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The diffusion of televant native point defects in wurtzite GaN crystals is investigated using first-principles
density-functional pseudopatential calculations. Our reexamination of the ground state of the defects, using a
higher level of convergence than was previously used, yields results in good agreement with earlier published
results [J. Neugebauer and C. G. Van de Walle, Phys. Rev. B 50, 8067 (1994)]. Gallium interstitials are stable
at the octahedral interstitial site and can occur in 1+, 2+ (metastable), or 3+ charge states. They migrate via
an interstitialcy mechanism with an unexpectedly low barrier of 0.9 eV, consistent with the annealing of the L5
signal in electron-paramagnetic-resonance experiments [K. H. Chow et al, Phys. Rev. Lett. 85, 2761 (2000)].
For the nitrogen interstitial the ground-state configuration is a split interstitial, occurring in charge states
ranging from 1 — to 3+. Migration zlso proceeds via an interstitialcy mechanism, with barriers of 2.4 eV or
lower, depending on the charge state. The nitrogen vacancy has two stable charge states 1+ and 3+. The
migration barrier for ¥y is high (4.3 eV), while the migration barrier for V" is significantly lower, at 2.6 eV,
comsistent with recent positron-annihilation experiments {S. Hautakangas ef al,, Phys. Rev. Lett. 90, 137402
(2003)). The gallium vacancy, finally, can eccur in charge states 0, 1 -, 2—, and 3—, and migrates with a
barrier of 1.9 eV, For all these defects the lawest-energy migration path results in motion both paraliel and
perpendicular to the ¢ axis; no anisotropy in the diffusion will therefore be observed. Applications to point-
defect-assisted impurity diffusion will also be discussed.
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I. INTRODUCTION

Knowledge of the diffusion properties of native point de-
fects is important to assess the likelihood of their incorpora-
tion during growth and processing; in addition, it forms the
basis for understanding impurity diffusion, which is nearly
always mediated by native defects. Diffusion also plays an
important role in device degradation. Information about dif-
fusion in nitrides is currently limited. Only a few experimen-
tal studies have been performed, and in some cases the re-
sults may reflect phenomena induced by the presence of a
large concentration of extended defects, causing the results
to be of limited applicability to bulk GaN. :

To date, direct experimental studies of point-defect mo-
tion have been performed with three techniques: self-
diffusion in isotope structures, electron paramagnetic reso-
nance (EPR), and positron annihilation. Monitoring the
diffusion of isotopes is a very direct and powerful way of
studying diffusion. Only one such study has been carried out
so far; by Ambacher et al! EPR studies were performed by
the group of Watkins®~® on point defects created by electron
irradiation at low temperature. The one defect that has been
unambiguously identified in these studies is the gallium in-
terstitial {Ga,), which was found to become mobile at tem-
peratures slightly below room temperature. Our calculations
will show that the migration barrier for Ga; is indeed very
low (0.9 ¢V}, due to an interstitialcy migration mechanism.®
The positron-annihilation studies, by the group of
Saarinen, ~° are sensitive to vacancy defects, and have pro-
duced estimates for the migration barriers of gallium® and
nitrogen® vacancies. None of these studies have systemati-
cally tracked diffusion over a range of temperatures; esti-
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mates of migration barriers are based mainly on observations
of the temperatures at which the defects become mobile. In
addition to the point-defect studies, some results have been
reported on impurity diffusion.'®" Only diffusion coeffi-
cients at a given temperature were reported.

We have performed a comprehensive computational study
tracking the diffusion paths of various relevant point defects.
We will show that our first-principles calculations provide a
valuable means for interpreting the experimental results. The
calculations can aid in addressing the relevant point defects
and diffusion mechanisms, and yield specific values for mi-
gration barriers. The computational techniques are those that
have been previously applied to the investigation of ground-
state configurations of point defects in GaN.'*'* For consis-
tency, we have repeated the ground-state calculations with a
higher level of convergence. The present results are in good
agreement with the earlier published values."*" For our in-
vestigations of point-defect diffusion, we have focused on
self-interstitials and vacancies. Antisites have high formation
energies in GaN, and we have no reason to believe they play
an important role under either equilibrium or nonequilibrium
conditions, Since GaN has the wurtzite structure, one might
expect an anisotropy in the diffusion of point defects. We
have therefore systematically investigated migration paths
parailel and perpendicular to the ¢ axis. Our conclusion will
be, however, that no anisotropy should be observed.

Section II describes our theoretical approach. Section 111
reports results for ground-state configurations and migration
barriers for galium and nitrogen interstitials, and gallium
and nitrogen vacancies. A discussion of these results and
comparison with experiment is contained in Sec. I'V. Section
V concludes and summarizes the paper.
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II. THEQRETICAL APPROACH
A. Total-energy calculations

Our first-principles calculations are based on density-
functional theory'® in the local-density approximation and ab
initic nomm-conserving pseudopotentials, with a plane-wave
basis set.'” We use the nonlinear core correction (nfce),®
with an energy cutoff of 40 Ry. It has been established that
the nlce provides an adequate description of the effects of the
Ga 3d, with the exception of the formation energy of the
gatlium vacancy, where the calculations with explicit inclu-
sion of the 34 electrons yield a higher formation energy.

All calculations were carried out at the theoretical lattice
constant of bulk wurtzite GaN, which is a”°"=3.09 A in
the nlce and a™#°*=3.18 A in the 34 calculations (compared
with a®?'=3.19 A). We used the ideal c/a ratio of \8/3
which is very close to the calculated ¢/a ratio of 1.633 (ex-
periment: 1.627). We used 32-atom and 96-atom supercells.
Details about supercell construction can be found in Ref. 20.
We have used the 32-atom supercells to perform preliminary
explorations of migration paths, and 96-atom supercells to
investigate the ground-state and saddle-point configurations
with higher accuracy. Unless otherwise mentioned, the re-
sults cited in this papet are for 96-atom supercells.

