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We present a comprehensive first-principles investigation of single and multiple gallium and nitrogen va-
cancies in gallium nitride (GaN) nanowires. We consider nanowires in the [0001] growth direction, with
diameters of 9.5 and 15.9 A and investigate the stability of multiple vacancies for a wide range of configu-
rations to determine the preferred spatial distribution. The influence of saturating the dangling bonds at the
edge of the nanowires is also investigated. For one, two, and three nitrogen vacancies, we find that the most
favorable configuration is with the vacancies at the edge of the nanowires. We also find that for multiple (two
and three) nitrogen vacancies, the vacancies prefer to cluster together rather than remain well separated. For
one and two gallium vacancies, the preferred vacancy location is also at the edge of the nanowires, with
clustering favored for the two vacancies. Examining the band structure of unsaturated nanowires (with and
without vacancies), we observe states in the band gap that can be attributed to edge states. These edge states
are removed when the dangling bonds at the edge of the nanowires are saturated with hydrogen. For unsatur-
ated wires, the nature of the single Ga and N vacancy states is similar to in the bulk, acting as a triple acceptor
and single donor, respectively. The position of the vacancy states relative to the two regions of edge-induced
states is similar to their location relative to the conduction band minimum and valence band maximum in the
bulk, suggesting that any conductivity arising from the vacancies will be confined to the outer region of the
nanowires. The two- and three-nitrogen vacancy complexes induce additional states in the band gap, acting as
double and triple donors respectively, while the two-gallium vacancy complex reconstructs to an Nj-like
structure and induces several fully occupied and unoccupied singlet state in the band gap. Examining the
defect-induced states for the gallium vacancy in the saturated wire versus in bulk GaN, we find a similar result
in terms of the number, location, and occupation of the defect states, except the states in the wire are slightly
deeper in the band gap. For the nitrogen vacancy in the saturated wire versus in bulk GaN, we also find similar
behavior in terms of the number and occupation of the defect states. However, the higher lying singly occupied
state is closer to the conduction band in the wire, and the location of the fully occupied singlet state is below
the valence band maximum in bulk GaN, and above it in the saturated nanowire. Considering the formation
energy of gallium and nitrogen vacancies, we find nitrogen vacancies are significantly more stable than gallium
vacancies, and thus we expect them to be the major defect in GaN nanowires.
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I. INTRODUCTION

Nanotechnology is impacting almost all aspects of science
and technology because of the unique properties of nano-
structured materials, which result in potential uses in a wide
range of areas from semiconductor devices to drug delivery
systems.!?> Fundamental studies are required of these nano-
structures to gain a more complete understanding of their
special properties. Nanowires, in particular, represent impor-
tant building blocks in nanotechnological applications. Gal-
lium nitride (GaN) is a widely used III-V semiconductor in
microelectronic and optoelectronic devices such as blue
light-emitting diodes and lasers. GaN nanowires hold great
promise for nanotechnology applications because of the large
band gap and structural confinement properties and are being
investigated for use in ultraviolet-blue light-emitting diodes,
nanowire lasers, and potential spintronic devices.>* Monoc-
rystalline GaN nanowires have successfully been used as
waveguides in an ultraviolet-blue laser.> For nanowires to be
utilized to their full potential, we must improve our under-
standing of their properties and of the behavior of defects
and of how these properties differ compared to the bulk.
Native point defects, in particular, control many aspects of a
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semiconductor’s function, so a detailed understanding of
them is crucial.

The properties of bulk III-nitride compounds containing
defects and dopants from first-principles calculations has
been reviewed by Van de Walle and Neugebauer.® There have
been numerous studies of defects in bulk GaN (Refs. 7-10);
however to date, the structure, relative stability, and elec-
tronic properties of defects in gallium nitride nanowires has
not been examined. In bulk GaN, nitrogen vacancies behave
as shallow donors and gallium vacancies as acceptors.® Re-
cent first-principles calculations by Ganchenkova and
Nieminen'? examined the positive and negative charge states
for the nitrogen vacancy in bulk GaN and they found (for the
first time) that the negative charge states are predicted to be
stable and concluded that the nitrogen vacancy is the domi-
nant defect in bulk GaN.

There have only been a few theoretical ab initio studies of
the properties of GaN nanowires.!""'3 In our previous
study,'> we investigated GaN nanowires in the [0001] growth
direction and examined the affect of their size and shape on
the atomic and electronic properties. We found that dangling
bonds at the edge of the nanowires induce edge states (ESs)
in the band gap near the valence band maximum (VBM) and
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conduction band minimum (CBM), while saturating these
dangling bonds with hydrogen stabilizes these states and
moves them out of the band gap.!> We also found that the
band gap of saturated wires decreases (essentially exponen-
tially) with increasing wire diameter and approaches the
band gap of bulk GaN, and further, that nanowires with a
hexagonal-shaped cross section are more stable than those
with a triangular-shaped cross section. Tsai et al.!3 examined
unsaturated GaN [0001] nanowires and found that the aver-
age bond length of the nanowire decreases as the nanowire
diameter decreases. Wang et al.'''? calculated the electronic
structure of unsaturated GaN [0001] nanowires pair doped
with manganese or chromium atoms and found that both
dopants produce ferromagnetic coupling. Zhao et al.'® exam-
ined both saturated and unsaturated AIN [0001] nanowires
and found that nanowires with hexagonal-shaped cross sec-
tions are most stable and that the strain energy of unsaturated
nanowires is inversely proportional to the nanowires diam-
eter. To the best of our knowledge, there have been no ab
initio studies of native defects in nanowires, in particular
GaN, with the majority of studies instead focusing on the
behavior of dopant atoms in the nanowires.

In the present paper, using first-principles calculations, we
investigate the atomic and electronic properties of gallium
and nitrogen vacancies in GaN nanowires and compare their
behavior to that in bulk GaN. We also examine the stability
of multiple vacancies to determine their preferred spatial dis-
tribution, for example, if there is a preference for clustering
of defects. The influence of saturating the dangling bonds at
the edge of the wires is also investigated. The paper is orga-
nized as follows. In Sec. II we describe the methodology we
use for our density-functional theory (DFT) calculations, in
Sec. IIT A we consider single (isolated) vacancies in bulk
GaN as a reference for the nanowire investigations, and in
Secs. III B and III C, we address single and multiple vacan-
cies in GaN nanowires, respectively. In Sec. III D we discuss
the influence on the electronic properties of saturating the
dangling bonds at the edge of the wires with hydrogen and
Sec. IV contains the conclusions.

II. METHODOLOGY

We perform DFT calculations using the SIESTA (Refs. 17
and 18) code, where we employ the generalized gradient
approximation (GGA) of Perdew et al.'® We use the norm-
conserving pseudopotentials of Troullier and Martins,?® with
the valence electron configurations of gallium 3d 10 452, 4p1,
nitrogen 252, 2p3, and hydrogen 1s'. A double zeta basis set
with polarization functions is used for all atoms. The local-
ized basis set in SIESTA consists of numerical atomic orbitals,
which are radially confined to an extent that induces an en-
ergy shift in each orbital of 0.01 Ry. Hartree and exchange-
correlation energies are evaluated on a uniform real-space
grid of points with a defined maximum kinetic energy of 300
Ry. The Brillouin zone of wurtzite GaN bulk is sampled
using an (8 X 8 X 5) Monkhorst Pack?! grid, generating 160
k points in the irreducible part of the Brillouin zone (IBZ).
Using the optimised wurtzite GaN bulk structure, we gener-
ate a 96-atom (3a X 2\3a X 2¢) supercell (here a and ¢ are
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the unit-cell dimensions of 3.28 and 5.31 A, respectively) to
examine vacancies in bulk GaN. A 96-atom supercell has
been used in a number of previous studies of vacancies in
bulk GaN,**2? with Ref. 6 reporting that absolute formations
energies are sufficiently converged for this size supercell. We
consider single gallium and nitrogen vacancies in the neutral
charge state, and in the 1—, 2—, and 3— charge states for the
gallium vacancy and in the 1+, 1—, 2—, and 3— charge states
for the nitrogen vacancy. For these calculations, the Brillouin
zone is sampled using a (2X2X2) grid, producing four k
points in the IBZ.

In our previous study'> of GaN [0001] nanowires, we re-
ported that nanowires with hexagonal-shaped cross sections
are more stable than nanowires with triangular-shaped cross
sections. For our vacancy studies, we therefore use nano-
wires in the [0001] growth direction with hexagonal-shaped
cross sections that have diameters of 9.5 and 15.9 A. In the
[0001] direction, our simulation cells contain four GaN
atomic layers. This produces a 96-atom (9.5 A diameter)
nanowire and a 216-atom (15.9 A diameter) nanowire. In
the planes normal to the nanowire growth direction, we use
vacuum regions in our simulation cell, such that the separa-
tion between periodic images of nanowires is approximately
20 A, to ensure that they do not interact. To determine the
optimal location of the vacancies, we examine all possible
sites for single gallium and nitrogen vacancies. To gain in-
sight into the interaction between like vacancies, we also
considered two and three nitrogen vacancies, as well as two
gallium vacancies in the wires. These will be referred to as
“two-vacancy” and “three-vacancy” configurations. The Bril-
louin zone for these calculations is sampled using a (1 X1
X 3) grid, generating two k points in the IBZ.

