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We perform first-principles density-functional theory calculations to investigate the atomic and electronic
properties and the formation energies of different defects and dopant complexes �involving VN, VIn, O, Si, Mg,
and C� in wurtzite InN. We find that O substituted on a N site �ON� and Si substituted on an In site �SiIn� are
the most favorable sites for O and Si impurities, which act as single donors, with the ionized state �ON

+ and SiIn
+ �

being most stable in p-type InN. Substitutional C on a N site �CN� and Mg on an In site �MgIn� are the most
favorable sites for the C and Mg impurities, which are predicted to be single acceptors under more n-type
conditions. Two O, Si, and Mg atoms in the neutral and charged states prefer to be well separated, exhibiting
a mutually repulsive interaction, as do two C atoms in the charged state. Two carbon atoms in the neutral state,
however, prefer to be located on neighboring anion sites. We also investigate defect complexes involving
vacancies and impurities, as well as defect configurations arising from “codoping” and/or “cluster-doping”
concepts, namely, MgmOn �m ,n�4� and SiiC j �i , j�4� complexes. Rather than being isolated defects, the
nitrogen vacancy VN prefers to be bound to MgIn, forming a neutral MgInVN complex, while the indium
vacancy VIn prefers to bond to oxygen, but the formation energy for the ONVIn complex �in all charge states�
is high. The formation energy of the 3ONVIn complex is significantly lower, but is still too high to be an
important defect in InN in equilibrium. Our results indicate that the MgmOn complexes could be important
defects under both In-rich and N-rich conditions: for p-type material, donor defects containing more O than Mg
have very low formation energies, while for n-type material, acceptor defects containing more Mg than O have
low formation energies. These complexes could provide a more efficient p- �or n-� type doping than single Mg
�or than single Si and O�. Our results suggest complexes of SiiC j, on the other hand, offer no advantage over
single dopants.
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I. INTRODUCTION

Indium nitride is of considerable interest as it possesses a
series of outstanding properties,1–3 such as a small effective
mass4 �leading to a large electron mobility and a high carrier
saturation velocity�. Therefore, it is expected to be one of the
most promising materials for high-speed and high-frequency
electronic devices.5 Recently, the experimental energy-band
gap was found to be only �0.7 eV rather than the previ-
ously accepted 1.9 eV �e.g., Ref. 3, and references therein�.
Reported first-principles theoretical values of the band-gap
range from 0–1.55 eV depending on the level of treatment
�e.g., Refs. 6–9�. The narrow-band gap has generated interest
in InN also for applications such as high-efficiency solar
cells, light-emitting diodes, and laser diodes. The ability to
fabricate both p-type and n-type InN is essential to the real-
ization of these devices. Despite recent intense investiga-
tions, InN remains the least understood material of the
group-III-nitride compounds, largely because of the difficul-
ties associated with producing high-quality InN. This is the
case despite its use in InGaN ternary systems in optoelec-
tronic components whereby increasing In contents makes it
possible to span virtually the entire solar range. Mg has been
used to obtain p-type GaN and AlN and is thought to also be
a p-type dopant for InN.6,10 Early studies of Mg doping of
InN did not show p-type conduction.11,12 Very recently bur-
ied p-type conductivity was reported in Mg-doped InN on
the basis of capacitance-voltage photoluminescence and vari-
able magnetic-field Hall-effect measurements.13,14 A major
challenge for the growth of InN is to control the n-type con-

ductivity as observed in nominally undoped material. The
unintentional introduction of impurities can affect the physi-
cal and electronic properties of InN and thus may degrade
the performance of devices. Point defects and impurities,
such as nitrogen vacancies and oxygen and silicon impuri-
ties, are often considered to be responsible for the uninten-
tional n-type conductivity.6,10,15 Oxygen is one of the most
common impurities which is frequently present during
growth and is the most probable donor which can be easily
incorporated into InN as grown by the most popular methods
of molecular-beam epitaxy �MBE� and metalorganic vapor-
phase epitaxy �MOVPE�.11,16 Silicon doping of InxGa1−xN
multiquantum wells have been used to improve structural
and optoelectronic characteristics of the active layer.17 Sili-
con is commonly used to achieve n-type conductivity in GaN
and AlxGa1−xN.18

With regard to first-principles investigations, Stampfl et
al.6 investigated the atomic and electronic properties of na-
tive defects and selected impurities and dopants �O, Si, and
Mg� in zinc-blende �zb� InN using density-functional theory
�DFT� and the pseudopotential plane-wave method. Simi-
larly to AlN �Ref. 19� and GaN,20 the N and cation vacancies
were found to be the lowest energy native point defects in
p-type and n-type material, respectively, and oxygen and sili-
con atoms act as donors and can easily be incorporated dur-
ing growth. The acceptor Mg was found to have a lower
formation energy than in GaN, indicating a higher solubility
for Mg in InN and InGaN.6 Residual carbon is often present
in InN films during growth via metalorganic chemical vapor
deposition, remote plasma-enhanced chemical vapor deposi-
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tion, and MBE.21 However, no theoretical study has been
reported for carbon impurities in InN.

Understanding the role of native defects, impurities, and
dopants and the interaction between them, in altering the
material properties, and eventually controlling of the concen-
tration, are of crucial importance for the growth and fabrica-
tion of group-III-nitride containing electronic and optoelec-
tronic devices. The impurities �O, Si, Mg, and C� and their
related complexes in GaN and AlN have been investigated
based on DFT calculations: Stampfl and Van de Walle19

found that the dopants or impurities O and Si are shallow
donors with very low formation energies in p-type material
and that Mg is a shallow acceptor. It was suggested that the
nitrogen vacancy in wurtzite �wz�-AlN �and in addition the
Al interstitial in zb-AlN� may act to compensate the Mg
acceptor in p-type AlN. For the defect complexes MgAlON
�MgO� and 2�MgAlON� �Mg2O2� in zb-AlN, they found that
the binding energy �1.6 eV� and formation energy �1.67 eV�
of Mg2O2 are larger than those of MgO �0.6 and 0.92 eV,
respectively�; thus MgO pairs may be more abundant due to
the lower formation energy. A binding energy of 0.6 eV for
the MgO complex in zb-GaN was also reported.22 More re-
cently, MgnO �n=2,3 ,4� complexes in wz-AlN were inves-
tigated on the basis of ab initio calculations, and it was pro-
posed that due to the associated lower activation energies
compared to isolated Mg acceptors, higher hole concentra-
tions may be achieved by Mg:O.23 Gorczyca et al.24 investi-
gated MgGaON and MgGaVN structures in zb-GaN and pro-
posed that such complexes could play a role in self-
compensation when attempting p-type doping, which could
also have implications for InN. In earlier work, Neugebauer
and Van de Walle20 studied Ga vacancy related complexes,
which are responsible for the infamous yellow luminescence
in GaN, and found that VGaON is much more stable than
VGaSiGa. Mattila and Nieminen25 showed that the cation-
vacancy-related complexes �VGaON and VAlON� are energeti-
cally very favorable defects in zb-GaN and zb-AlN and in-
duce gap states that are very likely to take part in the yellow
luminescence or violet luminescence emission. Wright26 in-
vestigated defect complexes involving O �MgO, SiO, and
VGaON� in wz-GaN and found that �MgGaON�0, �SiGaON�−,
and �VGaON�2− can exist in equilibrium. Carbon has been
found to be a shallow acceptor when substituted for nitrogen
and a shallow donor when substituted for Al or Ga in wz-
AlN and wz-GaN.27,28 To the best of our knowledge, there is,
however, so far no detailed study of the incorporation of
these impurities and, particularly the complexes that may
form, in wz-InN.

In this paper, we investigate the structural and electronic
properties, and formation energies, of impurity and dopant
complexes in wz-InN through first-principles DFT calcula-
tions. We find that the formation energies of O and Si in the
single positive charge state are very low in p-type material.
SiIn is slightly preferred over ON, representing easily incor-
porated donors, similar to as found for zb-InN.7 Carbon and
Mg are predicted to be single acceptors, where MgIn is found
to lie about 3 eV lower in energy than CN under N-rich
conditions. The ionization energy for the Mg acceptor is
lower by 0.16 eV compared to the C acceptor, thus Mg is a
more favorable acceptor than C for p-type doping under both

In- and N-rich conditions. Investigating the interaction be-
tween impurities, we find that two O, Si, and Mg atoms
prefer to be well separated, exhibiting a mutually repulsive
interaction in both the neutral and charged states; in contrast,
two nearest-neighboring C atoms are more favorable than the
well-separated configurations in the neutral state �though still
high in energy�, while in the ionized charge state, they prefer
to be far apart. We also investigate various impurity com-
plexes involving the nitrogen and indium vacancies, as well
as “codoping” and “cluster doping” of MgnOm, and SiiC j
�with n and m=1–4; i and j=1–4�. �Note, here we use the
subscripts m, n, i, and j to indicate the number of Mg, O, Si,
and C atoms, respectively, and not the site.� Our results in-
dicate that the nitrogen vacancy binds to magnesium, form-
ing a MgInVN complex with a formation energy of 1.57 eV
under In-rich conditions. The indium vacancy binds to oxy-
gen, where the ONVIn complex has a high formation energy.
The formation energy for the latter complex can be signifi-
cantly decreased by adding another two oxygen atoms to the
complex, i.e., 3ONVIn, but still the formation energy is high,
indicating it is not an important defect in InN in equilibrium.
MgnOm codoping or cluster doping could be useful to aid in
both p-type and n-type conduction in InN, while our results
indicate that SiiC j complexes formation brings no improve-
ment.