Brillouin-zone integrations were carried out with a regular
spaced mesh of nXnXn points in the reciprocal unit cell,
shifted from the origin as in the Monkhorst-Pack method?!
and reduced by symmetry to a set of irreducible k points. We
use n =2 which results in a set of three irreducible k points
in the 32-atom cells (four k points in cases where the screw
symmetry of the wurtzite structure is broken), and two k
points in the 96-atom cells (or more when the symmetry is
broken).

B. Formation energies

The energetics of migration paths and barriers depend on
energy differences between different configurations of a de-
fect. However, in order to interpret the results and relate
them to experiment it is useful to also have information
about the formation energy. The formation energy (') is the
energy needed to create a defect. The concentration of the
defect is telated to E' by the expression

c= Nsilesexp( - Ef/kT}: (l)

where N, is the number of sites in the lattice (per unit
volume) where the impurity can be incorporated, & is the
Boltzmann's constant, and T is the temperature. This shows
that the higher the formation energy the less likely the defect
will form. The above relation, in principle, only holds in
thermal-equilibrium conditions. However, the formation en-
ergy provides a useful measure of the likelihood of defect
formation even under certain nonequilibrium conditions.

We illustrate the definition of the formation energy with
the examples of a nitrogen vacancy (¥y) and a nitrogen
interstitial (N,):

E'[ V4] = E,of VA] — E (ol GaN,bulk}+ pen+g[Ept £, ],
@)
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Ef[Ng'q] = E!or[N?] = E 1o,/ GaN,bulk] — pn+ glEFtE,].
(3)

E [ V4] (E., IN7]) is the total energy derived from a su-
percell calculation with one nitrogen vacancy (interstitial) in
the cell, and E,,[GaN,bulk] is the total energy for the
equivalent supercell containing only bulk GaN. g is the
charge state of the defect, and gy is the chemical potential of
N. Ep is the Fermi level, referenced to the valence-band
maximum in the bulk. Due to the choice of this reference, we
need to explicitly put in the energy of the bulk valence-band
maximum, £, . The position of £, is adjusted to reflect the
shift in average potential between the supercell containing
the defect and the bulk. The chemical potential py depends
on the experimental growth condition which can be either N
rich or Ga rich.'*!® For purposes of plotting the formation
energies, we choose Ga-rich conditions, corresponding to
HGa= paal bulk].

For charged defects, we added a jellium background to
neutralize the supercell. We have not applied any additional
corrections relating to the electrostatic interactions between
charged defects induced by the periodic boundary conditions.
Tests have shown that a simple correction based on the elec-
trostatic energy of an array of point charges is inappropriate
since it significantly overestimates the effect. The main focus
of the present work is on migration barriers, which are en-
ergy differences between different configurations of the de-
fect in the same charge state and therefore not sensitive to
chargestate-dependent corrections.

All of the point defects introduce levels in the band gap of
GaN; experimental detection of these levels often is an im-
portant means of identification of the defect. Calculation of
these levels is therefore an important priority. The thermody-
namic transition levels involve transitions between different
charge states of the defect. This means that the Kohn-Sham
levels that result from a band-structure calculation for the
center in a single charge state cannot directly be identified
with levels that are relevant for experiment. The thermody-
namic transition level e(g, /g,) is defined as the Fermi-level
position where charge states ¢, and ¢, have equal energy. As
the name implies, this level would be observed in experi-
ments where the final charge state can fully relax to its equi-
librium configuration after the transition. This type of level is
therefore what is observed, for instance, in deep-level tran-
sient spectroscopy experiments. Note that optical levels, as
observed in photoluminescence, correspond to a situation
where the final charge state does nor relax to its equilibrium
configuration afier the transition. The levels observed in op-
tical experiments may therefore differ from the thermody-
namic transition levels.

II1. RESULTS
A. Formation energies and transition levels

Formation energies for all the native point defects in GaN
were previously reported in Refs. 14 and 5. Those resuits
were obtained in 32-atom and 72-atom supercells. Our
present study of point-defect diffusion employs %6-atom su-
percells; as part of this study we had to recalculate the
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TABLE 1. Formation energies of native defects in wurtzite GaN,
calculated in 32-atom and 96-atom supercells (Ref. 25). The forma-
tion energies are shown for the Fermi level equal to the valence-

band maximum, and Ga-rich conditions.

Defect Charge E! (eV) (Ga rich)
state 32-atom 96-atom
Ga; 3t 247 2.34
2+ 5.09 4.89
I+ 7.88 7.28
N, 3+ 3.86 319
2+ 4,05 393
1+ 5.10 4.83
0 6.86 6.31
1- .12 8.31
2- 13.33 129
- 17.18 17.34
Py I+ —0.89 —-1.08
1+ -0.01 0.10
Via 0 8.10 9.06
1- 8.29 9.31
2- 9.08 9.95
3~ 10.46 11.05

ground-state configurations and formation energies. Values
for formation energies are shown in Table I and Fig. 1. Only
minor quantitative differences occur with respect to the pre-
vious work.!*!® The corresponding thermodynamic transi-
tion levels for the defects discussed in this paper are illus-
trated in Fig. 2.
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FIG. 1. Formation energies as a function of Fermi level for
native point defects in GaN. Ga-rich conditions are assumed. The
zero of Fermi level corresponds to the top of the valence band. Only
segments corresponding to the lowest-energy charge states are
shown. The slope of these segments indicates the charge state.
Kinks in the curves indicate transitions between different charge
states.
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FIG. 2. Thermodynamic transition levels for defects in GaN,
determined from formation energies listed in Table T and displayed
in Fig. 1.

