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The diffusion of relevant native point defects in wurtzite GaN crystals is investigated using first-principles
density-functional pseudopotential 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. Re’0B8067(1994]. Gallium interstitials are stable
at the octahedral interstitial site and can occur in, 2+ (metastablg or 3+ charge states. They migrate via
an interstitialcy mechanism with an unexpectedly low barrier of 0.9 eV, consistent with the annealind. bf the
signal in electron-paramagnetic-resonance experimé&htsl. Chowet al,, Phys. Rev. Lett85, 2761(2000].

For the nitrogen interstitial the ground-state configuration is a split interstitial, occurring in charge states
ranging from 1- to 3+. Migration also 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 3. The
migration barrier fovy is high (4.3 eV), while the migration barrier fo\'/,%fr is significantly lower, at 2.6 eV,
consistent with recent positron-annihilation experimg®@sHautakangast al., Phys. Rev. Lett90, 137402
(2003)]. The gallium vacancy, finally, can occur in charge states-9, 2—, and 3—, and migrates with a
barrier of 1.9 eV. For all these defects the lowest-energy migration path results in motion both parallel 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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[. INTRODUCTION mates of migration barriers are based mainly on observations
of the temperatures at which the defects become mobile. In
Knowledge of the diffusion properties of native point de- addition to the point-defect studies, some results have been
fects is important to assess the likelihood of their incorporareported on impurity diffusiod®*2 Only diffusion coeffi-
tion during growth and processing; in addition, it forms thecients at a given temperature were reported.
basis for understanding impurity diffusion, which is nearly =~ We have performed a comprehensive computational study
always mediated by native defects. Diffusion also plays anracking the diffusion paths of various relevant point defects.
important role in device degradation. Information about dif-We will show that our first-principles calculations provide a
fusion in nitrides is currently limited. Only a few experimen- valuable means for interpreting the experimental results. The
tal studies have been performed, and in some cases the realculations can aid in addressing the relevant point defects
sults may reflect phenomena induced by the presence of and diffusion mechanisms, and yield specific values for mi-
large concentration of extended defects, causing the resultgation barriers. The computational techniques are those that
to be of limited applicability to bulk GaN. have been previously applied to the investigation of ground-
To date, direct experimental studies of point-defect mo-state configurations of point defects in GEN? For consis-
tion have been performed with three techniques: selfiency, we have repeated the ground-state calculations with a
diffusion in isotope structures, electron paramagnetic reschigher level of convergence. The present results are in good
nance (EPR, and positron annihilation. Monitoring the agreement with the earlier published vald&s: For our in-
diffusion of isotopes is a very direct and powerful way of vestigations of point-defect diffusion, we have focused on
studying diffusion. Only one such study has been carried ouself-interstitials and vacancies. Antisites have high formation
so far; by Ambacheet al! EPR studies were performed by energies in GaN, and we have no reason to believe they play
the group of Watkins™ on point defects created by electron an important role under either equilibrium or nonequilibrium
irradiation at low temperature. The one defect that has beetonditions. Since GaN has the wurtzite structure, one might
unambiguously identified in these studies is the gallium in-expect an anisotropy in the diffusion of point defects. We
terstitial (Gg), which was found to become mobile at tem- have therefore systematically investigated migration paths
peratures slightly below room temperature. Our calculationgarallel and perpendicular to tleeaxis. Our conclusion will
will show that the migration barrier for Gas indeed very be, however, that no anisotropy should be observed.
low (0.9 eV), due to an interstitialcy migration mechani§m. Section Il describes our theoretical approach. Section IlI
The positron-annihilation studies, by the group ofreports results for ground-state configurations and migration
Saariner!;® are sensitive to vacancy defects, and have probarriers for gallium and nitrogen interstitials, and gallium
duced estimates for the migration barriers of galfuamd  and nitrogen vacancies. A discussion of these results and
nitroger? vacancies. None of these studies have systemateomparison with experiment is contained in Sec. IV. Section
cally tracked diffusion over a range of temperatures; estiV concludes and summarizes the paper.
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Il THEORETICAL APPROACH E'[N%]=E o N¥] —Eqo GaN, bul — sy +a[E¢+E, ].
A. Total-energy calculations (©)

Our first-principles calculations are based on densityE,[V{] (Ewo{N]) is the total energy derived from a su-
functional theory® in the local-density approximation amtb ~ percell calculation with one nitrogen vacan@syterstitia) in
initio norm-conserving pseudopotentials, with a plane-wavehe cell, andE,,[GaN,bulk is the total energy for the
basis set’ We use the nonlinear core correctionico),'®  equivalent supercell containing only bulk GaN.is the
with an energy cutoff of 40 Ry. It has been established thatharge state of the defect, apg, is the chemical potential of
thenlcc provides an adequate description of the effects of theN. E is the Fermi level, referenced to the valence-band
Ga 3d, with the exception of the formation energy of the maximum in the bulk. Due to the choice of this reference, we
gallium vacancy, where the calculations with explicit inclu- need to explicitly put in the energy of the bulk valence-band
sion of the 3l electrons yield a higher formation enerdy.  maximum,E, . The position ofE, is adjusted to reflect the

All calculations were carried out at the theoretical latticeshift in average potential between the supercell containing
constant of bulk wurtzite GaN, which &M¢°'=3.09 A in  the defect and the bulk. The chemical potential depends
thenlccanda'®®'=3.18 A in the 31 calculationscompared  on the experimental growth condition which can be either N
with a®P=3.19 A). We used the ideal/a ratio of \/8/3  rich or Ga rich**!® For purposes of plotting the formation
which is very close to the calculateda ratio of 1.633(ex-  energies, we choose Ga-rich conditions, corresponding to
periment: 1.62Y. We used 32-atom and 96-atom supercells.ug,= ped bulk].