We calculate the formation energy® for a single vacancy
(in the neutral or charged state) in bulk GaN using the equa-
tion,

Ef(VI‘{I(or Ga)) = Etot(VIt{I(or Ga)) - Et)oullk + MN(or Ga)
+q(Eg+ E,+AV), (1)

where E,(Vior ga)) is the total energy of the supercell con-
taining the vacancy in charge state g, E';;’tlk is the total energy
of the reference 96-atom GaN supercell, y(or Ga) 1S the
chemical potential of the nitrogen (or gallium) atom, Ep is
the Fermi level for the supercell with the vacancy, E, is the
energy of the bulk valence-band maximum, and AV is a cor-
rection term to align the reference potential in the defect with
that in the bulk.

The formation energy for single or multiple gallium or
nitrogen vacancies in GaN nanowires (in the neutral charge
state) is calculated using the equation,

E = Ewire - Ewire T XHN(or Ga)> (2)

- VN(or Ga) pure

where E‘JI':;’M - is the total energy of the nanowire with the
nitrogen (or gallium) vacancies, E;Vlﬂg is the total energy of
the nanowire with no vacancies, and x is the number of va-
cancies. We primarily report formation energies using
gallium-rich conditions, where ug, is the energy of a gallium

atom in bulk a-gallium. The nitrogen chemical potential wy
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is then determined using the assumption of thermodynamic
equilibrium g, + pn=tgan, Where g,y i the chemical po-
tential of bulk GaN. Under nitrogen-rich conditions, uy is
the energy of a nitrogen atom in a nitrogen molecule and ug,
is then determined using the above-mentioned assumption of
thermodynamic equilibrium. For nitrogen-rich conditions,
the formation energies of single gallium and nitrogen vacan-
cies are shifted by —0.92 and +0.92 eV, respectively (corre-
sponding to AH; and ~AH,, where AH/ is the heat of forma-
tion of GaN), with respect to the values under gallium-rich
conditions. AH, is calculated by the expression AH/{(GaN)
:,u,GaN—,uGa—% HN; where g,y is the total energy of bulk
GaN, pug, is the total energy of a gallium atom in bulk
a-gallium and MN, is the total energy of a nitrogen molecule.
For nitrogen-rich conditions, the total formation energies of
two gallium and two nitrogen vacancies are shifted by —1.84
and +1.84 eV, respectively (corresponding to 2 X AH, and
—2XAH f) and for three nitrogen vacancies, the total forma-
tion energy is shifted by +2.76 eV (corresponding to -3
X AH/), with respect to the values under gallium-rich condi-
tions.

III. RESULTS & DISCUSSION
A. Single Ga and N vacancies in bulk GaN

Before examining vacancies in GaN nanowires, we first
examine single Ga and N vacancies in the 96-atom bulk GaN
supercell and compare to other ab initio calculations. These
results will be used as a reference with which to compare the
behavior of the vacancies in the nanowires. The optimized
bulk wurtzite GaN lattice constants are a=3.28 A, c
=5.31 A, and ©#=0.378, which compare well with—but
slightly overestimate—the experimental values of a
=3.19 A, ¢=5.19 A, and u=0.377.2% The band gap is 1.44
eV, noticeably underestimated compared to the experimental
band gap of 3.50 eV,?* however this is a well-understood
phenomena of band gaps calculated using DFT. We reported
the band structure, heat of formation, bulk modulus, and co-
hesive energy of bulk GaN in our earlier publication,' to
which we refer for further details.

For a single gallium vacancy, in the neutral charge state,
the neighboring nitrogen atoms are displaced outward from
the vacancy, with the Ga-N bond lengths of these neighbor-
ing atoms contracting by 2.9-3.7 %, with respect to the
Ga-N bond length in the bulk. This is in good agreement
with the 3.5-3.7 % contraction reported by Neugebauer and
Van de Walle” using the plane-wave pseudopotential method
with the local-density approximation (LDA) and explicitly
including the 3d electrons for gallium. We plot the band
structures for the neutral gallium (Vg,) and nitrogen (Vy)
vacancies in Figs. 1(a) and 1(b), respectively, and also pro-
vide a schematic illustration of the defect-induced electronic
states in Fig. 1(c). To determine which states belong to the
defect or the bulk, we investigate the spatial distribution of
the corresponding wave functions at the I' point.

For the neutral charge state of the nitrogen vacancy, we
find that neighboring gallium atoms are displaced outward
from the vacancy, with the Ga-N bond lengths of these
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FIG. 1. Band structure of the 96-atom wurtzite GaN supercell,
containing a single (a) gallium and (b) nitrogen vacancy, in the
neutral charge state. The energy zero is set at the highest occupied
state and defect states are labeled with a “D.” (c) Corresponding
schematic representation of the defect-induced levels, where filled
and open circles denote electrons and holes, respectively. “CB” and
“VB” represent the conduction band and valence band, respectively.

neighboring atoms contracting by 0.2—0.3 %, with respect to
the bond lengths in the bulk. These values are somewhat
smaller than the 3.7-3.9 % contraction reported in DFT-
GGA calculations by Gulans et al.,?* using a linear combi-
nation of Gaussian atomic orbitals method or the ~5% con-
traction reported by Neugebauer and Van de Walle®® using
the plane-wave pseudopotential DFT-LDA method. Neither
of these authors?>? included the 3d electrons for gallium but
rather used nonlinear core corrections (NLCCs), which may
explain why we observe a smaller contraction.

For the gallium vacancy, we find three singlet states [see
Fig. 1(c)] located close to but above (0.2, 0.25, and 0.3 eV
above) the VBM, with the lowest of the singlet states fully
occupied, the second lowest singlet containing one electron,
and the highest singlet state unoccupied. Thus, we consider
the 1-, 2—, and 3— charge states. Neugebauer and Van de
Walle”-? reported that the gallium vacancy in GaN, from
DFT-LDA calculations, has a doublet and singlet state lo-
cated just above the VBM, where the lower lying doublet is
occupied by three electrons and the singlet state is unoccu-
pied. This compares well with our results, except that we do
not obtain an induced doublet defect state but rather two
singlet states near the VBM.

For the nitrogen vacancy, we find four defect-induced sin-
glet states [see Fig. 1(c)], with one singlet state fully occu-
pied, 0.5 eV below the VBM, and three states near the CBM.
For the states near the CBM, we find that two are below the
CBM (0.1 and 0.9 eV below), with the lower of these two
occupied by one electron and the higher state unoccupied.
The remaining singlet state is located 0.3 eV above the CBM
and is unoccupied. We therefore consider the 1+ charge state
and also the 1—, 2—, and 3— charge states. Neugebauer and
Van de Walle”-? reported that the nitrogen vacancy induces a
fully occupied singlet state below the VBM and a singlet and
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FIG. 2. Formation energies of a (a) gallium and (b) nitrogen
vacancy in various charge states as a function of the Fermi level
(Ep). The zero of the Fermi level corresponds to the top of the
valence band and we show the Fermi energy spanning the experi-
mental band gap. The results for gallium-rich conditions are shown,
and the slopes of each line indicate the charge state. We only show
the most favorable charge state at a particular value of the Fermi
level. A change in slope of the line corresponds to a transition
between charge states. For the (a) gallium vacancy, the neutral, 1
—, 2—, and 3— charge states are shown, and for the (b) nitrogen
vacancy, the 1+, 1—, and 3— charge states are shown.

a doublet state above the CBM, with the singlet state occu-
pied by one electron. This compares qualitatively with our
results, except that—as found for the gallium vacancy—we
observe two singlets rather than a doublet, and we find two
of the singlet states are below the CBM. Group theory sug-
gests that for wurtzite GaN, we should observe a doublet and
a singlet state. However, we find that all the Ga-N bonds
around the vacancy are not identical after relaxation (the SI-
ESTA code does not use symmetry constraints), leading to the
splitting of the doublet into two singlet states.