II. CALCULATION METHOD

We perform DFT calculations with the ESPRESSO code,29

using the local-density approximation �LDA� for the
exchange-correlation functional and the plane-wave pseudo-
potential method, with a supercell geometry. We treat the
indium 4d electrons with the nonlinear core correction �nlcc�
�Refs. 30 and 31� and use an energy cutoff of 60 Ry. The
optimized wz lattice constants are a=3.511 Å, c /a=1.624,
and u=0.376, which compare well with the experimental
values �3.533 Å, 1.611, and 0.375�.32 The calculated heat of
formation �Hf =−1.16 eV is in reasonably good agreement
with experimental values which range from −0.22 to
−1.49 eV.32 It is, however, greater than that obtained when
including the In-4d electrons as valence, where the value is
reported to be −0.19 eV for cubic InN.33 The cohesive en-
ergy is calculated to be −10.237 eV where we include the
spin-polarization energies of the N and In atoms of 2.925 and
0.076 eV, respectively. The experimental value is −7.97 eV
and the obtained value by including In-4d electrons as va-
lence is −9.11 eV.33 Thus the LDA plus nlcc approach over-
estimate somewhat the cohesive energy and heat of forma-
tion as has been discussed in Ref. 33. The band gap is
calculated to be 0.65 eV for the nlcc approach and 0 eV
when including In-4d electrons as valence �except for the
value of the band gap, the nlcc and In-4d treatments predict
very similar band structures for wz-InN bulk�. Recent experi-
ments report a band gap of around 0.7 eV,3,34 but also a value
of �1.4 eV has been reported.35 Other post-DFT approaches
yield band gap values in the range from 0.02 eV to 1.55 eV
�Ref. 36� depending upon the particular description.

To investigate the spatial distribution of the impurities, a
wz supercell with 96 atoms �2�3a�3a�2c� is used. A re-
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ciprocal space k-point mesh of 3�3�3 is employed in the
calculations. Test calculations which include In-4d electrons
as valence show consistent results to those of the pseudopo-
tentials used in this paper as will be explained below. Due to
the finite cell used in the present calculations, we estimate
that the error in the calculated formation energies is about
0.2 eV. However, we expect that the relative trends of the
defect formation energies are more accurate.

The formation energy of a complex in a given charge state
q can be expressed as

Ef�defect� = Etot�defect� − Etot�InN,bulk�

− �
i

ni�i + q�EF + Ev + �V�defect�� , �1�

where Etot�defect� is the total energy of the supercell contain-
ing the defect, and Etot�InN,bulk� is the total energy for the
equivalent supercell containing only bulk InN. ni and �i are
the number and chemical potential of the atoms added to—or
taken from—the bulk reference supercell in order to create
the defect, respectively. EF is the Fermi level referenced to
the valence-band maximum �VBM� of the bulk. Ev is the
bulk VBM and �V is a correction term, which can be ob-
tained by aligning the reference potential in the defect super-
cell with that in the bulk �see Ref. 37 for details�.

The atom chemical potentials �i depend on the experi-
mental conditions under which the material is grown. For
indium-rich conditions �In=EIn �bulk� and for nitrogen-rich
conditions �N=1 /2EN2

, where EIn �bulk� and EN2
are the

energy of an In atom in bulk In and the total energy of the
nitrogen molecule, respectively. The chemical potential for
nitrogen �indium� under In-rich �N-rich� conditions can be
determined from the assumption of thermal equilibrium:
�In+�N=�InN, where �InN is the chemical potential of InN,
which can be taken as EInN �bulk�, the total energy of bulk
InN stoichiometric unit. For the case of an impurity or a
dopant, the chemical potential of these species will also ap-
pear. In the present work we consider defects involving O,
Si, Mg, and C atoms. Except for specified cases, the atom
chemical potentials of O, Si, and Mg are assumed to be de-
termined by thermal equilibrium with In2O3, Si3N4, and
Mg3N2, respectively. The carbon chemical potential �C is
taken as the total-energy per carbon atom in the graphite
structure.

From the formation energies we calculate the binding en-
ergies for charge-conserving reactions involving ionized im-
purities. The binding energy of the complex �X1X2� in the
charge state q is defined with respect to the separated defects
X1 and X2,

Eb��X1X2�q� = Ef�X1
q1� + Ef�X2

q2� − Ef��X1X2�q� , �2�

where q=q1+q2, Ef�X1
q1�, and Ef�X2

q2� are the formation en-
ergies of defect X1 in charge state q1 and defect X2 in charge
state q2, respectively. A positive binding energy corresponds
to a stable bound complex. The extension to larger com-
plexes Eb��X1X2¯Xn�q� is straightforward.

III. RESULTS

A. Physical properties of bulk structures

For bixbyite In2O3 and �-Si3N4 and antibixbyite Mg3N2,
we use 4�4�4, 6�6�6, and 4�4�4 k-point meshes in
the unit cells which contain 80, 14, and 80 atoms, respec-
tively. The respective calculated heats of formation are
−12.91, −9.52, and −4.98 eV per stoichiometric unit. Here a
negative value represents an exothermic system. These val-
ues are obtained at the energy cutoff of 80 Ry, and we fully
optimize the lattice constants. The results for the bulk sys-
tems are listed in Table I, which also shows the values ob-
tained using all-electron �AE� calculations and experiment
for comparison. The cohesive energy of bulk In in a body-
centered tetragonal structure is calculated to be −3.52 eV
with the lattice constants a=3.011 Å and c=4.756 Å. Here
we used a 6�6�6 k-point and an energy cutoff 60 Ry.
From all-electron ab initio LDA calculations,46 the cohesive
energy is −3.25 eV �with the lattice constants a=3.20 Å
and c=4.905 Å� and the experimental value is −2.52 eV
�Ref. 47� �a=3.24 Å and c=4.937 Å �Ref. 48��. For bulk
Si, we obtained an optimized lattice constant of 5.398 Å
�experiment, 5.43 Å �Ref. 49�� and a cohesive energy of
−5.19 eV; the experimental value is −4.66 eV.49 The cohe-
sive energy of hexagonal-close-packed Mg is calculated to
be −1.79 eV �experiment, −1.52 eV �Ref. 49�� with the lat-
tice parameters a=3.132 Å and c=5.014 Å �experiment, a
=3.21 Å and c=5.21 Å �Ref. 49��. We use an 8�8�8
k-point mesh and an energy cutoff of 60 Ry for the bulk Si

TABLE I. Calculated lattice constants a and c �in Å� and heat of
formation �Hf �in eV per stoichiometric unit� for In2O3, �-Si3N4,
�-Mg3N2, MgO, and �-SiC. All-electron �AE� DFT-LDA results
and experimental values are included for comparison. “pppw”
stands for the pseudopotential plane-wave method.

Crystal a c �Hf

In2O3 Present pppw 10.097 −12.91

Present AEa 10.118 −10.57

Expt. 10.118b −9.59c

�-Si3N4 Present pppw 7.599 2.901 −9.52

Present AEa 7.577 2.893 −10.26

Expt. 7.608d 2.911d −7.70c

�-Mg3N2 Present pppw 9.890 −4.98

Present AEa 9.942 −5.30

Expt. 9.953e −4.80c

MgO Present pppw 4.197 −6.02

Present AEa 4.166 −6.21

Expt. 4.2072f −6.23g

�-SiC Present pppw 3.07 5.037 −0.99

Present AEa 3.064 5.015 −1.13

Expt. 3.076g 5.048 −0.63,h −1.158c

aReference 38.
bReference 39.
cReference 40.
dReference 41.

eReference 42.
fReference 43.
gReference 44.
hReference 45.
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and Mg calculations. For bulk MgO in the rocksalt structure
and �-SiC, the optimized lattice constants and cohesive en-
ergies compare well with those obtained using all-electron
calculations and experiment �see Table I�. Results for the N2
and O2 molecules are given in Table II. In calculating the
binding energies for the nitrogen and oxygen molecules,
spin-polarization energies have been taken into account: for
the nitrogen atom it is 2.925 eV and for the oxygen atom it is
1.44 eV.

