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The electronic structures of boron and nitrogen vacancies in cubic boron nitride~BN! are investigated using
the full-potential linearized augmented-plane-wave, full-potential linear-muffin-tin-orbital, and linear-muffin-
tin-orbital–tight-binding approaches. All the methods give quantitatively consistent results on ideal cubic BN
that are also compared with previous calculations. Using a 64-atom supercell, we have examined the electronic
states of boron and nitrogen vacancies. Lattice relaxation around the vacancies is not considered. Both boron
and nitrogen defect states appear to form well-defined narrow bands in the forbidden gap ofc-BN. The ones
for boron vacancy are located near the top of the valence band and are partially occupied. They represent
‘‘acceptor levels of boron vacancy.’’ For the nitrogen defect, the ‘‘vacancy levels’’ overlap with the states at the
conduction-band edge. The characteristics of vacancy states, their localization degrees and influence on the
electronic density of states, and charge distribution inc-BN crystals are discussed. These results suggest that
both boron and nitrogen vacancies can be ‘‘p-type’’ and ‘‘n-type’’ doping agents, respectively, when the
composition ofc-BN deviates from ideal stoichiometry.

I. INTRODUCTION

Significant progress in growth methods of wide gap semi-
conductors in recent years has renewed interest in their use
for electronic and optoelectronic devices.1–3 Based on physi-
cal properties of these materials, novel devices can be fabri-
cated and are expected to operate at high power, elevated
temperatures, and at high frequency. For example, the blue-
light-emitting diodes have been successfully built from gal-
lium nitride ~GaN!. Other devices, such as ultraviolet laser
diodes, ultraviolet light detectors, and high temperature di-
odes and transistors, may well be possible.

The most promising semiconductors for these unusual de-
vices are the III-V nitrides, especially boron nitride, which
has the widest heteropolar band gap among all III-V com-
pounds (.6 eV! and possesses extreme hardness, chemical
inertness, high thermal stability, and high resistivity. There-
fore, BN is a potential candidate for high-temperature,
radiation-resistant devices, and is also an effective material
for ultrahard ceramics applications.4,5 BN can also be used in
the growth and processing of other semiconductors, such as
gate dielectrics, x-ray lithography masks,6 efficient heat-
dissipating semiconductor substrates, wear-resistant coatings,
and hard optical layers.

Being isoelectronic to carbon, it is not surprising that bo-
ron nitride has hexagonal (h-BN! ~Ref. 3! and cubic
(c-BN! ~Ref. 7! phases similar to the graphite and diamond
phases of carbon. BN is also known to exist in four other
crystalline structures: rhombohedral (r -BN!,4 wurtzite
(w-BN!,8 simple cubic,9 and turbostratic (t-BN! ~Ref. 10!
phases. These are metastable structures, with the last two
phases having been recently identified.

Among all the phases, cubic BN is the most interesting,
both from technological and scientific points of view. Tech-
nologically,c-BN is the second hardest material known~ex-

ceeded only by diamond! and has excellent thermal conduc-
tivity. Scientifically, it is one of the wide gap semiconductors
which can be easily doped to produce bothn-type andp-type
conductivities. However, the mechanism for exhibiting si-
multaneousn- and p-type conductivities is not well under-
stood. There are suggestions that the formation of point de-
fects~vacancies, antisite defects, and interstitials!3,11may be
responsible. In fact, none of the nitride semiconductors form
stoichiometric melts, and large deviations from stoichiom-
etry are often observed.

Extreme conditions@pressures up to 5.5 GPa and tempera-
tures of 1700 °C~Ref. 12!# are required for growingc-BN. A
large variety of experimental techniques has been used
to synthesizec-BN, especially in film form: chemical13

and physical vapor deposition~CVD and PVD,
respectively!,14–16 plasma enhanced CVD,17–19 pulsed exci-
mer laser ablation,20 radio-frequency sputtering,21 ion-
assisted laser deposition,22,23 neutralized nitrogen ion
bombardment,24 Ar ion-beam-enhanced deposition,25 and
others. It was shown thatc-BN can be formed only by a
sharp rise in temperature followed by fast quenching, which
freezes in a metastable phase. This is usually achieved when
the boron is sputtered, laser ablated, or evaporated, and the
nitrogen is ionized to the N1 or N21 forms, and accelerated
to the substrate~usually made of silicon!, where it serves as
an active ion to form a B-N bond. The cubic phase appears to
form in rather narrow windows of specific experimental con-
ditions of the momentum per atom transferred into the film
in the ion bombardment techniques,16,25 the energy of bom-
barding ions,3 or the limited ranges of specific deposition
temperatures and gas pressures.