B. Gallium interstitial Ga;
1. Atomic structure and energefics

The Ga interstitial can occur in the 3+, 2+, and 1+
charge states. We find that the neutral charge state is not
stable, ie., the e(+/0) transition level lies above the
conduction-band minimum. Qur calculations show that in
wurtzite GaN, the gallium interstitial Ga’* favors a site near
the octahedral interstitial site, at the center of the hexagonal
channel. We call this site O' to distinguish it from the ideal
octahedral interstitial O site. At the Q' site the distances to
the six Ga nearest neighbors are roughly the same, to within
0.1 A: they amount to 2.39 A o one set of neighbors, and
2.47 A to the other: this indicates that the interstitial atom
positions itself s0 as to minimize repulsion from these Ga
neighbors. In the process, the interstitial moves closer to the
plane of its three nitrogen neighbors, at a Ga,-N distance of
1.80 A. This distance is shorter than for Ga-N bonds in the
bulk crystal, indicating the presence of a favorable electro-
static interaction between the positively charged Gaf‘+ and
the electronegative nitrogen host atoms.

The atomic structure is very similar in the other charge
states: in the 2+ charge state the distances to the Ga neigh-
bors are 2.39 A and 2.44 A, and the Ga;-N distance is 1.86
A. In the 1+ charge state, finally, the distances to all Ga
neighbors are 2,40 A, and the Ga,-N distance is 1.90 A. The
increase in the distance to the nitrogen neighbors (which is
accommodated mainly through the motion of the nitrogens)
when the charge state is lowered from 3+ to 1+ indicates
the importance of Coulomb attractions. Note that the mecha-
nisms behind these configurations are very similar to those
discussed for beryllium interstitials Be?* in Ref. 20.

We also discovered an additional local minimum for
Gai3+ , located between the T site and the @' site. This meta-
stable minimum is similar to a configuration that we inves-
tigated for Be interstitials in GalN, and that we labeled the 4
site.® This local minimum has an energy only 0.38 eV
higher than the global mintmum. Similar to the O’ site, the
driving force for stability of this configuration seems to be
the proximity of the interstitial to three N neighbors, with
bond distances between 1.83 and 1.85 A. Simultaneously, a
Ga atorn that would prevent the interstitial from approaching
the nitrogen atoms moves away, undergoing a large displace-
ment. This is the same Ga atom that will ultimately be kicked
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out of its lattice site after completion of the migration step
described below. We vertfied that this configuration was in-
deed a local minimum by starting the relaxation process from
different initial configurations, and also by investigating dis-
placements of the interstitial away from the minimum and
checking that the configuration returned to the local mini-
mum. We note that in the 4 configuration the Ga atom is
located fairly close to three host Ga atoms, at distances of
2.27 A and two times 2.51 A; the next set of Ga atoms is at
285 A

As shown in Fig. 1, the stable charge states are 3+ and
1+, meaning that Ga; always acts as a donor. Its formation
energy is lowest {but still higher than that of the nitrogen
vacancy) for Fermi-level positions near the valence-band
maximum (VBM), ie, under p-type conditions. The 2+
state is not thermodynamically stable, and the 1+ charge
state is stable at Fermi levels above 2.5 eV, where the high
formation energy renders its formation unlikely under equi-
Itbrium conditions. However, Ga interstitials can be induced
by non-equilibrium processes, for instance in the irradiation
experiments of Ref. 5.

2. Diffusion

The high formation energy of the Ga interstitial is caused
by the large size of the Ga atom., which does not*fit” inside
the interstitial space available in the GaN lattice with its
small lattice parameters. One might therefore think that the
Ga interstitial will also have trouble moving through this
lattice, i.e., that the migration barrier will be high. This is not
the case. In fact, the migration barmier is the difference in
energy between the saddle-point and the ground-state con-
figurations; if both are high in energy, their difference can be
modest, resulting in a moderate barrier.

We have investigated migration paths parallel to the ¢ axis
(|lc) as well as in directions perpendicular to the ¢ axis
(1L ¢). In these investigations we were aided by our previous
work on diffusion of beryllium interstitials in GaN.?® First
we tracked the migration path along the hexagonal channel,
resulting in a barrier height of 3.0 eV. The variation of the
potential energy along this path is very similar to that of
Be,—2+ as shown in Fig. 8 of Ref. 20. Even the barrier height
is the same, with a value of 3.0 eV. Further investigations
showed, however, that another migration path exists with a
much lower barrier.

In the case of the Be interstitial, migration along this path
proceeds by the interstitial moving from its stable configura-
tion at O’ through a saddle point at the tetrahedral interstitial
site {7) to an O site within the same basal plane in an
adjacent hexagonal channel. This whole process occurs with
a much lower migration barrier (1.2 eV) than migration
through the hexagonal channel (which cost about 3 eV for
Be;). A similar sitvation occurs for Ga;, but now the diffus-
ing atom is the same element as one of the host atoms, and
therefore diffusion can proceed via the so-called interstitialcy
mechanism. The whole process is illustrated step-by-step in
Fig. 3.

Figure 4 shows a plot of the potential energy along the
migration path. Modeling this migration path in a 96-atom
cell was essential. Near the (' site the 32-atom-cell results
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FIG. 3. Schematic illustration of the migration of a gallium in-
terstitial via an interstitialcy mechanism. Top panels show a top
view, lower panels a side view. (a) Ground state; (b) and {c¢) inter-
mediate configurations along the migration path; (d) final configu-
ration, after one migration step. Large circles represent Ga atoms,
small circles N atoms, and shaded large circles highlight Ga atoms
involved in the migration process.

are similar to the 96-atom-cell results, as can be seen from
the formation energies in Table . However, when the Ga,
atom starts to push the host Ga atom away from its lattice
site, the relaxations extend over a volume that cannot be
adequately modeled in a 32-atom cell.