B. Single dopants/impurities

We first consider the single oxygen, silicon, magnesium,
and carbon impurities/dopants in wz-InN. For each impurity
atom, we consider two interstitials sites: tetrahedral �T� and
octahedral �O� sites. The T site has two nearest neighbors
�one cation and one anion� and six next-nearest neighbors
�three cations and three anions�, while the O site has six
nearest neighbors �three cations and three anions�. We also
consider substitution on the cation and anion sites.

For the O impurity, the most favorable site is substitution
on a N site ON, where the formation energy under In-rich
conditions in the neutral charge state is 0.47 eV �0.86 eV for
N rich�. The formation energies for oxygen in the interstitial
T and O sites are 4.50 eV �3.72 eV, N rich� and 5.16 eV �4.38
eV, N rich� respectively, and for substitution of oxygen on an
In site, the formation energy is 10.98 eV �9.05 eV, N rich�.
The present results for oxygen in InN are similar to the re-
sults for oxygen in GaN, in that, in the neutral charge state,
substitutional oxygen on a N site has the lowest formation
energy and substitutional on a metal-atom site has a very
high formation energy.26 We therefore focus on substitutional
oxygen on a N site for further calculations. In the ON substi-
tutional geometry �in the neutral charge state�, the “apical” In
atom moves outward by 1.67% and the three equivalent “pla-
nar” In atoms relax outward by 1.80%. The O impurity ON
induces a singly occupied level, which is a resonance in the
conduction band, thus it acts as a donor. In the single positive

charge state, there is an outward expansion—away from the
oxygen atom—of the position of the nearest single apical In
atom of 2.39% and of the three planar In atoms of 2.42%,
thus a slightly larger breathing relaxation compared to the
neutral state. For cubic GaN and AlN, ON

+ induces an out-
ward expansion of the nearest four Ga �Al� atoms of 4.2%
�3.8%�.19,53

Silicon has an atomic radius almost twice that of the ni-
trogen atom, thus it causes a large strain if it replaces a N
atom or occupies an interstitial site. Silicon in GaN and AlN
has been shown to have the lowest formation energy when
occupying the substitutional cation site.54 For silicon in zb-
InN it was assumed to occupy the substitutional In site.6 We
verified that for wz-InN, Si on both interstitial T and O sites
is unfavorable in the neutral charge state, with high forma-
tion energies ��5.9 eV under In-rich conditions and
�7.5 eV under N-rich conditions�. Substitutional Si on a N
site also has a large formation energy of 5.04 eV under In-
rich conditions and 7.75 eV under N-rich conditions. For Si
on an In site, the formation energy is just 0.33 and 0.71 eV
under In- and N-rich conditions, respectively. Thus, we only
further consider silicon substituted on an In site. The SiIn
defect induces a large inward contraction of the single apical
neighboring N atom of 16.40% and of the nearest three pla-
nar N atoms by 15.90%. The huge contraction can be under-
stood in that �i� the bond length of Si-N ��1.75 Å� in �
−Si3N4 is much shorter than the apical N-In bond distance
�2.15 Å� and the planar N-In bond length �2.14 Å� in InN,
and �ii� the calculated heat of formation per atom of Si3N4 is
greater �1.36 eV� than that of InN �0.58 eV�, indicating the
stronger Si-N bond. While SiAl

+ in zb-AlN induces a rela-
tively small inward relaxation of 5.0% of the neighboring N
atoms,19 the bond length of Si-N is correspondingly only
slightly shorter than that of Al-N in bulk. Like oxygen, SiIn
induces a singly occupied level in the conduction band and
thus acts as a donor. In the single positive charge state, SiIn

+

induces an inward displacement of the apical O atom of
15.85% and for the three planar O atoms, the inward dis-
placement is 15.36%, thus very similar to the neutral charge
state.

Under In-rich conditions, the formation energy of magne-
sium in the interstitial T site is 3.86 eV and in the O site it is
2.86 eV. Under N-rich conditions, the values are 0.8 eV
higher. A Mg atom substituted on a N site has a higher for-
mation energy of 5.19 and 7.13 eV, while Mg occupying the
In site has the lowest formation energy of 1.84 and 1.45 eV
under In- and N-rich conditions, respectively. Similarly, DFT
calculations for GaN show that Si and Mg on cation sites are
the lowest energy sites, and the nitrogen substitutional site
for Si and Mg, as well as the interstitial configurations, are
energetically unfavorable.55 MgIn acts as a single acceptor,
inducing a defect state with a hole below the VBM. The
calculated ionization energy for the Mg acceptor is 0.12 eV,
in good agreement with the experimentally reported value of
�0.1 eV. In the neutral charge state, the Mg atom induces
an inward movement of the neighboring apical N atom of
3.54% and the three planar N atoms of 3.14%. In the single
negative charge state, MgIn

− induces an inward displacement
of the apical N atom and three planar N atoms of 3.26% and
3.40%, respectively, thus rather similar to the neutral charge

TABLE II. Calculated bond length b �in Å� and binding energy
Eb �in eV per atom� for the N2 and O2 dimers. “pppw” denotes
pseudopotential plane-wave calculations. All-electron �AE� DFT-
LDA results and experimental values are included for comparison.

Dimer b Eb

N2 Present pppw 1.103 5.56

Present AEa 1.102 5.69

AEb 5.80

Expt.c 1.098 4.96

O2 Present pppw 1.216 3.66

Present AEa 1.212 3.72

AEb 3.80

Expt.d 1.208 2.56

aReference 46.
bReference 50.
cReference 51.
dReference 52.
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state. The atomic relaxation of Mg in InN is in contrast to
Mg in GaN and AlN, where the Mg atom induces a large
outward movement of the surrounding N atoms of 10.1% for
MgAl

0 and 9.4% for MgAl
− in zb-AlN �Ref. 19� and an outward

movement of the surrounding N atoms of 6.15% for MgGa
0 in

zb-GaN �Ref. 56�. The different relaxation modes can be
related to the bond length of Mg-N �2.13 Å in Mg3N2�; in
particular, it is shorter than that of N-In in InN by 0.7% but
larger than the bond length of Ga-N in GaN by 9.2% and
Al-N in AlN by 12.7%.

As found from ab initio calculations,57 carbon substitution
on an In site in wz-AlN has been found to induce a defect
level �1 eV below the conduction band. Therefore carbon
does not represent a useful donor for AlN. Substitutional and
interstitial carbon in wz-GaN has been studied based on
DFT, where CN was found to be a shallow acceptor and
predicted to be the dominant configuration for C in GaN.28 In
contrast to CAl in wz-AlN, CGa was found to be a shallow
donor and predicted to be the primary compensating species
when growth occurs under N-rich conditions. For the carbon
interstitial configuration CI, the C atom situated near the cen-
ter of a c-axis channel is favored when the Fermi level lies
below 0.9 eV; otherwise, the split interstitial configuration
with C and a N atom sharing a N-lattice site is favored.28

However, no theoretical study has hitherto been reported for
C impurities in InN. Our calculations show that substitu-
tional carbon on the N site has the lowest formation energy,
where the value is 3.17 eV under In-rich conditions and 4.33
eV under N-rich conditions. In the interstitial T and O sites,
the formation energies are 4.49 and 4.54 eV, respectively. In
the In site, it is 5.03 eV. Under N-rich conditions, the values
for the interstitial sites are the same and the value for substi-
tution on the In site is 1.16 eV lower.

In the N-substitutional site, CN acts as a single acceptor,
inducing a defect state with a hole above the VBM in the
neutral charge state. The C acceptor has a higher formation
energy than the Mg acceptor, similar to the behavior of these
acceptors in GaN.58 Carbon is similar in size to N and there-
fore introduces only a small lattice strain when substituting
for N. In the neutral charge state, the relaxed C-In bond
lengths both in the apical and planar directions are almost the
same as the bulk N-In bond lengths. In the single negative
charge state, CN

− induces an inward displacement of the api-
cal In atom and three planar In atoms of 1.2% and 1.4%,
respectively, suggesting that the additional electron localized
on the C atom attracts the positively charged In atoms. In
zb-AlN, for neutral CN, the Al-C bonds are 3% longer than
the corresponding bulk Al-N bond length as calculated by
quantum molecular dynamics,27 and it is found that CN is a
shallow acceptor with an energy level at about 0.4 eV above
the top of the valence band. In contrast to CN, carbon sub-
stitution on the In site CIn produces substantial lattice strain.
In the neutral charge state, the average C-N bonds are 27%
shorter than bulk N-In bonds and the adjacent N-In bonds are
on average 6% longer. Similar lattice relaxations of CN and
CGa in GaN have been reported in Ref. 28. CIn induces a
defect state with one electron occupied at the conduction-
band minimum �CBM� and an unoccupied defect state above
the CBM �due to the DFT filling�, thus it can act as a donor.
In the 1+ charge state, the large lattice strain remains. The

formation energy of the carbon donor is much higher than
those of the Si and O donor and its ionization energy is as
deep as 1.3 eV. The results indicate that carbon is not a good
donor in InN.