Fourier transform infrared, electron probe microanalysis
x-ray photoemission spectroscopy,24 ~XPS!,25 Auger
spectroscopy,23 transmission electron microscopy,22 near-
edge x-ray absorption fine structure,26 and other experimen-
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tal techniques have been used to characterize the composi-
tion and structure of boron nitride films. Thec-BN phase is
readily identified, and under the best experimental conditions
considerable deviations from stoichiometry are usually ob-
served. The N/B ratio varies significantly depending on the
experimental conditions and the deposition technique@see,
e.g., Refs. 24, 25, and 27#. Often the films have a tendency to
be nitrogen deficient,22,24 forming vacancies in the zinc-
blende crystal lattice. Some other defects have been traced in
the c-BN films, most typically, C,24 H, or O impurities.26

Traces of metals have also been found.26

Despite the clear recognition of the crucial influence of
lattice defects on the physical and chemical properties of
boron nitride phases, such as the value of the energy gap,
conductivity, optical properties,12,27 and thermomechanical
properties~microhardness14 and others!, very little is known
about the nature of the defect states. Traditional experimental
techniques, such as deep level transient spectroscopy, for de-
termining the energy states of intrinsic and doped samples
appear to be ineffective for crystals with wide energy gaps
and low conductivities. Electron spin resonance, thermo-
stimulated luminescence, and thermostimulated conduction
have been used to probe energy states of defects in the gap of
h-BN.28,29Charge carrier trapping and recombination centers
in graphitelike pyrolytic BN produced by gas-phase deposi-
tion have been investigated by thermally activated spectros-
copy of luminescence and conduction.30 Semiempirical cal-
culations of the electronic structure of pyrolytic BN with
vacancies stabilized by C have been performed31 for h-BN.
At the same time, first-principles electronic structure calcu-
lations for different phases of defect-free boron nitride have
been carried out.32–34However, noab initio calculations for
defects have been reported.

In this paper, we present results of electronic structure
calculations for simple defects inunrelaxed c-BN crystal
lattice— isolated boron and nitrogen vacancies—and relate
their influence on the optical and conduction characteristics
of this material. The paper is organized as follows. In Sec. II,
we present results for the electronic structure of the ideal
c-BN crystal calculated with different band structure meth-
ods based on local density approximation~LDA !:35 the full-
potential linearized augmented-plane-wave~FPLAPW!,36,37

full-potential linear combination of muffin-tin orbital
~FPLMTO!,38 LMTO-atomic sphere approximation~ASA!,
and tight-binding~LMTO-ASA-TB! methods.39,40 The pur-
pose of these calculations is to justify our use of the LMTO-
ASA-TB method for treating defect states inc-BN. Results
of supercell calculations for the electronic structure of a bo-
ron vacancy and its effects on the electronic states of neigh-
boring atoms will be discussed in Sec. III. In Sec. IV, we
give a similar presentation of the results for a nitrogen va-
cancy. Finally, a summary will be given in Sec. V.

II. METHODS OF CALCULATIONS, MODELS, AND
RESULTS OF BN IN IDEAL ZINC-BLENDE STRUCTURE

In order to test the sensitivity to the input parameters,
such as the muffin-tin and the atomic sphere radii, for a
simple but reliable technique for the studies of defect states
in c-BN, we have carried out band calculations for the ideal
zinc-blende phase of boron nitride (c-BN! using three differ-

ent linearized approaches:~i! the highly precise FPLAPW
method;37 ~ii ! the FPLMTO method developed by
Methfessel;38 and ~iii ! the LMTO-ASA-TB method39 devel-
oped recently.40 These methods are based on the LDA,35 for
which we have used the Hedin-Lundqvist exchange-
correlation form.41