Details about supercell construction can be found in Ref. 20. For charged defects, we added a jellium background to
We have used the 32-atom supercells to perform preliminarpeutralize the supercell. We have not applied any additional
explorations of migration paths, and 96-atom supercells t@orrections relating to the electrostatic interactions between
investigate the ground-state and saddle-point configurationsharged defects induced by the periodic boundary conditions.
with higher accuracy. Unless otherwise mentioned, the reTests have shown that a simple correction based on the elec-
sults cited in this paper are for 96-atom supercells. trostatic energy of an array of point charges is inappropriate

Brillouin-zone integrations were carried out with a regularsince it significantly overestimates the effect. The main focus
spaced mesh afixnXn points in the reciprocal unit cell, of the present work is on migration barriers, which are en-
shifted from the origin as in the Monkhorst-Pack metiod ergy differences between different configurations of the de-
and reduced by symmetry to a set of irreduciblgoints. We  fect in the same charge state and therefore not sensitive to
usen=2 which results in a set of three irreducitepoints  chargestate-dependent corrections.
in the 32-atom cellgfour k points in cases where the screw Al of the point defects introduce levels in the band gap of
symmetry of the wurtzite structure is brokerand twok  GaN; experimental detection of these levels often is an im-
points in the 96-atom cellér more when the symmetry is portant means of identification of the defect. Calculation of
broker). these levels is therefore an important priority. The thermody-

namic transition levels involve transitions between different
B. Formation energies charge states of the defect. This means that the'Kohn-Sham
) ) ] . levels that result from a band-structure calculation for the

The energetics of migration paths and barriers depend Ogenter in a single charge state cannot directly be identified
energydifferencesbetween different configurations of a de- yith |evels that are relevant for experiment. The thermody-
fect. However,. in ord_er. to interpret the results_ and re!atenamic transition levet (g, /qs,) is defined as the Fermi-level
them to expenment it is useful to 'also have mfprmatlonposition where charge statgs andg, have equal energy. As
about theformation energyThe formation energy) isthe  the name implies, this level would be observed in experi-
energy needed to create a defect. The concentration of thgents where the final charge state can fully relax to its equi-
defect is related té&' by the expression librium configuration after the transition. This type of level is

therefore what is observed, for instance, in deep-level tran-
c=Ngje&Xp —E'/KT), () sient spectroscopy experiments. Note that opticgl levels, as
where Ny is the number of sites in the lattigger unit observed in photoluminescence, correspond to a situation

volume where the impurity can be incorporatekl,is the Where the.final charge state doﬂm relax to its equilibriu_m
Boltzmann’s constant, aridl is the temperature. This shows qonﬂguratpn after the transition. The levels observed in op-
that the higher the formation energy the less likely the defeclic@l €xperiments may therefore differ from the thermody-
will form. The above relation, in principle, only holds in Namic transition levels.

thermal-equilibrium conditions. However, the formation en-

ergy provides a useful measure of the likelihood of defect Ill. RESULTS

formation even under certain nonequilibrium conditions.

We illustrate the definition of the formation energy with A. Formation energies and transition levels

the examples of a nitrogen vacancy,) and a nitrogen Formation energies for all the native point defects in GaN
interstitial (N;): were previously reported in Refs. 14 and 15. Those results
were obtained in 32-atom and 72-atom supercells. Our

ETVA=Ewl Vi]—Ewd GaN,bulk + un+q[Eg+E, 1, present study of point-defect diffusion employs 96-atom su-

(2 percells; as part of this study we had to recalculate the
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TABLE |. Formation energies of native defects in wurtzite GaN, CB
calculated in 32-atom and 96-atom supercé®sf. 25. The forma-
tion energies are shown for the Fermi level equal to the valence- +
band maximum, and Ga-rich conditions. 3+ -
Defect Charge Ef (eV) (Garich °
state 32-atom 96-atom 3- +
2—- 2+ +
Ga 3+ 2.47 2.34 —
2+ 5.09 4.89 —— > > VB
1+ 7.88 7.28 Vea Ga; N; n
N; 3+ 386 319 FIG._ 2. Thermodyna_lmic trans_itior? Ieve_ls for defects il_’l GaN,
o 4.05 3.93 Qetqrmlned from formation energies listed in Table | and displayed
1+ 5.10 4.83 n Fig. 1.
0 6.86 6.31 B. Gallium interstitial Ga ;
1- 9.12 8.31
2— 13.33 12.90 1. Atomic structure and energetics
3— 17.18 17.34 The Ga interstitial can occur in the+3 2+, and 4
charge states. We find that the neutral charge state is not
Vi 3+ —0.89 —1.08 stable, i.e., thee(+/0) transition level lies above the
1+ —-0.01 0.10 conduction-band minimum. Our calculations show that in
wurtzite GaN, the gallium interstitial G4 favors a site near
Vga 0 8.10 9.06 the octahedral interstitial site, at the center of the hexagonal
1- 8.29 9.31 channel. We call this sit®’ to distinguish it from the ideal
2— 9.08 9.95 octahedral interstitiaD site. At theO’ site the distances to
3— 10.46 11.05 the six Ga nearest neighbors are roughly the same, to within

