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Structural units and low-energy configurations of †0001‡ tilt grain boundaries in GaN
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The potential energy of̂0001& tilt coincidence grain boundaries has been calculated using a Stillinger-Weber
potential that was previously adapted to wurtzite~GaN! in order to take into account the Ga–Ga and N–N
wrong bonds. The atomic structures of the grain boundaries have been determined for the lowest-energy
configuration. They are described in terms of a limited number of structural units corresponding to the cores of

the 1
3 ^112̄0& edge dislocation. The potential energy curve versus tilt angle shows two energy minima forS

57 and 13.

DOI: 10.1103/PhysRevB.67.205210 PACS number~s!: 61.72.Mm, 68.35.2p, 68.37.2d.
as
t-

b
6.
m
e

ul
e
a
a
ta
ac
ti

ip
o
e

ed
ie

te

pe
th

b
t t
th

ica
e
y
oin

o

of
n

on
er-

60°
gle

alt
ca-

r
ing
p-

less
ded
tain-
e to

nd

ed
nd-

;
ot
er

t
-V
und
ds,
of
in-

cts,
er-
of
I. INTRODUCTION

III–V nitride semiconductors have experienced a very f
evolution for the last decade with the fabrication of ligh
emitting diodes~LED’s! and laser diodes~LD’s!.1 These
semiconductors, GaN, AlN, and InN are characterized
direct band gaps ranging from less than 1.0 eV for InN to
eV for AlN; they are highly promising in devices active fro
the red to the ultraviolet range of the optical spectrum. Th
are grown by heteroepitaxy due to the lack of suitable b
crystals for substrates. A large variety of substrates have b
tested and sapphire is now the most commonly used,
though the lattice parameters and the thermal coefficient
highly mismatched. As a consequence, the layers con
large densities of threading dislocations which can re
1010 cm22. Other crystallographic defects such as prisma
stacking faults, inversion domain boundaries, and nanop
are also present. The origin of this very high density
threading dislocations is connected to the growth proc
resulting in a mosaic structure of slightly misorient
grains.2 Thus, low-angle and high-angle grain boundar
may form and their atomic structures have been analyzed
high-resolution transmission electron microscopy~HREM!.3

The atomic structure of grain boundaries has been ex
sively studied by HREM mainly in cubic systems.4

In the same way, energetic calculations have been
formed on special grain boundaries described in terms of
coincidence site lattice concept in the cubic system.5 The
description of these special grain boundaries in noncu
systems needs some approximation to take into accoun
nature of the parametric ratios. This approach results in
description of an experimental case by different theoret
coincidence relationship according to the chos
approximation.6 The introduction of the topological theor
and the circuit mapping has allowed analysis of these c
cidence orientations without approximation.7 In the case of
wurtzite structure, high-resolution electron microscopy
special grain boundaries was performed in zinc oxide8 and
gallium nitride.3 It was shown that the atomic structure
^0001& tilt grain boundaries in gallium nitride is based o
0163-1829/2003/67~20!/205210~7!/$20.00 67 2052
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periodic structure involving different cores of the1
3 ^112̄0&

edge dislocation. Atomistic simulation of these dislocati
cores9,10 and some coincidence grain boundaries was und
taken to determine their relative stability.11,12 In this work,
we calculated the energy of grain boundaries in the 0°–
range in order to determine the behavior versus the tilt an
as already reported for metals,13 semiconductors,14 and
ceramics.15

II. INTERATOMIC POTENTIAL

The energetic calculations in nitride semiconductors de
with the core structure of edge and screw threading dislo
tions using anab initio local-density functional cluste
method or a density functional based on the tight-bind
method.16,17 and a density-functional–pseudopotential a
proach was used for stacking faults.18,19These methods give
accurate and reliable results but they use cells containing
than 100 atoms, which is not enough to analyze exten
defects such as grain boundaries. For the latter, cells con
ing a large number of atoms, 500–6000, are necessary du
the length of the period of the coincidence cell unit, a
empirical potentials are still the most appropriate.