c-BN crystallizes in the zinc-blende structure~two atoms/
cell! with a lattice parameter of 3.615 Å.42 Recent transmis-
sion electron microscopy data20 for 1000-Å-thick films on Si
substrate give a lattice parameter of 3.62 Å~with an error of
,1%!. Therefore, a value of 3.615 Å is used in our first set
of calculations. The other computational details are as fol-
lows: The muffin-tin radii were 1.42 a.u. for both B and N in
the FPLAPW calculations, while in the FPLMTO calcula-
tions the muffin-tin radii were 1.479 a.u. for both B and N,
and the angular momentum cutoff wasl54. In the FPLMTO
calculations, a multiplek muffin-tin-orbital basis set was
used. Three augmented Hankel functions with decay energies
k of 20.01, 21.0, and22.3 Ry were utilized. In order to
improve the description of the potential in the interstitial
region, two empty spheres~ES! at standard (21/4, 21/4,
21/4) and ~1/2, 1/2, 1/2! positions were used. In this
LMTO-ASA-TB-ES method, the radii of the atomic and
empty spheres were set equal to the Wigner-Seitz radius. The
summations in reciprocal space were done using ten special
k points43 in the FPLAPW method.

To model an isolated vacancy inc-BN, a cubic supercell
consisting of eight zinc-blende cells with 64 atoms was used.
The vacancy was located at the center of the supercell and
was simulated by a ‘‘vacancy empty sphere,’’ withs, p, and
d vacancy states included in the orbital basis. Atoms and
vacancy are located on the ideal zinc-blende sites and no
structural relaxations are included in the current calculations.
Using first-principles methods such as the FPLAPW or
FPLMTO methods on such a big supercell is computation-
ally prohibitive. On the other hand, a simplified approach
such as the self-consistent LMTO-ASA-TB method is fea-
sible. In an attempt to simplify the supercell calculations, we
have performed a less accurate, but simplified, option in the
LMTO-ASA-TB calculations — no empty sphere was intro-
duced in the traditional way, but the degree of atomic sphere
overlap was increased to fill the whole unit cell volume. We
will refer to this method of such calculations as ‘‘the LMTO-
TB-NO-ES.’’

Figure 1 compares the calculated band structures for
c-BN using the different methods. The values for the band
gap and band widths are summarized in Table I. These re-
sults are in reasonable agreement with each other: the disper-
sion of the bands computed by the FPLAPW and FPLMTO
methods is practically indistinguishable for both the valence
and the conduction bands. The band orderings at the high
symmetry points are identical and the band widths are very
close~Table I! and agree well with the results of an earlier
FPLAPW calculation.32 In comparing these results to the
ones calculated by the LMTO-ASA-TB method@Fig. 1~c!#,
there are some relatively small increases in the gap values at
variousk points ~Table I!. The overall agreement, however,
is very good. These comparisons give us confidence in using
the simplified LMTO-ASA-TB method to study defect states
in c-BN ~Secs. III and IV!.

The calculated lattice constants are listed in Table II. All
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methods~except for the LMTO-TB-NO-ES! yield values of
the lattice constant which are,1% smaller than the experi-
mental value. This is typical for the LDA calculations. The
‘‘exact’’ agreement with the experimental value of the lattice
constant obtained by LMTO-TB-NO-ES and by the similar
method in Ref. 33 is probably fortuitous. The equilibrium
bulk modulus determined by the FPLAPW method is 402

GPa which agrees reasonably well with the experimental
value of 380 GPa.

The charge distributions in the~110! plane obtained by
the FPLAPW method are presented in Fig. 2~a!. Strong ion-
icity of the bonding can be easily discerned, with electronic
charge transferred from the boron atom to the nitrogen atom.
The difference in charge density between the calculated
charge density and a superposition of free-atom charge den-
sities @Fig. 2~b!# illustrates nicely the overall strong direc-
tional B-N bonding in the~110! plane. Figure 3 depicts the
charge density contours obtained from the LMTO-ASA-TB
results with@Figs. 3~a! and 3~b!# and without@Figs. 3~c! and
3~d!# empty spheres. Again, both the FPLMTO~not shown
here! and LMTO-ASA-TB methods~Fig. 3! provide similar
descriptions of the charge density for the occupied bands to
the FPLAPW method@Fig. 2~a!#, while the simplified
LMTO-TB-NO-ES results do not show any significant dif-
ference in the total charge density distributions either.

