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Vacancies and interstitials in indium nitride: Vacancy clustering and molecular bondlike

formation from first principles
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We investigate the structural and electronic properties and formation energies of vacancy, interstitial, and
antisite defects, as well as complex formation, in wurtzite InN using first-principles calculations. The N
interstitial, which forms a split-interstitial configuration with a N,-like bonding, has the lowest formation
energy under N-rich conditions in p-type material, where it is a triple donor. We find that indium vacancies
have a tendency to form “clusters,” which results in local nitrogen-rich regions and the formation of
N,-molecular-like bonds. These complexes are amphoteric, have a relatively high formation energy, and are
formed more readily under N-rich conditions. The nitrogen vacancy is a low energy defect under more In-rich
conditions, and in p-type material it acts as a single and triple donor. In the neutral and negative charge states,
we find nitrogen vacancies also prefer to be situated close to one another and to cluster, giving rise to local
In-rich regions with electron localization at these metalliclike bonding configurations. The indium antisite in
the 4+ charge state is the lowest-energy defect under In-rich conditions in p-type material and thus also acts as
a donor. Our findings shed light on, and help explain, recent and sometimes conflicting, experimental

observations.
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I. INTRODUCTION

The group III nitrides (GaN, AIN, and InN) have attracted
growing technical and scientific interest due to their applica-
tions in, e.g., short-wavelength optoelectronic devices, such
as light-emitting diodes and lasers.'”> Indium nitride is also
of interest in relation to other technological applications such
as solar cells and optical wave guides.*> Moreover, recent
studies show that InN and other III nitrides are promising
materials for high-speed electronics and terahertz devices.®’
Compared to GaN and AIN, the physical properties of InN
(Refs. 8 and 9) are much less well established, largely due to
the difficulties in synthesizing high quality single crystals.
Only recently these problem have been overcome,'? but key
parameters still have not been conclusively determined. For
example, a controversial issue is the value of the band gap: it
has been long accepted as 1.9 eV but more recent
experiments''? and first-principles calculations'3~'7 support
a significantly lower value of around 0.7-0.8 eV, although
some recent experiments'® reported a somewhat larger value
of 1.4 eV. The discrepancies in earlier reported band gaps
(which range from ~0.65 to ~2.3 €V) may be due to poor
material quality, i.e., nonstoichiometries, defects, and
impurities,'*2? which could form more readily due to the
low thermal stability of InN.?* Grown InN films are highly n
type, which has been attributed to impurities (Oy and Siy,)
(Ref. 24) and native point defects (the nitrogen vacancy).>>2

For the advancement of technological applications that
utilize InN, it is important to have a deeper understanding of
the behavior, role, and effect that defects and their complexes
have on the atomic and electronic structure. Such knowledge
is crucial to control the material properties and, ultimately,
the device characteristics. There has been a first-principles
investigation of point defects and impurities (O, Si, and Mg)
in zinc blende (zb) InN (Ref. 24) using density-functional
theory (DFT) and the local density approximation (LDA), as
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well as including self-consistent self-interaction (and relax-
ation) corrections. This study found that the N vacancy is the
lowest-energy native defect and that it is a donor in more
p-type material. The Si and O impurities are very low energy
defects and are also donors, possibly contributing to the high
n-type background in grown material. The In vacancy and
the Mg dopant were found to be triple and single acceptors,
respectively. But due to the smaller band gap of InN com-
pared to GaN and AIN, unlike the latter two compounds,
these two defects remain relatively high in energy in InN.

In the present paper, we investigate the atomic and elec-
tronic properties, as well as associated formation energies, of
native point defects and complexes in wz InN through ab
initio calculations. We identify a number of interesting phe-
nomena: first, “surprisingly,” we find that the indium vacan-
cies and nitrogen interstitial introduce magnetism, where the
value of the spin depends on the charge states. Second, we
find that indium vacancies have a tendency to form “clus-
ters” resulting in the formation of N ,-molecular-like bonds,
and third the N interstitial results in the formation of a
N,-like-molecular bond (‘“N-split-interstitial”’) configuration
and has the lowest formation energy in the 3+ charge state
under N-rich conditions in p-type material. Finally, the in-
dium antisite, in the 4+ charge state, is the lowest-energy
defect under In-rich conditions and in p-type material. As
reported in detail elsewhere,”’ we also found that the N va-
cancies in the neutral and negative charge states prefer to be
located close to one another, (i.e., to “cluster together”), giv-
ing rise to a locally In-rich region. All these findings shed
significant light on the behavior of native defects and com-
plexes in indium nitride. The paper is organized as follows:
in Sec. II, we describe the calculation method, and Sec. II1
reports results for native defects and their complexes. Sec.
IV contains a discussion of our findings in light of experi-
mental results, and Sec. V contains the conclusions.
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II. CALCULATION METHOD

Our DFT calculations are performed using the LDA for
the exchange-correlation functional, as well as the pseudopo-
tential plane-wave method in a supercell geometry, with the
ESPRESSO code.?® We treat the indium 4d electrons with the
nonlinear core correction (nlcc) (Ref. 29) and include scalar-
relativistic corrections. The energy cutoff is 60 Ry, and we
use 96 atom wz supercells, where all the atoms are fully
relaxed. A reciprocal space k-point mesh of 3 X3 X 3 is used.
Further details of the method and convergence tests can be
found in Ref. 27.