0.1 A: they amount to 2.39 A to one set of neighbors, and
) ) ) ) 2.47 A to the other; this indicates that the interstitial atom
ground-state configurations and formation energies. Valueggsitions itself so as to minimize repulsion from these Ga
for formation energies are shown in Table | and Fig. 1. Onlynejghpors. In the process, the interstitial moves closer to the
minor quantitative differences occur with respect to the Preplane of its three nitrogen neighbors, at a-Gadistance of
vious work:“** The corresponding thermodynamic transi- 1 gg A This distance is shorter than for Ga-N bonds in the
tion Ie\_/els_for the defects discussed in this paper are illusg ik crystal, indicating the presence of a favorable electro-
trated in Fig. 2. static interaction between the positively charged Gand
the electronegative nitrogen host atoms.
10{Ga-rich 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 ;@adistance is 1.86
A. In the 1+ charge state, finally, the distances to all Ga
N neighbors are 2.40 A, and the @4 distance is 1.90 A. The
! increase in the distance to the nitrogen neighlfaisich is
accommodated mainly through the motion of the nitrogens
4 when the charge state is lowered fromt 30 1+ indicates
the importance of Coulomb attractions. Note that the mecha-
Cay nisms behind these configurations are very similar to those
discussed for beryllium interstitials Bé in Ref. 20.
Vi We also discovered an additional local minimum for
Ga ", located between tHEsite and the)' site. This meta-
0 1 2 3 stable minimum is similar to a configuration that we inves-
E (V) ti_ga';%d fo_r Be intersFit!aIs in GaN, and that we labeled #he
F site™ This local minimum has an energy only 0.38 eV
FIG. 1. Formation energies as a function of Fermi level for Nigher than the global minimum. Similar to t@&’ site, the
native point defects in GaN. Ga-rich conditions are assumed. Th@rving force for stability of this configuration seems to be
zero of Fermi level corresponds to the top of the valence band. Oni§he proximity of the interstitial to three N neighbors, with
segments corresponding to the lowest-energy charge states ap@nd distances between 1.83 and 1.85 A. Simultaneously, a
shown. The slope of these segments indicates the charge stafea atom that would prevent the interstitial from approaching
Kinks in the curves indicate transitions between different chargghe nitrogen atoms moves away, undergoing a large displace-
states. ment. This is the same Ga atom that will ultimately be kicked

[+]
1

Formation Energy (eV)

035207-3



SUKIT LIMPIJUMNONG AND CHRIS G. Van de WALLE PHYSICAL REVIEW B9, 035207 (2004

out of its lattice site after completion of the migration step o)

= J:—'qf. . S\
described below. We verified that this configuration was in- Gy 3 o "// oo Q-Q/ >/,‘_=_o/\/
i
4

=

deed a local minimum by starting the relaxation process from
different initial configurations, and also by investigating dis- L
placements of the interstitial away from the minimum and
checking that the configuration returned to the local mini-
mum. We note that in thé\ configuration the Ga atom is
located fairly close to three host Ga atoms, at distances o
2.27 A and two times 2.51 A; the next set of Ga atoms is at
2.85 A.

As shown in Fig. 1, the stable charge states areahd FIG. 3. Schematic illustration of the migration of a gallium in-
1+, meaning that Gaalways acts as a donor. Its formation terstitial via an interstitialcy mechanism. Top panels show a top
energy is lowesibut still higher than that of the nitrogen view, lower panels a side viewa) Ground state(b) and (c) inter-
vacancy for Fermi-level positions near the valence-bandmediate configurations along the migration path; final configu-
maximum (VBM), i.e., underp-type conditions. The 2 ration, after one migration step. Large circles represent Ga atoms,
state is not thermodynamically stable, and the tharge small circles N atoms, and shaded large circles highlight Ga atoms
state is stable at Fermi levels above 2.5 eV, where the higlivolved in the migration process.
formation energy renders its formation unlikely under equi-
librium conditions. However, Ga interstitials can be inducedare similar to the 96-atom-cell results, as can be seen from
by non-equilibrium processes, for instance in the irradiatiorthe formation energies in Table I. However, when the Ga
experiments of Ref. 5. atom starts to push the host Ga atom away from its lattice

o site, the relaxations extend over a volume that cannot be
2. Diffusion adequately modeled in a 32-atom cell.

The high formation energy of the Ga interstitial is caused The curve shown in Fig. 4 indicates the presence of a
by the large size of the Ga atom, which does not“fit” inside local minimum along the path, corresponding to fesite
the interstitial space available in the GaN lattice with itsdESCfibEd in Sec. Il B 1. At thA site the interstitial forms a
small lattice parameters. One might therefore think that thé&plit-interstitial configuration with a Ga host atom. When the
Ga interstitial will also have trouble moving through this interstitial is moved further towards, it actually replaces
lattice, i.e., that the migration barrier will be high. This is not the Ga host atom; i.e., it knocks the Ga host atom out of its
the case. In fact, the migration barrier is tH#ferencein lattice site, forcing it to become the new interstitial, which
energy between the saddle-point and the ground-state cofill move towards arD’ site in an adjacent hexagonal chan-
figurations; if both are high in energy, their difference can benel.
modest, resulting in a moderate barrier. This newQ' site is located in a basal plane different from

We have investigated migration paths parallel todlaais  the site that was the starting point, implying that this migra-

(llc) as well as in directions perpendicular to theaxis  tion path can apply to diffusion both parallel éoand per-
(Lc). In these investigations we were aided by our previous
work on diffusion of beryllium interstitials in GaRkP First 1.0 - - -
we tracked the migration path along the hexagonal channel, PR
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’" 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 atO’ through a saddle point at the tetrahedral interstitial /
site (T) to an O’ site within the same basal plane in an /
adjacent hexagonal channel. This whole process occurs with 0.0 &2 s s s
a much lower migration barrief1.2 eV) than migration 0.0 05 1.0 1.5
through the hexagonal chann@bhich cost about 3 eV for Distance (angstrom)

Be). A similar situation occurs for Ga but now the diffus- FIG. 4. Total energyreferenced to the ground-state configura-
ing atom is the same element as one of the host atoms, andn) of Gg** as a function of the horizontal distance of the; Ga
therefore diffusion can proceed via the so-called interstitialcyatom measured from the center of the hexagonal channel towards
mechanism. The whole process is illustrated step-by-step ithe T site. All calculations were carried out in 96-atom supercells.
Fig. 3. The local minimum aroune-0.9 A corresponds to tha site. By