Figure 4 gives the total and partial densities of states
~DOS! deduced from the LMTO-ASA-TB calculations~us-
ing 245 nonequivalentk points in the irreducible Brillouin
zone!. As is seen, the lower part of the valence band~be-
tween220 and215 eV! is formed by the N 2s states. The
N 2p states hardly contribute to the bands in this energy
region, but they do hybridize strongly with both 2s and 2p
states of boron in the upper part of the valence bands
(211 eV and above!. N 2p and B 2s hybridization is most
pronounced at the bottom of the upper valence band region,

FIG. 1. Calculated energy bands for zinc-blende BN (c-BN!
using the~a! FPLAPW ~b! FPLMTO, ~c! LMTO-ASA-ES, and~d!
LMTO-ASA-NO-ES methods. The energy zero is set at the top of
the valence band.

TABLE I. Energy gaps and band widths~in eV! for the zinc-blende BN.WL , WU ,WT denote the lower
valence band width, upper valence band width, and total valence band width, respectively.

Present work Other work
Gap FPLAPW FPLMTO LMTO-TB
widths ES NO-ES

Gv-Gc 7.2 8.62 8.52 8.21 8.93a 8.8b 8.6c

Gv-Lc 9.4 10.25 10.57 10.42 10.29a

Gv-Xc 4.3 4.41 4.48 4.32 4.42a 4.4b 4.2c

Gv-Kc 7.1 6.85 7.29 7.20
Wv-Wc 16.1 16.12 16.01 16.03
WL 5.2 6.02 6.08 6.11 5.9b 5.2d

WU 10.8 10.54 10.79 10.81 10.7b 13.5d

WT 19.5 20.01 20.17 20.14 20.1b 22e

aLMTO-ASA, Ref. 33.
bFPLAPW, Ref. 32.
cPseudopotential, Ref. 44.
dX-ray experiment, Ref. 45.
eXPS experiment, Ref. 46.

TABLE II. Calculated and experimental lattice constants for
c-BN.

Present work Expt. Other work
FPLAPW FPLMTO LMTO-TB

ES NO-ES

a0 ~Å! 3.59 3.58 3.58 3.62 3.62 3.61a 3.59b

aLMTO-ASA, Ref. 33.
bFPLAPW, Ref. 32.
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while the B 2p and N 2p mixing defines the shape of the
topmost part of the upper valence band. The states near the
valence band edge are predominantly N 2p states, while the
bands in the lower conduction band are mixtures of compa-

rable contributions from all antibonding N 2s, N 2p, B 2s,
and B 2p states, with somewhat larger B 2p contributions at
the conduction band edge. The inclusion of basis functions
up to l52 within the empty spheres appears to be helpful in
describing the delocalization of electronic states in the higher
energy conduction bands. Results calculated by the
FPLAPW, FPLMTO, and LMTO-TB-NO-ES methods are
practically identical to the ones presented in Fig. 4. Signifi-
cant differences occur in an energy range much above the
conduction band edge because the characteristic inputs are
different in all these computational approaches, and the
higher energy conduction band states are sensitive to these
computational parameters.

As is well known, LDA calculations provide reliable in-
formation for the ground state properties of the crystal, but
the energy gaps between the occupied and empty levels are
usually underestimated. The experimental band gap found,
e.g., from x-ray emission and UV absorption spectra, is in
the range 6.0–6.4 eV, as compared with the value of 4.4 eV
in our, and other, LDA calculations~Table I!. This drawback
of the LDA approach can be greatly improved by the com-
putationally intensiveGW method47 ~for other approaches
see also Refs. 48–51!. This quasiparticle treatment has been
carried out forc-BN ~Ref. 52! and h-BN,34 with resultant
gap values of 6.3 and 5.4 eV, respectively. Since the self-
energy of the quasiparticle appears to be only weaklyk de-
pendent, it is, therefore, justified to use a simpler approach to
correct the band gap. We have used the simplified method,
LMTO-TB for the band structure calculations, together with
the approach of Bechstedt and Del Sole50 to improve our gap
value inc-BN to 6.2 eV.

To close this section, we reiterate that the electronic prop-

FIG. 2. Charge density distribution in the~110! plane calculated
using the FPLAPW method:~a! total charge density, where succes-
sive contours differ byrn11 /rn51.350; and~b! difference charge
density, where successive contours differ byrn112rn50.08e/A3.
A solid dark line next to a dashed line indicates the zero contour,
while solid ~dashed! lines indicate charge accumulation~depletion!.

FIG. 3. Total charge density maps calculated using the
LMTO-TB method:~a! for the ~110! plane~ES calculation!; ~b! for
the ~100! plane ~ES calculation!; ~c! for the ~110! plane ~no ES
calculation!; and ~d! for the ~100! plane~no ES calculation!. Suc-
cessive contours differ byrn11 /rn51.350.

