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We propose another structure as the most stable configuration for threading screw dislocation core
of wurtzite GaN in N-rich conditions by first-principles calculations using Heyd-Scuseria-
Ernzerhof hybrid functional. This configuration is fully consistent with recent experimental results
observing electrical inactivity of GaN samples grown in N-rich conditions, in contrast with
previously suggested dislocation core structures. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4858618]

The Ill-nitrides are important and promising materials
for opto- and power electronic device applications.
However, the high density of threading dislocations limits
the device performance by reducing the carrier mobilities'*
and by introducing deep states in the band gap acting as non-
radiative recombination centers® and could lead to premature
device breakdown. Threading dislocations in wurtzite III-
nitrides are originated from the mismatched interface
between substrates and are aligned along the [0001] direc-
tion. Their Burgers vectors (Bvs) are (1120)/3 (edge),
(0001) (screw), or (1123)/3 (mixed). In case of wurtzite
GaN, screw dislocations are found to be main sources of
reverse bias current leakage.* Thus, they have large impact
on electronic properties of GaN and related materials. The
reverse bias current leakage results are obtained for the sam-
ples grown under Ga-rich conditions, because the growth of
GaN samples by molecular beam epitaxy has been normally
done under Ga-rich conditions to obtain smooth surface mor-
phologies. Recently, significant progress is made in growth
technique” and low surface roughness samples grown under
N-rich conditions are reported. In these samples, the reverse
bias leakage is absent despite the observation of consistent
densities of threading screw dislocations with open core type
nanopipe structures.® This experimental result is in contrast
with the previous theoretical models, which are expected to
be electrically active due to induced gap states.”® In this
work, we propose another structure as the most stable screw
dislocation core on the basis of state-of-the-art hybrid den-
sity functional calculations, which is in agreement with the
experimentally observed electrical inactivity in N-rich
conditions.

So far, several types of core structures have been pro-
posed for threading screw dislocations in wurtzite GaN.
However, the question, which one among them is energeti-
cally the most stable, is still subjected to controversy.
Traditionally, in theoretical models, the dislocation line is
supposed to be positioned at the center of a projected hexa-
gon onto the basal plane, as shown in Fig. 1. We will call it
the screw “A” core by analogy with the case of c¢-Si.”™"!
Based on this screw “A” core, stoichiometric full core and
open core'? as well as non-stoichiometric core structures’"'?

0003-6951/2013/103(26)/262107/4/$30.00

103, 262107-1

have been proposed. For stoichiometric “A” core structures,
Elsner er al.'? have shown that, using density functional
theory (DFT) calculations within the local density approxi-
mation (LDA), the open core structure is more stable than
the full core structure. Subsequently, Northrup has predicted,
once again using DFT LDA-based calculation, that non-
stoichiometric “A” core structures (Ga-filled core structure,
denoted by (6:0) in Ref. 7, in Ga-rich conditions and N-half-
removed core structure, denoted by (6:3), in N-rich condi-
tions) are more stable than stoichiometric full or open core
structures.”'®> Both core structures have been shown to
induce dislocation states deep inside the gap. Therefore,
threading screw dislocations are expected to be electrically
active regardless of sample growth conditions.” Belabbas
et al® recently studied another threading screw dislocation
type with full core structure, whose formation energy is
lower than the screw “A” open core structure. In this struc-
ture, which was originally proposed by Béré and Serra,'* the
dislocation line is positioned at the middle of the bond con-
necting two adjacent projected hexagons, as indicated by the
letter B in Fig. 1.

In this Letter, we have investigated the energetics of all
previously proposed models, the four “A” cores (full, open,
Ga-filled, and N-half-removed) and one “B” core (full) men-
tioned above using state-of-the-art hybrid density functional,
and three more structures based on “B” core, which have
open, Ga-filled, and N-half-removed configurations. The lat-
ter are obtained by removing all Ga and N atoms (open), all
of the N atoms (Ga-filled) and half of the N atoms (N-half-
removed) within an ~2 A radius of the dislocation line (open
core type structure is shown in Fig. 2). The band structures
along the dislocation direction have also been computed for
the most stable structures, and their electronic properties are
discussed.