The formation energy of the defect system (e.g., a nitro-
gen vacancy, Vy) in the charge state ¢ is given by

E(VE) = E°(V) — EQy + un + q(Ep+ E, + AV), (1)

where E''(VY)) is the total energy of the supercell containing
the vacancy in charge state ¢ and Epy, is the total energy of
a supercell of the same size, containing only bulk material.
My 1s the chemical potential of the nitrogen atom and Ep is
the Fermi level, which is chosen to be zero at the valence-
band maximum (VBM) (E,) of bulk InN. A correction term
AV is added to align the reference potential in the defect
supercell with that in the bulk.*® From examination of the
associated defect induced states of the neutral system, the
relevant charged states to be investigated are identified. We
consider N-rich and In-rich conditions, where for the former,
pun=1/2 N, (which here corresponds to half the total energy
of the N, molecule) and u, is determined by assuming ther-
modynamic equilibrium: gy, + un= MN, Where gy 1S the
chemical potential of bulk InN (which corresponds to the
total energy of a bulk InN stoichiometric unit). For In-rich
conditions, =, (bulk) (i.e., the total energy of an In
atom in the bulk In metal), and wy is determined by the
assumed condition of thermodynamic equilibrium given
above. The formation energy then allows us to determine the
lowest-energy defect, that is, which defect configuration is
most likely to exist in InN under certain experimental con-
ditions (e.g., nitrogen-rich or indium-rich; p-type or n-type).

Since in the present paper, we also investigate complex
formation, it is useful to consider the “binding energy” of the
various complexes. The binding energy of a complex (e.g.,
two vacancies Vy+Vy,) in the charge state g is defined with
respect to the separated defects,

E)[(Vy+ Vi)l = BTV + ETVE] - ET(V + Vi),
(2)

where g=q,+¢,, E[V{], and E/[V{2] are the formation en-
ergies of the defect Vi in the charge state ¢; and the defect
Vi, in the charge state g,, respectively. The sign of E, is
chosen such that a positive binding energy corresponds to a
bound complex.

III. RESULTS

The optimized wurtzite InN lattice constants are a
=3.511 A, c/a=1.624, and u=0.376, which agree very well
with the experimental values (3.533, 1.611, and 0.375 A).3!
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FIG. 1. (Color online) (a) Atomic geometry and (b) band struc-
ture of the 7-site nitrogen split interstitial in the neutral charge state.
(c) The isosurface of the electron density of the lower defect in-
duced state marked by the arrow in (b). Partial density of states
(PDOS) of the N interstitial (d) in the neutral charge state. Labels
“B” and D in (b) indicate bulk and defect states, respectively. The
horizontally dotted line in (b) indicates the Fermi level.

The calculated heat of formation is —1.16 eV, which is in
line with the experimental values which range from —0.22 to
-1.49 eV.>! The cohesive energy of bulk In in a body-
centered tetragonal structure is calculated to be —3.52 eV
with the lattice parameters a=3.011 A and ¢=4.756 A.
Here we used a 6 X 6 X 6 k-point mesh and an energy cutoff
60 Ry. From all-electron ab initio LDA calculations** the
cohesive energy is —3.25 eV (with the lattice constants a
=320 A and ¢=4.905 A) and the experimental value is
-2.52 eV (Ref. 33) [a=3.24 A and ¢=4.937 A (Ref. 34)].
Spin-unrestricted calculations are performed to study the ni-
trogen atom and molecule. The binding energy of N, is cal-
culated to be 5.56 eV/N atom, while the bond length is
1.103 A. From experiments, the corresponding values are
4.96 eV/N atom and 1.098 A.3° The LDA is known to over-
estimate the cohesive energy and the binding energy, and the
nlcc approach underestimates lattice parameters (in particular
for bulk In) and overestimates somewhat the cohesive energy
and heat of formation, as has been reported in Ref. 36. These
results are discussed in more detail in our -earlier
publication.?”

