core is related to a line dislocation located in the wide
spaced$11̄00% glide planes whereas the 4 and 8 cores
related to a line dislocation located in the narrow spa
planes.

Table II gives the crystallographic parameters and low
energy structures of the bicrystals studied. There is no
clear relationship between the energy and other charact
tics of the boundary such as the misorientation, the perio
distance along the directionT perpendicular to the@0001#
direction or the number and shape of the channels that f
the structural unit. Therefore, in this section we present
classifications. On the one hand, we have grouped the bo
aries according to the relative surface energy; we distingu
three groups, i.e., the boundaries of low energy and
angle of misorientation, the boundaries of highest ene
and all the others. On the other hand, we present an alte
tive grouping by considering the composition of the stru
tural units.

A. Low-misorientation-angle–low-energy boundaries

The low angle tilt boundaries are formed by arrays
edge dislocations, in accordance with the description
simple dislocation boundaries. We consider in this gro
misorientation angles of 9.3°, 13.2°, and 17.8°.

The S37 boundary with a misorientation ofu59.3° and
boundary plane (374̄0) and theS19 boundary with a misori-
entation ofu513.2° and boundary plane (253̄0) have simi-
lar characteristics. In both cases, the boundary of minim
08533
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energy corresponds to a configuration of thea(l)/b(m) or
the b(l)/a(m) type, where the structural unit is the57 chan-
nel @Figs. 2~a!–2~d!#, whereas the a(l)/a(m) and
b(l)/b(m) types present a single stable configuration with
four-channel structure@Fig. 2~e!#.

Figure 2~a! shows the configuration of minimum energ
~1286 mJ/m2! of the S37. It is formed by one dislocation o
5
7 type per period,T5 1

3 @11,10̄,1̄,0#, which gives a linear
density of dislocations alongT of 0.05 Å21. Taking one of
the single crystals as reference, the corresponding Bur
vector of the dislocation isb15 1

3 @ 1̄1̄20#. In the bicrystal the
Burgers vector is perpendicular to the boundary and the
proximation for the low angle boundaries, i.e., tga
5ubu/uTu, is accomplished. Three other stable configuratio
of higher energy exist~1920, 2071, and 2209 mJ/m2! which
are related to the previous one by a translation«T(0,«
,1). Figures 2~b!–2~d! show that their structural units ar
formed by two 5

7 dislocations with Burgers vectorsb2 and
b3 , whereb21b35b1 . The fact that double amount of dis
locations accommodate the same misorientation explains
increase in energy. Figure 2~e! shows the boundary forme
by 4 channels. The energy per unit area of this boundar
1485 mJ/m2. The energy of the 4-channel configuration
higher than the energy of the57-channel configuration in ac
cordance to the energies of the corresponding edge disl
tion cores.3

TheS19 boundary along the plane (253̄0) with a misori-
entation ofu513.2° follows the same pattern as theS37.
This plane presents the shorter periodT15 1

3 @ 8̄710# and the
configuration of lowest energy~1518 mJ/m2! corresponds to
a structural unit of one57 channel~for more detailed descrip
tion, see Ref. 2!. A secondS19 boundary of larger period
along the plane (187̄0) is shown in Fig. 3. The period i
T25 1

3 @15̄,6,9,0# and it is formed by two5
7 channels of Bur-

gers vectorsb1 and b2 that provide a total Burgers vecto
0-3
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FIG. 2. Atomic structures of theS37 (u513.4°) (37̄40) tilt boundary. The closed circles represent N atoms inA sites of the wurtzite
lattice, open circles represent Ga atoms inB sites. Notice that one closed circle superimposed one open circle and vice versa. The str
in ~a! and ~e! correspond toa(l)/b(m) and b(l)/b(m) configurations, respectively. The structures in~b!, ~c!, and ~d! correspond to
translation states of thea(l)/b(m) starting configuration. The structure in~a! is the most energetically favorable.
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@01̄10#. In this case the energy is 1757 mJ/m2. The compo-
nents ofb1 andb2 parallel to the boundary cancel each oth
but they contribute to the increase in the energy of
boundary. In bothS19 boundaries the low angle bounda
approximation gives the same rotation angle of 12.9°.

FIG. 3. Atomic structure of the lower-energyS19 (u546.6°)

(18̄70) tilt boundary.
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In the same group we have included theS31 boundary
with a misorientation ofu517.8° and boundary plane

(7̄114̄0). Although the angle is not small, this boundary h
low energy and the structural units can be described as in
previous cases. The configuration of minimum energy~1447
mJ/m2! is formed by a set of three57 channels within a period
T5@56̄10#, as shown in Fig. 4~a!. By creating a Burgers
circuit around one of the57 channels and taking one of th
crystals as reference it is still possible to identify it as ana
edge dislocation. Thus, the total effective Burgers vector
period is 3a and the associated rotation angle within the lo
angle approximation is 17.3° with an errorDa50.5° ~2.8
%!. Figure 4~b! shows a HREM image14 of the same bound-
ary in AlN. Based solely on a geometrical model, Potin a
co-workers described the boundary as formed by two diff
ent channels~ 5

7 and 8!. With energetic calculations, the com
0-4
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STRUCTURE OF@0001# TILT BOUNDARIES IN GaN . . . PHYSICAL REVIEW B66, 085330 ~2002!
parison between the simulated boundary and the experim
tal image allows a more accurate identification of the atom
structure of the boundary, especially in such places where
local distortion associated to the channels does not giv
clear image. The simulation shows that the structure of lo
energy of this boundary is described with only one type
channels, i.e.,57 channels according to the SW potential.