FIG. 4. Total and partial densities of states forc-BN ~LMTO-
TB-NO-ES calculations!.
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erties of idealc-BN crystal are very reasonably described by
the simpler LMTO-ASA-TB-ES method. Therefore, we have
used this computationally efficient method to study vacancy
states in nonstoichiometricc-BN.

III. BORON AND NITROGEN VACANCIES: GENERAL
DISCUSSION

Before discussing the results of our calculations of the
electronic structure of the systems with B or N vacancies, it
is worthwhile to give a general discussion of what might be
expected from considering the crystal structure of zinc-
blende structure BN and the atomic properties of boron and
nitrogen.

First, consider the B vacancy which is surrounded by four
N nearest neighbors, each of which is coordinated with three
other occupied B nearest neighbors. Each of these N atoms
shares five electrons (2s22p3) with its neighbors leaving,
approximately, a total of five (43 5

4! ‘‘dangling,’’ unpaired
electrons in the vicinity of the B vacancy and its four N
nearest neighbors. The unpaired electrons will tend to form
bound states with the nitrogen nuclei, starting with a filled
s-like state with two electrons~accounting for spin degen-
eracy!, with the next three electrons in ap-like bound state at
a higher energy. For thes-like state, the bound state should
be close to the location of the Ns-like band states, approxi-
mately 15 eV below the top of the valence bands in BN,
while thep-like state should occur in the valence conduction
band gap, e.g., above the upper edge of the Np-like itinerant
states. Thes-like charge density is expected to be fairly lo-
calized around the nitrogen nearest neighbors to the vacancy
~since the level is fairly deep in energy!, while the p-like
states should have characteristic projections toward the B
vacancy site.

Similar considerations for the case of an N vacancy give
the result that there are three unpaired electrons in the vicin-
ity of the vacancy~from the shared 2s22p1 valence electrons
of the B nearest neighbors!. These three electrons should,
with increasing energy, form a doubly occupieds-like state
and a partially occupiedp-like state. However, in distinction
from the case of the B vacancy, thes-like bound state should
split off from the top of the valence band since the Bs-like
states in the crystal~and in the atom! are approximately 10
eV higher in energy than thes-like states for nitrogen form-
ing nonbonding localized states. Thep-like bound state
should be close to the conduction band edge as it is approxi-
mately 5 eV higher in energy in the boron atom. We would
expect thes-like charge density in this case to be more dif-
fuse than in the case of the B vacancy due to its falling at a
higher energy. We find, as described in the next section, that
thep-like state in this case falls as a resonance slightly above
the conduction band edge rather than a true bound state. This
is a result of the limitations of the LDA, as discussed by
Pederson and Klein,53 and is related to the fact that the LDA
potential does not fall off as 1/r at larger as should be the
case for the ‘‘true’’ potential.

We will show in the next section that these physically
motivated expectations are borne out by our explicit calcula-
tions, although the details of the locations of the bound states
and the forms of the charge densities are, of course, depen-
dent on the full response of the crystal to the vacancies and

the fact that we are modeling the vacancy with a finite-sized
supercell. In particular, a truly isolated vacancy will give an
isolated bound state, while, because of the supercell approxi-
mation, we will find narrow vacancy bands.

However, the vacancy calculations described below have
been done in the LDA approximation since the vacancy-
induced gap states we find will not be changed in a qualita-
tive manner~see Ref. 53 for a discussion!.

IV. BORON VACANCY IN c-BN

The calculations of the electronic structure of boron va-
cancies in the zinc-blende phase of BN have been carried out
by applying the LMTO-TB-NO-ES method to a 64-atom su-
percell with the central boron atom replaced by an empty
sphere of the same radius~see Sec. II for computational de-
tails!. Such a model corresponds to the B0.984N1.000 stoichi-
ometry of ac-BN crystal.