We next investigate charged Ga vacancies. For the 1—, 2
—, and 3— charge states, the neighboring nitrogen atoms dis-
place outward from the vacancy, with the Ga-N bond lengths
of these atoms contracting by 3.1-3.8 %, 4.2—-4.8 %, and
5.3-6.0 %, respectively, compared to 2.9-3.7 % for the neu-
tral charge state. The values of the relaxations in the litera-
ture are quite varied, with DFT-LDA calculations of Neuge-
bauer and Van de Walle” reporting a 3.5-6.0 % contraction
for the 0, 1—, 2—, and 3— charge states, in good agreement
with the present values. Limpijumnong and Van de Walle’
reported an ~4% contraction and Ganchenkova and
Nieminen'? reported an ~8% contraction. Even larger values
of 10-12 % have also been reported.’® These differences
may be caused by the choice of basis set and the description
of the gallium 3d electrons; for example, DFT-LDA methods
using a projector augmented wave (PAW) basis set,'® DFT-
LDA pseudopotential plane-wave methods using the NLCC
(Ref. 9) to describe the Ga 3d electrons or including Ga 3d
electrons as valence electrons,”?° and the DFT-GGA local-
orbital approach with Ga 3d electrons included as valence
electrons that we use in the present study.

We plot the formation energy versus Fermi level for the
gallium vacancy in Fig. 2(a), for gallium-rich conditions. In
Fig. 2 we only show the most stable charge state for a par-
ticular value of the Fermi level value (rather than showing all
lines), and the charge state can be determined from the slope
of the line at any particular point. We find a transition from
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the neutral charge state being most stable to the higher
charge states being most stable, as the Fermi level increases.
These transitions are (0/1-), (1-/2-), and (2—/3-) charge
states and are located at 0.1, 0.2, and 0.4 eV above the VBM,
respectively. This agrees qualitatively well with the results of
other studies. However, the Fermi level values for the tran-
sitions are more spread in these other studies; e.g., Limpi-
jumnong and Van de Walle® reported values of 0.2, 0.7, and
1.1 eV, Ganchenkova and Nieminen'® reported values of 0.4,
0.8, and 1.1 eV, Mattila and Nieminen?’ reported values of
0.5, 1.0, and 1.5 eV, and Neugebauer and Van de Walle’
reported values of 0.4, 1.0, and 1.9 eV, for the same transi-
tions. We also repeated these calculations®® using the DFT-
GGA method in the DMol® code?**° and found these transi-
tions to be 0.2, 0.6, and 1.1 eV. The location of the
transitions is sensitive to the value of the band gap and band
gaps are very sensitive to the choice of basis set, leading to a
variation in band gaps reported for bulk GaN. In the present
SIESTA calculations, we use DFT-GGA with a numerical or-
bital basis set and Troullier and Martins*® pseudopotentials
and find a band gap of 1.44 eV. Plane-wave DFT-GGA cal-
culations with the same pseudopotentials by Stampfl and Van
de Walle®! reported a similar band gap of 1.45 eV. When we
used the DFT-GGA method within the DMol® code, with a
numerical orbital basis set and semilocal density-functional
semicore pseudopotentials (DSPPs),*? we found a band gap
of 2.58 eV.”?® Plane-wave DFI-LDA calculations report
bands gaps of 1.8 eV (Ga 3d included as valence),?' 1.9 eV
(Ga 3d included as valence),?’ and 2.7 eV (Ga 3d described
using the NLCC). It is well known that using the NLCC
leads to a larger band gap.”’” The smaller band gap in our
present calculations forces these transitions to be more com-
pressed and thus occur across a smaller range of the Fermi
level.

We now consider charged N vacancies. For the nitrogen
vacancy with a 1+ charge state, we find that the neighboring
gallium atoms are displaced outward from the vacancy, with
the Ga-N bond lengths of these atoms contracting by
0.5-0.8 %, compared to the 0.2—0.3 % contraction obtained
for the neutral charge state. This compares well with DFT-
LDA calculations for the 1+ charge state reported by Neuge-
bauer and Van de Walle,” with outward relaxations of
0.5-1.5 % for a 32-atom supercell and 0.5-1.6 % (Ref. 9)
for a 96-atom supercell. For the 1—, 2—, and 3— charge states,
we find that the neighboring gallium atoms are displaced
inward toward the vacancy, with the Ga-N bond lengths of
these atoms expanded by 0.1-0.3 %, 0.7-2.9 %, and
3.1-6.3 %, respectively. It should be noted that only recently
the negative charge states for the nitrogen vacancy Vy in
GaN were considered. In particular, Ganchenkova and
Nieminen'? found that the 1—, 2—, and 3— charge states were
stable, making Vy the lowest-energy native defect. They also
observed that neighboring gallium atoms were displaced in-
ward toward the vacancy for the negative charge state vacan-
cies, resulting in Ga-N bond lengths of these neighboring
atoms expanding. They reported that the amount of expan-
sion increases with the charge state, such that it is 10.2% for
the 3— charge state. This trend is qualitatively the same as
the present results, although the latter expansion is somewhat
greater.
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We plot the formation energy versus Fermi level for the
nitrogen vacancy in Fig. 2(b), for gallium-rich conditions.
We find the 1+, 1—, and 3— charge states are stable, with
transitions of (1+/1-) and (1-/3-) located at 2.40 and 2.50
eV above the VBM, respectively. It should be noted that
although the CBM is 1.44 eV above the VBM, which indi-
cated these transitions occur above the CBM, we have veri-
fied by plotting the spatial distributions of the wave functions
at the I" point that these levels that we occupy with 1, 2, and
3 electrons are really defect related states.

Ganchenkova and Nieminen'® reported that the 1+, 1—,
2—, and 3— are all stable, with transitions of (1+/1-), (1
—/2-), and (2—/3-) located at 2.43, 2.58, and 2.60 eV
above the VBM, respectively. Our results agree qualitatively
with these results, except that Ref. 10 finds that the 2—
charge state is stable, but only in a very small energy range
(0.02 eV) of the Fermi level.

It should be noted that there is some discrepancy in the
literature over the existence of the 3+ charge state for the
nitrogen vacancy. The 3+ charge state has been reported to
be stable in pseudopotential plane-wave DFT-LDA calcula-
tions by Van de Walle and co-workers,”* using the NLCC
for the gallium 3d electrons. On the other hand, the 3+
charge state has been reported to not be stable in DFT-LDA
calculations by Mattila and Nieminen,?”3> using a pseudopo-
tential plane-wave method with NLCC for the gallium 3d
electrons, and by Ganchenkova and Nieminen,'? using the
projected augmented wave method, and also in the present
work. When the 3+ charge state of the nitrogen vacancy is
reported as stable, the neighboring gallium atoms are dis-
placed outward from the vacancy, with the Ga-N bond
lengths of these neighboring atoms reported to have large
contractions of 16—20 % (Ref. 8) and 16.6—18.1 %.° Van de
Walle and Neugebauer® suggested that the large contractions
allow the fully occupied singlet state, which is located below
the VBM for the neutral charge state, to move above the
VBM, thus allowing the existence of the 3+ charge state.
Limpijumnong and Van de Walle® suggested that the use of a
larger supercell (96-atom) allows for a better relaxation of
the 3+ charge state vacancy, adding to the stability, which is
why it was not observed in their earlier work’ using a 32-
atom supercell. Neugebauer and Van de Walle” and Mattila
and Nieminen?”-% used 32-atom supercells, so this argument
may be valid in reference to these papers. However, we use a
96-atom supercell and Ganchenkova and Nieminen'? used an
even larger 300-atom supercell, and neither studies find that
the 3+ charge state is stable. The differing behavior may
instead be attributed to the different numerical codes rather
than the size of the supercell and warrants further investiga-
tions, also for the nitrogen vacancy in AIN and InN.

B. Single Ga and N vacancies in GaN nanowires

For studying the vacancies in the nanowires, we use 96-
atom (9.5 A diameter) and 216-atom (15.9 A diameter)
wires with hexagonal-shaped cross sections (see Fig. 3), in
which the periodicity of the wires along the ¢ axis is
doubled. As mentioned earlier, for saturated wires with in-
creasing diameter, the band gap decreases, approaching the
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FIG. 3. (Color online) Illustration of the (a) 96-atom and (b)
216-atom nanowires viewed along the [0001] direction (i.e., show-
ing the cross section). The possible locations for a gallium or nitro-
gen vacancy are numbered for each nanowire. Nitrogen and gallium
atoms are indicated by the small dark (blue) and large light (aqua)
spheres, respectively.

bulk GaN value, while for unsaturated wires, it remains
rather constant. In particular, the effective band gaps for the
unsaturated 96- and 216-atom wires are 1.24 and 1.25 eV,
respectively (i.e., very similar), and for the saturated 96- and
216-atom wires the band gaps are 3.23 and 2.45 eV, respec-
tively. Clearly, due to the well-known underestimate of DFT-
GGA(LDA) band gaps, in reality these values would be no-
tably larger. In Fig. 4, for saturated nanowires, we show the
VBM and CBM as a function of increasing nanowire diam-
eter, for wires with both hexagonal- and triangular-shaped
cross sections. It can be seen that the CBM exhibits a greater
variation than the VBM over the nanowire size range exam-
ined. In particular, as the diameter of hexagonal-shaped cross
section nanowires varies from 9.5 to 35.0 10\, the shifts of the
VBM and CBM are +0.30 and —1.1 eV, respectively. Simi-
larly, for nanowires with triangular-shaped cross sections that
vary from 6.4 to 25.4 A, the shifts of the VBM and CBM are
+0.47 and —1.46 eV, respectively.