The curve shown in Fig. 4 indicates the presence of a
local minimum along the path, corresponding to the A site
described in Sec. III B 1. At the A4 site the interstitial forms a
split-interstitial configuration with a Ga host atom. When the
interstitial is moved further towards 7T, it actually replaces
the Ga host atom; i.e., it knocks the Ga host atom out of its
lattice site, forcing it to become the new interstitial, which
will move towards an O' site in an adjacent hexagonal chan-
nel.

This new O’ site is located in a basal plane different from
the site that was the starting point, implying that this migra-
tion path can apply to diffusion both parallel to ¢ and per-
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FIG. 4. Total energy (referenced to the ground-state configura-
tion} of Ga}* as a function of the horizontal distance of the Ga,
atom measured from the center of the hexagonal channel towards
the T site. All calculations were carried out in %6-atom supercells.
The local minimum around ~0.9 A corresponds to the 4 site. By
the time the Ga, has reached the T site, it has moved through a
triangle of N atoms and replaced a Ga host atom, pushing the origi-
nal Ga host atom off its lattice site to become the new Ga, .
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FIG. 5. Ball-and-stick model of atomic configurations of (a) N;H and {b) N, defects in GaN; (c) shows the equivalent section of bulk
GaN for comparisan. The N; assumes a split-interstitial configuration. The hexagonal prisms are a guide to the eye, representing the
symmetry of bulk GaN. Large spheres represent Ga atoms and small spheres N atoms. The percentages denote changes from the bulk Ga-N
bond length. N-N bond lengths are expressed in angstroms. Note the outward relaxations of the surrounding Ga atoms: in the 3+ charge
state, these Ga atoms move outwards over a distance equal to 25% of the Ga-N bond length; in the 1+ charge state, the corresponding

number is 15%.

pendicular to c—unlike the case of the Be interstitial, where
a clear anisotropy in the diffusion occurred. As shown in Fig,
4, the barrier along the migration path is about 0.9 eV,

Our most detailed investigations were carried out for the
Ga interstitial in the 3+ charge state. However, our studies
show a very similar migration path, with possibly slightly
lower barriers, for the 2+ and 1+ charge states. The relative
stability of the 4 site decreases when going from the 3+ to
the 2+ to the 1+ charge state: in the 2+ charge state the 4
site is 0.6 eV higher in energy than O’ (compared to 0.4 eV
in the 3+ charge state), and in the 1+ charge state we did

10t succeed in stabilizing the A-site configuration.

C. Nitrogen interstitial N,
1. Atomic structure and energetics

The ground state of the nitrogen interstitial consists of a
split-interstitial configuration in which the N, forms a N-N
bond with one of the nitrogen host atoms, sharing its lattice
site.”® This configuration is energetically preferred, by a large
margin, over other interstitial positions such as the octahe-
dral (O) or tetrahedral (T) interstitial sites, due to the large
strength of the N-N bond. The nitrogen interstitial can occur
in various charge states, as shown in Fig. 1. The details of the
atomic structure vary with the charge state of the defect, with
the N-N bond distance varying from 1.45 in the 1 — charge
state to 1.12 in the 3+ charge, but the split-interstitial con-
figuration is common to all charge states. Note that the N-N
bond distances are comparable to the bond distance of N,
(1.0975 A). Since the host atom shares its lattice site with the
interstitial, it is not clear which of the two atoms is the actual
interstitial; both should be regarded on equal footing.

We show the atomic configurations for two of the charge
states, N and N, , in Figs. 5(a) and 5(b). The common
feature in all charge states is the bond formed between the N,
atom and a N host atom. We label the two N atoms as N
and N for easy reference. There are four Ga atoms sur-
rounding the site, and each N atom in the split interstitial
forms bonds with two Ga atoms [see Fig. 5(a) and 5(b)].

For the 3+ charge state, the configuration could be
viewed asa V3" plus a N, dimer floating in the void. Indeed,

the atomic positions as shown in Fig. 5(a} show large out-
ward refaxations of the swrounding Ga atoms, with the Ga
atorns being pushed into the plane of the surrounding N at-
oms; a similar relaxation is found in V3 . In addition, the
N-N bond distance of 1.12 A is very close to the N, dimer
bond distance. Clearly, in the 3+ charge state, the N-N pair
is not eager to bond with the surrounding Ga atoms. As more
electrons are added to the defect, the N-N bond becomes
weaker (evidenced by the increased N-N distance) and the
tendency to form bonds with the surrounding Ga atoms in-
creases (evidenced by shorter Ga-N bond lengths). By the
time four electrons are added (i.e., going from Nf * to N; )
the N-N bond distance is increased to 1.45 A and both N
atoms form strong bonds with their Ga neighbors, with an
average bond distance that is 6.1 % shorter than the bulk
Ga-N bond. The average bond distances for all charge states
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FIG. 6. Bond distances in the N, split-interstitial defect as a
function of charge state. (a) Percentage change (referenced to the
bulk Ga-N bond length) of the average length between interstitial N
atoms and the surrounding Ga atoms. (b) N-N bond distance in the
split interstitial, Circles denote first-principles calculations, dashed
lines serve as a guide 1o the eye.

035207-5



SUKIT LIMPITUMNONG AND CHRIS G. Van de WALLE

!(a)

FIG. 7. Schematic illustration of the migration of a nitrogen
interstitial via an interstitialcy mechanism. (a}) Ground state. (b}
Saddle-point configuration. (c) New ground state, after one migra-
tion step. Large circles represent Ga atoms, small circles N atoms,
and shaded small circles highlight N atoms involved in the migra-
tion. Dashed circles indicate ideal atomic position of the lattice N,
dashed lines bonds in the ideal lattice. The numbers in square
brackets identify the migrating atoms.

are shown in Fig. 6(a). These results are in agreement with
the results reported in Ref. 14, but more detail is provided
here.

