
VOLUME 77, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 1 JULY 1996

aries
ry in
This

higher
gap.
Inversion Domain and Stacking Mismatch Boundaries in GaN
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We present first-principles calculations of domain wall energies for inversion domain bound
and stacking mismatch boundaries in GaN. We find a low-energy inversion domain bounda
which each atom remains fourfold coordinated without the formation of Ga-Ga or N-N bonds.
boundary, denoted IDB*,does not induce electronic states in the band gapand would therefore
not adversely impact photoluminescence efficiency. The stacking mismatch boundary has a
formation energy than IDB*, and gives rise to occupied N-derived interface states in the band
[S0031-9007(96)00522-4]
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Because of their increasing importance as optoelectr
materials employed in the fabrication of blue light-emitti
diodes [1] and lasers [2] there is significant interest in
derstanding the properties of the group-III nitrides (
GaInN). GaN adopts the wurtzite crystal structure wh
grown on hexagonal substrates such as the basal plan
Al 2O3 or SiC. One of the most interesting experimen
observations [3] is that GaN exhibits high efficiency lum
nescence even when containing a high densitys,1010y
cm2d of extended defects which could give rise to elect
hole traps. This defect density is,6 orders of magni-
tude larger than what is usually required for accepta
performance in GaAs optoelectronic devices. This ra
the possibility that many of the defects may be electro
cally inert, i.e., they do not induce electronic levels in
gap. Despite their potential importance in governing
electronic properties of GaN epitaxial films, very little
known about the atomic or electronic structure of the
tended defects. In this Letter we present the first calc
tions of extended defect energetics for GaN.

Transmission electron microscopy (TEM) experime
[4–10] have revealed that epitaxial films of GaN gro
on Al2O3 or SiC appear to contain planar defects in
(10-10) planes. The planes are very flat and remain p
lel to the [0001] growth direction. Typically these plan
defects begin at the substrate and run throughout the e
thickness of the epilayer. Based on TEM observatio
two types of models for these defects have been con
ered: double positioning boundaries [4,5], also referre
as stacking mismatch boundaries [6,7], and inversion
main boundaries [10]. At a stacking mismatch bound
(SMB) the stacking sequence of the wurtzite materia
altered across the boundary. For the inversion dom
boundary (IDB) the occupation of the Ga and N sub
tices is reversed. On the basis of convergent beam ele
diffraction experiments for metalorganic chemical vap
deposition (MOCVD) grown films of GaN on Al2O3,
Rouviereet al. [10] have proposed that the planar defe
are inversion domain boundaries which enclose colu
(up to 75 nm in width) in which the GaN polarity is re
0031-9007y96y77(1)y103(4)$10.00
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versed. Moreover, they have related these columns
the formation of hexagonal shaped hillocks on the surfa
of the GaN epilayer. Because the atomic structure a
the corresponding electronic structure are still unclear,
have performed total energy and electronic structure ca
lations for possible models of both inversion domain a
stacking mismatch boundaries.

At an inversion domain boundary occurring in th
wurtzite structure, the identity of the atoms occupyin
the two sublattices is interchanged. This is illustrated
Fig. 1(a), where the Ga and N atoms are interchanged
one crosses the (10-10) plane. Without any other chan
in structure, this interchange leads to both Ga-Ga a
N-N bonds at the boundary. Such bonds are commo
termed wrong bonds, and their presence increases the
energy and thereby reduces the stability of the system.
will see that such a boundary structure is quite unsta
in GaN, and would transform via a translation along t
[0001] direction into a structure having no wrong bond
The structure obtained by the translation is illustrated
Fig. 1(b). We refer to it as IDB*. Although it contains
a four-membered ring of bonds, each atom is fourfo
coordinated and the equilibrium bond lengths are close
the bulk bond length of GaN.

At a stacking mismatch boundary the stacking seque
of the atomic layers is reversed, but the Ga and N atoms
not interchanged. The stacking sequence of wurtzite alo
the [0001] direction may be described asABAB . . ., where
the letters denote a GaN double layer. The lettersA, B, and
C indicate the three different atomic positions project
onto the (0001) plane as shown in Fig. 2. On one s
of a stacking mismatch boundary the sequence switc
from ABABABA . . . to ABCBCBC . . . and this leads to
a significant disruption in the bonding at the bounda
as shown in Fig. 3. One may easily construct a mo
without wrong bonds, but both the Ga and N atoms
the boundary are threefold coordinated. Our calculatio
indicate that this leads to both a higher formation ener
than the IDB* structure, and also to the presence
electronic states in the band gap of GaN.
© 1996 The American Physical Society 103
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FIG. 1. (a) Schematic representation of a simple invers
domain boundary in wurtzite. The dashed lines denote wro
bonds between like atoms. Atom positions are projected o
the (1-210) plane. (b) Schematic representation of IDB*. T
structure can be formed by translating one side of an IDB
cy2 along the [0001] direction. The IDB* structure contain
fourfold and eightfold rings of bonds, but there are no Ga-
or N-N bonds.