For Si nanowires in the [011] growth direction with diam-
eters ranging from 12 to 22 nm, Wu et al.* found that the
shifts of the VBM and CBM for nanowires with straight
sides are +0.31 and —0.34 eV, respectively, while for nano-
wires with tapered sides, the shifts are —0.1 and -0.6 eV,
respectively. From these results, they suggest that for small-
diameter-tapered Si nanowires, the eigenstates in the conduc-
tion band are much more sensitive to the diameter than those
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FIG. 4. VBM and CBM values as a function of nanowire diam-
eter for saturated GaN nanowires with hexagonal and triangular-
shaped cross sections. “Hex” and “tri” refer to nanowires with
hexagonal- and triangular-shaped cross sections, respectively.
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TABLE I. Formation energies (eV) of single Ga and N vacan-
cies in the 96- and 216-atom nanowires. Formation energies are
given relative to the formation energy of the most stable site (see
Fig. 3) for the particular nanowire size and type of vacancy.

Site 96-atom 216-atom
VGa VN VGa VN
1 0.3 1.3 1.2 1.6
2 1.0 1.1 1.1 1.5
3 0.0 0.0 0.4 1.2
4 1.3 1.1
5 0.0 0.0

states in the valence band. From the results in Fig. 4, we also
find this behavior for GaN nanowires, over the size range we
examined.

We first examine single gallium and nitrogen vacancies in
the 96-atom (9.5 A diameter) and 216-atom (15.9 A diam-
eter) unsaturated nanowires to determine the most stable
configurations and the influence of the nanowire diameter.
We define the nanowire diameter as the maximum distance
between edge atoms on opposite sides of the nanowire. The
possible vacancy locations considered are shown in Fig. 3.
We calculate the formation energies [cf. Eq. (2)], for
gallium-rich conditions. The relative formation energies are
listed in Table I. For both the 96- and 216-atom nanowires,
the most stable gallium and nitrogen vacancy sites are lo-
cated at the edge of the nanowire [site number 3 in Fig. 3(a)
and site number 5 in Fig. 3(b) for the 96- and 216-atom
wires, respectively]. The formation energies for the most
stable configurations for the nitrogen vacancy in both the
“small” and “large” wires are 1.1 eV more stable than the
next most stable configuration [site number 2 in Fig. 3(a) and
site number 4 in Fig. 3(b) for the 96- and 216-atom wires,
respectively]. For the gallium vacancy, we find that the most
stable configurations are 0.3-0.4 eV more stable than the
next most stable configuration [site number 1 in Fig. 3(a) and
site number 3 in Fig. 3(b) for the 96- and 216-atom wires,
respectively]. For the most stable Ga and N vacancies, we
performed spin-polarized calculations and find they are mag-
netic resulting in an energy lowering of 0.7 and 0.14 eV,
respectively.

The formation energies for the nitrogen vacancy in the
96-atom nanowire are in the range of +0.7—+2.0 eV and
+0.6—+2.2 eV for the 216-atom nanowire. For a gallium
vacancy, the formation energies in the 96-atom nanowire are
in the range of +4.5—+5.5 eV and +5.9-+7.1 eV for the
216-atom nanowire. For the neutral charge states, nitrogen
vacancies are significantly more stable (i.e., lower in energy)
than gallium vacancies. This situation may be different for
charged vacancies, however we do not address this because
there is not a valid charge compensation scheme in SIESTA
for treating charged nanowires in a supercell.

We now examine in more detail the formation energies for
a nitrogen vacancy and examine if it exhibits a size effect for
the 96-atom and 216-atom nanowires. Looking at the forma-
tion energies of the most stable configurations in the 96-atom
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and 216-atom wires, there is no significant difference (0.7
and 0.6 eV, respectively). To investigate a size effect, we also
examine vacancies in the center of the nanowires and com-
pare to results for vacancies in the bulk. If the nanowire
diameter is infinitely large, the formation energy of the va-
cancy at the center of the nanowire should be the same as for
a single nitrogen vacancy in bulk GaN, i.e., 2.5 eV. For the
most stable nitrogen vacancies at the center of the 96-atom
and 216-atom nanowires, the formation energies are 2.0 and
2.2 eV, respectively. Thus, displaying a small size effect. The
significantly lower formation energies of the nitrogen vacan-
cies at the edges of nanowires indicate that this defect may
be more abundant in the nanowires compared to in bulk
GaN.

We now investigate size effects for the gallium vacancies
in the 96- and 216-atom nanowires. Looking at the formation
energies of the most stable configurations, in the 96-atom
wire it is +1.4 eV more favorable (lower in energy) than in
the 216-atom wire, indicating a notable size effect. If the
nanowire diameter is infinitely large, the formation energy of
the vacancy at the center of the nanowire should be the same
as for a single gallium vacancy in bulk GaN, i.e., 7.1 eV. For
the most stable gallium vacancies at the center of the 96-
atom and 216-atom nanowires, the formation energies are 5.6
and 7.1 eV, respectively, also indicating a significant size
effect, particularly for the 96-atom nanowire. In the smaller
96-atom wire, there is less “bulk-like” GaN in the center of
the wire (because of the smaller diameter), which allows
greater freedom for relaxation around the vacancy, leading to
a more favorable formation energy. This affect was not sig-
nificant for the nitrogen vacancy and can be explained by the
magnitudes of the atomic relaxations around the vacancies.
As discussed in Sec. III A for bulk GaN, the Ga-N bond
lengths of neighboring atoms around nitrogen vacancies con-
tract by a small amount of 0.2—0.3 %, while around gallium
vacancies, the contraction is larger with values of 2.9-3.7 %.
A similar behavior is also observed for vacancies in the
nanowires, with much larger bond length changes around the
gallium vacancies, discussed in more detail later in this sec-
tion. So the larger atomic relaxations around gallium vacan-
cies lead to the observation of a size effect, in particular, for
the 96-atom nanowire.

Examining in more detail the geometries of the most
stable nitrogen vacancy configurations, for the 96-atom
nanowire the neighboring gallium atoms are displaced in-
ward toward the vacancy, with the Ga-N bond lengths of
these atoms expand by 0.3-3.6 %, with respect to the bond
lengths in the relaxed wires with no vacancies. In the 216-
atom wire, there is an expansion of Ga-N bond lengths by
0.2-2.6 %. This is in contrast to the nitrogen vacancy in
bulk GaN, where there is a small contraction of Ga-N bond
lengths of neighboring atoms of 0.2—0.3 %. This variation
can be attributed to the different locations and atomic envi-
ronments of the vacancy at the edge of the nanowire com-
pared to the vacancy in bulk GaN. The vacancy configuration
at the edge of the nanowire has one neighboring gallium
atom missing, in comparison to the vacancy in bulk, which
allows greater freedom for movement of atoms, and thus
larger atomic relaxations.

The single nitrogen vacancy induces several defect states
below the ES region near the CBM, as illustrated in the band
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FIG. 5. Band structure of the most stable configurations for the
single nitrogen vacancy in the (a) 96-atom and (b) 216-atom nano-
wires. The energy zero is set at the highest occupied state and defect
states are labeled with a “D.” (c) Corresponding schematic repre-
sentations of the defect-induced levels for both size nanowires,
where filled and open circles denote electrons and holes, respec-
tively. “CB,” “VB,” and “ES” represent the conduction band, va-
lence band, and edge states, respectively.

structure in Figs. 5(a) and 5(b) for the 96-atom and 216-atom
nanowires, respectively. We investigate the spatial distribu-
tion of the corresponding wave functions at the I" point to
determine which states belong to the defect, the bulk or the
edge states. There are three singlet states just below the top
of the ES region near the CBM, with the lowest of these
states occupied by one electron, while the other two defect
states remain unoccupied. This is illustrated schematically in
Fig. 5(c). Comparing this to the single nitrogen vacancy in
the 96-atom bulk (Sec. III A), we find that there is one less
singlet state for a vacancy in the nanowires, i.e., no fully
occupied singlet state below the VBM (or just below the top
of the ES region). We also find a slight difference in the
location of the defect-induced states in the region of the
CBM, with bulk calculations finding two of the singlet states
just below the CBM (0.1 and 0.9 eV below) and one singlet
state 0.3 eV above the CBM; whereas for the nanowires, the
three singlet states are all just below the top of the ES region
near the CBM. For the 96-atom nanowire the three singlet
states are located 0.5, 0.7, and 0.8 eV below the top of the ES
region near the CBM, while for the 216-atom nanowire, they
are located 0.1, 0.45, and 0.5 eV below, respectively. Thus,
the defect states are slightly closer to the ES region near the
CBM in the larger nanowire. In Fig. 6(a) we show the spatial
distribution of the occupied defect state at the I" point, where
it can be seen that it is localized in the region of the vacancy.
Figure 6(b) shows (in the plane of the vacancy) the differ-
ence electron-density distribution, which is the difference be-
tween the total electron density of the wire and the superim-
posed sum of atomic densities of the Ga and N atoms in the
positons they have in the wire. The increase in electron den-
sity at the vacancy site can be clearly seen.