In order to see how far the states of the vacancy delocal-
ize in the crystal, we have studied the atoms~still remaining
at ideal positions! around each vacancy to see how their
charge distribution and eigenstates adjust in response to the
removal of a nearby atom. The atoms can be categorized by
shells: The nearest neighbors to the boron vacancy are N
atoms forming the first N shell~1st N shell!, the second
neighbors constitute the first B shell, the second N and B
shells contain, respectively, the third and fourth neighbors,
etc. The extent of delocalization can then be examined from
the local DOS of each cell. In Fig. 5, we present the total and
shell-projected DOS for the atoms up to fourth neighbors.
The most striking result of these calculations is the appear-
ance of a narrow and strong ‘‘boron vacancy’’ peak split off
from the top of the valence band. The gap between the top of
the valence band and the ‘‘vacancy level’’ is 0.63 eV, and the
total width of the vacancy band is 0.45 eV for the system of
64 sites we have studied. The shell-projected DOS show that
electronic states at the boron vacancy site consist mainly of
p-like states from nitrogen atoms in the 1st N shell. At the
same time, the delocalization of boron vacancy states ex-
tends to the 2nd N shell, although this contribution is much
smaller. Therefore, the origin of the width of this structure
can, primarily, be attributed to the formation of molecular-
type orbitals from thep-like states of the nearest-neighbor N
atoms.

Figure 6~a! gives an expanded view of Fig. 5~a! in the
energy range of25 to 5 eV for the vacancy-related band,
which is only partially occupied, with the Fermi energy co-
inciding with the maximum of the peak in DOS. In other
words, a boron vacancy plays the role of a specific acceptor
impurity, with the ‘‘impurity level’’ being partially occupied
already in the ground state~at zero temperature! of the sys-
tem. At elevated temperatures, electrons can be excited from
the valence band to this partially occupied ‘‘vacancy level,’’
so that the sample can also exhibitp-doped behavior.

The details of the chemical nature of the boron vacancy
can be seen from the partial DOS given in Figs. 6~b!–6~d!.
The vacancy states are formed from thes-like and p-like
states from neighboring N atoms as shown by the DOS struc-
ture at about23 eV ~below the top of the valence band!. The
s component of the vacancy states is completely occupied.
The most pronounced contributions are from the nitrogenp
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states of the neighboring atoms. As discussed in the preced-
ing paragraph, they contribute to the states at the Fermi level.
Figure 6 shows somed-characteristic states contributing to
the ‘‘vacancy states.’’ This reflects the symmetry of the va-
cancy site and the surrounding structure on the chemical na-
ture of the vacancy states.

Some qualitative ideas on the charge state of the boron
vacancy and its influence on the charge distribution of the
atoms nearest to the vacancy site can be drawn from the
magnitudes of the charge densities in the atomic spheres
given in Table III. It is worth noting that these values refer to
some averaged charge gain or loss in the highly overlapping
atomic spheres centered at the appropriate atomic sites com-
pared with the value of free-atom charge density in these
spheres. By further comparing to the values for the ideal
crystal, one can obtain some idea about charge redistribution
near the boron vacancy sites in nonstoichiometricc-BN crys-
tals. The boron vacancy accumulates negative charge, which
is mostly from nitrogen atoms of the 1st N shell. As a result,
the 1st N shell atoms, being negatively charged in the ideal
crystal, become less ionic. In this sense, a boron vacancy
plays the role of a trap for the valence electrons contributed
by the nearest-neighbor N atoms. The charges of the second

up to fourth neighbor atoms are affected by the vacancy to a
lesser extent.

These conclusions are confirmed by the charge density
plots in the~110! and ~100! planes containing the boron va-
cancy. As is seen from Fig. 7~a!, charge distributions of the
1st N shell are deformed and shifted towards the vacancy site
compared to the ideal crystal~Fig. 3!. The charge density
contours in the~100! plane@Fig. 7~b!# show the formation of
molecular-type orbitals from the nearest nitrogen neighbors,
the 1st N shell atoms, around the boron vacancy.

The charge density plots for the electrons in the vacancy
band@the energy interval from20.5 eV to the Fermi energy
in Fig. 6~d!# are given in Fig. 7~c! for the ~110! plane and
Fig. 7~d! for the ~100! plane, respectively. In the~110! plane
@Fig. 7~a!#, the vacancy states appear to come essentially
from thep states of the neighboring nitrogen atoms. On the
other hand, the contours in the~100! plane@Fig. 7~d!# exhibit
d-like characteristics reflecting the symmetry around the va-
cancy. Both plots show the weak extensions of the states to
the next shell of boron~the 1st B shell! and nitrogen~the 2nd
N shell! atoms.