We have performed calculations of the total energy a
atomic structure within the local density approximatio
and the first-principles pseudopotential approach. For
and total energies were calculated in an iterative proced
similar to that described by Stumpf and Scheffler [1
but with a local orbital scheme employed to generate
initial approximation to the wave functions [12]. As i
previous calculations [13,14], soft Troullier-Martins [15
pseudopotentials are employed for Ga and N, and the
3d electrons are treated as part of the valence band.
domain boundaries are modeled with a supercell hav
two boundaries in each cell and 8 layers of atoms betw
each boundary. For the inversion domain boundaries
results in cells having 32 atoms. The forces and res
ing displacements calculated for the atoms in the regi
between the boundaries remain negligible as the geom
is optimized. Thus the cells are large enough to mo
isolated boundaries. The plane wave cutoff is taken to
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FIG. 2. Projection of three possible hexagonal lattice si
onto the (0001) plane.

60 Ry and 2k points are included in the sum over th
Brillouin zone. Calculations were also performed wi
the Ga3d electrons treated as part of the core, but w
the nonlinear core correction [16] included in the pseud
potential for Ga. In these calculations we increased thek-
point sampling from 2 to 8k points and found differences
in formation energies of less than 0.02 eVycell. Thus the
2 k point set is adequate for the calculations. We defi
the formation energy for the boundary asEform ­

1
2 sE 2

Ebulkd, whereE is the total energy of a cell containing tw
boundaries andEbulk is the energy of a bulk system with
an equivalent number of atoms. The domain wall ene
swall is then given byEformyA, whereA ­ 16.424 Å2 is
the area of the periodic unit cell of the boundary in t
(10-10) plane.

The formation energy of the simple IDB structure is ca
culated to be 2.73 eV, and from this we obtain a dom
wall energy of 167 meVyÅ 2. Since the IDB can be formed
by bringing together two (10-10) surfaces, it is instru
tive to compare the formation energy of the boundary w
that of two free (10-10) surfaces:2ssurf ­ 236 meVyÅ2

[14]. The IDB is only slightly more energetically favor
able than the two free surfaces, indicating that the wro
bonds formed across the boundary are very weak.
high formation energy of the IDB is consistent with resu
for other GaN structures which contain wrong bonds: e
nonstoichiometric GaN(10-10) surfaces [14] and antis
defects in bulk GaN [13]. In the relaxed structure t
Ga-Ga bonds are 2.28 Å and the N-N bonds are 1.51
The Ga-Ga distance is compressed and the N-N distan
expanded compared to values exhibited in bulk Ga (2.7
and N2 molecules (1.1 Å).

The formation energy of IDB* is calculated to b
0.41 eV, which corresponds to a domain wall energy
only 25 meVyÅ 2. In the fully relaxed structure the Ga
N bond lengths in the fourfold ring of bonds are foun
to be approximately equal to the bulk value (1.94 Å
The IDB* structure can be obtained from the simp
IDB by a translation of the material on one side of th
boundary through a distance ofcy2 ­ 2.6 Å along the
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[0001] direction. Given the huge energy difference a
the simple pathway by which an IDB may transform in
IDB*, we think it unlikely that the simple IDB struc-
ture will be found in GaN. On the other hand, the IDB
appears to be a promising candidate for many of
vertical defects observed in TEM experiments [4,6–1
In addition to its low energy, the IDB* model provide
a natural explanation for the small shift in the ima
intensity along the [0001] direction which is observ
across some boundaries in TEM [4,6–9]. In the IDB
structure, as one crosses the boundary the atomic pl
containing a particular species are shifted along the [00
direction by 60.64 Å (approximately 6cy8). This is
consistent with the lattice displacements observed in
TEM images. A precise determination of the magnitu
of the lattice displacement indicated by the TEM imag
requires simulations involving the scattering potentials
the N and Ga atoms and the film thickness [9].

Calculations of the electronic structure revealedno
interface states in the energy region between the vale
band maximum and the conduction band minimum for
IDB* structure. This is understandable since gap sta
typically arise from reduced coordination, and in the IDB
structure all atoms remain properly coordinated. Suc
boundary should not adversely impact the optoelectro
properties of the GaN epilayer, unless electrically act
vacancies or impurities become bound to the lattice s
comprising the fourfold rings.

