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Electronic structure of defects and impurities in 1ll-V nitrides: Vacancies in cubic boron nitride

V. A. Gubanov
Department of Physics, California State University at San Jose, San Jose, California 95192

Z. W. Lu, Barry M. Klein, and C. Y. Fong
Department of Physics, University of California, Davis, California 95616-8677
(Received 2 June 1995

The electronic structures of boron and nitrogen vacancies in cubic boron riBi}eare 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@&NofThe 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-BN crystals are discussed. These results suggest that
both boron and nitrogen vacancies can hgtype” and “n-type” doping agents, respectively, when the
composition ofc-BN deviates from ideal stoichiometry.

[. INTRODUCTION ceeded only by diamondind has excellent thermal conduc-
tivity. Scientifically, it is one of the wide gap semiconductors
Significant progress in growth methods of wide gap semiwhich can be easily doped to produce bottype andp-type
conductors in recent years has renewed interest in their usmnductivities. However, the mechanism for exhibiting si-
for electronic and optoelectronic devices.Based on physi- multaneousn- and p-type conductivities is not well under-
cal properties of these materials, novel devices can be fabrstood. There are suggestions that the formation of point de-
cated and are expected to operate at high power, elevatdects(vacancies, antisite defects, and interstijfatsmay be
temperatures, and at high frequency. For example, the blugesponsible. In fact, none of the nitride semiconductors form
light-emitting diodes have been successfully built from gal-stoichiometric melts, and large deviations from stoichiom-
lium nitride (GaN). Other devices, such as ultraviolet laser etry are often observed.
diodes, ultraviolet light detectors, and high temperature di- Extreme conditiongpressures up to 5.5 GPa and tempera-
odes and transistors, may well be possible. tures of 1700 °GRef. 19] are required for growing-BN. A
The most promising semiconductors for these unusual ddarge variety of experimental techniques has been used
vices are the -V nitrides, especially boron nitride, which to synthesizec-BN, especially in film form: chemicat
has the widest heteropolar band gap among all 1ll-V com-and physical vapor deposition(CVD and PVD,
pounds &6 eV) and possesses extreme hardness, chemicaéspectively,'*~® plasma enhanced CVE;° pulsed exci-
inertness, high thermal stability, and high resistivity. There-mer laser ablatio”’ radio-frequency sputterimd, ion-
fore, BN is a potential candidate for high-temperature,assisted laser depositiéh?® neutralized nitrogen ion
radiation-resistant devices, and is also an effective materidlombardment? Ar ion-beam-enhanced depositiéh,and
for ultrahard ceramics applicatiofS BN can also be used in others. It was shown that-BN can be formed only by a
the growth and processing of other semiconductors, such aharp rise in temperature followed by fast quenching, which
gate dielectrics, x-ray lithography masksfficient heat- freezes in a metastable phase. This is usually achieved when
dissipating semiconductor substrates, wear-resistant coatingie boron is sputtered, laser ablated, or evaporated, and the
and hard optical layers. nitrogen is ionized to the N or N?* forms, and accelerated
Being isoelectronic to carbon, it is not surprising that bo-to the substratéusually made of silicon where it serves as
ron nitride has hexagonalh{BN) (Ref. 3 and cubic an active ion to form a B-N bond. The cubic phase appears to
(c-BN) (Ref. 7) phases similar to the graphite and diamondform in rather narrow windows of specific experimental con-
phases of carbon. BN is also known to exist in four otherditions of the momentum per atom transferred into the film
crystalline structures: rhombohedralr-BN),* wurtzite  in the ion bombardment techniqu¥s® the energy of bom-
(w-BN),® simple cubic® and turbostratic tBN) (Ref. 10  barding ions’ or the limited ranges of specific deposition
phases. These are metastable structures, with the last twemperatures and gas pressures.
phases having been recently identified. Fourier transform infrared, electron probe microanalysis
Among all the phases, cubic BN is the most interestingx-ray photoemission spectroscafly, (XPS),®> Auger
both from technological and scientific points of view. Tech- spectroscop§® transmission electron microscoffy, near-
nologically,c-BN is the second hardest material knoax-  edge x-ray absorption fine structiffeand other experimen-
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tal techniques have been used to characterize the composint linearized approache§) the highly precise FPLAPW
tion and structure of boron nitride films. TleBN phase is  method®” (i) the FPLMTO method developed by
readily identified, and under the best experimental conditions/ethfessef? and (jii) the LMTO-ASA-TB method® devel-
considerable deviations from stoichiometry are usually oboped recently® These methods are based on the L#4or
served. The N/B ratio varies significantly depending on theyhich we have used the Hedin-Lundqvist exchange-
experimental conditions and the deposition technifgee, correlation fornf'
e.g., Refs. 24, 25, and %ZATOften_ the films have a tendency to  ¢.BN crystallizes in the zinc-blende structutevo atoms/
be nitrogen deﬂqerﬁz,' forming vacancies in the zinc- cq|) with a lattice parameter of 3.615 & Recent transmis-
blende crystal lattice. Some other defects have been tra60ed Hon electron microscopy dadffor 1000-A-thick films on Si
the c-BN films, most typically, C}* H, or O impurities® g hstrate give a lattice parameter of 3.62vhth an error of
Traces Qf metals have also pgen fodhd. o <1%). Therefore, a value of 3.615 A is used in our first set
Despite the clear recognition of the crucial influence ofyt caiculations. The other computational details are as fol-
lattice defects on the physical and chemical properties Ofgyys: The muffin-tin radii were 1.42 a.u. for both B and N in