Available empirical potentials have been previously us
to calculate the potential energy of defects and grain bou
aries in semiconductors;20–23 they led to a good insight for
elemental semiconductors. Potentials of Keating20 and of
Baraff, Kane, and Schluter21 are limited by the surroundings
they can only deal with four-atom coordination and do n
accept dangling bonds. Two other potentials, from Stilling
and Weber22 and from Tersoff,23 which can take into accoun
any atomic surrounding, have been widely used for III
compound semiconductors. The treatment of compo
semiconductors raises the problem of the wrong bon
which form in crystallographic defects. In the framework
the shell-model approach, a set of interatomic potential
cluding wrong bonds has been developed for GaN.24 This
potential has a rather high computing cost for large defe
so we have made a different parametrization of the Stilling
Weber potential in order to allow a complete calculation
©2003 The American Physical Society10-1
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any atomic configuration, dangling, or wrong or exce
bonds.25

The Stillinger-Weber potential was initially proposed
order to analyze modifications in local order that may oc
during melt in semiconductors. It is based on two terms: o
for the interaction between two atoms that account for
variations of bonds lengths, and second, a three-body te
which describes the modifications of the angle between
oms. To adapt this potential to compound semiconductors
form has been retained and only the values of some par
eters were changed.25 As usual, the energy is divided in tw
terms, the pair potentialn2 and the three-body termn3 :

n25«A~Bri j
2421!exp@~r i j 2a!21#, r i j 5di j /s

where« is the cohesive energy,di j is the length of the bond
anda is the cutoff value, and

n35«l exp@g~r i j 2a!211g~r ik2a!21#@cosu j ik1 1
3 #2,

whereu is the angle betweenr i and r j .
In such noncentrosymmetric materials, inversion doma

are possible. Two models have been proposed. The
model is based on the exchange of anions and cations an

$11̄00% boundary plane contains wrong bonds~Ga–Ga and
N–N!; small modifications of the bond lengths and sm
distortions of the angles are expected.26 The second model is
obtained by adding a translation component,c/2, to the in-
version operation in order to eliminate these wro
bonds.27,28 This translation changes the atomic structure
the interface; it gives rise to 4- and 8-atom rings with diffe
ent bond lengths and angles. In our case, the optimizatio
the parameters was carried out for the Ga–N bonds on
elastic constants to fit with the experimental data obtained
Polian, Grimsditch, and Grzegohy.29 For the wrong bonds
the interaction parameters were obtained after fitting with
ab initio calculation of the Holt model,27 and the final set is
reported in Table I.25 In fact, three sets are used according
the type of bonds. On this basis, the increase of the par
eter l is justified by the best fit of the elastic constants
wurtzite GaN. For the Ga–Ga bond, the bulk modulus o
gallium crystal was taken as a reference, from these par
eters a value of 134 GPa is obtained with respect to 66.9
by the local density approximation~LDA ! calculation.30

These values obtained with the Stillinger-Weber potential
acceptable by comparison to those deduced fromab initio
calculation8 ~Table II!.

TABLE I. Parameters of Stillinger-Weber potential adapted
GaN.

Parameters Ga–N Ga–Ga N–N

« ~eV! 2.17 0.665 0.665
s ~nm! 0.1695 0.2038 0.1302

l 32.5 26.76 26.76

A 7.917
B 0.720
a 1.8
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Systematic variations of the cohesive energy and cu
radius for the Ga–Ga and N–N bonds shows that the ene
of the Holt model is in the range 1400–2800 mJ/m2 for
0.265,«,1.2 eV and for 0.16,a,0.19 nm. Similar modi-
fication of the parameters has been recently used to calcu
the energy of dislocation cores in GaN~Ref. 10! ~Table III!.