Figure 4 shows a plot of the potential energy along thethe time the Gahas reached th@ site, it has moved through a
migration path. Modeling this migration path in a 96-atom triangle of N atoms and replaced a Ga host atom, pushing the origi-
cell was essential. Near th@’ site the 32-atom-cell results nal Ga host atom off its lattice site to become the new.Ga

Energy (eV)
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FIG. 5. Ball-and-stick model of atomic configurations(ef Ni3+ and(b) N; defects in GaN{c) shows the equivalent section of bulk
GaN for comparison. The Nassumes 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-I
bond length. N-N bond lengths are expressed in angstroms. Note the outward relaxations of the surrounding Ga atoms:dhattye 3
state, these Ga atoms move outwards over a distance equal to 25% of the Ga-N bond length#ircki@ege state, the corresponding
number is 15%.

pendicular toc—unlike the case of the Be interstitial, where the atomic positions as shown in Figab show large out-

a clear anisotropy in the diffusion occurred. As shown in Fig.ward relaxations of the surrounding Ga atoms, with the Ga
4, the barrier along the migration path is about 0.9 eV. atoms being pushed into the plane of the surrounding N at-
Our most detailed investigations were carried out for theoms; a similar relaxation is found 3" . In addition, the

Ga interstitial in the 3- charge state. However, our studies N-N bond distance of 1.12 A is very close to the dimer
show a very similar migration path, with possibly slightly bond distance. Clearly, in thet3charge state, the N-N pair
lower barriers, for the 2 and 1+ charge states. The relative is not eager to bond with the surrounding Ga atoms. As more
stability of theA site decreases when going from the 80 electrons are added to the defect, the N-N bond becomes
the 2+ to the 1+ charge state: in the2 charge state th&  weaker(evidenced by the increased N-N distanead the

site is 0.6 eV higher in energy tha®' (compared to 0.4 eV  tendency to form bonds with the surrounding Ga atoms in-
in the 3+ charge state and in the ¥ charge state we did creasegevidenced by shorter Ga-N bond lengthBy the

not succeed in stabilizing th&-site configuration. time four electrons are addéte., going from N to N,"),
the N-N bond distance is increased to 1.45 A and both N
C. Nitrogen interstitial N ; atoms form strong bonds with their Ga neighbors, with an

average bond distance that is 6.1 horter than the bulk
Ga-N bond. The average bond distances for all charge states
The ground state of the nitrogen interstitial consists of a

1. Atomic structure and energetics

split-interstitial configuration in which the ;Norms a N-N 15 . . ‘

bond with one of the nitrogen host atoms, sharing its lattice (a) 0
site}® This configuration is energetically preferred, by a large F10F T
margin, over other interstitial positions such as the octahe- 5 e

dral (O) or tetrahedralT) interstitial sites, due to the large § 5t -0 |
strength of the N-N bond. The nitrogen interstitial can occur Z ot ,,o”/ ]
in various charge states, as shown in Fig. 1. The details of the & o

atomic structure vary with the charge state of the defect, with —5Q ———— ]
the N-N bond distance varying from 1.45 in the-1charge (]) : : ‘

state to 1.12 in the 8 charge, but the split-interstitial con- E . ®

figuration is common to all charge states. Note that the N-N @ 14r NS ]
bond distances are comparable to the bond distance,of N s “o,

(1.0975 A. Since the host atom shares its lattice site with the =] 137 \‘\\ 1
interstitial, it is not clear which of the two atoms is the actual 3 ol °~\\ |
interstitial; both should be regarded on equal footing. E ' \O~\\

We show the atomic configurations for two of the charge 11 s s ‘ o
states, N* and N, in Figs. 5a) and §b). The common -1 0 1 2 3
feature in all charge states is the bond formed between the N Charge state
atom anl a N host atom. We label the two N atoms d$)N FIG. 6. Bond distances in the; Mplit-interstitial defect as a

and NZ) for easy reference. There are four Ga atoms Surfynction of charge statga) Percentage changeeferenced to the
rounding the site, and each N atom in the split interstitialpylk Ga-N bond lengthof the average length between interstitial N
forms bonds with two Ga atonjsee Fig. %a) and §b)]. atoms and the surrounding Ga atorti®. N-N bond distance in the

For the 3+ charge state, the configuration could be spiit interstitial. Circles denote first-principles calculations, dashed
viewed as a/§+ plus a N dimer floating in the void. Indeed, lines serve as a guide to the eye.
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(@) 2
o 96-atom cell, 1x1x1
© 96-atom cell, 2x2x1
[_1 1 00] — = 32-atom cell, 2x2x2 ¢
— > [
(3) < I/ \\
N 3 ro
2 A
o1 / \
\
£ $ \
S / \
[y / \
/ \
/ 545\
0 [ . = - L - L - e - 0
0 10 20 30 40 50 60 70 80 90 100
0 (degree)

FIG. 8. Total energy(referenced to the ground statef N;”
FIG. 7. Schematic illustration of the migration of a nitrogen along the migration path, as described in the text. Dashed lines are
interstitial via an interstitialcy mechanisnia) Ground state(b) a guide to the eye.
Saddle-point configuratioric) 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- The pra_lctlcal_ details of our calculations for the sgddle-
tion. Dashed circles indicate ideal atomic position of the lattice N,pomt configuration are as follows. We apply constraints to