We conclude in this section that the results of the calcu-
lations show~i! a boron vacancy in thec-BN crystal behaves
as an acceptor-type impurity;~ii ! it induces a new, strong,
and narrow band of states near the top of the valence band,

FIG. 5. Shell-projected local densities of states of boron vacany
in BN for ~a! boron vacancy site;~b! N atoms of the first coordina-
tional sphere~1st N shell with 4 N atoms!; ~c! N atoms of the third
coordinational sphere~2nd N shell withxx N atoms!; ~d! B atoms
of the second coordinational sphere~1st B shell with 12 B atoms!;
~e! B atoms of the fourth coordinational sphere~2nd B shell withyy
B atoms!; and ~f! the total DOS.

FIG. 6. Partial densities of states for B vacancy:~a! total B
vacancy DOS;~b! s states;~c! p states;~d! d states.

TABLE III. Change~relative to the atomic values! of the charge
in the atomic spheres in units ofueu.

Atom Ideal BN B vacancy N vacancy

B 20.121 1.302
N 0.121 0.948
1st coord. sphere 20.270~N! 20.474~B!

2nd coord. sphere 20.118~B! 0.142~N!

3rd coord. sphere 0.127~N! 20.102~B!

4th coord. sphere 20.125~B! 0.122~N!
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which reduces the effective band gap value.

V. NITROGEN VACANCY IN c-BN

We modeled a nitrogen vacancy in a zinc-blende BN crys-
tal by replacing the central nitrogen atom of the 64-atom
supercell by an empty sphere of the same size~with ‘‘va-
cancy’’ s, p, d states included in the basis!. Such a model
corresponds to the B1.000N0.984 stoichiometry of the crystal.
Thechargearound the vacancy fromstructural unrelaxed1st
B shell, 1st N shell, and 2nd B shell atoms was allowed to
relax and change their electronic states under the influence of
the nitrogen vacancy. The LMTO-TB-NO-ES calculation re-
sults are presented in Figs. 8–10 and Table III.

A nitrogen vacancy in the BN lattice leads to significant
differences for the electronic states and the energy spectrum
of the sample as compared to the case of boron vacancy.
Although a well-defined peak is split off from the valence
band edge similar to the case of the boron vacancy, it is at a
somewhat larger separation from the top of the valence band
and is now completely occupied. Therefore, the Fermi level
is located at the shoulder of the lowest energy peak in the
conduction band. From the shell-projected DOS~Fig. 8!, it
follows that both these structures originate from the interac-
tion of the nitrogen vacancy with the boron atoms in the 1st
B shell. Smaller interactions are seen between the vacancy
and the nitrogen atoms in the 1st N shell. More distant shells
do not make sizable contributions to the formation of the
characteristics of the ‘‘vacancy levels’’ in the energy spec-
trum.

The calculated charge in the atomic spheres of atoms in
different shells~Table III! shows that the nitrogen vacancy
accumulates a lesser amount of electronic charge as com-
pared with the boron vacancy. Most of the charge is origi-
nated from the neighboring boron atoms~first B shell!. It is
interesting to note that nitrogen atoms in the first N shell
become more negatively charged than the ones in ideal
c-BN. Only the atoms of the fourth neighbor~2nd N shell!
stop feeling the perturbation induced by the nitrogen va-
cancy.

The electronic structures of nitrogen vacancy states in the
different energy regions can be examined using the partial
DOS ~Fig. 9!. The states split off from the top of the valence
band are ofs symmetry relative to the vacancy site@Fig.
9~a!#. They are related to thes-like states of the atoms in the
1st B shell. Thep states of the vacancy are located at the low
energy part of the conduction band@Fig. 9~c!#. The p va-
cancy band overlaps with the low energy conduction states
of the idealc-BN crystal rather than splitting off as a bound
state below the conduction band edge. As discussed earlier,
this is related to a limitation of the LDA. This band comes
from the nonbondingp-like states of atoms in the 1st B shell.

In Fig. 10, we present the charge density plots for the case
of the nitrogen vacancy generated for~110! @Fig. 10~a!# and
~100! @Fig. 10~b!# planes, respectively. The charge distribu-
tion of 1st B shell atoms appears to be strongly distorted

FIG. 7. Charge density maps for a crystal with a B vacancy:~a!
^110& plane total valence charge density;~b! ^100& boron plane
total valence charge density;~c! ^110& plane density for the
vacancy-induced bands; and~d! ^100& boron plane density for the
vacancy-induced bands.