We now examine in more detail the geometries of the
most stable gallium vacancy configurations. For the 96-atom
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FIG. 6. (Color online) (a) The spatial distribution of the singly
occupied defect state [see Fig. 5(c)] at the I' point for the single
nitrogen vacancy in the 216-atom nanowire. Nitrogen and gallium
atoms are indicated by dark (blue) and light (aqua) spheres, respec-
tively, and the orbitals are pale gray. (b) The difference electron-
density distribution in the plane of the vacancy for the single nitro-
gen vacancy in the 216-atom nanowire. Solid (red) lines indicate
charge accumulation and dashed (blue) lines indicate charge
depletion.

nanowire, we find that the neighboring nitrogen atoms are
displaced outward from the vacancy, with the Ga-N bond
lengths of these neighboring atoms contracting by
1.4-7.6 %, with respect to the bond lengths in the relaxed
wires with no vacancies. In the 216-atom nanowire, this con-
traction is 1.0-5.3 %. In the 96-atom bulk GaN, we also
found a contraction in the Ga-N bond lengths of neighboring
nitrogen atoms, with values of 2.9-3.7 % for the neutral
charge state. The relaxations are larger when the vacancies
are located at the edges of nanowires because they are miss-
ing a nearest-neighbor atom (compared to bulk GaN), which
allows more room for relaxations to occur around the va-
cancy.

The band structures for a single gallium vacancy in the
96-atom and 216-atom nanowires are shown in Figs. 7(a)
and 7(b), respectively. To determine which states belong to
the defect, the bulk, or the edge states, we again investigate
the spatial distribution of the corresponding wave functions
at the I" point. The induced defect states are shown schemati-
cally in Fig. 7(c). We find two defect-induced states just
above the ES region near the VBM, with the lower of these
two states occupied by one electron, while the higher of the
two remains unoccupied. As discussed in Sec. III A, for a
gallium vacancy in the bulk, we find three singlet states 0.2,
0.25, and 0.3 eV above the VBM. Thus, for the wires there is
one less singlet state present in the band gap, namely, the
lowest lying fully occupied singlet state. For the 96-atom
nanowire, the two singlet states are located at 0.2 and 0.3 eV
above the ES region near the VBM, while for the 216-atom
nanowire, they are 0.1 and 0.2 eV above, respectively. In Fig.
8(a) we show the spatial distribution of the occupied defect
state at the I" point, where it can be seen that it is localized in
the region of the vacancy. Figure 8(b) illustrates (in the plane
of the vacancy) the difference electron-density distribution
which clearly shows an increase in the electron density at the
vacancy site.

C. Multiple Ga and N vacancies in GaN nanowires

Having investigated the behavior of single Ga and N va-
cancies in GaN nanowires, we now consider multiple vacan-
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FIG. 7. Band structure of the most stable configurations for the
single gallium vacancy in the (a) 96-atom and (b) 216-atom nano-
wires. The energy zero is set at the highest occupied state and defect
states are labeled with a “D.” (c) Corresponding schematic repre-
sentations of the defect-induced levels for both size nanowires,
where filled and open circles denote electrons and holes, respec-
tively. “CB,” “VB,” and “ES” represent the conduction band, va-
lence band, and edge states, respectively.

cies and determine the preferred spatial distribution. We ex-
amine  nitrogen  two-vacancy and  three-vacancy
configurations and gallium two-vacancy configurations in the
216-atom (15.9 A diameter) unsaturated nanowire.

1. Multiple N vacancies

To determine the energetically most favorable configura-
tion of nitrogen vacancies, we investigate 50 different two-
vacancy configurations and 20 different three-vacancy con-
figurations in the 216-atom nanowire. The most stable two-
vacancy and three-vacancy configurations are illustrated in
Figs. 9(a) and 9(b), respectively. The total formation energies
for the two-vacancy and three-vacancy configurations are in

FIG. 8. (Color online) (a) The spatial distribution of the singly
occupied defect state [see Fig. 7(c)] at the T' point for the single
gallium vacancy in the 216-atom nanowire. Nitrogen and gallium
atoms are indicated by dark (blue) and light (aqua) spheres, respec-
tively, and the orbitals are pale gray. (b) The difference electron-
density distribution in the plane of the vacancy for the single gal-
lium vacancy in the 216-atom nanowire. Solid (red) lines indicate
charge accumulation and dashed (blue) lines indicate charge
depletion.
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FIG. 9. (Color online) The most stable nitrogen (a) two-vacancy
and (b) three-vacancy configurations in the 216-atom nanowire. Ni-
trogen and gallium atoms are indicated by the dark (blue) and light
(aqua) spheres, respectively. The dashed line in (a) indicates the
reduced gallium-gallium separation distance of 2.65 A (compared
to 3.28 A in bulk GaN). The three dashed lines in (b) indicate the
reduced gallium-gallium separation distances of 3.03, 3.08, and
3.11 A. The open circles represent the location of the missing ni-
trogen atoms.

the range of —0.4—+4.4 eV (-0.2—+2.2 eV per vacancy)
and -0.2—+5.6 eV (-0.07—+1.87 eV per vacancy), respec-
tively, under gallium-rich conditions. The negative energies
of the most favored configurations indicate that they are
more stable than the unsaturated reference wires. Reasons for
this are suggested below. As mentioned in Sec. II, under
nitrogen-rich conditions, the total formation energies for the
nitrogen two-vacancy and three-vacancy configurations are
larger by +1.84 eV(-2XAH)) and +2.76 eV(-3 X AH/), re-
spectively, thus making all the values positive. For the most
stable two- and three-vacancy configurations, we carried out
spin-polarized calculations and found a very small magne-
tism and associated lowering of the total formation energy of
0.01 and 0.10 eV, respectively.

We first examine the formation energy per vacancy for
single and multiple nitrogen vacancies at the center of the
216-atom nanowire to see how this compares to a nitrogen
vacancy in the bulk. In bulk GaN, the formation energy of
the nitrogen vacancy is 2.5 eV. The formation energy per
vacancy, for nitrogen vacancies (on nearest-neighbor sites) at
the center of the 216-atom nanowire, is 2.1, 1.6, and 1.0 eV,
for one-, two-, and three-vacancy configurations, respec-
tively. The formation energy per vacancy thus decreases as
the number of vacancies increases, suggesting an attractive
interaction between the nitrogen vacancies. We find an at-
tractive interaction between vacancies at the edge of the
wires as described below, which is their favored location.

The most stable two-vacancy configuration has both va-
cancies at the edge of the nanowire, with the vacancies as
close as possible to each other, but in different nitrogen
(0001) planes, which we refer to as “out-of-plane.” The total
formation energy of the most stable configuration is 1.0 eV
more favorable than the next most favorable configuration,
which also has the vacancies at the edge of the nanowire, but
“in-plane” [same nitrogen (0001) plane] with each other, and
as close as possible to each other, i.e., nearest-neighbor (like-
species) sites. When the two vacancies are well separated—
but still at the edge of the nanowire—the configuration is 1.8
eV less stable than the most favorable configuration, show-
ing that the vacancies prefer to be clustered. When the two
nitrogen vacancies are at the center of the nanowire, the con-
figuration is 4.2 eV less stable than the most favorable struc-
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ture, demonstrating that the vacancies prefer to be at the edge
of nanowires (as also found for the single nitrogen vacancy).
To understand the difference in stability of the in-plane and
out-of-plane vacancy configurations, we examine in more
detail the geometries of the configurations.

For the most stable two-vacancy configuration, with the
out-of-plane vacancy configuration [Fig. 9(a)], we find a re-
duced separation between two gallium atoms around the va-
cancy, with a distance of 2.65 A. This separation is notice-
ably smaller than the Ga-Ga separation of 3.28 A we find in
bulk GaN and more similar to the Ga-Ga separation of
2.55 A we find in bulk a-Ga. Examining the Ga-N bond
lengths for the gallium atoms involved with the reduced
separation distance, we find that they are slightly expanded
by 1.5—-1.9 %, with respect to the bond lengths in the relaxed
wire with no vacancies. For other gallium atoms surrounding
the nitrogen vacancies, the Ga-N bond lengths for these at-
oms are also expanded by 1.0—4.1 %. To investigate the dif-
ference in the stability of the in-plane and out-of-plane va-
cancy configurations at the edge of the nanowires, we again
examine the gallium atom separation around the vacancies.
For the out-of-plane configuration, the closest separation is
2.65 15\, while for the in-plane configuration, the closest
separation is 2.76 A. Thus, one factor making the out-of-
plane configuration more favorable is that it allows a greater
relaxation of gallium atoms.