. . . 2 .
dashed lines bonds in the ideal lattice. The numbers in squark'® alOms involved. First, we contra|r{ N'n the plane
brackets identify the migrating atoms. bisecting the line connecting the tvideal lattice sites asso-

ciated with N¥ and N®. In Fig. 7(b), this plane is perpen-
dicular to the plane of the figure; its projection is shown as a

are shown in Fig. @). These results are in agreement with ot-dashed line. To ensure that2Nis roughly equally far

the results reported in Ref. 14, but more detail is provide Lway from both K& and N®, we also constrain the center

here. 1) 3) i i
Nitrogen interstitials have fairly high formation energies .Of mass of N):and N* to be in this plane. All other atoms

for all Fermi-level positiongFig. 1). They are thus unlikely n the superc;ell are allowed to fre;ely .relax. The diffusion

to occur in thermal equilibrium. However, their formation barriers obtained at the saddle points in 32-atom supercells
. P R . are 1.6 eV for -, 2.4 eV for 0, 2.1 eV for %, 2.5 eV for

may be induced under nonequilibrium conditions, for -5, and 1.4 eV for 3 charge state

stance under irradiation. We find"Nto be the charge state F N ’ | ; gd | .I i . 96-at

with the highest number of electrons stable untéype con- or iy Wwe aiso performed caicurations In a Jo-atom su-

ditions. Wrigh?? reported a 3- charge state, with a different percell, both to verify th_e location of the saddle point and to

atomic configuration, for Fermi levels above 3.17 eV. We dotest t_he convergence W!th respect to s.uperceII.S|ze.. Only one

not find this charge state to be stable, and suggest that if§ POInt (1x1x1 sampling was used in the Brillouin-zone

occurrence in Ref. 22 is an artifact due to the occupancy omtegrgtion fOrI’] the calculations Iof(;he mi%rati/?/n patT), in orderl
conduction-band states. to reduce the computational demand. We subsequently

checked the saddle-point configuration using & 2<1
k-point set. In the calculations for the migration path, the
diffusing atom[i.e., N® in Fig. 7(b)] was placed in various
Nitrogen interstitials diffuse via an interstitialcy mecha- planes along the diffusion path. For this purpose, we gener-
nism as illustrated in Fig. 7. Note that the atomic positions inalized the plane constraining® used in the calculations for
Fig. 7 do not reflect the actual relaxations; the figure merelythe saddle-point configuration. Using the ideal position of the
serves as a schematic for elucidating the diffusion processiearest Ga atom as a pivot point, we can define planes with
Figure 7a) illustrates N in the ground statésplit-interstitial  different angled from the [0001] direction. With this con-
configuration; the interstitial (NV)) and one of the host at- vention, the plane used to calculate the saddle-point configu-
oms (N?) share a lattice site and form a short ration has an anglé=109.5°/2=54.7°. To check if the con-
(N,-molecule-like bond. At the start of the migration pro- figuration assumed above indeed corresponds to the
cess, N¥) moves up, dragging ¥ along in an effort to keep maximum in the energy along the path, we constrained the
the N-N bond short. Figure(B) illustrates the instant where diffusing atom in various planes¢& 30°,40°,50°,60°) and
N®) is at the midpoint of the migration process, i.e?Ns  calculated the corresponding energies. The center of mass of
located equidistant from & and N). The actual positions N and N*) was not constrained in these calculations. The
of N® and N® at this saddle-point configuration depend formation energy as a function @ (see Fig. 8 shows the
strongly on the charge state. Finally®N'moves past the crest point neag=>54.7°, confirming that the configuration
saddle point and continues to move to form a new split-studied above indeed corresponds to the saddle point. Figure
interstitial configuration with K, leaving N, which was 8 also shows that the calculationsést 54.7° with different
initially the interstitial, occupying a lattice site. supercell sizes ank-point samplings give very similar mi-

2. Diffusion
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(a)

FIG. 9. Ball-and-stick model of atomic con-
figurations of (@ V5" and (b) V}; in wurtzite
GaN. (c¢) shows the equivalent section of bulk
GaN for comparison. Large spheres represent Ga
atoms, 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 bond length.

gration barriers(to within 0.1 e\j. These tests show that Nitrogen vacancies have low enough energies to occur
supercell size does not strongly affect the calculations for thender thermal-equilibrium conditions ip-type GaN. The

migration barrier of N. stable charge states fofy in GaN are 3 and 3+. The 2+
In addition to the diffusion process discussed above, Ncharge state is never stable; this is characteristic of a
could also move in a direction perpendiculaf®01] (L c). negativet impurity, and is usually associated with a strik-

This involves one of the N atoms in the split-interstitial con-ingly large lattice relaxation of one of the charge states; here
figuration breaking away from its pair and traveling in the this is the case for the-3 charge state. The transition level
basal plane to bond with another N in the same plane. Using(3+/1+) between the 3 and 1+ charge states occurs at

a 96-atom supercell, we obtained a barrier of 2.4 eV for.N 0.59 eV above the VBM, somewhat higher than the value of
This barrier is higher than the barrier of 1.6 eV for the pro-0.16 eV value reported in Ref. 15 due to the larger supercell
cess illustrated in Fig. 7. Since the process of Fig. 7 carsize used here. This means the Tharge state is stable
result in motion both parallel t@ and perpendicular ta, underp-type conditions, and its low formation energy indi-
diffusion along both directions will be governed by the samecates that nitrogen vacancies can be a serious source of com-

barrier; i.e., no anisotropy will occur. pensation inp-type GaN. Note that the formation energy of
Vy; increases with the Fermi levédee Fig. 1, so that nitro-
D. Nitrogen vacancyVy gen vacancies are unlikely to occurrirtype GaN'*

1. Atomic structure and energetics
. 2. Diffusion
Figure 1 shows that the stable charge state¥fpare 1+

and 3+ in agreement with Ref. 15. Calculations for the We obtained the migration barrier of the nitrogen vacancy
ground state of both charge states were performed in 962y calculating the energy needed to move a nitrogen atom
atom supercells. This is particularly important for the 3 from its nominal lattice adjacent to the vacancy along a path
charge state, which exhibits large lattice relaxations. The retowards the vacancy, leaving a vacancy behind at the original
laxed atomic structures from the 96-atom-cell calculationdattice site. The path is illustrated in Fig. 10. We define the
are shown in Fig. 9. Note the large outward relaxations of théoordinate along the path as the anglef the bond between
Ga atoms surrounding the vacancy in the 8harge state. the migrating N atom and the ideal lattice site of the Ga atom
This large breathing relaxation has been found also in othedt the pivot point, measured from th@001] direction. The
semiconductors such as GaRef. 23 and ZnSé” In the  energy as a function of angkefor V§" is shown in Fig. 11.