boron nitride phases, such as tzr;e value of the energy gaghe FPLAPW calculations, while in the FPLMTO calcula-

conductivity, optical propertie¥;*” and thermomechanical tions the muffin-tin radii were 1.479 a.u. for both B and N,

properties(microhardnes$ and other very little is known 514 the angular momentum cutoff wias4. In the FPLMTO
about the nature of the defect states. Traditional experimentaly|cjations, a multiplex muffin-tin-orbital basis set was

techniques, such as deep level transient spectroscopy, for dgseq. Three augmented Hankel functions with decay energies

termining the energy states of intrinsic and doped sampleg o 001 —1.0 and—2.3 Ry were utilized. In order to
appear to be ineffective for crystals with wide energy gap§mnrove the description of the potential in the interstitial

aljd low condl_Jctivities. Electron spin resonance, therm,o'region, two empty sphere€9 at standard € 1/4, — 1/4,
stimulated luminescence, and thermostimulated conductlorlf1/4) and (1/2, 1/2, 1/2 positions were used. In this

have been used to probe energy states of defects in the gap Qf;t5.asA-TB-ES method. the radii of the atomic and

.h'BN‘Zg'Z.g C_harge carr_ier trapping and recombination Center_%mpty spheres were set equal to the Wigner-Seitz radius. The
in graphitelike pyrolytic BN produced by gas-phase deposi-,

. ; . ) summations in reciprocal space were done using ten special
tion have bgen investigated by thermally a.ctlvaFe'd spectrosg point<’3 in the FPLAPW method.

copy of luminescence and conductifhSemiempirical cal-
culations of the electronic structure of pyrolytic BN with
vacancies stabilized by C have been perforthéar h-BN.

At the same time, first-principles electronic structure calcu
lations for different phases of defect-free boron nitride hav
been carried out?~3*However, noab initio calculations for
defects have been reported.

To model an isolated vacancy @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,” withp, and
& 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.