A. N interstitial

For the single nitrogen interstitial (N;) in wz InN, there
are two types of high-symmetry positions: the (tetrahedral) T
and (octahedral) O sites. The T site has two nearest neigh-
bors (one cation and one anion) and six next-nearest neigh-
bors (three cations and three anions). The O site has six
nearest neighbors (three cations and three anions). We find
that for both sites, after full atomic relaxation, a split-
interstitial configuration creates in which N; forms a N-N
bond with one of the neighboring nitrogen host atoms, shar-
ing its lattice site [see Fig. 1(a)]. The T site is lower in
energy than the O site by 0.13 eV; thus, we focus on the T
site for calculation of the charge states. This defect induces a
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FIG. 2. Bond distances in the 7T-site N; split-interstitial defect as
a function of charge state. (a) The average bond length between the
“N, dimer” configuration and the surrounding four In atoms. The
filled diamond indicates the In-N bond distance in the bulk. (b) The
N-N bond distance in the split interstitial. Circles represent calcu-
lated values; dashed lines serve as a guide to the eyes.

doubly occupied singlet defect state, a singly occupied sin-
glet state, and an unoccupied defect state in the conduction
band as shown in Fig. 1(b). Therefore we consider charge
states from 3— to 3+. In Fig. 1(c) the square of the wave
function is shown for the singly occupied defect state above
the conduction-band minimum (CBM) indicated by the
lower arrow in the band structure [Fig. 1(b)]. It can be seen
that the defect state is localized at N; and its nearest-neighbor
N atom. The formation of the N,-like bonding is also indi-
cated by the PDOS shown in Fig. 1(d). It is clearly seen that
the two N atoms involved in the N-split interstitial are quite
different from the bulk N atoms, where they induce addi-
tional peaks both in the valence band and in the conduction
band.

The interstitial N; and its nearest-neighboring N atom re-
lax significantly depending on charge state: in the neutral
state [as shown in the Fig. 1(a)], the N-N distance is 1.35 A.
Removing one electron to create the 1+ charge state results
in the N-N bond distance decreasing to 1.275 A. In the 2+
and 3+ charge states, the distances are further reduced,
namely, to 1.19 and 1.14 A, respectively. The bond distance
of 1.14 A is very close to that of the N, molecule (1.10 A).
Adding electrons to create minus charge states results in the
N-N bond length increasing to 1.45 A in the 1— charge state
and to 1.49 and 1.51 A in the 2— and 3- charge states,
respectively. Despite these changes, the split-interstitial con-
figuration remains common to all charge states. The 3+, 1+,
0, and 1- charge states are stable where the formation energy
of the 3+ charge state is very low under N-rich conditions in
the p-type material. There are also corresponding changes in
the N-In distances as shown in Fig. 2, where with increasing
charge state, in particular, from 0 to 3+, the N-In distances
increase. For the 3+ charge state, the surrounding In atoms
exhibit large outward relaxations of ~23% relative to the
bulk positions. A similar relaxation in the N-In bond lengths
is found for Vf\{“ in Ref. 27. This suggests that for the split
interstitial in the 3+ charge state, the configuration could be
viewed as Vf\fr plus a N, dimer “floating” in the void. In this
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configuration, the N-N pair does not strongly bond to the
surrounding In atoms, and the average bond length between
the interstitial N atoms and the surrounding In atoms is much
larger than the bulk In-N bond length (see Fig. 2). As more
electrons are added to the N i3+ defect, the N-N bond becomes
weaker (as indicated by the increased N-N distance) and the
tendency to form bonds with the surrounding In atoms in-
creases. A similar behavior has been found for the nitrogen
split interstitial in AIN (Ref. 37) and GaN (Ref. 38): for the
nitrogen split interstitial in zb AIN, the charge states from 3+
to 1— are considered and only the 3+, 1+, 0, and 1- charge
states are stable,’ i.e., the 2+ charge state is unstable as we
found for wz InN. For the nitrogen split interstitial in wz
GaN, charge states from 3+ to 3— were considered and the
3+, 24, 1+, 0, and 1- charge states are stable.®

We perform spin-polarized calculations for the nitrogen
split interstitial and find that it is magnetic in the neutral
charge state: the total magnetization is 1.09up, and the total
energy of the spin-polarized state is 125 meV lower than that
of the nonspin-polarized state. The magnetic moment is
mainly localized on the 2p electrons of the interstitial nitro-
gen, which carries a magnetic moment of 0.49up and the
bonded host nearest-neighboring N atom has a magnetic mo-
ment of 0.39up. The nitrogen split interstitial is nonmagnetic
in the 3+ charge state.

