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Defect tolerance can be critically important for optoelectronics. GaN, specifically, tolerates a
relatively large concentration of threading dislocations, but the physical origin of this tolerance
remains a mystery. First-principles calculations reveal the removal of deep-level states from edge
dislocations by oxygen passivation. This removal is, however, not a thermodynamic ground state
but kinetically driven. Oxygen incorporation during growth can be harmful; it becomes beneficial
if introduced in the cooling-down phase or post-growth thermal treatment at a significantly lower
temperature. Our findings extend first-principles defect study to the non-equilibrium regime where
low-diffusion-barrier defects affect electronic behavior of semiconductors in unexpected fashion.

GaN is a wide-gap semiconductor commonly used for
optoelectronics such as blue LEDs/lasers and for power
electronics and radiation hardened electronics [1, 2].
Unlike other more traditional semiconductors, however,
there is no adequate substrate that is lattice matched to
GaN. The GaN epitaxial thin films therefore often con-
tain large densities of dislocations, despite the number of
techniques, such as lateral epitaxial overgrowth [3], hy-
dride vapor-phase epitaxy [4], and stress control [5], that
have been developed to reduce the density of the dislo-
cations. Yet, in sharp contrast to other semiconductors,
a GaN device can operate with several orders of magni-
tude higher dislocation density than, for example, GaAs
or InP [6]. This unique tolerance to extended defects [7]
holds the key to the success of GaN. The microscopic
origin for such a remarkable defect tolerance is, however,
unclear or even controversial. It has been argued that
dislocations in GaN should have similar electronic prop-
erties to GaN surfaces. Since it has been observed that
the GaN surfaces do not exhibit Fermi-level pinning, they
were postulated to lack mid-gap states [6, 7]. However,
first-principles calculations for numerous dislocations, in-
cluding partial dislocations [8, 9],threading edge [10, 11],
screw [12], and mixed [13, 14] dislocations, have shown
that these dislocations all have deep-level states. Hence,
GaN may not be immune to nonradiative recombination
of its free carriers at its dislocations.

Adding to the complexity of GaN is another impor-
tant factor; the presence of unavoidable and uninten-
tional impurities. In GaN films grown by MOCVD and
HVPE, oxygen is among the most common ones, with
the lowest-energy configuration of O in bulk GaN being
a substitution for an N atom within the lattice, ON [15].
In the presence of a dislocation, which could add an ad-
ditional degree of freedom to relax the ON, a lowering of
the oxygen formation energy seems to be likely. In other
words, interactions between point defects and disloca-
tions are inevitable and even energetically favored [16].
On the experimental side, it has been shown that dislo-
cations in GaN cause O segregation [8, 17–19], as well
as enhancing O diffusion [20, 21]. Recently, O anneal-
ing was found to increase the electrical performance of

AlGaN/GaN, which has been attributed to an O passi-
vation effect of the dislocations [22]. These observations
raise the question: can interaction with O offer a clue to
the exceptional dislocation tolerance of GaN? Since the
most common type of dislocation observed for c-plane
growth in GaN is the threading edge dislocation [23],
among which the 5/7-atom ring core structure, with al-
ternating Ga-Ga and N-N homopolar (wrong) bonds, is
found to be experimentally and theoretically most sta-
ble [24–26], the question then becomes: will unintentional
O passivate the edge dislocations? Clearly, the answer to
such a question can be important to GaN and other vital
optoelectronic materials.