In this paper, we present results of electronic structureUSing first-principles methods such as the FPLAPW or
calculations for simple defects innrelaxed eBN crystal FPLMTO methods on such a big supercell is computation-
lattice— isolated boron and nitrogen vacancies—and relatg”y prohibitive. On the other hand, a simplified approach
their'influenc.:e on the optiqal and c;onduction characteristic§ ;- as the self-consistent LMTO-ASA-TB method is fea-
of this material. The paper is orgamz_ed as follows. In Se_c. lsible. In an attempt to simplify the supercell calculations, we
we present resuits for th_e ele_ctromc structure of the IdeaEave performed a less accurate, but simplified, option in the
c-BN crystal calculated with different band structure meth'LMTO-ASA-TB calculations — no empty sphere was intro-

H H F .35
ods based on local density approximatiA):*° the full- - gyceq in the traditional way, but the degree of atomic sphere
potential linearized augmented-plane-waFLAPW), overlap was increased to fill the whole unit cell volume. We

full-potential - linear  combination —of muffin-tin orbital iy refer to this method of such calculations as “the LMTO-
(FPLMTO),*® LMTO-atomic sphere approximatioASA),  T5_NO-ES "

. . . 9,40
and tight-binding(LMTO-ASA-TB) methods>® The pur- Figure 1 compares the calculated band structures for

pose of these calculations is to justify our use of the LMTO-¢_gN"ysing the different methods. The values for the band

ASA-TB method for treating defect states ¢ABN. Results gap and band widths are summarized in Table |. These re-

of supercell calculations for the electronic structure of a bo'sults are in reasonable agreement with each other: the disper-

ron vacancy anql its effgcts on th_e electronic states of ”eighs'ion of the bands computed by the FPLAPW and FPLMTO
boring atoms will be discussed in Sec. lll. In Sec. IV, We o445 s practically indistinguishable for both the valence
give a similar presentation of the results for a nitrogen va,ng the conduction bands. The band orderings at the high
cancy. Finally, a summary will be given in Sec. V. symmetry points are identical and the band widths are very
close(Table ) and agree well with the results of an earlier
FPLAPW calculation’? In comparing these results to the
ones calculated by the LMTO-ASA-TB meth¢Big. 1(c)],
there are some relatively small increases in the gap values at
In order to test the sensitivity to the input parametersyariousk points(Table ). The overall agreement, however,
such as the muffin-tin and the atomic sphere radii, for ds very good. These comparisons give us confidence in using
simple but reliable technique for the studies of defect statethe simplified LMTO-ASA-TB method to study defect states
in c-BN, we have carried out band calculations for the idealin c-BN (Secs. Il and V.
zinc-blende phase of boron nitride-BN) using three differ- The calculated lattice constants are listed in Table II. All

Il. METHODS OF CALCULATIONS, MODELS, AND
RESULTS OF BN IN IDEAL ZINC-BLENDE STRUCTURE
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TABLE Il. Calculated and experimental lattice constants for
c-BN.

Present work Expt. Other work

R == ] FPLAPW FPLMTO LMTO-TB

101" TFPLAPW

”0 T~ ] ES NO-ES

ag (A) 3.59 3.58 358 3.62 3.62 3.613.59°
b) 0

o B /\>\4 3 MTO-ASA, Ref. 33.

F1)] U R b

107\\/ FPLAPW, Ref. 32.
NI | FPLMTO
-20 GPa which agrees reasonably well with the experimental

Energy (eV)

7
I\
N \/\/<

value of 380 GPa.

The charge distributions in th€l10 plane obtained by
the FPLAPW method are presented in Figa)2 Strong ion-
icity of the bonding can be easily discerned, with electronic

—
10" [LmTo-ES charge transferred from the boron atom to the nitrogen atom.
-20 The difference in charge density between the calculated
[ @] charge density and a superposition of free-atom charge den-
10 §/\/<% sities [Fig. 2(b)] illustrates nicely the overall strong direc-
ob ] ] tional B-N bonding in theg(110) plane. Figure 3 depicts the
7\> = charge density contours obtained from the LMTO-ASA-TB

results with[Figs. 3a) and 3b)] and without[Figs. 3c) and
3(d)] empty spheres. Again, both the FPLMT@ot shown
here and LMTO-ASA-TB methodgFig. 3) provide similar
descriptions of the charge density for the occupied bands to
the FPLAPW method[Fig. 2@)], while the simplified
FIG. 1. Calculated energy bands for zinc-blende BiNBN) LMTO-TB-NO-ES results do not show any significant dif-