B. Antisites

We investigate two antisite configurations, namely, the N
atom on an In site, Ny,, and the In atom on a N site, Iny. The
nitrogen antisite, Ny,, induces three doubly occupied singlet
defect states above the VBM, and three higher lying unoccu-
pied defect states. Since the calculated formation energy in
the neutral charge state is very high (6.25 eV under N-rich
and 8.57 eV under In-rich conditions), we only consider the
charge states from 2+ to 4— and find that the stable states are
1+, 0, 1-, (in a very narrow energy window) and 3—. Atomic
relaxation results in a strong distortion, where the nitrogen
atom on the In site moves toward a N neighbor and forms a
N-N bond. We note that due to the strong relaxation, this
defect could be described as a complex consisting of a
N-split interstitial plus an In vacancy. The bond length
changes with respect to the charge state: filling the defect
levels decreases the bond length from 1.22 A in the neutral
charge state to 1.16 A in the 3— charge state. The distance to
the other three N neighbors is much larger (2.2 A), indicat-
ing no bond is formed. Removing two electrons from the
neutral Ny, defect state results in bond formation between
N, and its three planar N neighbors, with an average planar
bond length of 1.57 A and an apical bond length of 1.52 A.
The behavior of the nitrogen antisite in GaN is somewhat
different: it has been found from ab initio investigations that
the nitrogen antisite in GaN is characterized only by a single
N-N bond from 2+ to 4— charge states and no bond between
Ng, and its three planar N neighbors forms.? The formation
energy of the nitrogen antisite, in all of its charge states and
under both N-rich and In-rich conditions, is quite high (see
Fig. 8); thus it is unlikely that Ny, will form in appreciable
concentrations in thermal equilibrium. However, their forma-
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FIG. 3. (Color online) (a) Relaxed atomic geometry and (b)
band structure of the antisite Iny in the neutral charge state. Dark
and light spheres represent N and In atoms, respectively. Labels B
and D in (b) represent bulk and defect states, respectively. The
horizontally dotted line in (b) indicates the Fermi level.

tion may be induced under nonequilibrium conditions.

In the neutral charge state, the indium antisite, Iny, in-
duces a doubly occupied singlet defect state and two unoc-
cupied defect states above the CBM. In the DFT calcula-
tions, the CBM is also occupied by two electrons. In reality,
however, these two electrons should be associated with the
defect [see Fig. 3(b) which shows the band structure]. Thus
the relevant charge state that we can consider is 4+. The
calculated formation energy of Iny under N- and In-rich con-
ditions is shown in Fig. 8: under N-rich conditions, the for-
mation energy remains too high for it to occur in significant
concentrations in thermal equilibrium, but under In-rich con-
ditions this defect has the lowest formation energy in p-type
material. In the antisite geometry, the substitutional In atom
forms four bonds to the surrounding nearest-neighbor In at-
oms, with an average In-In bond length of 2.59 A in the
neutral charge state and 3.06 A in the 4+ charge state. While
the bond length in the neutral charge state is much shorter
than the bond length in bulk In (3.25 A), in the 4+ charge
state it is only 5.8% smaller. From analysis of the electron
localization function,® we find the dangling bonds between
the In atom on the N site and its nearest-neighbor In atoms in
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FIG. 4. (Color online) Relaxed atomic geometry in the neutral
charge state for (a) one, (b) two, and (c) three indium vacancies for
the most favorable configurations. Dark and light spheres represent
N and In atoms, respectively, and small black spheres indicate the
Vi, sites, which are also indicated by arrows.

the neutral charge state, are localized at the In antisite itself.
The metallic character suggests that the indium antisite could
be related to the observation of metallic states, in both MBE-
and metal-organic chemical vapor deposition-grown InN by
infrared photoluminescence measurement.'

C. Vacancies

For the indium vacancy, Vy,, in InN [see Fig. 4(a)], the
nearest-neighbor nitrogen atoms relax about 7% outwards
with respect to the bulk positions. In the neutral charge state,
the indium vacancy induces states close to the VBM which
can be filled with three electrons, thus acting as a triple ac-
ceptor. This behavior is similar to Vy, in zb InN.?* The cal-
culated formation energy in the neutral charge state is very
high (~7.78 eV N-rich and ~8.94 eV under In-rich condi-
tions). By plotting the square of the wave function, we find
that the defect states induced by the indium vacancy are lo-
calized on the nearest-neighbor N atoms. For the different
negative charge states considered, from 1- to 3—, we find
that the magnitude of the outward relaxation decreases with
increasing electrons in the system (see Table I). In the 3—
charge state, the nearest-neighbor “planar” (three equivalent)
nitrogen atoms of the indium vacancy are then just slightly

TABLE I. Change in defect geometry with charge state (¢) for the indium vacancy, nitrogen vacancy, and
indium-nitrogen vacancy pair. Units are in percent with respect to the values for InN bulk. rpjan,, indicates
distances from the ideal vacancy position to the three (two for the vacancy pair) equivalent neighbors, and
Fapical 18 the distance to the remaining neighbor in the [0001] direction.

VN Vin
q Tapical Tplanar q Tapical Tplanar
0 -3.02 -3.33 0 8.03 6.08
1+ -0.98 -2.08 1- 6.08 4.80
2+ 10.03 4.14 2— 4.37 2.94
3+ 33.16 18.54 3— 2.15 0.41

VN in VN+ VIn

Vln in VN+ Vln

q Tapical Tplanar q Tapical Tplanar
1+ 40.5 17.5 1+ 36.5 0.31
0 -6.83 -4.10 0 6.55 4.61
1- -5.84 -8.30 1- 4.25 291
2— -6.28 -8.20 2—- -0.18 -0.47
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TABLE II. The binding energies, E;, in eV, for the defect comp
computed with respect to the defect combinations in the parentheses.