As can be noticed, the values of the core energy are s
sitive to the choice of the parameters. For the first choic9

the three cores are distinguished, whereas in the seco10

the energy is the same for two configurations~4- and 8-atom
ring!. These results confirm that the capacities of empiri
potentials are quite limited. However, even if the absol
value of the energy may not be reached in such calculatio
the results may show the hierarchy and allow understand
the behavior of the energy of grain boundaries versus the
angle.31

The relaxation was performed using the Verlet molecu
dynamic scheme32 and the defect energy was derived as t
excess with respect to the bulk crystal.E0GaN, E0GaGa, and
E0NN are the reference energies of the various bonds. In
calculations, we have taken24.43, 21.33, and21.33 eV,
respectively. These values correspond to the minimum of
energies for the Ga–N, Ga–Ga, and N–N bonds optimi
for our modified Stillinger-Weber potential. Of cours
E0GaGaandE0NN are only used in cores where wrong bon
are located: we have

DE5E2nGaNE0GaN2nGaGaE0GaGa2nNNE0NN,

whereE is the total energy calculated with the three para
etrizations,E0GaN, E0GaGa, andE0NN are the reference ener
gies of possible bondings, andnGaN, nGaGa, andnNN are the
number of specific bonds.

Each supercell contains two identical grain boundar
and the periodic condition is applied in the three directio
The size of the cell containing the grain boundary var
from 416 atoms forS57 with a 57-atom ring configuration

TABLE II. Energy values~mJ/m2! for the two models of inver-
sion domain boundaries~IDB!.

Ab initioa This work

IDB with wrong bonds 2663 2361
IDB without wrong bonds 400 567

aReference 27.

TABLE III. Energy of the core of the1
3 ^112̄0& edge dislocation

for two parameterizations of the Stillinger-Weber~SW! potential
and for theab initio calculation~eV/Å!.

SWa SWb Elsnerc

5/7 0.45 1.46
8 0.785 1.72 2.19
4 1.017 1.72

aReference 9.
bReference 10.
cReference 16.
0-2
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TABLE IV. The smallest rotation angles around^0001& for S,100; the values for@0001# are shown in bold.

S 91a 61 37 91b 73 19 43 49 31 7 67 79 13 97

Q° 6.01 7.34 9.43 10.42 11.64 13.17 15.18 16.43 17.90 21.78 24.43 26.00 27.80 29.41

uvw 0001 0001 0001 0001̄ 0001̄ 0001 0001̄ 0001 0001̄ 0001 0001̄ 0001 0001̄ 0001
Q° 53.99 52.66 50.57 49.58 48.36 46.83 44.82 43.57 42.10 38.21 35.57 34.00 32.20 30.60

uvw 0001̄ 0001̄ 0001̄ 0001 0001 0001̄ 0001 0001̄ 0001 0001̄ 0001 0001̄ 0001 0001̄
ic
th
rd
io

th

cp

t-
In

e
ve
d

ns

-

o-

°
s

n
n

ja

o
e

en-

six

e
-

in-
lex
ed
ds
ated

lo-

ted:
a-

ted
the
ary
itz
of

een
out

he

ion
the

res
to more than 5500 atoms forS591b with a 571657266 666
atomic structure for the period of the unit cell~5, 7, and 6 are
the numbers of atoms forming defectuous rings for 5 and
and perfect rings of the wurtzite structure, 6!.