using the(@ FPLAPW (b) FPLMTO, (c) LMTO-ASA-ES, and(d)  ference in the total charge density distributions either.
LMTO-ASA-NO-ES methods. The energy zero is set at the top of Figure 4 gives the total and partial densities of states
the valence band. (DOY) deduced from the LMTO-ASA-TB calculationsis-

ing 245 nonequivalenk points in the irreducible Brillouin
methods(except for the LMTO-TB-NO-EByield values of zone. As is seen, the lower part of the valence bahd-
the lattice constant which are 1% smaller than the experi- tween—20 and—15 eV) is formed by the N 2 states. The
mental value. This is typical for the LDA calculations. The N 2p states hardly contribute to the bands in this energy
“exact” agreement with the experimental value of the latticeregion, but they do hybridize strongly with botts 2nd 2p
constant obtained by LMTO-TB-NO-ES and by the similar states of boron in the upper part of the valence bands
method in Ref. 33 is probably fortuitous. The equilibrium (—11 eV and above N 2p and B X hybridization is most
bulk modulus determined by the FPLAPW method is 402pronounced at the bottom of the upper valence band region,

10 [LMTO-no-ES
-20(

L r X W

~
v

TABLE I. Energy gaps and band widtlis eV) for the zinc-blende BNW, , W, ,W; 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

r, I, 7.2 8.62 8.52 8.21 883 88 8.6°
I,-Le 9.4 10.25 10.57 10.42 10.29

T',-X, 4.3 4.41 4.48 4.32 442 AL 4.F
r,-K, 7.1 6.85 7.29 7.20

W, -W, 16.1 16.12 16.01 16.03

W, 5.2 6.02 6.08 6.11 5%9 52X
Wy 10.8 10.54 10.79 10.81 16.7 138
Wi 19.5 20.01 20.17 20.14 261 2

84 MTO-ASA, Ref. 33.

bEPLAPW, Ref. 32.

‘Pseudopotential, Ref. 44.
dX-ray experiment, Ref. 45.
EXPS experiment, Ref. 46.
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FIG. 2. Charge density distribution in tti&10) plane calculated ()
using the FPLAPW methoda) total charge density, where succes- 2.0
sive contours differ by, /p,=1.350; and(b) difference charge 1.0
density, where successive contours differdyy ; — p,=0.08/ A3, 0.0 /J\ M
A solid dark line next to a dashed line indicates the zero contour, ) -10 0

while solid (dashed lines indicate charge accumulatieepletion. Energy (eV)

while the B 2o and N 2 mixing defines the shape of the
topmost part of the upper valence band. The states near the
valence band edge are predominantly pl ates, while the
bands in the lower conduction band are mixtures of compa-
rable contributions from all antibonding Ns2N 2p, B 2s,
and B 2p states, with somewhat larger BpZontributions at
‘BN in the Zinc Blende Structure‘ the conduction band edge. The inclusion of basis functions
(a) LMTO-ES (c) LMTO-no-ES up tol =2 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-
(b) LMTO-Es <110> (d) LMTO- no -ES formation for the ground state properties of the crystal, but
7 \/ N1 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 calculation@able ). This drawback
of the LDA approach can be greatly improved by the com-
putationally intensiveGW method’ (for other approaches
see also Refs. 48—h1This quasiparticle treatment has been
carried out forc-BN (Ref. 52 and h-BN,3* with resultant
<100> gap values of 6.3 and 5.4 eV, respectively. Since the self-
energy of the quasiparticle appears to be only westkie-
pendent, it is, therefore, justified to use a simpler approach to
FIG. 3. Total charge density maps calculated using thecorrect the band gap. We have used the simplified method,
LMTO-TB method:(a) for the (110 plane(ES calculatioj; (b) for LMTO-TB for the band structure calculations, together with
the (100) plane (ES calculatioly (c) for the (110) plane(no ES  the approach of Bechstedt and Del SBke improve our gap
calculation; and (d) for the (100) plane(no ES calculation Suc-  value inc-BN to 6.2 eV.
cessive contours differ by, ,/p,=1.350. To close this section, we reiterate that the electronic prop-