1+ charge state, the breathing relaxation is quite smallThe 32-atom-cell results provide an estimate of the migration
amounting to 1.6% of the experimental bond length for thebarrier for charge statet3of 2.0 eV atd~40°. Calculations
Ga neighbor along theaxis, and 0.5% for the other three Ga in a 96-atom cell forf=40° and 50° provide a more accu-
neighbors(or 0.8% on average The breathing relaxation is rate migration barrier fovs," of 2.6 eV. The difference is
much larger in the 3 charge state, where the Ga neighborsmainly due to the higher ground-state energy in the 32-atom
move outward by 18.1%l|c) and 16.6%, or 17.0% on av- cell, which is too small to properly accommodate the large
erage. relaxations in the 3 charge state.

FIG. 10. Ball-and-stick model of atomic posi-
tions describing the diffusion process ¢f;. (a)
Schematic illustration of the migration patth)
Saddle-point configuration fdv’ﬁ,*. (c) Saddle-
point configuration folV}; . 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
bulk Ga-N bond length.
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3 ———— laxation: in the 3- charge state the N atoms move outward
o by ~4% (referenced to the experimental bond length
The Ga vacancy has a deep levide 2—/3— transition
level) about 1.1 eV above the valence band. Transitions be-
PN 1 tween the conduction bardr shallow donorsand this deep
/ LA level would therefore result in emission around 2.3 eV. The
/ N gallium vacancy has therefore been proposed as the source of

/ N the “yellow luminescence

Energy (eV)

/ 2. Diffusion
‘ = 32-atom cell, 2x2x2 -

J * 96-atom cell, 2x2x1 “ Our investigations of gallium vacancies were performed

4 ~
’ \,

SN using an approach similar to that described in Sec. 11l D 2 for
0 10 20 30 40 50 60 70 80 90 100 nitrogen vacancies: a neighboring Ga atom was moved to-
6 (degree) 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 ce)l for V2, the most relevant charge state.

FIG. 11. Total energyreferenced to the ground statef V3"
during the diffusion process.

o ) ] IV. DISCUSSION AND COMPARISON WITH
Surprisingly, for the nitrogen vacancy in therI1charge EXPERIMENT
state {/y) we obtain a much higher migration barrier of 4.3 . . )
Our calculations produce values for migration barriers. In

eV . We propose the following explanation for this large q derive diffusi tici d al
difference in migration barriers between different chargeOr er to derive diffusion coefficient®, we would also

states: forVy,, the saddle-point configuration can be re- rleed to —I?En(;\liv th;’ prefacto[?o lin. the ?XphreSSio?D
garded as a complex consisting of two nitrogen vacancies 0eXP(—E,KKT). Accurate calcu ations of the prefactor
and one nitrogen interstitial:\2, + N, , where the charges are beyor_ld the scope of th_e present investigation, but a
have been chosen such that the total charge of the complé_gugh 2est|mz;t/i Caﬂ be qbtalned ustlng tlhf de>f<pr(;_=s§_§;)n
(1+) is maintained. Similar arguments for the saddle point of a’f{? ex;:(fA ), W er_ecihls a geqmebryt—re ate _tac c::n';

VX' suggest a complex consisting o+ N . The energy L St R LD Lt el in the range of

of the 2+ N; complex will differ mainly due to the differ- Rls: Pyawv typ aty in 9

ent charge on N(assuming no change in binding energy ofO'OOl_l /s; a larger value oDy is indicative of a large

the complex If we now assume that the Fermi level is 0.5 entropy COI"]tl’IbUtIO!’I. . . .
eV above the VBM(a typical value if we Wam\/ﬁ+ to be Comparisons with experiment often rely on identifying

stablg then the energy difference betweeN2+N- and the temperature at which a particular defect becomes mobile.

P . ) ! ) Areasonable estimate of this temperature can be obtained by
2V +N;" is 2.5 eV. This difference is consistent with the yaying the usual definition of an activation temperature, i.e.,

- N : 3+
large difference in migration barriers betwe€) andVy\" . the temperature at which the jump rate is 1 per second, and

The migration path described above can account for moassuming a prefactor of s 1, i.e., a typical phonon fre-
tion along thec axis (||c) as well as in directions perpen- quency.

dicular to thec axis (L c). We have also studied a migration
path that would account exclusively for in-planed) diffu- A. Gallium interstitial Ga ;
sion, by moving a nitrogen atom from the same basal plane
as the vacancy towards the vacancy. Note that this patﬁ1

would be relevant only if it results in a lower barrier than the oo o jaxations induced by this defect. The calculations re-

barriers .calcula.ted abqve,.smce diffusigre can also be lPorted in Refs. 14 and 15 found the octahedral site to be
accomplished via the diffusion process described above. Our

e . ; . most stable for Ga In contrast, in Ref. 27 it was argued that
calculated migration barriers for the in-plane motion Werey - tetrahedral site was slightly more stable thanGhsite
higher than the ones calculated above for both charge Stat€s, <ed on our recent 96-at%mysupercells we can now éonfi—
Therefore, migration o¥/y andvs,\’,+ will be governed by the

barriers for diffusi d . hould dently state that the octahedral interstitial site, at the center
Ezngisgr\:fdrs or diffusiofjc and L c. No anisotropy should ¢ the hexagonal channel, is the stable site fof Baall

charge states. ThE site is not a local minimum, but plays a

role in the diffusion process.
E. Gallium vacancy Vg, Detailed experimental data are available for the gallium
interstitial. Using EPR, Chovet al® studied point defects
created by electron irradiation at low temperat(#e2 K).