FIG. 8. Shell-projected local densities of states of nitrogen va-
cany in BN for ~a! boron vacancy site;~b! B atoms of the first
coordinational sphere~1st N shell with 4 B atoms!; ~c! B atoms of
the third coordinational sphere~2nd N shell withxx B atoms!; ~d! N
atoms of the second coordinational sphere~1st B shell with 12 N
atoms!; ~e! N atoms of the fourth coordinational sphere~2nd B shell
with yy N atoms!; and ~f! the total DOS.
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@Fig. 10~a!# near the N vacancy. As compared to the case of
boron vacancy@Fig. 7~b!#, the localization of the states at the
vacancy site@Fig. 10~b!# is much diminished. This strength-
ens the conclusions made above on the higher degree of
charge delocalization near the nitrogen vacancy site as com-
pared with the case of the boron vacancy.

The charge density contours for thes-vacancy and
p-vacancy states are given in Figs. 10~d! and 10~c!, respec-
tively. The nearly spherical shape of the charge distribution
around the vacancy for thes-vacancy band is seen clearly
from the contours shown in Fig. 10~d!. These states originate
from thep orbitals of the nearest boron atoms. Their overlap
forms a spherically symmetric molecular-type state. The
p-like character of vacancy states near the Fermi level is
completely different. As is seen from the charge distributions
in the~110! plane@Fig. 10~c!# for the occupied portion of this
band, the electronic states of this band are rather delocalized.
These states are closely related to the nonbondingsp3 orbi-
tals from nearby atoms.

VI. SUMMARY

We have presented self-consistent electronic structure cal-
culations for stoichiometric and boron- and nitrogen-
deficient zinc-blende boron nitride. The calculations have
been performed within the LDA. Forc-BN, we used the
most precise full-potential LAPW and LMTO methods, and
the less accurate LMTO-ASA-TB methods with and without
empty spheres. The results of all the methods agree for the
band structures, total and partial densities of states, charge
density distributions, lattice constants, and bulk modulus.
They also show reasonable agreement with the experimental
data for cubic BN of nearly stoichiometric compositions, and
with previous calculations. These results assure that the
simple and flexible LMTO-ASA-TB method can be used to
perform model calculations of the electronic structure of va-
cancies inc-BN.

Using a 64-atom supercell, we have studied the electronic
states of isolated boron and nitrogen vacancies in zinc-
blende boron nitride. Atoms surrounding the vacancy remain
at ideal positions. Both vacancy types cannot be considered
as isolated point defects as they induce perturbations which
are not completely localized at the vacancy sites. The range
of interactions is at least extended to second nearest neigh-
bors. The delocalization effects of the electronic states are
stronger in the case of boron vacancy.

Both boron and nitrogen vacancies induce localized nar-
row ‘‘vacancy bands’’ in the energy gap region of stoichio-
metric c-BN. The boron-related vacancy band has a 0.4-eV
width and is split off from the top of the valence band at an
energy of 0.6 eV above the edge. This band is partially oc-
cupied and can play the role of exhibitingp-type doping
behavior forc-BN when the valence electrons are thermally
excited to this band. Creation of a nitrogen vacancy results in
the appearance of two narrow N vacancy-related bands:~i! a
completely occupieds-type band split off from the top of the
valence band, and~ii ! a partially occupied delocalizedp-type
band, which overlaps the conduction band edge. It is likely
that the overlap is caused by the inadequacy of the LDA.
However, our results suggest that the nitrogen vacancy can
provide electrons ionized thermally to the conduction band
and can play the role of an effective donor impurity, which
increase then-type conductivity of the crystal.

The charge density plots and the shell- and orbital-
projected DOS for nonstoichiometricc-BN crystals give de-
tailed information on the nature of the vacancy-related states.
These calculations provide detailed information on the elec-

FIG. 9. Densities of states for the N vacancy crystal above the
valence band edge~a! total DOS; ~b! s-like; ~c! p-like; and ~d!
d-like.

FIG. 10. Charge density maps for a crystal with a N vacancy:~a!
^110& plane total valence charge density;~b! ^100& boron plane
total valence charge density;~c! ^110& plane density for the
vacancy-induced bands; and~d! ^100& boron plane density for the
vacancy-induced bands.
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tronic states of isolated boron and nitrogen vacancies in zinc-
blende boron nitride.
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