In this paper, we perform first-principles calculations
of O interaction with threading edge dislocations with a
low-energy 5/7-atom ring core. The results point to the
possibility of passivation of mid-gap states of the disloca-
tion by O, thereby providing a plausible mechanism for
defect tolerance in GaN. In particular, each O intersti-
tial, Oi(DL), eliminates one Ga-Ga wrong bond at the
core of the dislocation (DL), along with its deep-level
state. Unlike traditional defect theory, here the oxygen’s
effect depends on the experimental conditions: during
growth, O favors the substitutional N site to create half-
occupied and harmful deep-level states. To passivate the
edge dislocations, the formation of ON(DL) has to be ki-
netically prohibited due to the high energy barrier and
the Ga supply needs to be removed (i.e., post-growth
processing) so it no longer reacts with O to form Ga2O3.
The latter results in an exothermic formation of Oi(DL)
at the 5/7-atom ring core via an in-diffusion of O atoms
through the dislocation core with a barrier of only 1.2
eV. Hence, dislocation passivation by O can be easily
achieved in air, e.g., during the cooling-down phase or
due to any post-growth thermal treatment of the sam-
ples. In principle, the non-equilibrium approach devel-
oped here should apply to interstitials, and for that mat-
ter, other low-diffusion-barrier defects, in a broad range
of electronic materials.

Our calculations are performed using density func-
tional theory (DFT) [27, 28] within the Perdew-Burke-
Ernzerhof (PBE) approximation [29] for the exchange-
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Figure 1. (a-c) Atomic structure of 5/7-atom ring dislocation
core with and without O atom. Ga is red, N is light blue,
and O is dark blue. Yellow regions indicate charge density
isosurfaces from the deep level. (d-f) The corresponding band
structures. Positions of the bulk GaN band edges are marked
by horizontal lines. The band structure for (f) changes when
considering spin polarization; see Fig. S4 in the Supplemental
Material.

correlation functional. The core-valence interactions are
described by the projector augmented-wave (PAW) po-
tentials, as implemented in the VASP code [30]. Plane
waves with a kinetic energy cutoff of 345 eV are used
as the basis set. Test calculations at an energy cutoff
of 400 eV show a difference of less than 0.1 eV in the
formation energies. A large 760-atom, 4.4 nm diameter
nanowire (including passivating surface pseudo-H atoms)
is relaxed by force minimization until the energy differ-
ence is less than 0.1 meV and the forces on the atoms
are less than 0.05 eV/Å. Further details of the nanowire
model calculation are presented in Fig. S1 in the Sup-
plemental Material. The diffusion of O atom is studied
using the nudged elastic band (NEB) method within the
climbing image approximation [31]. In the diffusion cal-
culation, it is necessary to reduce the nanowire diameter
to allow for doubling the supercell in the direction par-
allel to dislocation core. The reduced diameter is about
1.7 nm, and the nanowire contains 132 Ga and N atoms.
The k-point meshes of 1 × 1 × 3 and Γ-only are used for
the Brillouin zone integration of the reduced and large
nanowires, respectively. Hybrid functional calculations
(shown in Fig. S2 in the Supplemental Material) con-
firm our conclusions based on PBE. To verify that the

Figure 2. Defect formation energy under different experimen-
tal conditions. (a) Under thermal equilibrium with secondary
Ga2O3 phase [cf. Eq. 3] and (b) in the absence of secondary
phase due to the removal of Ga supply. Arrows show the
subsequent drop of O interstitial energies.

dislocation-surface interaction in our nanowire model is
small, calculations based on the dislocation dipole model
by Sidney Yip [32] have been carried out (Fig. S3 in the
Supplemental Material). Both methods yield the same
defect formation energy and electronic properties.

Figure 1(a) shows the core structure of the 5/7-atom
ring edge dislocation which breaks the pattern of 6-atom
hexagonal rings (as viewed along the c-axis) by creat-
ing adjoined 5-atom and 7-atom rings. At the point
where these two rings touch, there is a column of al-
ternating Ga-Ga and N-N wrong bonds. Our calcula-
tions have found the two most stable configurations for
O segregation at the dislocation core, i.e., the interstitial
oxygen Oi(DL) and the substitutional oxygen ON(DL)
in Figs. 1(b)-(c), respectively. Each forms a line defect
along the core of the dislocation, one O per unit length
(5.17 Å). The Oi(DL) breaks the Ga-Ga wrong bond by
forming a bond to each of the Ga atoms. As a result, the
Ga-Ga distance increases from 2.26 Å to 2.68 Å. In con-
trast, the N-N wrong bond, which was at 1.55 Å, changes
by less than 0.01 Å. For the substitutional ON(DL), the
distance between atomic N-N columns increases from the
original distance of 1.55 Å to the O-N distance of 2.82
Å, so the wrong bond no longer exists. In contrast, the
Ga-Ga wrong bond does not break, but is elongated by
7% from 2.26 Å to 2.41 Å.