Figure 1 shows that gallium vacancies have lowest enerfhey were able to unambiguously identify the Ga interstitial,

gies in the 3- charge state, which occurs in-type and their annealing studies indicated that this interstitial be-
material®® Under those circumstancis,, may act as a com- comes mobile at temperatures slightly below room tempera-
pensating centefa triple acceptor The nitrogen atoms ture. An activation energy of 0.7 eV was estimated. Our cal-
around a gallium vacancy exhibit an outward breathing reculations showed that migration of the Ga interstitial can

Obtaining accurate results for the atomic configuration of
e gallium interstitial is difficult due to the fairly large lat-

1. Atomic structure and energetics
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proceed with a barrier of 0.9 eV or less, in good agreemenjyith migration of V;, . In this case, the surface acts as a

with the experimental observations of Ref. 5. source of vacancies, again eliminating the cost of defect for-
In the experiments of Ref. S1-type material was used, mation from the activation energy.

and therefore the thermodynamically stable charge state was
likely to be 1+. The EPR technique requires an unpawedhigh (4.3 eV), it still allows the nitrogen vacancy to be mo-

electron to be present in the level, which in the case qf Gabile at typical MOCVD growth temperatures, particularly

occurs for the 2 charge state. Note that we found this 1
charge state to be thermodynamically unstable, due to thYé’hen the large entropy reported by Ambacheal.” is taken

negativet) character. However, the experiments of Ref. 5into account. In MBE, h.owever, wherg the growth tempera-
are based on optical detection of ERGDEPR, in which f[ures are much lower, nltrogen vacancies are _not mobile dur-
the sample is excited with ultraviolet light. This excitation N9 growth. Consequences will be discussed in Ref. 29.

can lead to formation of the2 charge state, which in ther-

mal equilibrium would not be stable.

Even though our calculated migration barrier féf is

D. Gallium vacancy Vg,

B. Nitrogen interstitial N ; Gallium vacancies \(g;) have relatively low formation
energies in highly doped-type material Ex high in the
ap; they could therefore act as compensating centers. Yi
nd Wessef® have found evidence of compensation by a

. triply charged defect in Se-doped GaN. Our results for gal-
are probably most likely to occur, undastype, andp-type lium vacancies are in good agreement with the positron-

conditions respectively We are not aware of any experi- annihilation experiments of the group of Saaridérin Ref.

ments in which the diffusion of nitrogen interstitials has been7 they showed that concentrations of gallium vacancies are

directly observed. higher in n-type material than irp-type or semi-insulating
material, consistent with our calculated formation energies
(Fig. 1. They also showed that gallium vacancies have
Hautakangas et al® recently carried out positron- higher concentrations in oxygen-rich material, consistent
annihilation studies of Mg-doped GaN grown by metal-with the predictioR®! that aVg;-O complex can form with
organic chemical vapor depositioghlOCVD). They detected g binding energy of 1.8 eV.
the presence ofVy-Mgg, pairs, at a concentration of  Qur theoretical results indicate that the gallium vacancy
10'-10"* cm™3. The concentration of nitrogen vacancies could give rise to a variety of transitions in the yellow and
decreased upon annealing at 500—-800 °C; an activation e@reen regions of the spectrum. The transition level between
ergy of 3.0 eV was estimated for the process of vacancyhe 3— and 2— charge states of the isolated vacancy occurs
removal. This activation energy would be the sum of theat 1.1 eV above the VBMRef. 26 and Fig. R which formed
migration barrier for the vacancy and the binding energy ofihe basis for the prediction that gallium vacancies are respon-
the V\-Mgg, pair. The latter has been calculatétb be 0.5  sible for the frequently observed yellow luminescence, a
eV, resulting in an estimate for the migration barrier of 2.5proad luminescence band centered around 2.2 eV. However,
eV. This value is very close to our calculated barrier of 2.6the 2—/1— transition level occurs at only slightly lower en-
eV for Vﬁ- ergy (which would push the emission towards the gpeen
Diffusion experiments of a different kind were carried out Complex formation with oxygen also pushes the level down
by Ambacher etal,’ who measured self-diffusion in (j.e., towards green emissipriThese results may well ex-
Ga“N/Ga™N isotope structures grown by molecular-beamplain the observations of green and yellow luminescence in
epitaxy (MBE). Diffusion profiles before and after thermal freestanding GaN templates by Reshchilaial *2
annealing at temperatures of 800 °C and 900 °C were mea- Saarinenet al® also applied positron-annihilation spec-
sured by secondary-ion mass spectrosc@iS). The ac-  troscopy to study thermal annealing of gallium vacancies.
tivation enthalpy for diffusion was found to be 4.1 Vacancies induced by electron irradiation were found to an-
+0.4 eV. The samples werne type, with the Fermi level neal out in long-range migration processes at 500-600 K
close (within 30 me\) to the conduction band. This value with an estimated migration energy of 1.5 eV, in reasonable
agrees well with our calculated migration barrier ¥g§ . We  agreement with our calculated migration barrier of 1.9 eV.
note that, in general, the activation enthalpy corresponds tblative Ga vacancies in as-grown GaN, on the other hand,
the sum of the formation energy and migration energy of thesurvived up to much higher temperatur@s300—-1500 K
defect responsible for diffusion. The fact that the activationleading to the conclusion that they are stabilized by forming
enthalpy of Ref. 1 corresponds to just the migration barriecomplexes with oxygen impurities. The estimated binding
can be attributed to the presence of a nonequilibrium concerenergy of 2.2 eV of such complexes is in agreement with the
tration of vacancies in the samples, eliminating the cost ofheoretical prediction&>3!
forming the defects responsible for self-diffusion. Arguments Bozdog et al® reported that thd.1 signal observed by
to support this will be presented elsewh&t&his point of ODEPR in electron-irradiated material is stable up to
view is consistent with thermal decomposition experiments~500 °C; Watkinset al. also proposed thdt1l is associated
presented by Ambacher in the same pdperwhich an ac-  with Vg,.* Our calculated migration barrier of 1.9 eV for
tivation energy of 3.20.2 eV was found, again consistent Vg, is in qualitative agreement with this annealing behavior.