III. COINCIDENCE GRAIN BOUNDARIES

Two adjacent grains may be described by a geometr
transformation such as a rotation. The introduction of
interface or grain boundary needs more parameters in o
to define the indices of the interface plane and its posit
with respect to an origin.4 The character~tilt, twist, or mixed!
is given by the relative position of the rotation axis wi
respect to the grain boundary plane~parallel, normal, or in-
termediate!. The wurtzite structure corresponds to two h
lattices translated along the^0001& axis byu. In the concept
of the coincidence site lattice~CSL!,33 the formation of a
three-dimensional~3D! superlattice is linked to the parame
ric ratios except for the cubic system which is isometric.
the hexagonal system, only the rotations about^001& and
^uv0& axes are independent of thec/a ratio. These CSL’s are
characterized by an indexS corresponding to the ratio of th
unit cells of the crystal and CSL. Different methods ha
been proposed to calculate the possible rotations for the
ferentS. Thus, it is possible to list the different descriptio
with the smallest rotation angleQ as well as their eleven
equivalents for an upper limit ofS using a generation
function34 ~Table IV!. We notice that two different descrip
tions are only possible in the case ofS591: S591a/Q
56.01° and 91b/Q510.42°. Moreover, due to the hexag
nal symmetry,P6/m mm, which includes a sixfold rotation
axis parallel to@0001#, the smallest angle is lower than 30
with Q5Q660°. Among the twelve equivalent description
six correspond to rotations around^0001& and six to rotations
around^uv0& in the basal plane. The rotation angles arou
^0001& are complementary to 60°, and all those arou
^uv0& are equal to 180°.35 Therefore, the planes$hk0% nor-
mal to the^uv0& rotation axes are mirror planes~Table V!.

Knowing the orientation relationship describing two ad
cent grains, the dichromatic complex may be drawn;36 it is a
projection of the two crystals connected by any rotation. F
GaN, the space group isP63 mc and the space group of th
20521
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dichromatic complexes corresponding to coincidence ori
tations around@0001# is P63 m8c8. The twelve symmetry
operations of this group are divided into two classes:
around@0001#, 1, ~31!, ~32!, (21c/2), @(61)1c/2#, and
@(62)1c/2#; and six around̂uv0&, m8 and (c81c/2). The
complementary complexes forQ and 60°2Q differ by the
position of theirc8 andm8 symmetry planes. We may not
that the introduction of ac/2 translation transforms any com
plex into its complementary for the same rotation angle.3 The
final step of the construction of the bicrystal consists in
troducing the boundary plane in the dichromatic comp
before deleting one half of each crystal. As outlin
previously,37 the introduction of the boundary plane nee
some care because the wurtzite structure exhibits corrug
planes that have two spacing, the interface can thus be
cated in the shufflea, glide positionb, or a combination of
both. Thus, three atomic configurations must be construc
a/a, b/b, anda/b. Only stoichiometric structures are an
lyzed.

For every configurations the lowest energy was calcula
and theg surface was constructed by taking into account
translations parallel and normal to the grain bound
plane.38 These translations are limited to the Wigner-Se
cell of the displacement shift lattice equivalent to the cell
nonidentical displacements.39 Within such a cell, all the pos-
sible translations leaving the bicrystal unchanged have b
considered. In this analysis, the translations were carried
alongOX , in the boundary plane and alongOZ , parallel to
@0001#. The steps were 0.1a0 (a050.318 nm) and 0.1c (c
50.519 nm), respectively. In the third direction,OY normal
to the boundary plane the configuration was relaxed. T
energy of ^0001& tilt boundaries was calculated for 14S
corresponding to rotation angles between 0° and 60°.

IV. RESULTS

A. Atomic configuration of the grain boundaries

Using geometric considerations, three types of dislocat
cores, 57-, 8-, and 4-atom rings, are easily generated for
1
3 ^112̄0& edge dislocation with its line along thec axis. Ex-
perimental HRTEM observations show 57-and 8-atom co
8.21
TABLE V. Twelve equivalent descriptions forS57.

1 2 3 4 5 6 7 8 9 10 11 12

Q ~deg! 180 180 180 180 180 180 21.78 38.21 81.77 98.21 141.79 15

uv0 310 12̄0 2̄3̄0 1̄5̄0 41̄0 5̄4̄0 001 001̄ 001 001̄ 001 001̄
0-3
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for isolated dislocations40 and the three cores in the gra
boundaries.3 Our present investigation confirms this te
dency, the reconstructed grain boundary~GB! structures con-
tain only the three dislocation cores. We previously show
that the 57-atom dislocation core has the lowest strain en
and the 4-atom-ring dislocation the highest energy.9 Thus,
these three cores may be used to describe the atomic s
ture of the grain boundaries, for instance,S57 ~21.79°! may
exhibit three configurations~Fig. 1!.