PHYSICAL REVIEW B 79, 174202 (2009)

lexes in stable charge states. The binding energies of the defects are

Defect q Ey/ Vi q E,/ Vi q Ey/ Vi
Vn+ Vi 0 (Vi+Vi) 2.16 1- (VE+ViD) 2.48 1+ (VE+ V) 2.24
0 (VA+Vi) 3.82 2- (Vi+Vi) 2.77 1+ (VA +Vi) 3.0
VNN, 0 (Vi+N;) 2.36 1+ (Vi+NY) 2.09 2+ (Vi+N;) 1.59
0 (VA+N3) 5.33 3+ (VA+NY) 3.39 2+ (V3 +Ny,) 4.29
2- (VR+N3) 2.35
2 Vi 0 (P +V9) 3.66 3- (Vo +VE) 2.48 6— (Vi +Vi) -0.76
3- (W +vir) 3.40
3 Vi, 0 W+ + ) 9.84 3- (Vi + Vi + Vi) 7.35 6— (VE+VE+VE) 1.86
5- (W + Vi vi) 3.78 3- (W +Vp + Vi) 7.80 6— (Vi + Vi Vi) 2.28
5- (Vi + Vi + Vi) 4.26 3- (W +V0 +v3) 8.70 6— (W +V3-4 Vi) 3.21
5— (VO +VE+Vi) 4.68

larger (0.41%) than the equilibrium In-N bond length, and
the apical N atom 2.15% larger.

Recently, it has been reported that the Al vacancy in AIN
leads to spin-polarized ground states.*® We perform a spin-
polarized calculation for Vy, and find: the total magnetization
is 3.0up for the neutral indium vacancy. For the singly nega-
tively charged vacancy, Vlln_ , it has a total magnetic moment
of 2.0up and the doubly negatively charged vacancy, Vlzg_ ,
carries a magnetic moment of 1.06up. The closed shell Vi
defect does not carry a magnetic moment. The total energy of
the spin-polarized state is 418 meV lower than that of
nonspin-polarized state for the neutral indium vacancy. For
Vlln‘ , the preference of the spin-polarized state decreases to
206 meV, while there is a very small energy difference (49
meV) between the spin-polarized state and the nonspin-
polarized state for the 2— charge state. Analysis of the spin
density shows that the magnetic moment is mainly localized
on the unpaired 2p electrons of the four nearest-neighboring
N atoms. For the neutral In vacancy, each N atom of the
three equivalent neighbors carries a magnetic moment of
0.65up, and the remaining “apical” neighbor carries a mag-
netic moment of 0.67u. With increasing occupation of the
defect levels, the surrounding nitrogen atoms have a smaller
average magnetic moment, 0.455uz/N for the 1- charge
state and 0.25u5/N for the 2— charge state.

D. The VN+Ny, and Vy+ Vy, complexes

Very recently, Jones et al.*' used high-energy particle ir-
radiation to study the electron mobility in InN and suggested
that in n-type material, the most stable defects are Vy, and
the less stable defects are the relaxed Vp,-like triply charged
donor complexes, Vn+Ny,. Soft x-ray adsorption spectros-
copy studies support the above finding by indicating the
presence of “trapped N, molecules.” We are therefore moti-
vated to investigate the defect complex Vy+Ny, in both the
“in-plane” (Vyy and Ny, both in the (0001) plane) and “out-
of-plane” (Vy and Ny, oriented in a direction parallel to the ¢
axis) configurations. We find that the defect complexes are
stable (as indicated by the large positive binding energies in
Table II) and that the energy difference between these two

configurations is only 3 meV in the neutral charge state,
where the in-plane configuration is slightly favorable. We
thus focus on this structure for further investigations. The
neutral Vy+Nj, defect complex introduces a doubly occu-
pied singlet defect state and a singly occupied singlet defect
state lying in the band gap, as well as several unoccupied
defect states at higher energy. This complex can therefore act
as a donor or an acceptor. We consider the charge states from
3+ to 3— and find that the 1- and 3— charge states are un-
stable (see Fig. 8); we thus do not consider further negative
charge states. The calculated formation energy for this defect
complex is slightly lower than the isolated indium vacancy
but still too high for it to occur in appreciate concentrations
in thermal equilibrium under either N-rich or In-rich condi-
tions.

The average bond length between the antisite Ny, and its
three nearest-neighboring N atoms, forming a “N, mol-
ecule,” slightly depends on the charge state: in the neutral
state, it is 1.49 A, and it increases to 1.50 A in the 1+
charge state and decreases to 1.37 A in the 3+ charge state.
Adding electrons to the system results in a decrease in the
N-N bond length, which is 1.44 A in the 3— charge state.