We now examine the most stable nitrogen three-vacancy
configuration. In this configuration, all vacancies are located
at the edge of the nanowires and are clustered together. The
geometry is similar to the most stable configuration for two
nitrogen vacancies, with two of the vacancies out-of-plane to
each other (different nitrogen (0001) planes), while the third
nitrogen vacancy is in-plane with one of the vacancies—
again all situated as close as possible to each other. Examin-
ing the total formation energies, the most stable three-
vacancy configuration is 0.4 eV more favorable than the next
most favorable configuration, which has the vacancies at the
edge of the nanowire but all in-plane [same nitrogen (0001)
plane] with each other and on nearest-neighbor (like-species)
sites. When the three nitrogen vacancies are well separated—
but still at the edge of the nanowire—the configuration is 2.2
eV less stable than the most favorable configuration and
when the vacancies are at the center of the nanowire, the
configuration is 3.2 eV less stable than the most favored one.
This again shows that the vacancies have an attractive inter-
action and prefer to be clustered together rather than well
separated and that they prefer to be at the edge of nanowires
rather than in the bulk. Such a clustering behavior of mul-
tiple nitrogen vacancies has been found in bulk InN,37 AIN,38
and GaN.3®

When we examine the atomic geometries of the most fa-
vorable three-vacancy configuration [Fig. 9(b)], we find
Ga-Ga in-plane separation distances of 3.08 and 3.11 A and
an out-of-plane separation of 3.03 A. As mentioned above,
in the relaxed pure nanowire, the Ga-Ga separations in-plane
are ~3.27 A. Therefore, as found for the two-vacancy con-
figuration, we observe a reduced Ga-Ga separation around
the vacancies. For other gallium atoms surrounding the ni-
trogen vacancies, the Ga-N bond lengths of these atoms are
expanded by 0.3-2.6 %.
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FIG. 10. The band structure of the most stable nitrogen (a)
single vacancy and (b) two- and (c) three-vacancy configurations in
the 216-atoms nanowire. The energy zero is set at the highest oc-
cupied state and defect states are labeled with a “D.” (d) Corre-
sponding schematic representation of the defect-induced levels for
one, two, and three nitrogen vacancies, where filled and open
circles denote electrons and holes, respectively. “CB,” “VB,” and
“ES” represent the conduction band, valence band, and edge states,
respectively.

The band structures of the most stable two-vacancy and
three-vacancy configurations are shown in Figs. 10(b) and
10(c), respectively [that of the most stable single vacancy
configuration is also shown in Fig. 10(a) for comparison]. To
determine which states belong to the defect, the bulk or the
edge states, we again investigate the spatial distribution of
the corresponding wave functions at the I' point. The posi-
tions of the defect-induced states and the occupations are
shown schematically in Fig. 10(d). The two-vacancy con-
figuration induces four singlet states, all located below the
ES region near the CBM. Three of the states are unoccupied
and located at 0.1, 0.25, and 0.65 eV below the ES region,
while the other singlet state is 1.0 eV below and is fully
occupied. The three-vacancy configuration induces five sin-
glet defect states below the ES region near the CBM. The
lowest of these states is fully occupied and is located 1.0 eV
below the ES region. The next highest state is 0.65 eV below
the ES region and is occupied by one electron. The remain-
ing three states are all unoccupied and are located 0.4, 0.35,
and 0.1 eV below the ES region.

Comparing the two-vacancy result to that of the single
vacancy, it can be seen that the two-vacancy configuration
has one extra singlet state, with an extra electron populating
the defect states. This results in a fully occupied state further
below the ES region near the CBM, and the other three sin-
glet states are unoccupied. The three-vacancy configuration
has one extra singlet state than the two-vacancy configura-
tion, with one electron populating this extra state. In Fig.
11(a) we plot the spatial distribution of the fully occupied
defect state at the I" point for the most favorable nitrogen
two-vacancy configuration. This shows that it is mainly lo-
calized in the region of the vacancies, but there is also some
“bulk-like” behavior with some of the spatial distribution on
a number of the atoms, particularly nitrogen atoms both in-
side the wire and at the edges. In Fig. 11(b) we plot the
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FIG. 11. (Color online) (a) The spatial distribution of the occu-
pied defect state [see Fig. 10(d)] at the T' point for the nitrogen
two-vacancy configuration in the 216-atom nanowire. Nitrogen and
gallium atoms are indicated by dark (blue) and light (aqua) spheres,
respectively, and the orbitals are pale gray. (b) The difference
electron-density distribution in the plane of one of the vacancies for
the nitrogen two-vacancy configuration in the 216-atom nanowire.
Solid (red) lines indicate charge accumulation and dashed (blue)
lines indicate charge depletion.

difference electron-density distribution in the plane of one of
the two nitrogen vacancies, which clearly shows an accumu-
lation of charge at the site of the vacancies (a similar result is
obtained when the difference electron-density distribution is
examined in the plane of the second nitrogen vacancy).

The nitrogen vacancy is expected to be the major native
point defect (as indicated by the lower formation energies for
nitrogen vacancies compared to gallium vacancies) and so
would contribute to the n-type conductivity of the nanowires.
For the calculations with one and three nitrogen vacancies,
we find an unpaired electron in a singlet state located at 0.5
and 0.65 eV below the ES region near the CBM, respec-
tively. This appears consistent with recent electrical transport
measurements of GaN nanowires® that suggest that the
Fermi level is pinned at the surface of the nanowires at about
0.5-0.6 eV below the CBM.

2. Multiple Ga vacancies

To determine the energetically most favorable gallium
two-vacancy configuration, we examine 20 different configu-
rations in the 216-atom nanowire. The most stable configu-
ration is shown in Fig. 12. The total formation energies for
the two-vacancy configurations range from +6.8 to +14.4 eV
(+3.4—+7.7 eV per vacancy), under gallium-rich conditions.
As reported in Sec. II, under nitrogen-rich conditions, the
total formation energies for the gallium two-vacancy con-
figurations are smaller by -1.84 eV (2XAH)). Spin-
polarized calculations of the most favorable vacancy con-
figuration shows only a very small magnetic effect and
results in a lowering of the total formation energy by 0.01
eV.

We first consider the formation energy per vacancy, for
single and multiple vacancies at the center of the 216-atom
nanowire (vacancies out-of-plane to each other in different
gallium (0001) planes, but on nearest-neighbor sites), to see
how this compares with the gallium vacancy in the bulk (in
bulk GaN, the formation energy of the single Ga vacancy is
7.1 eV). The formation energy per vacancy for gallium va-
cancies at the center of the 216-atom nanowire is also 7.1 eV
for both the one- and two-vacancy gallium configurations.
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FIG. 12. (Color online) The most stable gallium two-vacancy
configuration in the 216-atom nanowire. Nitrogen and gallium at-
oms are indicated by the dark (blue) and light (aqua) spheres, re-
spectively. The open circles denote the location of the missing gal-
lium atoms. The two dashed lines indicate nitrogen-nitrogen
separation distances that are 1.30 and 1.41 A.

This suggests that there is no significant interaction between
the gallium vacancies at the center of the nanowire (in con-
trast to the nitrogen vacancy), although this does not mean
there is not a favorable interaction between gallium vacan-
cies located at the edge of nanowires. We investigate this in
more detail below.

The most stable gallium two-vacancy configuration has
both vacancies located close to each other at the edge of the
nanowire but out-of-plane to each other in different gallium
(0001) planes. This configuration of vacancies is the same as
the most stable nitrogen two-vacancy configuration. Examin-
ing the total formation energies, the most stable two-vacancy
configuration is 1.2 eV more favorable than the next most
favorable configuration, which has the vacancies at the edge
of the nanowire but in-plane [same gallium (0001) plane]
with each other, and as close as possible to each other. When
the two gallium vacancies are well separated but still at the
edge of the nanowire, the configuration is 4.8 eV less stable
than the most favorable configuration and when the two va-
cancies are at the center of the nanowire, the configuration in
6.5 eV less stable than the most favored one. This suggests,
as found for the nitrogen two- and three-vacancy configura-
tions, that there is an attractive interaction between vacancies
as vacancies prefer to be clustered together rather than well
separated, and they prefer to be at the edge of nanowires
rather than in the bulk.