We have explored the possibility of off-center �DX and
AX center� relaxations for the above four substitutional im-
purities. In the wz structure there are two nonequivalent DX
configurations, in which the broken bond �BB� between the
impurity and the host atom is either parallel to the c axis
�DX1� or along one of the three other equivalent bonds
�DX2�. A DX1 center for oxygen was found to be stable in
wz-AlN and metastable in wz-GaN.59 For silicon, the DX1
state in wz-AlN has been found to be metastable59 and both
DX configurations are unstable in wz-GaN.60 The DX2 con-
figuration of CGa is the ground state in wz-GaN and in wz-
AlN in the neutral and negative charge states.60 Park and
Chadi53 found that Mg and C acceptor impurities in wz-GaN
are more stable than the corresponding deep AX centers and
oxygen is a shallow donor impurity in either cubic or
wurtzite-structure GaN, but a DX1 center is the ground state
in wz-AlN. We considered both cases for an oxygen DX
center on the N site, a silicon DX center on an In site, a
magnesium AX center on an In site, and a carbon AX center
on a N site and did not find any evidence of off-center relax-
ations: the impurities return to the ideal substitutional sites
without an energy barrier when displaced an appropriate dis-
tance ��1.3 Å� away, which shows that these impurities on
substitutional sites are the local minimum-energy configura-
tion.

The partial density of states �DOS� show that substitu-
tional oxygen contributes s-like states in the conduction band
�see Figs. 1�e� and 2�a�� and p-like states at the bottom of the
valence band �see Fig. 1�e��. Substitutional silicon introduces
s-like states at the bottom of the valence band. Moreover, the
nearest-neighbor N atoms to Si contribute to the CBM �see
Figs. 1�f� and 2�b��. For the Mg acceptor, the nearest-
neighbor N atoms contribute p-like states at the top of the
valence band �see Figs. 1�g� and 2�c��. The substitutional
carbon atom also contributes p states at the top of the va-
lence band �see Figs. 1�h� and 2�d��.

FIG. 1. �Color online� Total DOS �left panel� for �a� ON
+ , �b� SiIn

+ ,
�c� MgIn

− , and �d� CN
− in wz-InN. The corresponding partial densities

of states �e�–�h� are shown in the right panel. The zero of energy
corresponds to the Fermi level. “nn” represents “nearest neighbor.”
Dotted lines in the right panel indicate the partial DOS of bulk N
atoms.
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We also investigate the interaction between two O �Si,
Mg, and C� atoms in InN and find two O, Si, and Mg atoms
prefer to be well separated in the neutral state and in the
charged states, thus exhibiting a mutually repulsive interac-
tion. Two C atoms in the neutral state, however, prefer to be
located on neighboring anion sites in the same �0001� plane
and to be separated in the charged state. The binding energy
of the two carbon atoms in the neutral charge state is calcu-
lated to be 0.11 eV per C atom, and the formation energy per
C atom is 3.06 eV and 4.22 eV under In-rich and N-rich
conditions, respectively. This defect induces two fully occu-
pied singlet defect states �one below and the other at the
VBM� and an unoccupied defect state in the band gap. We
find the binding energy in the 2− charge state is −0.07 eV
�unbound�, so two carbon atoms in this state are unfavorable
compared to the isolated C acceptor. In the neutral charge
state, we find the formation energies of CIn-CN nearest-
neighbor pairs, in parallel and perpendicular configurations,
are 6.18 and 6.05 eV under both In- and N-rich conditions
and, respectively, their binding energies are 0.97 and 1.10
eV. �We use a “parallel” configuration ��� indicating one de-
fect is located next to the other and orientated more along the
c axis. A “perpendicular” configuration ��� indicates one
defect is located next to the other and orientated more “per-
pendicular” to the c axis.� Thus, the CIn-CN pair exhibits a
mutually attractive interaction, and the perpendicular con-
figuration is slightly more stable than the parallel configura-
tion. The neutral CIn-CN complex in the perpendicular con-
figuration induces two fully occupied singlet defect states:
one at and one below the VBM and one unoccupied defect
state above the CBM. Similarly, for the neutral CGa-CN pair
in wz-GaN, Wright28 has found that the formation energy of
the pair in the perpendicular direction �4.81 eV� is margin-
ally lower than that of the pair in the parallel orientation
�4.96 eV�. Boguslawski and Bernholc60 reported that the
CGa-CN pair in wz-GaN and the CAl-CN pair in wz-AlN ori-

ented along the c axis are favorable compared to the isolated
C dopants.

In Fig. 3 we present the calculated formation energies for
substitutional O, Si, Mg, and C atoms �upper panel� and C
related defects �lower panel�, as a function of Fermi level EF
under In-rich �left� and N-rich �right� conditions. The zero of
the Fermi level is chosen at the valence-band maximum. We
also include the formation energy for the nitrogen vacancy
VN in the upper panels for comparison.61 For clarity, for each
charge state of each defect, we only show the section of the
line with the lowest energy. For the VN, SiIn, and ON defects,
we do not show the neutral charge state since in the DFT
calculations, the electron associated with the defect is at the
CBM, not in the defect level, thus giving a somewhat artifi-
cially low formation energy. Under p-type conditions, the
formation energies of ON and SiIn in the positive charge state
are very low �and nearly equal�, which is consistent with the
previous study of ON and SiIn in zb-InN.6 The present result
for the O donor is consistent with MOVPE results,16 where it
was reported that the most probable donor is oxygen. The
magnesium acceptor has a lower formation energy than the C
acceptor and also a lower ionization energy. Thus the results
do not indicate any advantages by doping with C. Substitu-
tional carbon on the In site is a donor but has a higher for-
mation energy than the O and Si donors. The present results
for CN and CIn in wz-InN behave analogously to carbon in
wz-GaN.28

We note that there will be some uncertainty in the position
of the defect-�and complex� induced states due to the DFT
LDA approach, although we expect the qualitative behavior
to be captured as was found from self-interaction and
relaxation-correction �SIRC� calculations for native point de-

(b)(a)

(d)(c)

FIG. 2. �Color online� Isosurface plots of the charge density
induced by defect states at the 	 point for �a� ON

+ , �b� SiIn
+ , �c� MgIn

− ,
and �d� CN

− in wz-InN. The 0.001 e /Bohr3 isovalues are shown.
Large pale �light yellow� and smaller dark gray �pink� spheres in-
dicate In and N atoms, respectively. The black spheres indicate the
impurity atoms.

FIG. 3. Formation energies as a function of the Fermi level for
impurities and dopants in wz-InN under In-rich �left� and N-rich
�right� conditions. The upper panels show single O, Si, Mg, and C
impurities and the lower panels give the formation energies for
carbon related defects.
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fects in zb-InN.6 In particular, for ON
+ , SiIn

+ , and VN
+ where the

conduction-band-related defect state is unoccupied, we can
expect the resulting formation energy not to be affected by
the value of the band gap �similarly for the MgOn

n−1 com-
plexes discussed below�. Also for MgIn, the defect-induced
state couples to bulk states of the VBM and hence it could be
expected to be “tied” to the VBM and not depend signifi-
cantly on the band-gap value �and similarly for the Mgn

1−nO
complexes discussed below�. For a more quantitative picture,
methods which yield a more accurate description of the band
gap, such as GW, exact exchange, or SIC, would be valuable.