Nitrogen interstitials have fairly high formation energies
for all Fermi-level positions (Fig. 1). They are thus unlikely
to occur in thermal equilibrium. However, their formation
may be induced under nonequilibrium conditions, for in-
stance under irradiation. We find N™ to be the charge state
with the highest number of electrons stable under n-type con-
ditions. Wright™ reported a 3 — charge state, with a different
atomic configuration, for Fermi levels above 3.17 eV, We do
not find this charge state to be stable, and suggest that its
occurrence in Ref. 22 is an artifact due to the occupancy of
conduction-band states.

2. Diffusion

Nitrogen interstitials diffuse via an interstitialcy mecha-
nism as illustrated in Fig. 7. Note that the atomic positions in
Fig. 7 do not reflect the actual relaxations; the figure merely
serves as a schematic for elucidating the diffusion process.
Figure 7(a)} illustrates N; in the ground state (split-interstitial
configuration); the interstitial (N'')) and one of the host at-
oms (N share a lattice site and form a short
(N,-molecule-like) bond. At the start of the migration pro-
cess, N'2) moves up, dragging N'!) along in an effort to keep
the N-N bond short, Figure 7(b) illustrates the instant where
N is at the midpoint of the migration process, i.e., N(?) ig
located equidistant from N*) and N‘). The actual positions
of N and N7 at this saddle-point configuration depend
strongly on the charge state. Finally, N'®) moves past the
saddle point and continues to move to form a new split-
interstitial configuration with N'*), leaving N, which was
initially the interstitial, occupying a lattice site.
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FIG. 8. Total energy (referenced to the ground state) of N;
along the migration path, as described in the text. Dashed lines are
a guide to the eye.

The practical details of our calculations for the saddle-
point configuration are as follows. We apply constraints to
the atoms involved. First, we constrain N2 in the plane
bisecting the line connecting the two ideal lattice sites asso-
ciated with NU') and N®). In Fig. 7(b), this plane is perpen-
dicular to the plane of the figure; its projection is shown as a
dot-dashed line. To ensure that N’ is roughly equally far
away from both N'") and N®), we also constrain the center
of mass of N and N©*) to be in this plane. Ali other atoms
in the supercell are allowed to freely relax. The diffusion
barriers obtained at the saddle points in 32-atom supercells
are l6eViorl—, 24eVfor0,21eVforl+,25eV for
2+, and 1.4 eV for 3+ charge state,

For N; we also performed calculations in a 96-atom su-
percell, both to verify the location of the saddle point and to
test the convergence with respect to supercell size. Only one
k point (1 X1x 1 sampling) was used in the Brillouin-zone
integration for the calculations of the migration path, in order
to reduce the computational demand. We subsequently
checked the saddle-point configuration using a2 2x2x]
k-point set, In the calculations for the migration path, the
diffusing atom [i.e., N?) in Fig. 7(b}] was placed in various
planes along the diffusion path. For this purpose, we gener-
alized the plane constraining N'2! uged in the calculations for
the saddle-point configuration. Using the ideal position of the
nearest Ga atom as a pivot point, we can define planes with
different angle # from the [0001] direction. With this con-
vention, the plane used to calculate the saddle-point configu-
ration has an angle #=109.5°/2=34.7°. To check if the con-
figuration assumed above indeed correspends to the
maximurn in the energy along the path, we constrained the
diffusing atom in various planes (8=30°,40°,50° 60°) and
calculated the corresponding energies. The center of mass of
N and N*) was not constrained in these calculations. The
formation energy as a function of # (see Fig. 8) shows the
crest point near #=154.7°, confirming that the configuration
studied above indeed corresponds to the saddle point. Figure
8 also shows that the calculations at 8= 54.7° with different
supercell sizes and k-point samplings give very similar mi-
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Page No. 1

FIG. 9. Ball-and-stick model of atomic con-
figurations of {a) V5" and (b) V¥ in wurtzite
GaN, (¢) jghaws the equiyalent tion of bulk

e bud £aT cofa m&:;m&?jrepresem Ga
atomns, small spheres N atoms, and the black

circle the lattice site where the vacancy is cre-
ated. The percentages denote the changes from

the bulk Ga-N rggﬁgth.Status

Nitrogen vacancies have low enough energies to occur
gnder thermal-equilibrium conditions in i The
stable charge states for Vy in GaN are 1+ and 3+. The 2+

additian t tfﬁ&i&sion ocess di ed above, N, e 1 r, stable; this is characteristic of a
co gotlg‘vjin #0n Jﬁﬁﬁfﬁéﬁﬁﬁbﬁl] (L ﬁl4712§32§3 i@&ﬂg}, ahd is usually associated with a strik-

This involves one of the N atoms in the split-interstitial con-
Satety
basal plane to bond with another N in the same plane. Using
2 9SteinbarTtyl. P
This barrier is higiu:r than the barrter of 1.6 eV for the pro-
cess illustrated in Fig, 7. Since the process of Fig. 7 can
result in motion both parallel to ¢ and perpendicular to ¢,
diffusion along both directions will be governed by the same
barrier; i.e., no anisotropy will occur.

D. Nitrogen vacancy Vy
1. Atomic structure and energetics

Figure | shows that the stable charge states for 'y are 1+
and 3+ in agreement with Ref. 15. Calculations for the
ground state of both charge states were performed in 96-
atom supercells. This is particularly important for the 3+
charge state, which exhibits large lattice relaxations. The re-
laxed atomic structures from the 96-atom-cell calculations
are shown in Fig. 9. Note the large outward relaxations of the
Ga atoms surrounding the vacancy in the 3+ charge state,
This large breathing relaxation has been found also in other
semiconductors such as GaAs (Ref. 23) and ZnSe.?* In the
1+ charge state, the breathing relaxation is quite small,
amounting to 1.6% of the experimental bond length for the
Ga neighbor along the ¢ axis, and 0.5% for the other three Ga
neighbors {or 0.8% on average). The breathing relaxation is
much larger in the 3+ charge state, where the Ga neighbors
move outward by 18.1% (||¢) and 16.6%, or 17.0% on av-

erage.