In the following, we consider the smallest period for e
ery GB that has the minimum energy. It is shown that wh
ever the rotation angles, the configuration presenting
lowest energy comes from the initial configurationaa and as
expected, the cores of the grain boundary dislocations
described by the 57-atom ring that exhibits the lowest ene
for the isolated edge13 ^112̄0& dislocations.9 To construct the
atomic models of the grain boundaries, we use this 57-a
ring in addition to regular six-atom rings of the perfect cry
tal.

1. Rotation angles:0°ËQË21.79°

In this range, six coincidence grain boundaries have b
analyzed, and all of them, exceptS57, may be regarded a
low-angle grain boundaries formed by the introduction
one 57-atom core of the edge dislocation1

3 @112̄0# or a1
from S591 (Q56.01°) to S519 (Q513.17°). The next
coincidence orientation,S549 (Q516.43°), needs two
edge dislocations per period, 57576; thus the Burgers ve
of this period isb52a1 instead ofb5a1 for the preceding
S’s. If we consider that 6 is the basic structural unit for t
perfect crystal and 57 that forS57, the intermediate coinci
dence grain boundaries may be described by a combina
of the two units that have the lowest energies, 0 and
mJ/m2, respectively~Fig. 2!. These grain boundaries ar
symmetric with respect to the grain boundary plane.

For S57, the grain boundary is constructed with th
same 57-atom ring per period. This period is the shor
~0.831 nm!; this means that interaction between the co
due to overlapping of their strain field is expected. As
consequence, the energy of the grain boundary is no lon
described by the continuum elastic theory, and the ene
(Ep5820 mJ/m2) decreases below that ofS549 ~Table VI!.

2. Rotation angles:21.79°ËQË32.20°

BeyondS57, we deal with a new configuration based
two classical 57-atom rings, one shifted with respect to
other bydhkil , the reticular distance of the grain bounda
plane, leading to a zigzag configuration~57/57! ~Fig. 3!.
These grain boundaries are no longer symmetric. TheS
579 and 97 are a mixture of the previous core, 57, and

FIG. 1. S57: Projection along@0001# of the possible atomic

structures with the three atomic cores of the1
3 ^112̄0& edge disloca-

tion: 57-, 8-, and 4-atom rings.
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this new unit ~57/57!. The Burgers vector is the same fo
both cores of this new unit (a1); thus its total Burgers vecto
is 2a1 . The period contents are 4a1 and 5a1 for S579 and
97, respectively. For the tilt angle of 32.20°,S513, a second
minimum energy configuration appears, 753 mJ/m2, only
made of the new structural unit~57/57!. If a c/2 component
is added a new configuration is obtained for the bounda
(571572) @Fig. 4#. The main difference with the previou
one is the location of the wrong bonds, Ga–Ga and N–
which are now present in the same unit period. Its energ
about the same: 764 mJ m2. Each atom ring (571 and 572) is
characterized by different Burgers vectors,2a1 and a2 ,
which are not normal to the grain boundary plane, and
total Burgers vector is@011̄0# with a magnitude ofa)
~Table VI!. The Burgers vectors of~57/57! and (571572)
units are 2a and a), respectively. Since the length of th
period is the same for the two descriptions,d50.1136 nm,
using the equation 2 sin(Q/2)5b/d, we obtain 0.561 and
0.486 for 2a anda), respectively, whereas the first term
0.480. Therefore, the second atomic ring (571572) fits with
the rotation and may be used to describeS513.