FIG. 4. Total and partial densities of states BN (LMTO-
B-NO-ES calculations

<001>
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erties of ideak-BN crystal are very reasonably described bythe fact that we are modeling the vacancy with a finite-sized
the simpler LMTO-ASA-TB-ES method. Therefore, we have supercell. In particular, a truly isolated vacancy will give an
used this computationally efficient method to study vacancysolated bound state, while, because of the supercell approxi-
states in nonstoichiometric-BN. mation, we will find narrow vacancy bands.
However, the vacancy calculations described below have
been done in the LDA approximation since the vacancy-
IIl. BORON AND NITROGEN VACANCIES: GENERAL induced gap states we find will not be changed in a qualita-
DISCUSSION tive manner(see Ref. 53 for a discussipn

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- The calculations of the electronic structure of boron va-
blende structure BN and the atomic properties of boron andancies in the zinc-blende phase of BN have been carried out
nitrogen. by applying the LMTO-TB-NO-ES method to a 64-atom su-

First, consider the B vacancy which is surrounded by fourpercell with the central boron atom replaced by an empty
N nearest neighbors, each of which is coordinated with thresphere of the same radigsee Sec. Il for computational de-
other occupied B nearest neighbors. Each of these N atontails). Such a model corresponds to thg &N 1 oo Stoichi-
shares five electrons §22p%) with its neighbors leaving, ometry of ac-BN crystal.
approximately, a total of five (% 2) “dangling,” unpaired In order to see how far the states of the vacancy delocal-
electrons in the vicinity of the B vacancy and its four N ize in the crystal, we have studied the atofsisll remaining
nearest neighbors. The unpaired electrons will tend to fornat ideal positions around each vacancy to see how their
bound states with the nitrogen nuclei, starting with a filledcharge distribution and eigenstates adjust in response to the
s-like state with two electrongaccounting for spin degen- removal of a nearby atom. The atoms can be categorized by
eracy, with the next three electrons inpalike bound state at  shells: The nearest neighbors to the boron vacancy are N
a higher energy. For thelike state, the bound state should atoms forming the first N shel{lst N shell, the second
be close to the location of the dtlike band states, approxi- neighbors constitute the first B shell, the second N and B
mately 15 eV below the top of the valence bands in BN,shells contain, respectively, the third and fourth neighbors,
while the p-like state should occur in the valence conductionetc. The extent of delocalization can then be examined from
band gap, e.g., above the upper edge of the e itinerant  the local DOS of each cell. In Fig. 5, we present the total and
states. Thes-like charge density is expected to be fairly lo- shell-projected DOS for the atoms up to fourth neighbors.
calized around the nitrogen nearest neighbors to the vacandyjhe most striking result of these calculations is the appear-
(since the level is fairly deep in enengywhile the p-like  ance of a narrow and strong “boron vacancy” peak split off
states should have characteristic projections toward the Bom the top of the valence band. The gap between the top of
vacancy site. the valence band and the “vacancy level” is 0.63 eV, and the