C. Complexes

The idea of “codoping”62 is that both acceptors and do-
nors are doped at the same time into a semiconductor and
form metastable acceptor-donor-acceptor �A-D-A� com-
plexes for obtaining p-type material or donor-acceptor-donor
�D-A-D� complexes for obtaining n-type material. The for-
mation of A-D-A or D-A-D complexes may be able to en-
hance the dopant solubility by lowering the formation energy
through attractive interactions between the constituents of
the defect complex and lower as well the defect transition
energy levels through the coupling of donor-acceptor states.
First-principles electronic structure calculations and experi-
ments have applied the codoping approach to address p-type
GaN and AlN �Ref. 62� where the results are promising. �It
should be noted however that in the calculations of Ref. 62,
the atomic positions were not relaxed and no formation en-
ergies or binding energies of the defect complexes were re-
ported nor charge states considered.� Codoping of GaN with
magnesium and oxygen has been reported to result in high
hole conductivities.63,64 Yamamoto and Katayama-Yoshida65

proposed that the complex MgGa-ON-MgGa could be effective
in enhancing the p-type doping efficiency of GaN. A more
recent first-principles study has shown that the codoping of
the CdTe system may increase the dopant concentration, but
it fails to reduce the defect transition energy levels because
the donor and acceptor levels have different wave-function
characters and symmetry; thus, the level repulsion between
them is very weak.66 In order to produce simultaneously
stable bonds and low doping enthalpy �high dopant solubil-
ity�, a cluster-doping approach, using two species from
group-III atoms �Al, Ga, and In� and group-V atoms �N, P,
and As� for doping p-type ZnO, has been suggested to pro-
mote a locally stable chemical environment.67 To overcome
the long-standing “asymmetry doping problem” �i.e., a ma-
terial can be easily doped either p-type or n-type, but not
both� for the wide band-gap semiconductors, recently, Yan et
al.68 proposed an approach where by first doping the host by
passive donor-acceptor �D+A� complexes is carried out,
which creates fully occupied �unoccupied� impurity bands
above �below� the VBM �CBM� of the host. Subsequently,
further doping of excess dopant atoms will bind to the �D
+A� complexes and effectively dope the fully occupied �un-
occupied� impurity bands, which leads to a lower ionization
energy. With this approach, the experimental observations of
B and H codoped n-type diamond69 and Ga and N codoped
p-type ZnO �Refs. 70 and 71� were explained.

With the aim of exploring the codoping or cluster doping
approach in InN for achieving n- and p-type conductivities,
we study many possible configurations involving MgIn and
ON, and of SiIn and CN, and also complexes involving vacan-
cies in InN, in particular configurations involving ONVIn and
MgInVN. For each complex in which we identify “cluster-
ing,” i.e., an attractive interaction between the point defects,
we consider the complex in both parallel and perpendicular
configurations. In Tables III–V, we list the calculated forma-
tion and binding energies of all the defect complexes consid-
ered, which are discussed below.

1. Complexes with vacancies

The complex MgGaVN in wz-GaN has been investigated
using DFT-GGA calculations. Under Ga-rich conditions, in
the neutral charge state, the formation energies in the parallel
and perpendicular configurations are 1.37 and 1.33 eV,
respectively.72 The corresponding binding energies with re-
spect to MgGa

− and VN
+ are 0.42 and 0.46 eV, which indicates

that VN prefers to be bound to MgGa.
72 We find that the

defects MgIn and VN in wz-InN prefer to be located close
together, where the associated binding energies for the neu-
tral parallel and perpendicular structures are 0.87 and 0.81
eV, respectively �relative to MgIn

− and VN
+ �. The presence of

nitrogen vacancies in GaN and InN therefore indicates
p-type doping with Mg. The corresponding formation ener-
gies under In-rich conditions are 1.76 and 1.82 eV. In the
neutral charge state, there are no defect-induced states in the
band gap, but there are three unoccupied states at and above
the CBM. In the neutral state, the neighboring atoms around
the complex relax significantly as shown in Fig. 4 �left
panel�. Specifically, the bond lengths of Mg and N for the
parallel configuration are 2.01 Å, which are 5.6% shorter
than the average bond length �2.13 Å� of crystalline Mg3N2,
and 6.6% shorter than the N-In bond length. The distance

TABLE III. Formation Ef and binding energies Eb �in eV� of
defect complexes. The binding energies of �MgVN�0 are computed
with respect to MgIn

− and VN
+ and the binding energies of ONVIn in

the 0, 1−, and 2− charge states are computed with respect to ON
+ and

VIn in the charge states 1−, 2−, and 3−, respectively. The binding
energies of 3ONVIn in the 0 and 1+ charged states are calculated
with respect to ON

+ and VIn in charge states 3− and 2−, respectively.
“�” and “�” indicate the parallel and perpendicular configurations,
respectively, as explained in the text. “Planar” indicates that the
three O atoms are in the �0001� plane.

Defect Configuration Ef �In-rich� Ef �N-rich� Eb

�MgVN�0 � 1.82 2.60 0.81
� 1.76 2.54 0.87

�ONVIn�0 � 7.30 6.52 0.89

�ONVIn�0 � 7.26 6.49 0.93

�ONVIn�− � 7.46−EF 6.68−EF 1.48

�ONVIn�2− � 8.61−2EF 7.84−2EF 1.56

�3ONVIn�0 3O planar 4.027 4.027 3.99

�3ONVIn�+ 3O planar 3.73+EF 3.73+EF 3.06

�3ONVIn�− 3O planar 5.63−EF 5.63+EF
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between Mg and the “ideal” �i.e., bulk� position of the nitro-
gen vacancy is 15.3% larger than the N-In bond length. For
the perpendicular case �Fig. 4, left panel, right figure�, the
bond lengths between Mg and N are 2.01 and 2.02 Å in the
�0001� plane and 2.02 Å along the c axis, where the Mg
atom moves away from the ideal position of the nitrogen
vacancy by 12%. For both cases, the three In atoms next to
VN move toward the ideal vacancy position by 5% similar to
the behavior for isolated VN.61

Motivated by the experimental studies which indicate that
VIn has a tendency to couple with impurities, such as
oxygen,73 and the ab initio investigation which found that the
ONVGa complex is stable with a large binding energy
��1.8 eV�,20 we investigate the ONVIn complex in wz-InN.
We find indeed that the defects ON and VIn like to be located
on neighboring sites and ONVIn complex formation is favor-
able. In the neutral charge state, the binding energies calcu-
lated with respect to ON

+ and VIn
− are 0.93 and 0.89 eV, and

the formation energies are 7.26 and 7.30 eV under In-rich
conditions, for the parallel and perpendicular configurations,
respectively �see Table III�. We thus focus on the slightly
favorable parallel configuration for further investigation. For
the defect in the parallel configuration, the average distance
between the three planar nearest-neighboring N atoms and

the ideal �i.e., bulk� In-vacancy position is 5% larger than the
In-N bond length and the oxygen atom moves upward by
10% of the N-In bond length relative to the ideal In-vacancy
position. Unlike single ON, the O-In bond length is 1.1%
smaller than the planar N-In distance. The complex induces a
doubly occupied singlet defect state just above the VBM and
an unoccupied singlet defect state in the gap, thus it can act
as an acceptor �see Fig. 5�. We therefore consider the 2− and
1− charge states. The atomic structure of this defect complex
in the parallel configuration in the 2− charge state is shown
in Fig. 6�a�. The three planar N atoms nearest to the In va-
cancy relax inward by 1.9% and the oxygen atom moves
away from the ideal N site by 14.3%. The average O-In bond
length is 1.6% shorter than the planar N-In distance. The
lattice relaxations of the complex ONVGa in GaN were re-
ported by Neugebauer and Van de Walle,20 where the oxygen
atom moves away from the ideal Ga vacancy by 14.9%, and
the three planar N atoms nearest to the Ga vacancy relax
outwards by 9.8% in the 2− charge state. The binding energy
of the ONVIn complex increases from �0.9 eV in the neutral
charge state �with respect to ON

+ and VIn
− � to 1.56 eV in the

�ONVIn�2− charge state relative to ON
+ and VIn

3−. The formation
energy of this complex is rather high �see Fig. 7� indicating
that it will not exist in high concentrations in thermal equi-
librium.

TABLE IV. The formation Ef and binding energies Eb in eV of defect complexes. All the binding energies
are computed with respect to MgIn

− and ON
+ . “ac” and “zz” indicate the “armchair” �parallel� and “zigzag”

�perpendicular� configurations, respectively �see text�.