To perform this analysis, we employ a first-principles
method using hybrid Hartree-Fock density functionals.
Hybrid functionals provide an effective method to overcome
the so called “band-gap problem”: specifically, the underesti-
mation of the Kohn-Sham energy gap that is encountered
when employing LDA or generalized gradient approximation
(GGA). In recent years, a growing number of investigations

© 2013 AIP Publishing LLC
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FIG. 1. Two different positions of threading screw dislocation projected
onto the (0001) plane. The “A” core is located at the center of projected hex-
agon, while the “B” core at the middle of the bond connecting two adjacent
hexagons.

concerning the electronic structure of defects in semiconduc-
tors have been addressed employing hybrid functionals, lead-
ing to improved results compared to LDA and GGA.**** In
this work, we employ the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional®* that has been shown to be reliable in pre-
dicting a variety of semiconductor bulk material parame-
ters®> and also to give a relatively good surface gap value
among common hybrid functionals.*®

The calculations performed in this work were carried
out using the projector augmented wave method?’ with both
the Perdew-Burke-Ernzerhof (PBE) GGA functional®® and
HSE hybrid functional implemented in the VASP code.”” In
the HSE calculation, the amount of exact exchange was set
to 28%, leading to a band gap value of 3.45eV, which is
very close to the experimental value for bulk GaN. The Ga
3d electrons were treated as valence electrons and the energy
cutoff was set to 425 eV. It is already shown that treating the
semicore Ga 3d electrons as valence electrons increases the
accuracy of the formation energy.’” Fully periodic oblique
(non-orthorhombic) supercell including a dislocation dipole,
whose directions of Burgers vectors are opposite each other,
is employed. This geometry is obtained by placing the
dislocations of the quadrupole in a symmetric way.’**' The
three vectors, which define our supercell, are ¢; = 8ax, ¢,
= 4ax + 2v/3ay + 0.5¢z and ¢3 = ¢z, where a and ¢ are
optimized lattice constants of GaN. Up to 128 atoms are
included in this supercell. The Brillouin-zone integration has
been performed with three irreducible & points along ¢ direc-
tion, which is sufficient to obtain converged energies.

In order to check the convergence of relative formation
energies against the cell size, we performed a series of em-
pirical potential calculations using a GaN Stillinger-Weber
potential.*> We found that the differences in energy values
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FIG. 2. The “B” open core structure projected onto the (0001) plane. The
positions of the dislocation lines are denoted by cross. Fully relaxed struc-
ture by calculation within HSE is shown.

between our cell including up to 128 atoms and a larger cell
including up to 1152 atoms are less than 0.2 eV for different
dislocation core structures.

In Table I, we list basic properties of bulk GaN includ-
ing lattice constant, energy gap, heat of formation, bulk mod-
ulus, and elastic constants by both HSE and PBE. Based on
these lattice parameters, initial screw dislocation core config-
urations have been generated using elasticity theory.>® We
have considered the following eight core structures: full,
open, Ga-filled, and N-half-removed cores for both screw
“A” and “B” types. For all these core structures, we per-
formed total energy calculations using both HSE and PBE.

The formation energy is evaluated as

Ef =FEp — NGallGa — NNUN- (1)

Here, E,,, is the total energy with dislocation, ng, (ny) is the
number of Ga (N) atoms in the supercell with its chemical
potential ug,(un). These chemical potentials must satisfy the
following thermodynamic stability condition:

o+ iy = E(GaN) = E(Ga) + 3 E(Na) + Ay (GaN),
(@)

where E(GaN), E(Ga), E(Ny), and AH;(GaN) denote the
energies for bulk GaN, bulk Ga, N, molecule, and heat of
formation for GaN, respectively. With this constraint the for-
mation energies are expressed as a function of the gallium
chemical potential only. In Ga-rich conditions, yg, = E(Ga),
whereas in N-rich conditions ug, = E(Ga) + AHy(GaN).