cassesgment far themical:pracessas /

ingly large lattice relaxation of one of the charge states; here
this is the case for the 3+ charge state. auestedyve
e{3+/1+) between the 3+ and |1+ charge states occurs at

ined a barrier of 2.4 ¢V for N3527 0§85 (abiciid@omewhat higher than the value of

0.16 eV vaiue reported in Ref. 15 due to the larger supercell
size used here. This means the 3+ charge state is stable
under p-type conditions, and its low formation energy indi-
cates that nitrogen vacancies can be a serious source of com-
pensation in p-type GaN. Note that the formation energy of
V% increases with the Fermi level (see Fig. 1), so that nitro-
gen vacancies are unlikely to occur in a-type GaN.'*

2. Diffusion

We obtained the migration barrier of the nitrogen vacancy
by calculating the cnergy needed to move a nitrogen atom
from its nominal lattice adjacent to the vacancy along a path
towards the vacancy, leaving a vacancy behind at the original
lattice site. The path is illustrated in Fig. 10. We define the
coordinate along the path as the angle & of the bond between
the migrating N atom and the ideal lattice site of the Ga atom
at the pivot point, measured from the [0001] direction. The
energy as a function of angle @ for ¥3,' is shown in Fig. 11.
The 32-atom-cell results provide an estimate of the migration
barrier for charge state 3+ of 2.0 eV at #~40°. Calculations
in a 96-atom cell for #=40° and 50° provide a more accu-
rate migration barrier for V3" of 2.6 eV. The difference is
mainly due to the higher ground-state energy in the 32-atom
cell, which is too small to properly accommodate the large
relaxations in the 3+ charge state.

FIG. 10. Ball-and-stick model of atomic posi-
tions describing the diffusion process of Fyy. (a)

Schematic illustration of the migration path. {(b)
Saddle-point configuration for V_{f. (¢} Saddle-
point configuration for V3, . Large spheres repre-
sent Ga atoms, small spheres N atoms, and the

black dots the ideal lattice site of the vacancy.
The percentages denote the changes from the
buik Ga-N bond length,
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FIG. 11. Total energy (referenced to the ground state) of ¥3,"
during the diffusion process.

Surprisingly, for the nitrogen vacancy in the 1+ charge
state {¥;}) we obtain a much higher migration barrier of 4.3
eV . We propose the following explanation for this large
difference in migration barriers between different charge
states: for ¥y, the saddle-point configuration can be re-
garded as a complex consisting of two nitrogen vacancies
and one nitrogen interstitial: 2 ¥y + N, , where the charges
have been chosen such that the total charge of the complex
(1+) is maintained. Similar arguments for the saddle point of
Vi suggest a complex consisting of 275, + N . The energy
of the 2¥y+ N, complex will differ mainly due to the differ-
ent charge on N; (assuming no change in binding energy of
the complex). If we now assume that the Fermi level is 0.5
eV above the VBM (a typical value if we want V3" to be
stable) then the energy difference between 2 ¥y +N; and
2V +N,;' is 2.5 eV. This difference is consistent with the
large difference in migration barriers between ¥y, and V3" .

The migration path described above can account for mo-
tion along the ¢ axis (||c) as well as in directions perpen-
dicular to the ¢ axis (L ¢). We have also studied a migration
path that would account exclusively for in-plane (L ¢} diffu-
sion, by moving a nitrogen atom from the same basal plane
as the vacancy towards the vacancy. Note that this path
would be relevant only if it results in a lower barrier than the
barriers calculated above, since diffusion Le can also be
accomplished via the diffusion process described above. Cur
calculated migration barriers for the in-plane motion were
higher than the ones calculated above for both charge states.
Therefore, migration of ¥y, and ¥'3* will be governed by the
same barriers for diffusion ||¢ and L c. No anisotropy should
be observed.

E. Gallimm vacancy F,
1. Atemic structure and energetics

Figure 1 shows that gallium vacancies have lowest ener-
gies in the 3— charge state, which occurs in nm-type
material. > Under those circumstances ¥, may act as a com-
pensating center (a triple acceptor). The nitrogen atoms
around a gallium vacancy exhibit an outward breathing re-
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laxation: in the 3 — charge state the N atoms move outward
by =4% (referenced to the experimental bond length).

The Ga vacancy has a deep level (the 2—/3— transition
level) about 1.1 eV above the valence band. Transitions be-
tween the conduction band (or shallow donors) and this deep
level would therefore resutt in emission around 2.3 eV. The
gallium vacancy has therefore been proposed as the source of
the “yellow luminescence.”%6

2. Diffusion

Our investigations of gallium vacancies were performed
using an approach similar to that described in Sec. IIi D 2 for
nitrogen vacancies: a neighboring Ga atom was moved to-
wards the vacancy and the potential energy along that path
was evaluated. A migration barrier of 1.9 eV was obtained
{in a 96-atom cell) for V2., , the most relevant charge state.

IV. DISCUSSION AND COMPARISON WITH
EXPERIMENT

Our calculations produce values for migration barriers. In
order to derive diffusion coefficients D, we would also
need to know the prefactor D; in the expression D
= Dyexp(—E,/kT). Accurate calculations of the prefactor
are beyond the scope of the present investigation, but a
rough estimate can be obtained using the expression D
= ava’exp(AS/k), where o is a geometry-related factor, » is
an attempt frequency, a is the spacing between sites, and AS
is the diffusion entropy. ava® is typically in the range of
0.001-1 m?/s; a larger value of D is indicative of a large
entropy contribution.

Comparisons with experiment often rely on identifying
the temperature at which a particular defect becomes mobile.
A reasonable estimate of this temperature can be obtained by
taking the usual definition of an activation temperature, i.c.,
the temperature at which the jump rate is 1 per second, and
assuming a prefactor of 10'* 57!, ie., a typical phonon fre-
quency.