Defect Configuration Ef �In-rich� Ef �N-rich�
Ef �In-rich�:

�Mg=EMg �bulk�
Ef �N-rich�:

�Mg=EMg �bulk� Eb

�ON�0 0.47 0.86 0.47 0.86

�ON�+ −1.08+EF −0.69+EF −1.08+EF −0.69+EF

�MgIn�0 1.84 1.45 1.64 0.48

�MgIn�− 1.96−EF 1.57−EF 1.76−EF 0.6−EF

�MgO�0 zz 0.46 0.46 0.26 −0.51 0.43

ac 0.46 0.46 0.26 −0.51 0.43

�Mg2O2�0 zz 0.65 0.65 0.25 −1.29 1.12

ac 0.652 0.652 0.252 −1.29 1.12

�Mg3O3�0 zz 0.88 0.87 0.28 −2.04 1.78

ac 0.65 0.64 0.05 −2.27 2.01

�MgO2�+ zz −0.85+EF −0.47+EF −1.05+EF −1.44+EF 0.66

ac −0.87+EF −0.49+EF −1.07+EF −1.46+EF 0.68

�MgO3�2+ zz −2.02+2EF −1.25+2EF −2.22+2EF −2.22+2EF 0.76

ac −2.03+2EF −1.26+2EF −2.23+2EF −2.23+2EF 0.77

�MgO4�3+ −3.04+3EF −1.88+3EF −3.24+3EF −2.85+3EF 0.70

�Mg2O�− zz 2.05−EF 1.66−EF 1.66−EF −0.28−EF 0.79

ac 2.03−EF 1.64−EF 1.64−EF −0.3−EF 0.81

�Mg3O�2− zz 3.81−2EF 3.03−2EF 3.22−2EF 0.12−2EF 0.99

ac 3.94−2EF 3.16−2EF 3.35−2EF 0.25−2EF 0.86

�Mg4O�3− 5.55−3EF 4.39−3EF 4.76−3EF 0.51−3EF 1.21

�Mg2O3�+ zz −0.68+EF −0.30+EF −1.08+EF −1.24+EF 1.38

ac −0.79+EF −0.41+EF −1.19+EF −2.35+EF 1.49

�Mg3O2�− zz 2.22−EF 1.83−EF 1.62−EF −1.08−EF 1.51

ac 2.12−EF 1.73−EF 1.52−EF −1.18−EF 1.61
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We also consider a configuration with one indium va-
cancy, VIn, and three planar oxygen atoms 3ON, as shown in
Fig. 6�b�. The formation energy in the neutral charge state
significantly decreases compared the ONVIn complex under
both In- and N-rich conditions as shown in Fig. 7. The neu-
tral defect induces three fully occupied singlet defect states:
one in the band gap and the other two at the top of the
valence band, and an unoccupied defect state at the CBM
�see Fig. 5 �right��. We consider 3+, 2+, 1+, 1−, and 2−
charge states and find the 3+, 2+, and 2− charge states are
unstable. The 1+ charge state is stable in a small energy

window �EF
0.3 eV�. We therefore do not consider further
positive charge states. In the neutral charge state, the three
oxygen atoms relax outward from the ideal N sites, away
from the In vacancy by 10% of the In-N bond length, and the
distance between each oxygen atom and its nearest-neighbor
In atom is contracted by 1.2% relative to the ideal N-In bond
length. In the 1− and 1+ charge states, the O-In distances are
very similar to those in the neutral charge state, namely, the
oxygen atoms move outward from the ideal N sites by 9.8%
and 8% of the bulk N-In bond length, respectively.

2. MgmOn complexes

We investigate the interaction between MgIn and ON and
find that they prefer to be located on nearest-neighbor sites,
where the binding energy is 0.43 eV, relative to the single
defects MgIn

− and ON
+ . The total energy of the configuration

with MgIn and ON far apart is 0.45 eV higher. For both per-

TABLE V. The formation Ef and binding energies Eb in eV of defect complexes. The binding energies of
SiC are computed with respect to SiIn

+ and CN
− . The binding energies of other complexes �SiiC and SiCj, i, and

j�1� in the neutral state are computed with respect to SiIn
0 and CN

0 ; in charged states they are computed with
respect to SiIn

+ and CN
− . “ac” and “zz” indicate the “armchair” �parallel� and “zigzag” �perpendicular� con-

figurations, respectively �see text�.

Defect Config. Ef �In-rich� Ef �N-rich�
Ef�In-rich�:

�Si=ESi �bulk�
Ef �N-rich�:

�Si=ESi �bulk� Eb

�SiIn�0 0.33 0.71 −1.30 −2.46

�SiIn�+ −1.10+EF −0.72+EF −2.73+EF −3.89+EF

�CN�0 3.17 4.33 3.17 4.33

�CN�− 3.45−EF 4.61−EF 3.45−EF 4.61−EF

�SiC�0 zz 1.73 3.28 0.10 0.10 0.61

�SiC�0 ac 1.93 3.48 0.30 0.30 0.41

�Si2C�0 zz 2.27 4.21 −0.98 −2.14 1.55

�Si2C�+ zz 0.82+EF 2.76+EF −2.43+EF −3.59+EF 0.42

�Si3C�0 zz 3.42 5.74 −1.47 −3.79 0.73

�Si3C�2+ zz 0.27+2EF 2.59+2EF −4.62+2EF −6.94+2EF −0.13

�Si4C�0 4.85 7.56 −1.66 −5.14 −0.38

�Si4C�3+ −0.30+3EF 2.41+3EF −6.81+3EF −10.29+3EF −0.67

�SiC2�0 Zz 4.50 7.21 2.88 4.04 2.16

�SiC2�− Zz 4.83−EF 7.54−EF 3.20−EF 4.36−EF 0.96

�SiC3�0 Zz 7.34 11.21 5.72 8.04 2.49

�SiC3�2− Zz 8.18−2EF 12.05−2EF 6.55−2EF 8.87−2EF 1.06

�SiC4�0 10.30 15.33 8.67 12.15 2.70

�SiC4�3− 11.67−3EF 16.70−3EF 10.04−3EF 13.52−3EF 1.02

VN

NV

FIG. 4. �Color online� Left panel: “parallel” �left� and “perpen-
dicular” �right� atomic geometries of the neutral �MgInVN� complex.
Right panel: the neutral MgInON defect for the “parallel” �left� and
“perpendicular” �right� configurations, in wz-InN. Large pale �light
yellow� and smaller darker gray �pink� spheres indicate In and N
atoms, respectively. Large and small black �blue and red� spheres
indicate Mg and O atoms, respectively. The vacancies are indicated
by the circled pale spheres. Only the neighboring atoms of the
complexes are shown for clarity.

FIG. 5. Band structures for the VInON �left� and 3ONVIn �right�
defect complexes in the neutral charge state in wz-InN. The labels
“B” and “D” represent bulk and defect states, respectively. The
horizontal dotted lines are the Fermi levels.
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pendicular and parallel configurations, the total energies are
identical as indicated in Table IV, and the relaxed Mg-O
bond lengths are close to that of crystalline MgO, where the
bond length is 2.10 Å. The atomic structures of the MgO
complexes are shown in Fig. 4 �right�. As discussed above,
MgIn is an acceptor and ON is a donor. In forming the
MgInON defect, we find that there are no longer any states in
the band gap, but there is a doubly occupied singlet defect
state at the VBM �see Fig. 10�a��. For the Mg2O2 complex in
the parallel and perpendicular configurations, which form
Mg-O armchair and zigzag structures, respectively �see Fig.
8�, there is a very tiny energy difference �2 meV�. The cal-
culated binding energy of 1.12 eV shows that the defects still
like to be located close to each other. In particular, per MgO
unit, the binding energy is 0.56 eV, which is larger than the
single MgO complex �0.43 eV�, showing it is favorable to
form the larger cluster of Mg2O2. This defect induces a fully
occupied state at the VBM, and an unoccupied defect state
above the CBM. We also consider a larger complex, Mg3O3.
Here we used a 128-atom cell to avoid interactions between
the complexes in neighboring cells. We find that the armchair
structure is more stable than the zigzag structure by 0.23 eV.
The binding energy of the armchair complex is 2.01 eV �see
Table IV� or 0.67 eV per MgO pair, indicating that clustering
is favorable. Correspondingly, the formation energies of the

MgO, Mg2O2, and Mg3O3 complexes are 0.46, 0.65, and
0.65 eV, respectively, or 0.46, 0.32, and 0.21 eV per MgO
pair. We conclude that these defects could play a role in the
compensation of acceptor doping with Mg if oxygen is
present as a contaminant. We note that the calculated binding
energies are comparable to the values reported of 0.50 and
0.58 eV for parallel and perpendicular MgO in wz-GaN �Ref.
26� and 0.60 eV for MgO and 0.80 eV for Mg2O2 in
zb-AlN.19

In addition to the above-mentioned complexes, we also
consider codoping and cluster doping involving Mg accep-
tors and O donors with regard to varying the relative concen-
trations of each species. For the complexes Mg2O, Mg3O,
MgO2, and MgO3, we consider both parallel and perpendicu-

MgO

O

(e) (f)(d)

(a) (b) (c)

FIG. 9. �Color online� Atomic geometry of the most stable
MgnOm defect complexes in wz-InN: �a� “parallel” MgO2, �b� “par-
allel” MgO3, �c� MgO4; �d� “parallel” Mg2O, �e� “perpendicular”
Mg3O, and �f� Mg4O. Large pale �light yellow� and smaller darker
gray �pink� spheres indicate In and N atoms, respectively. Large
�blue� and small dark gray �red� spheres indicate Mg and O atoms,
respectively. Only the neighboring atoms of the impurities are
shown for clarity.