In order to evaluate the relative stabilities of different core
structures, the formation energies for all the core structures
obtained by PBE and HSE are plotted relative to the energy of
“A” full core structure in Figs. 3(a) and 3(b), respectively.
PBE and HSE results are quite similar; in both cases, only
three types of core structures are important. In Ga-rich condi-
tions, the “A” Ga-filled core (Figs. 3(a) and 3(b)) is the most

TABLE I. Computed and experimental reference lattice constants («a, ¢ and u), energy gap (in eV), heat of formation (in eV), bulk modulus (in GPa), and elas-

tic constants (in GPa).

a(A) c(A) u Eqap AH; By Cii Cix Cis Css Caa
PBE 3.219 5.245 0.377 1.71 —0.90 169 322 111 77 356 89
HSE 3.178 5.171 0.377 3.45 —1.18 199 371 133 95 407 102
Expt 3.190* 5.189* 0.375% 3.50° 71.63°/71.14‘1l 210° 390° 145°¢ 106° 398° 105°¢

“Reference 15.
PReference 16.
“Reference 17.
IReference 18.
“Reference 19.
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stable. This is consistent with Northrup’s’ result obtained
within the LDA. In N-rich conditions, the “B” open core is the
most stable model (Figs. 3(a) and 3(b)). Previously suggested
“A” N-half-removed core’ and “B” full core® exhibit much
higher formation energies in N-rich conditions. The new “B”
Ga-filled core is also favored in the intermediate range of
chemical potential, whereas the “B” N-half-removed core is
never favorable. We now describe these stable cores using
HSE results. Although the relative formation energies obtained
by PBE and HSE are quite similar, one of the main reasons we
adopt the HSE results is that the band gap value obtained by
HSE is very close to the experimental one (see Table I).
Therefore, we can evaluate the electronic structure (shown
later) precisely without resorting to the artificial band gap cor-
rection procedure. In the “A” Ga-filled core configuration, Ga
atoms inside the core region (six per Bv) have two bonds with
other Ga atoms inside the core: one shorter bond (an average
value of 2.50 A) and one longer bond (an average value of
2.66 ;\). They also have one bond with N atoms outside core
region with an average bond length of 1.98 A. The average
bond angle value, 107°, is very close to the ideal value (109°)
of four-fold coordinated three-dimensional sp® bonding. As a
result, these Ga atoms inside the core region have one dangling
bond.

Figure 4(a) presents the energy band structure along the
[0001] direction for the “A” Ga-filled core. Twelve states are
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FIG. 3. The relative formation energies of various core structures obtained
by (a) PBE and (b) HSE as a function of the difference of Ga chemical
potential (ug,) with regard to its value in elemental phase [E(Ga)], whose
maximum is 0 in Ga-rich limit and minimum is AH;(GaN) in N-rich limit.
These two limits are plotted as vertical dotted bars in the figure.
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introduced into the bulk band gap (defined by the two dashed
red lines, which correspond to conduction band minimum
and valence band maximum of bulk, respectively). Half of
these 12 states are filled (below Fermi energy, located at
0eV) while the other half are empty states (above Fermi
energy). These states are originated from Ga dangling bonds
along the dislocation lines. Indeed, the characterization of
these twelve states by wavefunction projection onto atomic
orbitals shows that all these states mainly have the Ga 4p
character. It can be immediately appreciated that, compared
to the bulk GaN, the band gap is significantly narrowed by
these newly introduced gap states, which are extremely dis-
persive. This result is consistent with previous LDA
calculation.”