Similar considerations for the case of an N vacancy giveotal width of the vacancy band is 0.45 eV for the system of
the result that there are three unpaired electrons in the vicir4 sites we have studied. The shell-projected DOS show that
ity of the vacancy(from the shared £2p* valence electrons electronic states at the boron vacancy site consist mainly of
of the B nearest neighbgrsThese three electrons should, p-like states from nitrogen atoms in the 1st N shell. At the
with increasing energy, form a doubly occupiedike state same time, the delocalization of boron vacancy states ex-
and a partially occupieg-like state. However, in distinction tends to the 2nd N shell, although this contribution is much
from the case of the B vacancy, thdike bound state should smaller. Therefore, the origin of the width of this structure
split off from the top of the valence band since thesfike  can, primarily, be attributed to the formation of molecular-
states in the crystaland in the atommare approximately 10 type orbitals from the-like states of the nearest-neighbor N
eV higher in energy than thelike states for nitrogen form- atoms.
ing nonbonding localized states. Thelike bound state Figure Ga) gives an expanded view of Fig(d in the
should be close to the conduction band edge as it is approxenergy range of-5 to 5 eV for the vacancy-related band,
mately 5 eV higher in energy in the boron atom. We wouldwhich is only partially occupied, with the Fermi energy co-
expect thes-like charge density in this case to be more dif- inciding with the maximum of the peak in DOS. In other
fuse than in the case of the B vacancy due to its falling at avords, a boron vacancy plays the role of a specific acceptor
higher energy. We find, as described in the next section, thampurity, with the “impurity level” being partially occupied
the p-like state in this case falls as a resonance slightly abovalready in the ground statat zero temperatuyef the sys-
the conduction band edge rather than a true bound state. THism. At elevated temperatures, electrons can be excited from
is a result of the limitations of the LDA, as discussed bythe valence band to this partially occupied “vacancy level,”
Pederson and Kleirt and is related to the fact that the LDA so that the sample can also exhipitloped behavior.
potential does not fall off as d/at larger as should be the The details of the chemical nature of the boron vacancy
case for the “true” potential. can be seen from the partial DOS given in Fig&)66(d).

We will show in the next section that these physically The vacancy states are formed from thdike and p-like
motivated expectations are borne out by our explicit calculastates from neighboring N atoms as shown by the DOS struc-
tions, although the details of the locations of the bound stategire at about-3 eV (below the top of the valence bandhe
and the forms of the charge densities are, of course, depes-component of the vacancy states is completely occupied.
dent on the full response of the crystal to the vacancies anihe most pronounced contributions are from the nitrogen

IV. BORON VACANCY IN c-BN
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FIG. 6. Partial densities of states for B vacan¢y: total B
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60 ®  Total
40 up to fourth neighbor atoms are affected by the vacancy to a
lesser extent.
20 W These conclusions are confirmed by the charge density

0 5 10 5 0 5 10 plots in the(110 and (100 planes containing the boron va-

cancy. As is seen from Fig.(&, charge distributions of the

1st N shell are deformed and shifted towards the vacancy site

compared to the ideal crystéFig. 3. The charge density
FIG. 5. Shell-projected local densities of states of boron vacanyontours in the100) plane[Fig. 7(b)] show the formation of

in BN for (a) boron vacancy sitet) N atoms of the first coordina- - molecular-type orbitals from the nearest nitrogen neighbors,

tional spherg1st N shell wih 4 N atoms; (c) N atoms of the third  the 15t N shell atoms, around the boron vacancy.

coordinational spherénd N shell withxx N atoms; (d) B atoms The charge density plots for the electrons in the vacancy

of the second coordinational sphefiest B shell with 12 B atoms band[the energy interval from-0.5 eV to the Fermi energy

(e) B atoms of the fourth coordinational sphé2ad B shell withyy in Fig. 6(d)] are given in Fig. ) for the (110 plane and

B atoms; and(f) the total DOS. Fig. 7(d) for the (100) plane, respectively. In thel10) plane

i{ig. 7(a)], the vacancy states appear to come essentially

Energy (eV)

states of the neighboring atoms. As discussed in the preceg, 1 1he states of the neighboring nitrogen atoms. On the
ing paragraph, they contribute to_th_e states at the _Fer_m| leve ther hand, the contours in t00) plane[Fig. 7(d)] exhibit
Figure 6 shows somd-characteristic states contributing 0y jie characteristics reflecting the symmetry around the va-

the “vacancy states.” This reflects the symmetry of the va-.aney Both plots show the weak extensions of the states to

cancy site and the surrounding structure on the chemical N3he next shell of borothe 1st B shejland nitroger(the 2nd
ture of the vacancy states. N shel) atoms.