Our calculated migration barriers indicate that nitrogen
interstitials could become mobile at temperatures aroun(g
200°C, at least for the 2 and the 3- charge stateévhich

C. Nitrogen vacancyVy
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TABLE II. Migration barriers for native defects in wurtzite of 3% 1015 cm?/s at 1160 °C. Assuming a typical prefactor
GaN. As discussed in the text, the lowest-energy migration pathg, the range of 0.001-1 cits, the corresponding activation
result in atomic motion both paralle]|] and perpendiculari() to energy would be in the range of 3.3—4.2 eV. This could be
the c axis; the diffusion is therefore isotropic in all cases. All Valuesconsistent with a process involving gallium vacancies, as
are from 96-atom supercdiilcc calculations, except for Nin the ointed out above in the case of Si diffusion. However. a
3+, 2+, 1+, and 0 charge states, where 32-atom supercells wer istinction needs to be made betweaenand p-type Iayers.,

used. Some of the experiments of Ref. 13 involved Mg diffusing
: into Si-doped layers, in which gallium vacancies can easily
Defect Charge state Barri¢eV) form, and the measured activation energy would be consis-
Ga 3+ 0.9 tent with a diffusion process assisted by gallium vacancies.
2+ <0.9 Within the p-type layer itself, however, gallium vacancies
1+ <0.9 have high formation energies and therefore Ga-site impuri-
ties are more likely to diffuse by a mechanism involving
N, 3+ 1.4 interstitials. The formation energy of the Ii“BLainterstitial
24 25 under p-type conditions can be as low as 2.3 eV, and our
1+ 21 calculated migration barrier is 0.9 eV, yielding an activation
0 2.4 energy around 3.2 eV. The actual migrating species in that
1— 1.6 case would be a Mg interstitial, of course, for which the
formation energy undep-type conditions was found to be
Vi 3+ 26 about 2 e\?® We have not performed calc_ulaf[ions for migra-
14 43 tion of the Mg interstitial. However, qualitatively a mecha-
nism involving interstitials seems consistent with the ob-
served Mg diffusion imp-type GaN.
Vea 3- 1.9

We can also comment on self-diffusion of the gallium V. CONCLUSIONS

species in GaN. Irp-type material, this is most likely to e have presented detailed calculations for formation en-
occur via gallium interstitials, since the formation energy ofergies and migration paths for relevant native point defects in
the gallium vacancy is very higtsee Fig. 1 In n-type ma-  GaN. The main results are summarized in Tables | and II. In
terial, on the other hand, gallium interstitials are unfavorabley|| cases the lowest-energy migration path moves the defect
and diffusion is likely to proceed mediated by gallium va- poth parallel and perpendicular to tkeaxis; no anisotropy
cancies. The activation energy for self-diffusion is the sum ofshould therefore be observed in point-defect migration. Dif-
the formation energy of the defect and the migration energytysion on the gallium sublattice is most likely to be mediated
Under n-type conditions, the formation energy W, is in by gallium interstitials inp-type material, with a migration
the range of 1-2 eV. Adding the migration energy, the acti-barrier <0.9 eV, while gallium vacancies are more favor-
vation energy for self-diffusion would be between 3 and 4aple undemn-type conditions, with a migration barrier of 1.9
eV. An activation energy of 3 eV would imply that self- eV. For the nitrogen sublattice, the nitrogen vacancy is more
diffusion due to gallium vacancies could occur at temperafikely to form underp-type conditions and also has a lower
tures around 800°C. This is certainly consistent with themigration barrier then. Both the formation energy and migra-
notion that gallium vacancies play a role in interdiffusion of tion energy of the nitrogen vacancy are high undeype
InGaN quantum wells, as discussed in Ref. 10. Caual!*  conditions. Nitrogen interstitials have modest migration bar-
also reported an activation energy of 3.@.5 eV for inter-  riers, but their formation energies are high. We have dis-
diffusion of In and Ga in InGaN/GaN quantum wells, which cussed several cases in which our results can be directly
they attributed to vacancy-controlled second-nearesteorrelated with experiment. However, systematic experimen-
neighbor hopping. tal studies of point-defect diffusion in nitride semiconductors
would be highly valuable.
E. Impurity diffusion

Finally, we discuss two experimental results on impurity
diffusion. Munkholmet al. obtained an approximate diffu-
sion coefficient for Si in GaN of 3810 ®cn?/s at We acknowledge useful discussions with E. E. Haller, J.
810°C. Assuming a typical prefactor in the range ofNeugebauer, J. Northrup, and G. Watkins. This work was
0.001-1 cri/s, the corresponding activation energy would supported in part by the Air Force Office of Scientific Re-
be in the range of 3.1-3.8 eV. As discussed in Sec. IV D, thisearch, Contract No. F4920-00-C-0019, monitored by G.
is consistent with the expected activation energy for a diffu-Witt, and by the Defense Advanced Research Projects
sion process that would be assisted by gallium vacancies. Agency SUVOS program under SPAWAR Systems Center

Xing et al® examined Mg redistribution in GaN epilay- Contract No. N66001-02-C-8017, monitored by Dr. J. Car-
ers grown by a combination of MOCVD and MBE. Their rano. The work in Thailand was supported by the Thai Re-
analysis of the SIMS profiles yielded a diffusion coefficientsearch Fund, Contract No. BRG4680003.
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