Unlike the boundaries presented above, theS49 boundary
with a misorientation ofu516.3° and boundary plan
(38̄50) cannot be accommodated solely by5

7 channels. It is
formed by one5

7 and one 4 channel equally distributed in
period ofT5 1

3 @13,11̄,2̄,0# as shown in Fig. 5. We have in
cluded this boundary in the group of low angle boundar
because of the reasonable agreement with the low angle
proximation ~a516.0°, 3% of error!. The energy per unit
area is 1692 mJ/m2. The reason for which this energy
bigger than that associated with the misorientation ofu
517.8° is because the present boundary has a 4 channel
which has bigger energy than the5

7 channel~at least within
the SW potential!.

B. Tilt boundaries of high energy

We describe in this section the boundaries that in the m
stable configuration present the highest energies~above 2000

FIG. 4. ~a! Atomic structure of the lower-energyS31 (u

517.8°) (4̄117̄0) tilt boundary.~b! High-resolution micrograph of

the S31 (u517.8°) (4̄117̄0) tilt boundary in AlN ~Ref. 14!.

FIG. 5. Atomic structure of the lower-energyS49 (u516.3°)

(38̄50) tilt boundary.
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mJ/m2!. This is the case of the second boundary studied
the S31 CSL along the plane (165̄0) and misorientationu
542.2° ~see Fig. 6!. It has a shorter period (T
5 1

3 @11̄,7,4,0#) but higher energy~2062 mJ/m2!, compared
with the S31 boundary described in Sec. III A. In this ca
the angle of rotationa517.8° has to be accommodated b
an effective total dislocation with a Burgers vector equal
a). This is achieved by two57 channels oriented such tha
the sum of their Burgers vectors is of the@11̄00# type. The
increase in energy is due to the fact that the dislocations h
components of the Burgers vectors parallel to the bound
that although cancel each other but contribute to the t
energy. The same situation is found inS19 ~Fig. 3!.

TheS13 boundary with a misorientation ofu527.8° and
boundary plane (275̄0) has the highest energy among t
studied boundaries~2185 mJ/m2!. The plane (27̄50) contains
atoms of both ‘‘a’’ and ‘‘ b’’ types and therefore only one
CNID exists. Figure 7~a! shows the relaxed configuration o
minimum energy which is formed by three57 channels along
T5@34̄10#. In this case the low angle approximation wou
assign a misorientation of 25.7°~8% of error! indicating that
this boundary cannot be understood as the superpositio
crystal dislocations in a single crystal. This structure is
agreement with the experimental micrographs in ZnO.7 Un-
der a relative translation of the crystals alongT, another
configuration formed by a structural unit of 8-5

7-4 channels
can be found@see Fig. 7~b!#. However, it has higher energ
due to the big distortions of the bonds around the 4 chan

C. Other tilt boundaries

As for S31, in the case ofS13 we have also studied
another plane with shorter period, i.e., the (143̄0) plane and
misorientationu532.2° ~see Fig. 8! where T5 1

3 @ 7̄250#.
The most stable configuration~1528 mJ/m2! is formed by
units of two 5

7 channels alternatively oriented and arranged
a continuous way forming a corrugated interface. This str
ture was found experimentally in ZnO.7

Two boundaries have been studied forS7 CSL and mini-
mum rotation anglea521.79°. The first along the (132̄0)
plane, is symmetric and has a misorientationu521.6° and a

FIG. 6. Atomic structure of the lower-energyS31 (u542.2°)

(16̄50) tilt boundary.
0-5
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ANTOINE BÉRÉ AND ANNA SERRA PHYSICAL REVIEW B 66, 085330 ~2002!
period T5 1
3 @ 5̄140#. The low angle approximation gives

rotation ofa520.7°, with an error of less than 4%. As wit
theS37 andS19 boundaries, two different CNID’s exist ex
hibiting 5

7 channels and 4 channels respectively in the sta
configurations. The boundary of lower energy~1827 mJ/m2!
corresponds to a structure with one5

7 channel~for more de-
tailed description see Ref. 2, Fig. 7!.

The second boundary~Fig. 9! is asymmetric and it is
formed by joining the planes (011̄0)l of the upper crystal
and (38̄50)m of the lower crystal. The misorientation angle
u538.4°. It is formed by three57 channels distributed in a
period T5 7

3 @21̄1̄0#l[ 1
3 @13̄,2,11,0#m . The energy of the

configuration shown in Fig. 9 is 1642 mJ/m2.