The formation energy Eform for a neutral defect X is
calculated by [33]

Eform[X] = Etot[X] − Etot[host] −
∑
i

niµi, (1)

where µi are the chemical potentials of individual atomic
species, ni are the number of atoms added to (ni > 0) or
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Figure 3. Energy profile for the diffusion of an O atom along
an already-oxidized dislocation core. Panels at the lower half
show the oxygen positions and atomic structures of the sur-
rounding atoms. The dashed line corresponds to the chemical
potential of O2 in vacuum. Atoms are colored as in Fig. 1.

removed from (ni < 0) the host to form defect X. The
values of µi are constrained by the precipitation of the
elemental Ga solid and gas N2 phase, and the thermal
equilibrium with GaN, i.e.,

µN + µGa = µGaN. (2)

During the growth of GaN, µO is also affected by the
formation of secondary phases such as Ga2O3, i.e.,

2µGa + 3µO ≤ µGa2O3 . (3)

Figure 2(a) shows the energies of O impurities as a
function of µN, calculated based on Eqs. 1-3. In bulk
GaN, the most stable O impurity is substitutional O
[ON(bulk)]. An interstitial O is typically 6 eV higher
in energy. In the presence of the 5/7-atom ring disloca-
tion, however, the formation energies of the O impurities
are lowered considerably, by about 2 eV for ON and by
almost 7 eV for Oi, indicating that oxygen should be pref-
erentially incorporated into regions near the dislocation
core. Despite the energy changes, ON(DL) is still notice-
ably lower in energy than Oi(DL). In contrast, Fig. 2(b)
shows a different scenario where the constraint set by
Eq. 3 is lifted. This raises the upper bound on µO con-
siderably such that the formation of interstitial Oi(DL),
at -2.3 eV, becomes energetically favorable. In princi-
ple, the change in µO should affect the formation energy
of all O impurities. However, converting an Oi(DL) to
ON(DL) requires the formation of a VN-Ni(DL) Frenkel
pair, which is both energetically costly and kinetically
difficult. The formation energy of the Frenkel pair with

Ni at the dislocation core is 1.9 eV. Adding the kinetic
barrier would further increase the energy due to the four-
fold coordination of the N atom. Therefore, formation of
ON(DL) at the expense of Oi(DL) at a temperature sig-
nificantly lower than the growth temperature is highly
unlikely.

While the above analysis is instructive, it is still a ques-
tion how the O interstitials travel to the dislocation core,
since Oi(bulk) formation remains at least 5 eV even when
the Ga supply is removed. The hint comes from the ex-
perimental fact that oxygen can diffuse through disloca-
tions [20, 21]. Since threading dislocations typically end
at surfaces, oxygen atoms may diffuse through the dislo-
cation core and remove non-oxidized Ga-Ga wrong bonds
along the way. To examine such a scenario, we build a
2× supercell along the dislocation line where the core is
fully oxidized by O atoms. Using the NEB method, we
calculate the diffusion of an additional O atom. This way,
an upper bound for the O diffusion barrier may be esti-
mated. The calculated energy profile is shown in Fig. 3 in
the upper panel, whereas three snapshots of the atomic
positions at the start (frame 0), in the middle (frame 4),
and at the end (frame 8) of the O diffusion are shown in
the lower panels. It is interesting to note that the non-
bonded oxygen atom, i.e., the diffusing O at the bottom
of the lower panels in Fig. 3, is spontaneously attracted
to the dislocation core as it has an energy lower than
forming an O2 in vacuum. It prefers to stick to the side
wall of the 7-membered ring by displacing N atoms to co-
share Ga atoms. A diffusion barrier of 1.2 eV is obtained
from the NEB calculation. It corresponds to a diffusion
rate at 600 K of 8 × 102 jumps per second with an at-
tempt frequency of 1013 per second [34]. In experiments,
O annealing temperature can be higher [22]. Hence, one
can eliminate Ga-Ga wrong bonds in the 5/7-atom ring
dislocations by oxygen after growth. Once the diffusing
O atom reaches a non-oxidized Ga-Ga wrong bond, it will
spontaneously insert into the bond, lowering its energy
by about 2.2 eV [cf. Fig. 2(b)].