Examining the atomic geometry of the most stable two-
vacancy configuration, we find that three nitrogen atoms
neighboring the vacancies relax significantly to form an Nj
trimer-like configuration similar to an azide molecule. The
N-N separations of the trimer-like species are 1.30 and
1.41 A, significantly shorter than the N-N separation in bulk
GaN of 3.28 A but not as short as the calculated N-N bond
length of 1.12 A for the N, molecule or the average N-N
bond length of 1.16 A reported for the azide ion.** The
Ga-N bond lengths for atoms at the edge of the wire that are
involved in the Nj trimer are notably elongated by
8.1-10.8 %, with respect to the bond lengths in the relaxed
wire with no vacancies, indicating a reduced interaction of
the nitrogen atoms with their gallium neighbors. Examining
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FIG. 13. Band structures of the most stable gallium (a) single
vacancy and (b) two-vacancy configurations, with the energy zero
set at the highest occupied state and defect states are labeled with a
“D.” (c) Corresponding schematic representation of the defect-
induced levels for one and two gallium vacancies, where filled and
open circles denote electrons and holes, respectively. “CB,” “VB,”
and “ES” represent the conduction band, valence band, and edge
states, respectively.

the Ga-N bond lengths for nitrogen atoms within an ~4 A
radius of the trimer, we find a contraction of 1.8—2.5 %, with
respect to the bond lengths in the relaxed wire with no va-
cancies. Nitrogen atoms ~4-8 A from the trimer experi-
ence a similar contraction in the Ga-N bond lengths of
4.8-9.6 %. This contraction may be explained by the re-
duced coordination of edge atoms, as a result of the forma-
tion of the trimer-like species.

The band structure of the most stable two-vacancy con-
figuration is shown in Fig. 13(b) [that of the most stable
single vacancy configuration is also shown in Fig. 13(a), for
comparison]. To determine which states belong to the defect,
the bulk or the edge states, we again investigate the spacial
distributions of the wave functions at the I' point. The posi-
tions of the defect-induced states and the occupations are
shown schematically in Fig. 13(c).

The two-vacancy configuration induces seven defect sin-
glet states spread out across the region of the band gap be-
tween the ES states near the VBM and CBM. The four lower
singlet states are fully occupied and are located 0.1, 0.3,
0.45, and 0.7 eV, respectively, above the ES region near the
VBM. The remaining three states are unoccupied and are
located 1.1, 1.3, and 1.5 eV, respectively, above the ES re-
gion near the VBM. This behavior is quite different to that
observed for the single gallium vacancy, where we find two
defect-induced states just above the ES region near the
VBM, with the lower of these two states occupied by one
electron, while the higher of the two remains unoccupied.
The significant reconstruction to form the Nj trimer-like
structure is the major difference between the most stable
configurations. As a result of the reconstruction, there are
extra dangling bonds around the vacancies that contribute to
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FIG. 14. (Color online) (a) The spatial distribution of the
highest-energy fully occupied defect state [see Fig. 13(c)] at the T’
point for the gallium two-vacancy configuration in the 216-atom
nanowire. Nitrogen and gallium atoms are indicated by dark (blue)
and light (aqua) spheres, respectively, and the orbitals are pale gray.
(b) The difference electron-density distribution in the plane of one
of the vacancies for the gallium two-vacancy configuration in the
216-atom nanowire. Solid (red) lines indicate charge accumulation
and dashed (blue) lines indicate charge depletion.

the extra defect-induced states we observe. In Fig. 14(a) we
plot the spatial distribution of the highest-energy fully occu-
pied defect state at the I" point for the most favorable gallium
two-vacancy configuration, where it can be seen that it is
localized in the region of the vacancies. In Fig. 14(b) we plot
the difference electron-density distribution in the plane of
one of the two gallium vacancies, where an increase in elec-
tron density around the vacancies can be seen, and in par-
ticular, the increase in electron density on the Ny trimer-like
structure that forms in the vicinity of the vacancies is notice-
able.

We can also examine the formation energy per vacancy to
investigate whether as the number of vacancies increases, the
configuration becomes more stable. The formation energy
per vacancy for the most stable nitrogen one-, two-, and
three-vacancy configurations (1V\", 2V, and 3V, re-
spectively) in the nanowires and a single nitrogen vacancy in
bulk GaN (1V&™) is 0.6, 0.2, —0.07, and 2.5 eV, respec-
tively. So in order of stability, from the most favored to the
least favored, we have 2V\">, 3V{™>, 1V§">, and
1V§“1k. So per vacancy, it is easier to form the nitrogen two
vacancy configuration than the three-vacancy configuration.
Similarly, considering gallium vacancies, the formation en-
ergy per vacancy for the most stable gallium one- and two-
vacancy configurations (1V&,© and 2V}, respectively) in
the nanowires and a single gallium vacancy in bulk GaN
(1V'E;L;1k) is 5.9, 3.4, and 7.1 eV, respectively. So in order of
stability, from the most favored to the least favored, we ob-
tain 2VEre>_ 1VEe> and 1V2X. Unfortunately the gallium
three-vacancy configurations were not considered in this
study, but the two-vacancy configuration in the nanowire is
the most preferred for the gallium vacancies, as observed for
nitrogen vacancies.

The implications from the formation energies for the
single and multiple nitrogen and gallium vacancy configura-
tions are that vacancies prefer to cluster than be well sepa-
rated and that vacancies prefer to be located at the edges of
the nanowires rather than in the center. We have also shown
that nitrogen vacancies, at least in the neutral charge state,
are more stable than gallium vacancies.
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D. Single N and Ga vacancies: Effect of saturating wire edge
dangling bonds with hydrogen

In Sec. III B, we considered single nitrogen and gallium
vacancies in unsaturated nanowires. We now investigate the
affect of saturating the wire edge dangling bonds with hydro-
gen. This is of interest as GaN nanowires that are produced
under real growth conditions may be saturated by various
molecules or species present in the growth environment. For
these calculations, we use the 96-atom nanowire and con-
sider the gallium and nitrogen vacancy in the center of the
nanowire [site number 1 in Fig. 3(a)].

For the gallium vacancy, we find that the nitrogen atoms
are displaced outward from the vacancy, with the Ga-N bond
lengths of these atoms contracting by 2.9-7.6 % and
2.7-6.3 %, for the unsaturated and saturated nanowires, re-
spectively (with respect to the Ga-N bond lengths in the re-
laxed unsaturated and saturated wires, with no vacancies).
This suggests that saturating the edge dangling bonds with
hydrogen has only a very small effect on the atomic relax-
ations. For a gallium vacancy in bulk GaN, we found a
2.9-3.7 % contraction (Sec. IIT A) in the Ga-N bond lengths
of neighboring atoms; thus illustrating that the direction and
magnitude of the atomic relaxations in the saturated and un-
saturated wires are similar to those in the bulk.

For the nitrogen vacancy, the neighboring gallium atoms
are displaced outward from the vacancy, with the Ga-N bond
lengths of these atoms contracting by 0.2-1.7 % and
0.2—1.0 % for the unsaturated and saturated nanowires, re-
spectively. This suggests, as found for the gallium vacancy in
the center of the wire, that saturating the edge dangling
bonds with hydrogen has only a very small affect on the
atomic relaxations. In bulk GaN, a similar contraction of
0.2-0.3 % (Sec. IIT A) was found, thus again illustrating that
the direction and magnitude of the atomic relaxations in the
saturated and unsaturated wires are similar to those in the
bulk.

The band structures of the unsaturated and saturated wires
with a single gallium vacancy are illustrated in Figs. 15(a)
and 15(b), respectively, and those of the unsaturated and
saturated wires with a single nitrogen vacancy are illustrated
in Figs. 15(c) and 15(d), respectively. As mentioned previ-
ously, we calculate the spatial distribution of the correspond-
ing wave functions at the I" point to determine whether they
belong to the defect, the bulk, or edge states. The positions
and occupations of the defect-induced states are shown sche-
matically in Fig. 15(e).