(a) (b)

FIG. 6. �Color online� Atomic geometry of the �a� �ONVIn�2− and
�b� 3ONVIn defect complexes. Large pale �light yellow� and smaller
darker gray �pink� spheres indicate In and N atoms, respectively.
Small black �red� spheres and pale circled spheres indicate O atoms
and vacancies, respectively. Only the neighboring atoms of the
complexes are shown for clarity.

FIG. 7. Formation energies as a function of the Fermi level for
impurity complexes involving VIn and ON in wz-InN under In-rich
�left� and N-rich �right� conditions.

Mg

O
Mg

O

(a) (b)

FIG. 8. �Color online� Atomic geometry of the Mg2O2 com-
plexes in wz-InN with a �a� “parallel” �“armchair”� configuration
and a �b� “perpendicular” �“zig-zag”� configuration. Large pale
�light yellow� and smaller darker gray �pink� spheres indicate In and
N atoms, respectively. Large �blue� and small dark gray �red�
spheres indicate Mg and O atoms, respectively. Only the neighbor-
ing atoms of the complexes are shown for clarity.
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lar configurations in the neutral charge state. For the com-
plexes Mg4O and MgO4, we only consider the configurations
shown in Figs. 9�c� and 9�f�. From examination of the asso-
ciated electronic structure and occupancies of the induced
defect levels, relevant charge states of the �favorable� defect
complexes are then considered. Figure 9 shows the atomic
geometries of the most stable MgmOn complexes for m=1
and n=2,3 �see Figs. 9�a� and 9�b�� and n=1 and m=2,3
�see Figs. 9�d� and 9�e��. In the neutral charge state, the
Mg-O bond lengths, 2.10 and 2.09 Å in Mg2O and 2.09 and
2.09 Å in MgO2, are close to that of crystalline MgO
�2.10 Å�. The average Mg-O bond length is 2.07 and
2.06 Å in the neutral Mg3O and MgO3 complexes, respec-
tively. With one more acceptor or donor added to the com-
plexes, resulting in Mg4O and MgO4, the average distances
between Mg-O become slightly contracted to 2.04 Å for
both Mg4O and MgO4. The neutral MgO2 and MgO3 com-
plexes give rise to unoccupied defect states above the CBM
�see Figs. 10�b� and 10�c��. There are one �MgO2� and two
�MgO3� electrons associated with these states, which due to
the electron filling in the DFT calculations, occupy the CBM
instead. Thus, these complexes are donors and we can con-
sider the 1+ and 2+ charge states, respectively. The neutral
MgO4 complex induces two defect states in the conduction
band with three associated electrons, thus it acts as a donor.
For this complex, we consider charge states 1+, 2+, and 3+.
Neutral Mg2O �Mg3O� yields a hole �two holes� at �above�

the VBM, thus it can act as an acceptor �see Figs. 10�d� and
10�e��. The neutral Mg4O complex induces three holes above
the VBM. Thus, for these complexes, we consider 1−, 2−,
and 3− charge states, respectively. The average Mg-O bond
lengths are close to that of crystalline MgO �2.10 Å� in the
charged states for all the complexes we considered. The for-
mation �and binding� energies of the parallel and perpendicu-
lar configurations in the ionized states for the various com-
plexes are close, as shown in Table IV.

We also consider complexes with more than one donor
and acceptor at the same time in 128-atom cell, that is,
Mg2O3 and Mg3O2 in parallel and perpendicular configura-
tions. We find that the parallel configuration is more favor-
able for both complexes �see Table IV�. The neutral Mg2O3
complex induces a defect state above the CBM with an as-
sociated electron and thus acts as a single donor. The average
Mg-O bond length of this complex is 2.08 Å in both the
neutral charge state and in the 1+ charge state. The neutral
Mg3O2 complex induces a hole at the VBM and thus acts as
an acceptor. The average Mg-O bond length is 2.09 Å in
both the neutral charge state and in the 1− charge state. The
ionization energy of the acceptor Mg2O �Mg3O2� decreases
to 0.05 eV �0.02 eV� compared to the value 0.12 eV of the
isolated Mg acceptor.

Figure 11 shows the calculated formation energies of the
MgmOn complexes as a function of the Fermi level for both
In-rich �left� and N-rich �right� conditions. Here the zero of

FIG. 10. �Color online� Band structures for the stable MgnOm defect complexes in the neutral charge state in wz-InN. The labels “B” and
“D” represent bulk and defect states, respectively. The horizontally dotted lines are the Fermi levels �except for �a� where it is placed in the
center of the band-gap�. For Mg2O and MgO2, isosurface plots are shown of the charge density induced by the defect states as indicated by
the long arrows. The 0.001 e /Bohr3 isovalues are shown. Large pale �light yellow� and smaller darker gray �pink� spheres indicate In and
N atoms, respectively. Large �blue� and small black �red� spheres indicate Mg and O atoms, respectively.
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the Fermi level is chosen at the VBM. We also include the
formation energies of ON and MgIn for comparison �long-
dashed lines in Fig. 11�. It is interesting to note that for n
�m �of the MgmOn complexes�, the formation energies are
low in p-type material where the formation energy decreases
with the increasing oxygen content. While for n
m �of
MgmOn�, the formation energies are higher in p type but
lower in n-type material, and the formation energy decreases
with increasing Mg content in n-type InN and the binding
energy slightly increases as well. Another feature worth not-
ing is that the formation energies for MgO2 and Mg2O3
�where n−m=−1� are comparable and similarly for Mg2O
and Mg3O2 �where n−m=1�. We therefore predict the
MgmOn complexes could be important defects in InN under
both In-rich and N-rich conditions and their properties and
behavior could be controlled by the Mg and O contents.

We also calculate the formation energies of the defect
complexes considering that the Mg solubility is limited by
bulk Mg, i.e., by assuming the second phase Mg3N2 can be
prevented from forming. The results are listed in Table IV
and shown in Fig. 12. Here we set �Mg=EMg �bulk� and the
atom chemical potentials of N, In, and O are assumed to be
determined by thermal equilibrium with InN and In2O3, re-
spectively, i.e., for In-rich conditions �In=EIn �bulk�, �N
=EInN−EIn �bulk�, �Mg=EMg �bulk�, and �O=1 /3�EIn2O3
−2EIn�bulk��; for N-rich conditions, �In=EInN−1 /2EN2

, �N

=1 /2EN2
, �Mg=EMg �bulk�, and �O=1 /3�EIn2O3

−2�EInN

−1 /2EN2
��. It can be seen that in these circumstances, the

formation energies of the defect complexes decrease under
both In- and N-rich conditions. It is worth noting that under
N-rich conditions, the formation energy of the isolated Mg
acceptor decreases by �1 eV, which indicates that the effi-
ciency of p-type doping of Mg-doped InN could be im-
proved. As mentioned in Sec. I, recent experiments13,14 have
shown evidence of p-type conductivity in heavily Mg-doped
InN. The present results indicate that it could be possible to
improve the efficiency by codoping or “cluster doping” of
MgmOn complexes and, in particular, by increasing the Mg
concentration through the use of bulk Mg as the reservoir for

�Mg then tuning the oxygen concentration to achieve both p-
and n-type InN. Interestingly, it has been experimentally re-
ported that p-type doping of GaN could be enhanced by dop-
ing with Mg in an oxygen environment.63,74 Very similar
behavior is found when including the In-4d electrons as
valence.75

3. SiiCj complexes

Analogously to the Mg-O acceptor-donor system, we also
consider the codoping of Si-C donors and acceptors and
compare the behavior of this system to that of Mg-O. Recent
experimental investigations have studied Si and C in GaN
�Refs. 76–78�. The system is likely to be associated with the
yellow luminescence in C-doped GaN films and responsible
for the semi-insulating behavior of GaN:C:Si films. It was
found76,77 that when carbon concentrations were less than
that of silicon, carbon should incorporate as CN and compen-
sate the Si donors. When C concentrations exceeded that of
Si, carbon became the dominant active species and the ma-
terial became insulating due to self-compensation. However,
the interaction between C and Si was not considered. To date
there have been no experimental and theoretical studies in-
volving Si and C codoping InN. We therefore investigated
possible complex formation between SiIn and CN. We find
that they prefer to be located on neighboring sites, where the
binding energy is 0.61 eV for the perpendicular configuration
and 0.41 eV for the parallel configuration, relative to the
single defects SiIn

+ and CN
− . For comparison, the total energy

of the configuration with SiIn and CN far apart is 0.49 eV
higher than that of the perpendicular configuration. The per-
pendicular configuration has the lower formation energy 1.73
and 3.28 eV under In- and N-rich rich conditions, respec-
tively, and the parallel structure is 0.2 eV higher. We there-
fore only study the perpendicular configuration for other
SiiC j configurations. The SiC complex induces two occupied
singlet defect states close to the VBM and no defect state in
the gap �see Fig. 14�a��. The Si-C bond length is 1.85 Å,
close to that in bulk �-SiC �1.88 Å in the planar and 1.89 Å
in the apical directions�.