FIG. 7. Atomic structures of theS13 (u527.8°) 25̄70 tilt
boundary. The interface plane comprises botha- andb-type atoms.
The structure in~a! corresponds to a translation state of the str
ture in ~b!. The structure in~a! has the smaller energy.

FIG. 8. Atomic structures of the lower-energyS13 (u532.2°)

(14̄30) tilt boundary.
08533
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Finally we consider theS43 CSL with a minimum rota-
tion angle a515.2°. The boundary chosen is along t
(17̄60) plane and has a misorientation angle ofu544.8°.
Figure 10 shows the configuration of lower energy~1834
mJ/m2! formed by two 5

7 channels in a periodT
5@13̄,5,8,0#. Their orientations provide total Burgers vect
of the @011̄0# type and would accommodate an angle
14.8° within the low angle boundary model.

D. Summary about the structural units

The structural units of the stable tilt boundaries can
described in terms of the three stable cores of the pr
a-edge dislocation.2–3 Thus, the boundary structures can
classified into three groups according to the combination
these units.

The first group is composed of boundaries with only o
type of n-coordinated channel, i.e.,S37 (37̄40), S19
(25̄30), andS7 (13̄20). We obtained that the configuration
of a(l)/b(m) type give rise to interfaces with57-coordinated
channels@Fig. 2~a!#, whereas configurations ofb(l)/b(m)
type give rise to interfaces with 4-coordinated channels@Fig.
2~e!#. Other interfaces corresponding to translation states
the a(l)/b(m) type are obtained and exhibit two57-
coordinated channels of alternate orientations@Figs. 2~b! and
2~d!#. For this group, the5

7 interface is the structure of lowe
energy in agreement with the experimental results.1

-

FIG. 9. Atomic structure of the lower-energyS7 (u538.4°)

(01̄10)/(38̄50) tilt boundary.

FIG. 10. Atomic structure of the lower-energyS43 (u544.8°)

(17̄60) tilt boundary.
0-6
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STRUCTURE OF@0001# TILT BOUNDARIES IN GaN . . . PHYSICAL REVIEW B66, 085330 ~2002!
The second group is composed of planar boundaries
contain at least two types ofn-coordinated channels, i.e
S49 (38̄50), S13 (14̄30), andS13 (27̄50). They also give
rise to corrugated interfaces corresponding to translati
states with5

7-atom rings of alternate orientations~Figs. 5, 7,
and 8!. Our calculations show that they are energetica
more favorable than the planar interfaces. Kiselev and
workers give experimental evidence of these boundarie
ZnO.7

The third group is formed by boundaries such that
most stable configuration contains at least two5

7 channels,
i.e., S7 (01̄10)/(38̄50), S19 (18̄70), S31 (16̄50), S31
(41̄1̄70), andS43 (17̄60). Experimental evidence is give
in Refs. 1 and 7.

IV. SUMMARY AND CONCLUDING REMARKS

We have simulated@0001# tilt boundaries from 9.3° to
44.8° misorientation angles using an empirical potential
Stillinger-Weber type and the shell model. For each bou
ary we have considered the different possible cells of n
identical displacements and we have calculated the co
sponding g surfaces to search all possible stab
configurations. In all boundaries the structural units a
formed by combinations of57-, 4-, and/or 8-coordinated chan
nels. No other stable atomic structures were found eit
with the SW potential or with the shell-model potentia
Other structures reported previously16–17 in other materials
of wurtzite structure are related to the ones reported in
work by a relative translation of the crystals along the int
face and they present higher energy. Comparing the stu
semiconductor to other simpler hexagonal structures, suc
pure metals where the energy changes smoothly with
position of the atoms, the strongly directional character
the bonds in GaN limits the rearrangement of the atoms
c

r

n

o
g
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structures where the change of bond length and angl
minimized. This limits, in fact, the number of atomic stru
tural units to the three found experimentally and repor
here. This could explain the coincidence of the two potent
about the stable structures even if they present different r
tive energies.

The 5
7-, 4-, and/or 8-coordinated channels have the sa

atomic structure as the stable cores of thea-edge dislocation.
In fact, boundaries with rotation angles up to 18° can
identified as alignments ofa-edge dislocations since the a
proximation for the low angle boundaries, i.e., tga
5ubu/uTu, is accomplished within 3% of error.

If a tilt boundary appears as a consequence of the lat
growth of two islands, the rotation angle is fixed and the
fore the only variable that can influence the final surfa
energy is the boundary plane. This may explain the app
ance of faceted interfaces where the increase in surfac
compensated by the lower energy of the planes of the fac
In some CSL we found that boundaries with large period
more stable than that with smallest period. The energy
unit area is better related to the density of coordinated ch
nels than to the length of the period. Moreover, no cl
relationship has been found between energies and miso
tation angles. The stable structures are in agreement with
experimental HREM images obtained either in GaN or ot
crystals of wurtzite structure concerning theS19 (25̄30),1

S7 (13̄20),1 S7 (01̄10)/(38̄50),1 S31 (41̄1̄70),14 S13
(14̄30),7 andS13 (27̄50) ~Ref. 7! boundaries.
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