It has been reported that the defect complex, Vy+ Vg, in
GaN and Vy+V,, in AIN, has a substantial binding energy
and that its formation energy is lower than that of the iso-
lated gallium vacancy under metal-rich conditions for p-type
material.*? It is interesting therefore to consider the interac-
tion between the cation and anion vacancies (Vy+ V) to see
whether they prefer to bind together or be isolated in InN.
We find that the cation-anion vacancy pair is stable (as indi-
cated by the large positive binding energies in Table II). Con-
figurations involving both in plane [Vy and Vy, both in the
(0001) plane] and out of plane (Vy and Vy, oriented in a
direction parallel to the ¢ axis) have a very similar formation
energy; e.g., for the neutral charge state the difference is only
3.5 meV. We consider the charge states only for the in-plane
configuration since it is slightly lower in energy. The atomic
structure is shown in Fig. 5(a). The neutral V+V, defect
complex introduces two singlet defect states above the VBM
very close in energy as indicated by “D” in Fig. 5(b). The
lower lying state is fully occupied with two electrons and the
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FIG. 5. (Color online) (a) Relaxed atomic geometry and (b)
band structure of the vacancy complex Vy+ Vy, in the neutral charge
state. Dark and light spheres represent N and In atoms, respectively,
and small white and black spheres indicate the Vy and Vi, sites,
respectively, which are also indicated by arrows. Labels B and D in
(b) represent bulk and defect states, respectively. The horizontally
dotted line in (b) indicates the Fermi level.

other is unoccupied; thus, this complex may act as a donor or
an acceptor. This complex also induces two unoccupied de-
fect states above the CBM. We therefore consider the charge
states 1= and 2% and find that the 2+ charge state is un-
stable. Similar to the Vy+ Vg, complex in GaN, the forma-
tion energy of Vy+ Vi, is lower than that of the isolated in-
dium vacancy under In-rich conditions. However, the
formation energies of the complex (Vy+Vy,) are high, indi-
cating that in thermal equilibrium this defect will not be
present in significant concentrations. The Vy in the complex
induces an outward relaxation for the positive charge state
(I1+) and inward relaxations in the neutral and negative
charge states (see Table I). The breathing relaxation of the
surrounding N atoms induced by Vy, in the 1+ charge state is
outward and becomes less so, or even slightly inward, with
the increasing occupation.

E. Vacancy complexes

We now consider the possibility of indium vacancy com-
plex formation. Here we investigate the atomic and elec-
tronic structures, as well as energetics, of up to three indium
vacancies by performing an exhaustive search for the opti-
mal spatial distribution (7 and 21 atomic configurations for 2
and 3 In vacancies, respectively). The energetics show that
the indium vacancies prefer to cluster together, occupying
nearest-neighbor [either in the (0001) plane or out-of-plane]
sites.

For the neutral indium vacancy pair, the most favorable
configuration is where the vacancies are located out of plane
on the nearest-neighbor sites. Here the Vy,—Vy, direction is
not aligned parallel to the ¢ axis but with an angle to it. The
formation energy (per defect) for the neutral state is high,
5.95 eV under N-rich and 7.11 eV under In-rich conditions,
and the binding energy indicates a strong attractive interac-
tion (~1.8 eV per vacancy) as seen from Table II. After the
relaxation [see Fig. 4(b)], a N-N bond forms with a distance
of 1.23 A, which is comparable to that of the N, dimer
(1.10 A). Due to the significant atomic relaxations, the 2V,
complex could be described as a N-spilt interstitial plus a
mixed vacancy complex, Vy+2Vy,. Once formed, the N-N
bond is so strong that the total energy of this configuration is
lower than that of the others by about 3.6 eV. The N-N bond
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FIG. 6. (Color online) Contour plots of the electron charge den-
sity for (a) one, (b) two, and (c) three indium vacancies in InN in
the neutral charge state. The lowest contour line value is at
0.0 e/Bohr®, and the highest contour line has a value of
0.40 e/Bohr?. Contour lines in between change successively by a
factor of 0.08 e/Bohr>.

can be clearly seen in the contour plot of the electron charge
density in Fig. 6(b). The vacancy pair induces several defect
states at the top of the valence band and in the conduction
band, as indicated by the region between, and at, the arrows
in the Fig. 7(a). There are two doubly occupied singlet states
and the rest are unoccupied. We therefore consider charge
states from 2+ to 6—. The stable charge states are 2+, 0, and
3—, and the others are unstable; thus, we do not consider
further charge states. The binding energies for the stable
charge states are listed in Table II. The binding energies of
2Vy, in the neutral charge state are calculated with respect to
the two neutral Vy,, and for 2V;. the binding energies (1.24

and 1.70 eV per Vacancy) are computed with respect to Vlln_
and Vi, and V), and V37, respectively. For 2V

n°’

the binding

5
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FIG. 7. (Color online) (a) and (b) Band structures, (c) and (d)
partial density of states, (e) and (f) isosurface plots of the defect
states [marked as D in (a) and (b)] of two and three indium vacan-
cies in the neutral charge state, respectively. The arrows in (a) and
(b) indicate the regions of the defect states; that is, all states be-
tween, and at, the arrows are defect induced states. The horizontally
dotted lines indicate the Fermi levels. The 0.001 e/Bohr? isovalues
are shown. Dark and light spheres represent N and In atoms, respec-
tively, and open circles with “V” indicate the V/, sites.
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2= and V|~ and
an_ , respectively, decrease to 0.41 and 0.65 eV per vacancy.
The binding energies for the 5— and 6— charge states become
negative, indicating a repulsive interaction between the two
indium vacancies. In the 2+ charge state, the “nitrogen mol-
ecule” has a very similar N-N distance as for the neutral
case. While in the 3— charge state, three N atoms around the
vacancy pair form an independent Nj-like bonding arrange-
ment with N-N bond lengths of 1.36 and 1.37 A. For the
higher negative charge states, the Ns-like configuration dis-
appears, and only the “N,-like molecule” exists.