Figures 1(d)-(f) show the band structure. The bare
dislocation core in Fig. 1(d) has doubly-occupied deep-
level states, which can trap carriers and cause non-
radiative recombination. The charge contour plot in
Fig. 1(a) shows that this deep level originates from the
Ga-Ga wrong bond. As the insertion of the interstitial
Oi(DL) to the dislocation core breaks the Ga-Ga wrong
bond, not surprisingly, the defect state is removed, as
can been seen in Fig. 1(e). In contrast, the formation of
ON(DL) alters the dispersion of the deep level but does
not remove it. It also changes the occupation of the gap
state, though, in a non-intuitive way. In bulk GaN, the
ON is a shallow donor which should place the Fermi level
near the bottom of the conduction band. Instead, here
it half-way empties the defect level, as can be seen in
Fig. 1(f).

The qualitative results can be understood based on
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the electron counting model (ECM) [35]. Since, in the
wurtzite structure, the Ga atom (valence 3) and N atom
(valence 5) are both four-fold coordinated, each Ga- and
N-dangling bond has 3/4 and 5/4 electrons, respectively.
Therefore, each Ga-Ga wrong bond should have 3/4 +
3/4 = 1.5 electrons whereas each N-N wrong bond should
have 5/4 + 5/4 = 2.5 electrons. The ECM states that
each bond should host two electrons. A transfer of 0.5
electrons from N-N to Ga-Ga would make the Ga-Ga
wrong bond host 1.5 + 0.5 = 2 electrons and the N-
N wrong bond also host 2.5 - 0.5 = 2 electrons. This
means that the deep level at the dislocation core should
be a doubly-occupied weak Ga-Ga bond, as confirmed by
Fig. 1(a). After the insertion of Oi(DL) atoms along the
dislocation core, each Oi(DL) atom grabs two electrons,
one from each surrounding Ga atom. This replaces the
Ga-Ga wrong bond by two stronger Ga-O bonds whose
electronic states are buried deep inside the valence band.
In contrast, the replacement of the N atom at the disloca-
tion core by ON(DL) breaks the anion-anion wrong bond,
as mentioned before. It leaves behind a threefold coor-
dinated N with a doubly occupied lone-pair state and,
separately, a threefold coordinated O with also a doubly
occupied lone-pair state. There are, however, only three
electrons available, which are the two electrons from orig-
inal N-N wrong bond and the extra electron from the O
replacing N, so they must get another electron from the
occupied high-lying defect state. This leaves a singly-
occupied Ga-Ga deep-level state inside the band gap, as
depicted in Fig. 1(f). Two more common impurities in
GaN, hydrogen and sulfur, were also tested as passivants
in GaN dislocations (see Fig. S5 of the Supplemental Ma-
terial); however, neither remove the gap states as Oi does.
Hydrogen fails to passivate the dislocation because two
H atoms would be required by the ECM to break the
Ga-Ga wrong bond, but instead the two spontaneously
form an H2 molecule. Sulfur does remove the occupied
defect state similar to oxygen, but its p-states are higher
in energy than oxygen and reside inside the band gap.
As other impurities would have an incorrect valency or
higher-energy p-states, oxygen is unique in passivating
the most common dislocation in c-plane GaN.