For the gallium vacancy at the center of the unsaturated
nanowire [Fig. 15(a)], we find three singlet states located just
above the ES region near the VBM (0.15, 0.2, and 0.25 eV
above), with the lowest of the singlet states fully occupied,
the second lowest singlet containing one electron, and the
highest singlet state unoccupied. We recall that the most
stable configuration for a gallium vacancy is at the edge of
the nanowire, where there are only two defect singlet states
[Fig. 7(c)]. At the edge of the nanowire the coordination is
less than in the center of the nanowire or in the bulk, so it is
not surprising that the defect states differ when the vacancy
is at the edge of the nanowire. At the center of the nanowire,
the atoms are fully coordinated, so we can compare to the
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FIG. 15. The band structure for a gallium vacancy [site number
1 in Fig. 3(a)] in an (a) unsaturated and (b) saturated 96-atom nano-
wire. The band structure for a nitrogen vacancy [site number 1 in
Fig. 3(a)] in an (c) unsaturated and (d) saturated 96-atom nanowire.
The energy zero is set at the highest occupied state and defect states
are labeled with a “D.” (e) Corresponding schematic representation
of the defect-induced levels for the vacancies in saturated and un-
saturated nanowires, where filled and open circles denote electrons
and holes, respectively. “CB,” “VB,” and “ES” represent the con-
duction band, valence band, and edge states, respectively.

results for bulk GaN. In bulk GaN [Fig. 1(c)], there are three
singlet states just above the VBM, with the lowest of the
singlet states fully occupied, the second lowest singlet con-
taining one electron and the highest singlet state unoccupied,
which is qualitatively similar to what we find for the unsat-
urated nanowire with the defect in the center. For the satu-
rated nanowire [Fig. 15(b)], the band gap is wider than for
the unsaturated case [Fig. 15(a)]. We have reported previ-
ously that saturating dangling bonds removes their influence
in the region of the band gap, leading to larger band gaps for
the saturated nanowires.'> The band gap of the saturated
nanowires is also significantly greater than that of the bulk
system (the band gaps are 2.7-0.4 eV larger than the bulk
GaN band gap, for nanowires with diameters ranging from
6.3 to 35.0 A). For the saturated nanowire, there is again
three defect-induced states above the VBM; but compared to
the unsaturated case, the three states are very close in energy
(within ~0.02 eV difference, almost appearing as a triplet),
and the states are further above the VBM (~0.5 eV). In bulk
GaN, the energy separation of the three states above the
VBM is ~0.1 eV, with the singlet states located 0.2-0.3 eV
above the VBM.
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For the nitrogen vacancy at the center of the unsaturated
nanowire [Fig. 15(c)], there are four defect-induced singlet
states, with one singlet state fully occupied, 0.1 eV below the
ES region near the VBM, and three singlet states 0.25, 0.6,
and 0.8 eV below the ES region near the CBM, with the
lowest of these half occupied, and the other two unoccupied.
As with the gallium vacancy, when we compare the results
for the unsaturated nanowire with a vacancy in the center to
the most stable configuration with the vacancy at the edge,
we find that the vacancy at the edge has one less defect state
[Fig. 5(c)]. In this case, the defect state just below the ES
region near the VBM is not present when the vacancy is at
the edge of the nanowire. The other (higher lying) defect
states are similar, where both have three singlet defect states
just below the ES region near the CBM. Comparing the
defect-induced states of the unsaturated nanowire with the
vacancy in the center to a nitrogen vacancy in bulk GaN
[Fig. 1(c)] shows they are quite similar. Both induce four
singlet defect states; but in bulk GaN, the unoccupied (high-
est) singlet state is just above the CBM, whereas in the un-
saturated nanowire the unoccupied (highest) state is located
just below the ES region near the CBM. For the saturated
nanowire, there is again four defect-induced singlet states,
with one singlet state fully occupied, 0.1 eV above the VBM,
and three singlet states just below the CBM with the same
occupations observed for the unsaturated wires, although in
this case, the states are much closer together (0.5, 0.55, and
0.65 eV below the CBM). As with the unsaturated nanowire,
when comparing the saturated nanowire to the results for
bulk GaN, they compare closely, but with some small differ-
ences: the fully occupied defect state in the region of the
VBM is actually located just above the VBM (in bulk GaN it
is located just below the VBM) and the unoccupied (highest)
singlet state is just below the CBM (while in bulk GaN it is
located just above the CBM).

Overall there are some interesting differences between the
results for the saturated and unsaturated wires with a single
gallium and nitrogen vacancy in the center of the nanowire.
While the atomic relaxations of neighboring atoms around
each of the vacancies are similar (both in terms of magnitude
and direction), the band structures are very different, as the
unsaturated wires show edge states in the region of the VBM
and CBM, while for saturated wires, the influence of the
edge states has been removed. For the gallium vacancy, both
the unsaturated and saturated nanowires contain three defect-
induced singlet states, although in the unsaturated wire, the
states are 0.15-0.25 eV above the ES region near the VBM,
while in the saturated wire, the states are ~0.5 eV above the
VBM and are very close together (within 0.02 eV). For the
defect states induced by the nitrogen vacancy, both the un-
saturated and saturated nanowires have four defect-induced
singlet states, with the lowest (fully occupied) singlet 0.1 eV
above the VBM in the saturated nanowire and 0.1 eV below
the top of the ES region near the VBM for the unsaturated
nanowire. The other three singlet states are all located near
the CBM, with a separation of 0.25-0.8 eV below the ES
region near the CBM for the unsaturated nanowires and a
separation of 0.5-0.65 eV below the CBM for the saturated
nanowires. On the basis of defect positions and occupancies,
we find that nitrogen vacancies mainly act as donors and
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gallium vacancies act as acceptors. Interestingly, the fully
occupied singlet state is located below the VBM in bulk
GaN, while in the saturated nanowire it is located just above
the VBM. This suggests that potentially the nitrogen vacancy
in the saturated nanowire can act as a triple donor, while in
bulk GaN it is a single donor.

IV. CONCLUSIONS

We have examined single and multiple gallium and nitro-
gen vacancies in unsaturated [0001] GaN nanowires, for two
different sizes, namely, a 96-atom (9.5 A diameter) and a
216-atom (15.9 A diameter) nanowire. We find that the most
stable location for a single gallium and nitrogen vacancy is at
the edge of the nanowires. The most stable nitrogen two- and
three-vacancy configurations are those where the vacancies
are located at the edge of the nanowires and that the vacan-
cies prefer to cluster together rather than be well separated.
We also found this behavior for the most stable gallium two-
vacancy configuration. A single gallium vacancy induces two
singlet defect states above the ES region near the VBM, with
the lowest of these occupied by one electron, and the other
unoccupied. In bulk GaN, for the single gallium vacancy,
there are three singlet defect states in a similar location,
where the extra singlet state is fully occupied. For the gal-
lium two-vacancy configuration, the band structure shows
seven defect singlet states above the ES region near the
VBM, with the four lower states fully occupied and the three
remaining states unoccupied. There is a large reconstruction
of the nitrogen atoms around the two gallium vacancies to
form an Nj trimer-like species, which gives rise to the extra
states observed in the band gap. For a single nitrogen va-
cancy, there are three defect-induced singlet states located
below the ES region near the CBM, with the lowest of these
states occupied by one electron, while the other two defect
states remain unoccupied. In bulk GaN, we find an extra
singlet state that is fully occupied and located below the
VBM and the highest unoccupied state is above the CBM. As
for the single gallium vacancy, we attribute the missing sin-
glet state to the lower coordination of the vacancy at the edge
of the nanowire. For the nitrogen two-vacancy configuration,
there are four singlet states below the ES region near the
CBM, with the lowest of these fully occupied and the others
unoccupied. We also find, as a result of relaxation around the
two nitrogen vacancies, that there is a reduced distance (of
19.2%) between two gallium atoms, resulting in a Ga-Ga
distance similar to in bulk Ga. For the nitrogen three-
vacancy configuration, the induced defect states are similar
to the most stable two-vacancy configuration, except that
there is an extra singlet state and one more electron occupy-
ing these defect states.

We investigated the influence of saturating dangling
bonds on the atomic and electronic properties of single gal-
lium and nitrogen vacancies at the center of the nanowire.
The band structures for the saturated and unsaturated cases
have some notable differences, as the unsaturated wires show
edge states in the region of the VBM and CBM, while for
saturated wires, the influence of the edge states is removed.
For the gallium vacancy, the unsaturated and saturated nano-
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wires have three defect-induced singlet states, with the sin-
glet states very close together in the saturated wires, almost
appearing as a triplet state, while remaining slightly more
spread out in the unsaturated wire. For the nitrogen vacancy
in both the unsaturated and saturated nanowires, there are
four defect-induced singlet states, with the lowest fully oc-
cupied singlet state located in the edge state region near the
valence band in the unsaturated wire, and located above the
VBM in the saturated wire.

Comparing the formation energies per vacancy of gallium
defects versus nitrogen defects in the nanowires, we find that
the nitrogen vacancy is considerably more stable (easier to
form). Thus, we expect nitrogen vacancies to be the major
native point defect in GaN nanowires, similarly to in bulk
GaN. !0

The nitrogen vacancy (and vacancy clustering) introduces
occupied states ~0.5-0.65 eV below the ES region near the
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CBM which may explain the experimentally reported pin-
ning of the Fermi level at the nanowire surface, around 0.5—
0.6 eV below the CBM. Furthermore, for unsaturated wires,
the calculations indicate that any conductivity due to nitro-
gen or gallium vacancies will be confined to the outer region
of the wires due to the close proximity of the defect-induced
states to the ES bands.
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