3. Rotation angles: 32.20°ËQË60°

This range is characterized by a systematic introduction
the componentDz50.5, which gives rise to the structura
unit (571572). The next boundary,S567, is based on two
units ofS513 plus one 6-atom ring, so the magnitude of t
associated Burgers vector is still 2a). The other configura-
tions up to 60° are described by the introduction of a varia
number of 6-atom rings leading to configurations of the ty
(571 x6 572 y6) with x andy the number of 6-atom rings
in the range 1–3 depending on theS value. Since only one
unit (571572) is involved for eachS, all Burgers vectors are

@101̄0# with the magnitudea) ~Table VI!. These grain

FIG. 2. Structural unit fromQ50° to 21.79° based on the 6
and 57-atom rings; the reference structures are shown in bold.
0-4
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TABLE VI. Description of the tilt boundaries; the basic structural units are shown in bold.Ep is the
potential energy of the grain boundary in mJ/m2; a50.318 nm,c50.519 nm.

Grain
boundary
plane

Q
~deg! S

Ep

~mJ/m2!

Translation
Dx Dz
~a! ~c! Structure

Burgers
vectorb

0 1 0 0 0 6 a

6511̄0 6.01 91a 721 0.9 0 576666 a

549̄0 7.36 61 791 0.9 0 57666 a

437̄0 9.43 37 858 0.9 0 5766 a

527̄0 13.17 19 912 0.9 0 576 a

538̄0 16.43 49 993 0.9 0 57576 2a

213̄0 21.79 7 820 0.9 0 57 a

73100 26.01 79 949 1.8 0 5757~57/57! 4a

83110 29.41 97 906 1.8 0 57~57/57!~57/57! 5a

314̄0 32.20 13 753 1.8 0 „57Õ57… 2a

314̄0 32.20 13 764 0.7 0.5 „57¿57À… a)

92110 35.60 67 946 0.7 0.5 (571572)(571572)6 2a)

516̄0 42.10 31 992 0.7 0.5 57165726 a)

617̄0 44.82 43 1028 0.7 0.5 571657266 a)

819̄0 48.36 73 1006 0.7 0.5 57166572666 a)

91100 49.60 91b 978 0.7 0.5 571666572666 a)

60 1 0 0 0.5 6
ar
s
s-

on
up

um
e

and
le

e
he n in
boundaries may be considered as low-angle grain bound
with respect toS51 (Q560°). The 60° rotation also need
the addition of thec/2 component to restore the perfect cry
tal of the wurtzite structure, which is connected toS51
(Q560°) by a rotoinversion~Fig. 4!.

B. The boundary energy

The variation of the energy as a function of the rotati
angle presents two well-pronounced minima or energy c
corresponding toS57 (Q521.79°) and 13 (Q532.20°)
~Fig. 5!. For the angles close to 0° and 60° the continu
elasticity theory may be used to calculate the boundary
ergy:

FIG. 3. Structural unit fromQ521.79° to 32.20° based on th
57- and~57/57!-atom rings leading to a zigzag configuration; t
reference structures are shown in bold.
20521
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n-

E5E0Q$Q~pR/b!coth~pR/b!2 ln@2 sinh~pR/b!#%,

E05mb/4p~12n!,

whereR is the cutoff radius of the edge dislocation.
A good agreement is obtained in the ranges 0°–18°

42°–60°, which correspond to the formation of low-ang

FIG. 4. Structural unit fromQ532.20° to 60° based on the
(571572)- and 6-atom rings; the reference structures are show
bold.
0-5
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grain boundaries with respect to the perfect crystal, 0°,
to a perfect crystal after a rotation of 60° plus an inversi
The best fit with the calculated energy curve is obtained w
E053550 mJ/m2 andR50.6b.

The formation of energy minima corresponds to we
defined atomic structures of the grain boundaries with
shortest period. In these cases, the atomic structure of
grain boundary is well ordered and its coherence is hi
This leads to the minimization of the dislocation strain field
The energy of the boundary is only due to the contribution
each atomic core. The ratio of the length of the period to
magnitude of the Burgers vector shows that the zigzag c
figurations are needed for the largest rotation angle.

IV. DISCUSSION AND CONCLUSION

Using the modified Stillinger-Weber empirical potential,
is shown that the atomic structure of grain boundaries
@0001# tilt grain boundaries can be described by a limit

*Author to whom correspondence should be addressed. Emai
dress: jchen@iutalencon.unicaen.fr
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