We note that the pioneer first-principles study of dis-
location with impurities, particularly with O impurity,
was carried out in 1998 [36] in the context of substitu-
tional O and Ga vacancy, ON-VGa, pairs. However, the
8-membered ring dislocation core structure used there
was later found to be too high in energy [24]. It is in-
teresting, though, that our Oi(DL) structure is similar
to one of their structures, but their conclusion was op-
posite to ours, as the ON-VGa complexes were calculated
to be deep-level defects responsible for yellow lumines-
cence [36, 37]. Even the oxygen impurity, which is struc-
turally identical to our Oi(DL), is a deep donor with a
(0/+) level 0.4 eV above the valence band maximum
(VBM). We found, however, that this level position is

an artifact of calculating an array of overly dense and
infinitely-long charged lines in the supercell approxima-
tion. Physically, charged defects on a dislocation line
must be far apart, i.e., at the dilute limit, to avoid their
mutual repulsion and the subsequent logarithmic diver-
gence. Due to the use of a small supercell and the com-
pensating charge (known as the jellium background), the
energy of the isolated charged defect is underestimated
from its dilute limit [38]. As we increase the separation
between charged Oi atoms along the dislocation core, the
deep (0/+) transition level disappears, as a result of the
increased energy for (+)-charge defect, so O passivation
of the deep-level dislocation states is indeed physically
correct.

In summary, first-principles calculations reveal that
deep-level edge dislocation states in GaN can be totally
removed by interstitial oxygen. However, the behavior of
the O at a dislocation core can be complex due to vari-
ous experimental conditions, leading to conflicting results
and interpretations. To understand the oxygen interac-
tion with edge dislocations, a kinetic theory is developed.
Detailed NEB calculation reveals that at modest temper-
ature, oxygen in-diffusion along the dislocation core of
GaN readily takes place, in agreement with experiments.
While our theory points to a possible explanation of the
dislocation tolerance of GaN, the implications go beyond
just one material by shedding lights on the mechanisms
of electrically inactive dislocations in other semiconduc-
tors. More broadly, our non-equilibrium approach ap-
plies to other low-diffusion-barrier defects in electronic
and optoelectronic applications.
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[24] R. Gröger, L. Leconte, and A. Ostapovets, Comput.
Mater. Sci. 99, 195 (2015).

[25] L. Lymperakis, J. Neugebauer, M. Albrecht, T. Rem-
mele, and H. P. Strunk, Phys. Rev. Lett. 93, 196401
(2004).

[26] S. Rhode, M. Horton, S.-L. Sahonta, M. Kappers,
S. Haigh, T. Pennycook, C. McAleese, C. Humphreys,
R. Dusane, and M. Moram, J. Appl. Phys. 119, 105301
(2016).

[27] P. Hohenberg and W. Kohn, Phys. Rev. 136, B864
(1964).

[28] W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
[29] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.

Lett. 77, 3865 (1996).
[30] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169

(1996).
[31] G. Henkelman, B. P. Uberuaga, and H. Jónsson, J.

Chem. Phys. 113, 9901 (2000).
[32] W. Cai, V. V. Bulatob, J. Chang, J. Li, and S. Yip,

Philos. Mag. 83, 539 (2003).
[33] S. B. Zhang and J. E. Northrup, Phys. Rev. Lett. 67,

2339 (1991).
[34] K. Saarinen, T. Suski, I. Grzegory, and D. C. Look,

Phys. Rev. B 64, 233201 (2001).
[35] M. D. Pashley, Phys. Rev. B 40, 10481 (1989).
[36] J. Elsner, R. Jones, M. I. Heggie, P. K. Sitch, M. Haugk,
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