Some qualitative ideas on the charge state of the boron \ye conclude in this section that the results of the calcu-

vacancy and its influence on the. charge distribution of thefations show(i) a boron vacancy in the-BN crystal behaves
atoms nearest to the vacancy site can be drawr_1 from thgs an acceptor-type impurityii) it induces a new, strong,
magnitudes of the charge densities in the atomic spher

. ) . . €hd narrow band of states near the top of the valence band,
given in Table Ill. 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

TABLE lIl. Change(relative to the atomic valug®f the charge
the atomic spheres in units .

spheres. By further comparing to the values for the ideahq, Ideal BN B vacancy N vacancy
crystal, one can obtain some idea about charge redistribution

near the boron vacancy sites in nonstoichiometf8N crys- B —0.121 1.302

tals. The boron vacancy accumulates negative charge, whick 0.121 0.948
is mostly from nitrogen atoms of the 1st N shell. As a result,1st coord. sphere —0.274N) —0.474B)
the 1st N shell atoms, being negatively charged in the ideatnd coord. sphere —0.118B) 0.142N)
crystal, become less ionic. In this sense, a boron vacancyrd coord. sphere 0.12¥) —0.102B)
plays the role of a trap for the valence electrons contributedth coord. sphere —0.125B) 0.122N)

by the nearest-neighbor N atoms. The charges of the secord
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FIG. 7. Charge density maps for a crystallwi B vacancy(a)

(110 plane total valence charge densitys) (100 boron plane ) = )

total valence charge densityr) (110 plane density for the FIC_-}. 8. Shell-projected local dens_ltles of states of nltrog_en va-
vacancy-induced bands; aiid) (100 boron plane density for the €Ny in BN for (&) boron vacancy site(b) B atoms of the first
vacancy-induced bands. coord.lnatlonallspherélst N shell wih 4 B aFomss; (c) B atoms of

the third coordinational sphef@nd N shell withxx B atomsg; (d) N

which reduces the effective band gap value. atoms of the second coordinational sphétst B shell with 12 N

atoms; (e) N atoms of the fourth coordinational sphéad B shell

V. NITROGEN VACANCY IN c-BN with yy N atoms; and(f) the total DOS.

We modeled a nitrogen vacancy in a zinc-blende BN crys- The calculated charge in the atomic spheres of atoms in
tal by replacing the central nitrogen atom of the 64-atomdifferent shells(Table Ill) shows that the nitrogen vacancy
supercell by an empty sphere of the same gizith “va- accumulates a lesser amount of electronic charge as com-
cancy”s, p, d states included in the bagisSuch a model pared with the boron vacancy. Most of the charge is origi-
corresponds to the BN o.9s4 Stoichiometry of the crystal. nated from the neighboring boron atorfigst B shel). It is
Thechargearound the vacancy frostructural unrelaxed.st  interesting to note that nitrogen atoms in the first N shell
B shell, 1st N shell, and 2nd B shell atoms was allowed tdbecome more negatively charged than the ones in ideal
relax and change their electronic states under the influence afBN. Only the atoms of the fourth neighb¢nd N shell
the nitrogen vacancy. The LMTO-TB-NO-ES calculation re-stop feeling the perturbation induced by the nitrogen va-
sults are presented in Figs. 8—10 and Table III. cancy.

A nitrogen vacancy in the BN lattice leads to significant The electronic structures of nitrogen vacancy states in the
differences for the electronic states and the energy spectrudifferent energy regions can be examined using the partial
of the sample as compared to the case of boron vacanclOS (Fig. 9). The states split off from the top of the valence
Although a well-defined peak is split off from the valence band are ofs symmetry relative to the vacancy sit€ig.
band edge similar to the case of the boron vacancy, it is at &(a)]. They are related to thelike states of the atoms in the
somewhat larger separation from the top of the valence bantist B shell. The states of the vacancy are located at the low
and is now completely occupied. Therefore, the Fermi leveknergy part of the conduction bafffig. 9c)]. The p va-
is located at the shoulder of the lowest energy peak in theancy band overlaps with the low energy conduction states
conduction band. From the shell-projected D@%. 8), it  of the idealc-BN crystal rather than splitting off as a bound
follows that both these structures originate from the interacstate below the conduction band edge. As discussed earlier,
tion of the nitrogen vacancy with the boron atoms in the 1sthis is related to a limitation of the LDA. This band comes
B shell. Smaller interactions are seen between the vacandyom the nonbonding-like states of atoms in the 1st B shell.
and the nitrogen atoms in the 1st N shell. More distant shells In Fig. 10, we present the charge density plots for the case
do not make sizable contributions to the formation of theof the nitrogen vacancy generated fad.0 [Fig. 10a)] and
characteristics of the “vacancy levels” in the energy spec-(100 [Fig. 1Qb)] planes, respectively. The charge distribu-
trum. tion of 1st B shell atoms appears to be strongly distorted
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FIG. 9. Densities of states for the N vacancy crystal above the
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[Fig. 10@)] near the N vacancy. As compared to the case of