For “B” open core configuration, two different types of
core structures are obtained. One has a hollow core structure
as shown in the left part of Fig. 2. The other has an eight-
membered ring with two adjacent five-membered rings, as
presented in the right part of Fig. 2. These two configurations
have very close core energies, less than ~0.2eV/Bv, there-
fore it is likely that they could co-exist, especially at high
temperature. In the hollow core structure, both Ga and N
atoms at the sites denoted by 1, 4, 5, and 8 (i.e., nearest sites
to the dislocation line) in Fig. 2 are three-fold coordinated,
while those at 2, 3, 6, and 7 sites are four-fold coordinated.
The bond lengths and angles are reported in Table II. The
three-fold coordinated Ga (N) atoms adopt sp2 (sp3) like
hybridizations, which lower the core energy and remove the
gap states.>* Meanwhile, in the other structure, all the atoms
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FIG. 4. The energy band structures along the [0001] direction calculated by
HSE (a) for the screw “A” Ga-filled core and (b) for the screw “B” open
core structure. Fermi energy is taken to be O eV. The red dashed lines corre-
spond to the conduction band minimum (upper) and the valence band maxi-
mum (lower) of bulk GaN. The green dotted line in (b) represents the center
of mass for the two artificially split states.
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TABLE II. Bond lengths (minimum and maximum with average values in
parenthesis) and bond angles (minimum and maximum with average values
in parenthesis) of atoms located inside core region in the “B” open core
configuration. The coordination numbers of each element are given in
parentheses.

Atom Bond lengths (A) Bond angles (°)
Hollow structure
Ga(3) 1.83-1.93 (1.87) 106-128 (116)
N@3) 1.83-1.95 (1.88) 95-115 (107)
Ga (4) 1.88-2.01 (1.95) 95-123 (110)
N @) 1.87-2.01 (1.95) 95-123 (109)
8/5-membered rings structure
Ga (4) 1.89-2.43 (2.02) 95-143 (110)
N 4) 1.93-2.43 (2.03) 93-142 (109)

at 1’ to 8 sites in Fig. 2 are four-fold coordinated (though
Ga-N bonds between sites 1’ and 8’ and sites 4’ and 5’ are rel-
atively weak with 2.43 A bond distance), and no dangling
bonds exist.

In Fig. 4(b), the energy band structure for “B”” open core
is shown. The band structure is calculated for the structure
shown in Fig. 2, i.e., both hollow core and eight/five-mem-
bered rings core type structures are included. In this case, in
contrast with “A” Ga-filled core structure, fewer states are
introduced into the band gap region, whichever core struc-
tures are formed. We can notice that the lowest unoccupied
state is split into two bands at the Brillouin zone center
(I' point, i.e., k=0) due to the artificial effect of over-
estimating the strain, which is caused by the dislocation
dipole with small separation distance.*® The center of mass
for these two bands (~2.3eV at I', marked by green dotted
line) corresponds to the actual band position without the arti-
ficial effect. As a result, the introduced empty state is very
shallow and the original band gap value is almost preserved.
In the original study by Northrup,’ the most stable model in
N-rich conditions is “A” N-half-removed core, which shows
dangling bonds on Ga atoms. As a result, a couple of states
are introduced in the band gap and some of them cross the
Fermi level. Thus screw dislocation in GaN was predicted to
be electrically active, regardless of sample growth condi-
tions. On the other hand, in this work, “B” open core is
obtained as the most stable structure in N-rich conditions,
and it is expected to be electrically inactive, in agreement
with experiments.

In summary, we obtained another structure as the most
stable configuration for threading screw dislocation of wurt-
zite GaN in N-rich conditions by first-principles calculations
using HSE hybrid functional. This structure is originated
from “B” type screw dislocation with an open core configu-
ration. Band structure calculation along the dislocation line
for this stable structure shows that no deep states are intro-
duced into the band gap and that the bulk band gap value is
practically preserved. This suggests electrical inactivity of
threading screw dislocations in GaN grown in N-rich condi-
tions. This is consistent with recent experimental result
obtained for GaN samples grown in N-rich conditions, which
cannot be explained by the previously proposed theoretical

Appl. Phys. Lett. 103, 262107 (2013)

model. We believe that it is important to study the same dis-
location core structure in order to understand the properties
of a broader range of electronic materials that crystallize in
wurtzite form.
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