FIG. 11. �Color online� Formation energies as a function of the
Fermi level for MgmOn complexes in wz-InN under In-rich �left�
and N-rich �right� conditions. The ON

+ donor and MgIn
− acceptor in

dashed lines are included for comparison.

FIG. 12. �Color online� Formation energies as a function of the
Fermi level for MgnOm complexes in wz-InN under In-rich �left�
and N-rich �right� conditions, where �Mg=EMg �bulk�. The ON

+ do-
nor and MgIn

− acceptor in dashed lines are included for comparison.
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Similar to the MgmOn complexes, we consider both par-
allel and perpendicular configurations for the complexes
Si2C, Si3C, SiC2, and SiC3. Figure 13 shows the relaxed

atomic geometries of the most stable SiiC j complexes for i
=1 and j=2,3 �see Figs. 13�a� and 13�b�� and j=1 and i
=2,3 �see Figs. 13�d� and 13�e��. For the complexes Si4C
and SiC4, the configurations shown in Figs. 13�c� and 13�f�
are considered. �Here we have dropped the subscript indicat-
ing which site the impurities occupy with the understanding
that Si occupies the In site and C is on a N site.� The average
Si-C bond length is 1.86 Å for SiC2, 1.88 Å for SiC3, and
1.89 Å for SiC4 complexes. The corresponding values are
1.94, 2.04, and 2.10 Å for the Si2C, Si3C, and Si4C com-
plexes, respectively. The complexes Si2C and Si3C have
larger binding energies than the SiC complex in the neutral
charge states �as listed in Table V�. The complex Si2C in-
duces a singlet defect state occupied with one electron in the
conduction band and the complex Si3C induces a fully occu-
pied singlet defect state in the conduction band �see Figs.
14�b� and 14�c��. As for the MgmOn complexes �m=1 and
n=2 and 3�, these electrons are located at the CBM and not
in the defect level due to the electron filling in the DFT
calculations. These Si2C and Si3C complexes are therefore
donors. We investigate the relevant positive charge states and
find that the attractive interaction among the impurities in
Si2C is weaker than the neutral case �compare 0.42 to 1.55
eV�. For the Si3C complex in the 2+ charge state, the inter-
action is slightly repulsive �−0.13 eV�, which implies that
this complex would change to other configurations over time
if the two electrons are removed. The binding energy of the
Si4C complex is negative �−0.38 eV�, i.e., repulsive, in the

(e) (f)(d)

(a) (b) (c)

Si Si
C

FIG. 13. �Color online� Atomic geometry of the most stable
SiiC j defect complexes in wz-InN: �a� “zigzag” Si2C, �b� Si3C, �c�
Si4C; �d� “zigzag” SiC2, �e� SiC3, and �f� SiC4. Large pale �light
yellow� and smaller darker gray �pink� spheres indicate In and N
atoms, respectively. Large �blue� and small dark gray �green�
spheres indicate Si and C atoms, respectively. Only the neighboring
atoms of the impurities are shown for clarity.

FIG. 14. �Color online� Band structures for SiiC j defect complexes in the neutral state in wz-InN. The labels “B” and “D” represent bulk
and defect states, respectively. The horizontally dotted lines are the Fermi levels �except for �a� where it is placed in the center of the
band-gap�. For Si2C and SiC2, isosurface plots of the charge density induced by the defect states are indicated by the long arrows. The
0.001 e /Bohr3 isovalues are shown. Large pale �light yellow� and smaller darker gray �pink� spheres indicate In and N atoms, respectively.
Large �blue� and small black �green� spheres indicate Si and C atoms, respectively.
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neutral charge state, and it induces two defect states �one
with two electrons and the other with one electron� in the
conduction band. The interactions among the impurities are
still repulsive in the 3+ charge state, which indicates that this
complex cannot exist in either the neutral or the 3+ charge
states. �Note, we did not consider the 1+ and 2+ charge
states.�

The complexes SiCj �j=2–4� have large binding energies
in the neutral charge states, and the binding energy increases
with increasing C in the complex �from 2.16 to 2.70 eV� �as
listed in Table V�. The complexes SiC2 and SiC3 induce a
hole at the VBM and two holes above the top of the valence
band, respectively �see Figs. 14�d� and 14�e��. For the rel-
evant negative charge states �1− for SiC2 and 1− and 2− for
SiC3�, the attractive interactions among the impurities be-
come weaker than for the neutral cases, but they are still
mutually attractive. The SiC4 complex induces three holes
close to the VBM and in the 3− charge state, the binding
energy is �1 eV similar to �SiC2�− and �SiC3�2−.

The formation and binding energies are listed in Table V,
where the former are given under In- and N-rich conditions.
Figure 15 shows the calculated formation energies of the
SiiC j defect complexes as a function of Fermi level, EF, for
both In-rich �left� and N-rich �right� conditions. Here the
zero of Fermi level is chosen at the valence-band maximum.
For comparison we include the result for the single Si and C
impurities. Under In-rich conditions, for the complexes with
i
 j, the formation energies are all higher than 2.5 eV; thus
these defect complexes can hardly exist in significant con-
centration in thermal equilibrium, although the clusters have
large binding energies. Under N-rich conditions, the forma-
tion energies of the complexes are even higher. It can be
furthermore seen that these complexes do not suggest any
doping advantage over isolated Si atoms.

We also considered the formation energy assuming the
silicon atom chemical potential is from bulk Si, i.e., �Si
=ESi �bulk� and the carbon chemical potential �C is taken as
the total-energy per carbon atom in the graphite structure.
The atom chemical potentials of N and In are assumed to be
determined by thermal equilibrium with InN, i.e., for In-rich
conditions, �In=EIn �bulk� and �N=EInN−EIn �bulk� and for
N-rich conditions, �In=EInN−1 /2EN2

and �N=1 /2EN2
. The

formation energies �as listed in Table V and shown in Fig.

16� for all the defect complexes decrease as compared to the
corresponding values obtained assuming the solubility limit
for Si is determined by Si3N4, as described above. The
complexes with i� j have very low formation energies
�
0.1 eV� under both In- and N-rich conditions. The forma-
tion energy of the SiC2 complex is only marginally less fa-
vorable than isolated C, but the C acceptor is in any case not
a better p-type dopant than the Mg acceptor. With regard to
obtaining n-type doping, still none of the SiiN j complexes
investigated indicates any advantage over isolated SiIn. We
find similar behavior when including the In-4d electrons as
valence.79

IV. CONCLUSIONS

We have calculated systematically the structural and elec-
tronic properties, and formation energies, of various impuri-
ties �O, Si, Mg, and C� and their complexes in wurtzite InN,
which might be intentionally or unintentionally introduced
during growth of the material. We show that substitutional O
and Si act as single donors and substitutional C and Mg act
as single acceptors. The Mg acceptor has a lower formation
energy than the C acceptor; thus it is the more favorable
acceptor under both In- and N-rich conditions. The interac-
tion between two O, Si, and Mg atoms is predicted to be
mutually repulsive in both the neutral and ionized states.
While two carbon atoms exhibit an attractive interaction in
the neutral charge states, they become repulsive in their ion-
ized states. The nitrogen vacancy, VN, prefers to be bound to
MgIn, forming a MgInVN complex in thermal equilibrium;
similar behavior has been found for VN and MgGa in
wz-GaN.72 The ONVIn complex has a high formation energy
even though VIn has a tendency to bind with oxygen. The
formation energy of the 3ONVIn complex is significantly
lower, but still too high to be an important defect in InN. We
predict the MgmOn complexes could be important defects in
InN under both In-rich and N-rich conditions for obtaining
improved efficiency for n- and p-type conductivities through
tuning of the relative concentrations of Mg and O; in particu-
lar, by providing the maximum Mg solubility through the use
of the chemical potential of Mg from bulk Mg. Complexes
based on codoping of Si and C appear to offer no advantage
in obtaining n- or p-type conductivity over isolated dopants.

FIG. 15. Formation energies as a function of the Fermi level for
SiiC j complexes in wz-InN under In-rich �left� and N-rich �right�
conditions. The SiIn

+ donor and CN
− acceptor �dashed lines� are in-

cluded for comparison.

FIG. 16. Formation energies as a function of the Fermi level for
SiiC j complexes in wz-InN under In-rich �left� and N-rich �right�
conditions, where �Si=ESi �bulk�. The SiIn

+ donor and CN
− acceptor

�dashed lines� are included for comparison.
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