For three In vacancies, the most favorable configuration is
the one where one vacancy is located out of plane and the
other two are in plane, again occupying nearest-neighbor
sites. This preference can be seen from the large values (e.g.
3.28 eV/vacancy) for the neutral state of the binding energies
in Table II. In the neutral charge state, the neighboring N
atoms around the vacancies relax significantly to yield with
an “N,-like” geometry, and two other new N-N bonds are
formed, resulting in an independent Ns-like configuration.
The N-N bond length of “N,” is 1.22 A, and for the
“N3”-like configuration, the bond distances are 1.25 and
1.35 A [see Fig. 4(c)], which are comparable to the N-N
bond length (1.18 A) of the gas phase azide (linear geom-
etry) N5 molecule. The three In-vacancy complex, 3Vi,,
induces many defect states, which are indicated in the region
between, and at, the arrows in Fig. 7(b). In particular, the
state at the Fermi level is occupied with one electron, and the
three defect states below the Fermi level are each occupied
with two electrons. We assign a state to be a defect state by
plotting the square of the wave function and noting that it is
weighted heavily on the defect, i.e., at, and between, the N
atoms nearest to the vacancies. As an example, we show in
Figs. 7(e) and 7(f) the defect states indicated by label “D” in
Figs. 7(a) and 7(b) for the two- and three-indium vacancy
clusters in the neutral charge state. We have carefully
checked that all states lying between, and at, the arrows in
Figs. 7(a) and 7(b) are indeed defect related states. We con-
sider charge states from 3+ to 6—, and find that the 3+, 0, and
3— charge states are stable as shown in Fig. 8. The binding
energies of all the negative charge states are larger than 0.6
eV, indicating attractive interactions between the vacancies.
For instance, for 3Vi3n_ , the binding energies (2.45, 2.60, and
2.90 eV per vacancy) are computed with respect to three Vlln_ ,
VO +VI=4+VE and two VY and V37, respectively. The N,-like
and “Nj-like” clusters remain for the various charge states,
where the N-N bond lengths in both N, and Nj increase
slightly with increasing negative charge state. In the 3+
charge state, the N-N distance in N, is 1.19, and 1.23, and
1.33 A in the Ns-like configuration. The respective values
are 1.25, 1.30, and 1.39 A in the 6— charge state. Figure 6(c)
shows the contour plot of the electron charge density for 3V,
in the neutral charge state. The high density around the N,-
and Nj-like configurations can be clearly seen.

In Figs. 7(c) and 7(d), we show the density of states for
the two- and three-indium vacancy clusters, respectively. It is
evident that all the N atoms in the “molecules” induce addi-
tional peaks both in the valence band and in the conduction
band, which are again quite different to the bulk (In-bonded)
N atoms. Such In-vacancy complex induced states may be a

energies, calculated with respect to Vi and Vi
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FIG. 8. (Color online) Formation energies as a function of the
Fermi level for anion and cation vacancies (per nitrogen or indium
vacancy), antisites, N interstitial, and complexes in wurtzite InN
under N-rich (left) and In-rich (right) conditions. The zero of the
Fermi level corresponds to the top of the valence-band maximum.
The dashed lines represent the isolated point defects, and the solid
lines correspond to defect complexes. Results for the nVy com-
plexes are from Ref. 27.

“fingerprint” for identifying the existence of these structures
experimentally.

In our previous paper,”’ we found that the isolated nitro-
gen vacancy acts as a single or triple donor in p-type mate-
rial, where for In-rich conditions it is the lowest-energy na-
tive defect. We also reported that nitrogen vacancies prefer to
be situated close to one another forming “vacancy complexes
or clusters” resulting in local indium-rich regions with me-
talliclike bonding. We include the associated formation ener-
gies from that study for the nitrogen vacancy and vacancy
complexes in Fig. 8.