A. Gallium interstitial Ga,

Obtaining accurate results for the atomic configuration of
the gallium interstitial is difficult due to the fairly large lat-
tice relaxations induced by this defect. The calculations re-
ported in Refs. 14 and 15 found the octahedral site to be
most stable for Ga; . In contrast, in Ref. 27 it was argued that
the tetrahedral site was slightly more stable than the O site,
Based on our recent 96-atom supercells we can now confi-
dently state that the octahedral interstitial site, at the center
of the hexagonal channel, is the stable site for Ga, in all
charge states. The T site is not a local minimum, but plays a
role in the diffusion process.

Detailed experimental data are available for the gallium
interstitial. Using EPR, Chow ef /> studied point defects
created by electron irradiation at low temperature (4.2 K),
They were able to unambiguously identify the Ga interstitial,
and their annealing studies indicated that this interstitial be-
comes mobile at temperatures slightly below room tempera-
ture, An activation energy of 0.7 ¢V was estimated. Our cal-
culations showed that migration of the Ga interstitial can
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proceed with a barrier of 0.9 eV or less, in good agreement
with the experimental observations of Ref. 5.

In the experiments of Ref. 5, n-type material was used,
and therefore the thermodynamically stable charge state was
likely to be 1+. The EPR technique requires an unpaired
electron to be present in the level, which in the case of Ga;
occurs for the 2+ charge state. Note that we found this
charge state to be thermodynamically unstable, due to the
negative-U/ character. However, the experiments of Ref. 5
are based on optical detection of EPR (ODEPR), in which
the sample is excited with ultraviolet light. This excitation
can lead to formation of the 2+ charge state, which in ther-
mal equilibrium would not be stable.

B. Nitrogen interstitial N,

Our calculated migration barriers indicate that nitrogen
interstitials could become mobile at temperatures around
200°C, at least for the 1 — and the 3+ charge states (which
are probably most likely to occur, under n-type, and p-type
conditions respectively). We are not aware of any exper-
ments in which the diffusion of nitrogen interstitials has been
directly observed.

C. Nitrogen vacancy Fy

Hautakangas eral’ recently carried out positron-
annihilation studies of Mg-doped GaN grown by metal-
organic chemical vapor deposition (MOCVD). They detected
the presence of Vy-Mpgg, pairs, at a concentration of
10'7-10" cm 3. The concentration of nitrogen vacancies
decreased upon annealing at 500800 °C; an activation en-
ergy of 3.0 eV was estimated for the process of vacancy
removal. This activation energy would be the sum of the
migration barrier for the vacancy and the binding energy of
the ¥\-Mgg, pair. The latter has been calculated® to be 0.5
eV, resulting in an estimate for the migration barrier of 2.5
eV. This value is very close to our calculated barrier of 2.6
eV for V3.

Diffusion experiments of a different kind were carried out
by Ambacher eral.! who measured self-diffusion in
Ga'*N/Ga'*N isotope structures grown by molecular-beam
epitaxy (MBE). Diffusion profiles before and after thermal
annealing at temperatures of 800 °C and 900 °C were mea-
sured by secondary-ion mass spectroscopy (SIMS). The ac-
tivation enthalpy for diffusion was found to be 4.1
*0.4 eV, The samples were n type, with the Fermi level
close (within 30 meV) to the conduction band. This value
agrees well with our calculated migration barrier for ¥y . We
note that, in general, the activation enthalpy comesponds to
the sum of the formation energy and migration energy of the
defect responsible for diffusion. The fact that the activation
enthalpy of Ref. 1 corresponds to just the migration barrier
can be attributed to the presence of a nonequilibrium concen-
tration of vacancies in the samples, eliminating the cost of
forming the defects responsible for self-diffusion. Arguments
to support this will be presented elsewhere.”® This point of
view is consistent with thermal decomposition experiments
presented by Ambacher in the same paper,’ in which an ac-
tivation energy of 3.9+0.2 ¢V was found, again consistent
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with migration of ¥y . In this case, the surface acts ag 3
source of vacancies, again eliminating the cost of defect for-
mation from the activation energy,

Even though our calcwated migration barrier ¢
high (4.3 eV}, it still allows he nitrogen vacancy o be mo-
bile at typical MOCVD growy temperatures, particularly

when the large entropy reported by Ambacher ef o/ is taken
into account. In MBE, however, whe the growth tempera

fures are much lower, nitrogen vacancas are not mypije dur
ing growth. Consequences will be discugeg i Ref 20

T
or Vs

D. Gallium vacavcy Vg,

Ga.IIiur‘n va.icancies (V%) have relah:vely fw farmation
energies in highly doped n-type material (£ Prigh in the
gap); they could therefore act as compensatingemers Vi
and Wessels’® have found evidence of compen; b :
triply charged defect in Se-doped GaN. Our resu ¢ ga]?
lium vacancies are in good agreemeni with the‘)sitron.
annihilation experiments of the group of Saarinen;n
7 they showed that concentrations of galium vacay . aré
higher in n-type material than in p-type or semi-in .
material, consistent with our calculated formation €yia
(Fig. 1). They also showed that gallium vacancieé.v
higher concentrations in oxygen-rich material, cons
with the prediction?®”! that a ¥,-O complex can form
a binding energy of 1.8 eV. N

Our theoretical results indicate that the gallium vacar
could give rise to a variety of transitions in the yellow a
green regions of the specttum The transition level betweel
the 3 — and 2 — charge states cf the isolated vacancy occurs
at 1.1 eV above the VBM (Ref. 26 and Fig. 2), which formed
the basis for the prediction that gallium vacancies are respon-
sible for the frequently observed yellow luminescence, a
broad luminescence band centered around 2.2 eV. However,
the 2 —/1— transition level occurs at only slightly lower en-
ergy {which would push the emission towards the green).
Complex formation with oxygen also pushes the level down
(i.c., towards green emission). These resulis may well ex-
plain the observations of green and yellow luminescence in
freestanding GaN templates by Reshchikov ef al.2

Saarinen ef al® also applied positron-annihilation spec-
troscopy to study thermal annealing of gallium vacancies.
Vacancies induced by electron irradiation were found to an-
neal out in long-range migration processes at 500-600 K
with an estimated migration energy of 1.5 eV, in reasonable
agreement with our calculated migration barrer of 1.9 eV.
Native Ga vacancies in as-grown GaN, on the other hand,
survived up to much higher temperatures (1300-1500 K),
leading to the conclusion that they are stabilized by forming
complexes with oXxygen impurities. The estimated binding
energy of 2.2 eV of such complexes is in agreement with the
theoretical predictions. 26!