boron vacancyFig. 7(b)], the localization of the states atthe  FIG. 10. Charge density maps for a crystaltwétN vacancy(a)
vacancy sitdFig. 10b)] is much diminished. This strength- (110 plane total valence charge density) (100) boron plane
ens the conclusions made above on the higher degree &ital valence charge densityr) (110 plane density for the
charge delocalization near the nitrogen vacancy site as conyacancy-induced bands; aiid) (100 boron plane density for the

pared with the case of the boron vacancy. vacancy-induced bands.
The charge density contours for thg&vacancy and ) . ]
p-vacancy states are given in Figs.(d0and 1Gc), respec- Using a 64-atom supercell, we have studied the electronic

tively. The nearly spherical shape of the charge distributiorftates of isolated boron and nitrogen vacancies in zinc-

around the vacancy for ﬂ'&vacancy band is seen C|ear|y blende boron nitride. Atoms Surrounding the Vacancy remain

from the contours shown in Fig. {d). These states originate at ideal positions. Both vacancy types cannot be considered
from thep orbitals of the nearest boron atoms. Their overlapaS isolated point defects as they induce perturbations which
forms a spherically symmetric molecular-type state. Thear® not completely localized at the vacancy sites. The range
p_”ke character of vacancy states near the Fermi level |§f interactions is at least extended to second nearest neigh'
Comp'ete'y different. As is seen from the Charge distributiong)ors. The delocalization effects of the electronic states are
in the (110) plane[Fig. 10(c)] for the occupied portion of this  Stronger in the case of boron vacancy.

band, the electronic states of this band are rather delocalized. Both boron and nitrogen vacancies induce localized nar-

These states are closely related to the nonbonsljigorbi-  FoW “vacancy bands” in the energy gap region of stoichio-
tals from nearby atoms. 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
V1. SUMMARY energy of 0.6 eV above the edge. This band is partially oc-

cupied and can play the role of exhibitingtype doping

We have presented self-consistent electronic structure cabehavior forc-BN when the valence electrons are thermally
culations for stoichiometric and boron- and nitrogen-excited to this band. Creation of a nitrogen vacancy results in
deficient zinc-blende boron nitride. The calculations havethe appearance of two narrow N vacancy-related bafda:
been performed within the LDA. Foc-BN, we used the completely occupied-type band split off from the top of the
most precise full-potential LAPW and LMTO methods, and valence band, andi) a partially occupied delocalizeuitype
the less accurate LMTO-ASA-TB methods with and withoutband, which overlaps the conduction band edge. It is likely
empty spheres. The results of all the methods agree for thihat the overlap is caused by the inadequacy of the LDA.
band structures, total and partial densities of states, chargdowever, our results suggest that the nitrogen vacancy can
density distributions, lattice constants, and bulk modulusprovide electrons ionized thermally to the conduction band
They also show reasonable agreement with the experimentahd can play the role of an effective donor impurity, which
data for cubic BN of nearly stoichiometric compositions, andincrease the-type conductivity of the crystal.
with previous calculations. These results assure that the The charge density plots and the shell- and orbital-
simple and flexible LMTO-ASA-TB method can be used to projected DOS for nonstoichiometr@zcBN crystals give de-
perform model calculations of the electronic structure of va-tailed information on the nature of the vacancy-related states.
cancies inc-BN. These calculations provide detailed information on the elec-
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