Figure 8 summarizes formation energies of all the defects
considered as a function of the Fermi level, E, under N- and
In-rich conditions. The formation energies for vacancy clus-
ters are given per vacancy to highlight the preference for
clustering. We only show the segments corresponding to the
lowest-energy charge states, and the slopes of the lines cor-
respond to the charge state (divided by the number of vacan-
cies for the vacancy defect complexes). Under In-rich and
p-type conditions, the indium antisite in the 4+ charge state
has the lowest formation energy. The next most favorable
defect is the single nitrogen vacancy in the 1+ charge state,
but the positively charged nitrogen vacancy clusters are only
marginally less favorable (practically degenerate). For more
n-type material, the neutral and negatively charged nitrogen
vacancy clusters become favorable (per vacancy). For ex-
ample, the formation energy of the four nitrogen vacancy
clusters (4Vy) is 1.56 eV/vacancy, that is, 6.24 eV for 4Vy
complex. This is clearly a high formation energy indicating
that the concentration of such structure under thermal equi-
librium will be low. It is possible, however, that these struc-
tures may form under nonequilibrium growth conditions. For
N-rich conditions, the nitrogen split interstitial has the lowest
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formation energy and thus could be a dominant defect, con-
tributing to the high background electron conductivity, along
with the nitrogen vacancy and the indium antisite under more
In-rich conditions.

IV. DISCUSSION

We will now compare our results with the available ex-
perimental observations. For N-rich molecular-beam-epitaxy
(MBE)-grown films, the UV-Raman spectrum shows evi-
dence of excess nitrogen, and the nitrogen antisite is impli-
cated to be one of the favorable defects for excess nitrogen in
InN.2! Other possibilities, however, such as molecular nitro-
gen or di-nitrogen interstitials cannot be excluded. Using
swift ions, Timmers et al.** suggested that InN contains N
atoms or molecules interstitially. Under N-rich conditions,
the formation of In vacancies, N,, and the antisite Ny, have
been reported; and under In-rich conditions, the formation of
N vacancies and Iny have been observed by energy-
dispersive x-ray analysis for InN films grown at
300—550 °C.?? Jones et al.*' suggested that in n-type mate-
rial, nitrogen vacancies and the Vi, -like triply charged donor
complexes, Vy+Ny,, are the favorable defects. According to
our calculations, the nitrogen split interstitial is the most fa-
vorable defect under N-rich conditions which results in an
N,-like bonding configuration. We note furthermore that the
N; defect could also serve as a potential source of the n-type
conductivity. We suggest that the nitrogen split interstitial
could be the defect which results in the N-N bonding as
measured by the UV-Raman system,?! N, dimer?? or intersti-
tial N atoms or molecules.** The calculated formation energy
for the nitrogen antisite, which could also be described as the
complex (Vi,+N split interstitial) and the defect complex
Vn+Np, in n-type material, is too high for it to occur in
appreciate concentrations in thermal equilibrium under either
N-rich or In-rich conditions. The In-vacancy clusters could
exist under N-rich condition, giving rise to nitrogen-
molecular-like bonding configurations. Under In-rich condi-
tions and in p-type material, In;+ has the lowest formation
energy, which is consistent with energy-dispersive x-ray
analysis of Ref. 23. Nitrogen vacancy clusters are favored
under N- and In-rich conditions for n-type material.** The
metalliclike In inclusions reported by Davydov et al.*® may
be due to N-vacancy clusters.

Using both positron lifetime and Doppler broadening
measurements, positron annihilation spectroscopy in the

PHYSICAL REVIEW B 79, 174202 (2009)

MBE-grown InN layers showed a clear sign of In
vacancies,*’” and a high vacancy concentration, indicating
that the N-rich stoichiometry of the material could be related
to the presence of indium vacancy clusters. The formation
energy of the In-vacancy pair is high; however, on consider-
ing three vacancy clusters, the formation energy decreases by
1.5 eV/vacancy. We may expect a decreasing formation en-
ergy with additional indium vacancies. At what size vacancy
cluster the formation energy (per vacancy) will saturate,
however, is unclear. Very recently, the cation vacancy clus-
ters consisting of four to five missing atoms in SiC have been
identified by positron lifetime spectroscopy.*® Also oxygen
vacancy clustering was also reported in SrTiO; by means of
the transmission electron microscopy.*’

V. CONCLUSION

We performed first-principles calculations to investigate
the atomic and electronic structures of vacancy defects and
complexes, as well as antisites and the nitrogen interstitial in
wurtzite InN. We found that the nitrogen antisite, nitrogen
interstitial, and indium vacancy clusters give rise to the for-
mation of N-N bonded molecularlike configurations. The in-
dium antisite and nitrogen vacancy clusters result in local
In-rich regions. Under N-rich conditions, the nitrogen inter-
stitial is a triple donor and has the lowest formation energy in
more p-type material; and under In-rich conditions, the in-
dium antisite in 4+ charge state has the lowest formation
energy in p-type material. The nitrogen vacancy complexes
in the neutral and negative charge states become more favor-
able for more n-type material. Our results provide theoretical
evidence  for the above-mentioned  experimental
observation??? of nitrogen molecules, antisites, and intersti-
tials. The indium vacancy clusters (up to three vacancies)
have rather higher formation energies; however, the forma-
tion of larger indium vacancy clusters cannot be excluded
since the formation energy decreases (per vacancy) signifi-
cantly with increasing number of vacancies in the cluster.
Further theoretical and experimental studies are necessary to
investigate this possibility.
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