Bozdog et al.’ reported that the L1 signal observed by
ODEPR in electron-irradiated material is stable up to
~3500°C; Watkins ef @l also proposed that L1 is associated
with Vg,.* Our calculated migration barrier of 1.9 eV for
Va 18 in qualitative agreement with this annealing behavior.
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TABLE 1. Migration barriers for native defects in wurtzite
GaN. As discussed in the text, the lowest-energy migration paths
result in atomic motion both parallel (||} and perpendicular (L) to
the ¢ axis; the diffusion is therefore isotropic in all cases. All values
are from 96-atom supercell nlce calculations, except for N, in the
34, 2+, 1+, and 0 charge states, where 32-atom supercells were
used.

Defect Charge state Barrier (eV)
Ga; 3+ 0.9
2+ =09
1+ =09
N, 3+ 1.4
2+ 2.5
1+ 2.1
0 24
1—- 1.6
¥ 3+ 26
1+ 43
Vea 3— 19

We can also comment on self-diffusion of the gallium
species in GaN. In p-type material, this is most likely to
occur via gallium interstitials, since the formation energy of
the gallium vacancy is very high (see Fig. 1). In n-type ma-
terial, on the other hand, gallium interstitials are unfavorable
and diffusion is likely to proceed mediated by gallium va-
cancies. The activation energy for self-diffusion is the sum of
the formation energy of the defect and the migration energy.
Under n-type conditions, the formation enetgy of V"é,a' is in
the range of 1-2 eV. Adding the migration energy, the acti-
vation energy for self-diffusion would be between 3 and 4
eV. An activation energy of 3 eV would imply that self-
diffusion due to gallium vacancies could occur at tempera-
tures around %00°C. This is certainly consistent with the
notion that gallium vacancies play a role in interdiffusion of
TnGaN quantum wells, as discussed in Ref. 10. Chuo ef al.”?
also reported an activation energy of 3.4x0.5 eV for inter-
diffusion of In and Ga in [nGalN/GaN quantum wells, which
they attributed to vacancy-controlled second-nearest-
neighbor hopping.

E. Impurity diffusion

Finally, we discuss two experimental results on impurity
diffusion. Munkholm et al. obtained an approximate diffu-
sion coefficient for Si in GaN of 3.5%x107'% cm*/s at
§10°C. Assuming a typical prefactor in the range of
0.001—1 cm?/s, the corresponding activation energy would
be in the range of 3.1-3.8 eV. As discussed in Sec. [V D, this
is consistent with the expected activation energy for a diffu-
sion process that would be assisted by gallium vacancies.

Xing et al.'* examined Mg redistribution in GaN epilay-
ers grown by a combination of MOCVD and MBE. Their
analysis of the SIMS profiles yielded a diffusion coefficient
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of 3 10715 cm¥/s at 1160 °C. Assuming a typical prefactor
in the range of 0.001-1 cm?/s, the corresponding activation
energy would be in the range of 3.3-4.2 eV. This could be
consistent with a process involving gallium vacancies, as
pointed out above in the case of Si diffusion. However, a
distinction needs to be made between n- and p-type layers.
Some of the experiments of Ref. 13 involved Mg diffusing
into Si-doped layers, in which gallium vacancies can casify
form, and the measured activation energy would be consis-
tent with a diffusion process assisted by gallium vacancies.
Within the p-type layer itself, however, gallium vacancies
have high formation energies and therefore Ga-site impuri-
ties are more likely to diffuse by a mechanism involving
interstitials, The formation encrgy of the Gai3+ interstitial
under p-type conditions can be as low as 2.3 eV, and our
calculated migration barrier is 0.9 eV, yielding an activation
energy around 3.2 eV. The actual migrating species in that
case would be a Mg interstitial, of course, for which the
formation energy under p-type conditions was found to be
about 2 eV."? We have not performed calculations for migra-
tion of the Mg interstitial. However, qualitatively a mecha-
nism invelving interstitials seemns consistent with the ob-
served Mg diffusion in p-type GaN.

V. CONCLUSIONS

We have presented detailed calculations for formation en-
ergies and migration paths for relevant native point defects in
GaN. The main results are summarized in Tables I and IL. In
all cases the lowest-energy migration path moves the defect
both parallel and perpendicular to the ¢ axis; no anisotropy
should therefore be observed in point-defect migration. Dif-
fusion on the gallium sublattice is most likely to be mediated
by gallium interstitials in p-type material, with a migration
barrier 0.9 eV, while gallium vacancies are more favor-
able under n-type conditions, with a migration barrier of 1.9
eV. For the nitrogen sublattice, the nitrogen vacancy is more
likely to form under p-type conditions and also has a lower
migration barrier then. Both the formation energy and migra-
tion energy of the nitrogen vacancy are high under n-type
conditions. Nitrogen interstitials have modest migration bar-
riers, but their formation energies are high. We have dis-
cussed several cases in which our results can be directly
correlated with experiment. However, systematic experimen-
tal studies of point-defect diffusion in nitride semiconductors
would be highly valuable.
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