In the model for the SMB (shown in Fig. 3) there e
ist threefold coordinated Ga and N atoms insp2 bonded
configurations. This structure was found to be stable w
respect to dimerization of the atoms along the [1-21
direction. The equilibrium bond length between the thre
fold coordinated Ga and N atoms in the boundary is fou
to be 1.81 Å, a contraction of 7% with respect to the bu
bond length. A similar contraction occurs for the Ga
dimers on the (10-10) surface [14]. The formation ene
for the SMB is found to be 1.73 eV, and the correspon
ing domain wall energy is 105 meVyÅ 2. This energy is
comparable to the surface energy of the (10-10) surf
[14], 118 meVyÅ 2. The similarity arises from the fact tha
each system contains one threefold Ga and one threefo
atom in each1 3 1 unit cell of the (10-10) plane. While
the nonbonding Gap orbital is empty and does not giv
rise to states in the gap, the nonbonding Np orbital does
induce occupied interface states in the band gap. This
derived band has its maximum energy at theG point, where
it is about 1.1 eV above the bulk valence band maxim
[17]. Such a stacking mismatch boundary would the
fore be expected to give rise to electron-hole recombi
tion between the conduction band minimum and the top
the N-derived interface band. The energy of the transit
should be roughlyEgap 2 1.1 eV ­ 2.3 eV. We note that
this is approximately equal to the energys,2.2 eVd of the
spatially inhomogeneous yellow luminescence observe
GaN [18].
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FIG. 3. Schematic representation of a stacking mismatch
double positioning boundary. Atom positions are project
onto the (1-210) plane. The filled (open) circles denote N (G
atoms. The boundary lies in the (10-10) plane and connects
stacking faults on the left side of the boundary. The dash
lines enclose the threefold coordinated atoms which compr
the boundary. The distance between threefold coordinated
and N atoms in the boundary isb ­ 1.81 Å. The boundary
begins when a stacking fault occurs on the left side, and e
when a second stacking fault occurs.

Stacking mismatch boundaries are closely associa
with stacking faults. In Fig. 3 we illustrate how the SMB
begins when a faulted bilayer (on the left) meets the c
rectly stacked bilayer (on the right). The SMB terminate
when a second stacking fault occurs on the left side of
boundary. Since the stacking fault is a rather low ener
defect, the SMB can be terminated by overgrowth of t
correctly stacked bilayer on the right, without a significa
energy cost. Of course, it is also possible to terminate
SMB by creating a second stacking fault on theright side of
the boundary. In either case we expect the SMB to exte
for only short distances in the [0001] direction before it
terminated by a fault. On the other hand, it is difficult t
see how the IDB* structure can be terminated without t
introduction of an inversion domain boundary in the (000
plane. We expect such a boundary to have a large form
tion energy. Thus, once formed at the interface, an inv
sion domain column is expected to extend throughout
epilayer and terminate at the surface. The nucleation of
version domains in GaN grown on Al2O3 (sapphire) could
be related to the inhomogeneous nature of the interfa
which can arise from both the in-plane lattice mismat
(13%) and the mismatch in the repeat distance of the str
tures in the [0001] growth direction. The minimum ste
height in sapphire corresponds to the spacing between a
cent O layers: approximatelycsapphirey6 ­ 2.17 Å. This
105
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TABLE I. Formation energies calculated for inversion d
main boundaries in GaN, GaAs, and Si. The energies are g
in eV for a unit area of boundary. The unit areas are 16.422

for GaN, 26.03 Å2 for GaAs, and 23.82 Å2 for Si.

Material Boundary Eform seVd

GaN IDB* 0.41
IDB 2.73
SMB 1.73

GaAs (wurtzite) IDB* 0.39
IDB 0.63

Si (wurtzite) IDB* 0.48
IDB s­ bulkd 0.0

is significantly less than the spacing between adjacen
layers in GaN (2.59 Å). This vertical mismatch comes in
play at steps and provides a possible driving force for
larity reversal at the interface.

The surprisingly low formation energy for the IDB
structure prompted an investigation of the formation e
ergies for IDB and IDB* in other materials, such as Ga
and Si. This allows us to better understand two featu
which make bonding in GaN different from that in GaA
the larger ionicity and the larger size mismatch. For co
sistency we calculated the formation energies of IDB a
IDB* for Si and GaAs in the wurtzite structure rather tha
diamond and zinc blende. The results are shown in
ble I, together with the results already discussed for G
For Si, the IDB structure is simply “bulk wurtzite” and th
formation energy is, by definition, zero. Remarkably w
find that the formation energy of IDB* is not very depe
dent on the material; it is approximately 0.4 to 0.5 eV
each instance. We learn from this comparison that the
ergy cost incurred by distorting the bonds to form fourfo
rings is not very dependent on the ionicity and size m
match. On the other hand, the formation energy of the s
ple inversion domain boundary IDB, which contains wro
bonds for GaAs and GaN, is quite different for the thr
materials: It is 0.0 for Si, 0.63 eV for GaAs, and 2.7 e
for GaN. As the ionicity and the size mismatch increa
the cost of forming wrong bonds increases dramatica
Thus domain boundaries and dislocations which minim
the number of wrong bonds are expected to be the m
energetically favorable in group-III nitrides.

In summary, we have calculated the energy for poss
structures occurring at an inversion domain boundary
a stacking mismatch boundary in GaN. The stacking m
match boundary has a domain wall energy of 105 meVyÅ 2

and exhibits N-derived interface states above the b
valence band maximum. We find that the domain w
energy for the IDB* modelsswall ­ 25 meVyÅ2d is much
less than for the other structures considered and that
IDB* boundary does not give rise to gap states. We p
pose that many, if not all, of the planar vertical defe
[4,6,8–10] occurring in epitaxial GaN films correspond
106
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IDB* structures. Finally, our calculations strongly sugg
that models for domain boundaries and dislocations wh
minimize the number of wrong bonds are likely to be
most energetically favorable in group-III nitrides.
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