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Theoretical studies of native defects in cubic boron nitride
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We have studied the electronic and structural properties of native defects in cubic boron (nitrioigen
vacancy, boron antisite, and oxygen substitutipoaing all-electron first-principles total-energy calculations.
We find that all defects introduce a deep state above the middle-energy gap. These defects present a
Cs,-local symmetry. In the case of nitrogen vacancy the possibility ofRkeenter formation is discussed.
[S0163-18207)02328-X]

Cubic boron nitride ¢-BN), the lightest of IlI-V semicon- symmetry. The hydrogen atoms are introduced to saturate the
ductors, is a large-band-gap material§.4 e\),! which has  dangling bonds at the cluster surface, as usfialhe net
several similarities to diamond, such as crystal structuregcharge 3- at the cluster is necessary to get a neutral charge
wide energy band gap, extreme hardness, high thermal coeondition as in a crystal. Having defined the molecular clus-
ductivity, high melting temperature, and low reactiitgut  ter, the total energies are calculated using the all-electron
while diamond is readily doped onlytype, thec-BN can be  Hartree-Fock method in the usual linear combination of
dopedp andn types when suitable impurities are adde@f ~ atomic orbitals procedure. The atomic basis adopted here is
the high-density formsg-BN is unique among the group-Ill the minimal split valence 3-Z4 basis sef,which consists of
nitrides in that its zinc-blende structure is the most stable an@s3p (3s) primitive Gaussian functions contracted in the
characterized form. Although it could be an important mate-3s2p (2s) basis functions on each B and (M) atom. The
rial for devices at high temperature and high pressure, witlsize of the set thus ranges from the smallest @d2the Vac
many applications in industries in the future, the quality of ;) to 247 (for Opy; and Byy;) contracted Gaussian-type
the samples remains a major problem. If we compare witunctions. The calculations are performed using the program
others I1I-V materials¢-BN has a very high concentration of code camess® Before calculating the distortions on geo-
native defects. metric structure, when defects substitute the N central atom

In this paper we report a theoretical calculation of thein the cluster, we first optimize the defect nearest-neighbor
behavior of a native defect ic-BN. The electronic and bond distances with respect to tAg vibrational mode. This
structural properties of aN vacancy(Vacyy;), a boron an-  is necessary to avoid spurious forces in dedect clusterAs
tisite (By;), and an oxygen substitutionéD y;) are calcu- we know from the literaturé this cluster size is appropriate
lated. Although several calculations are available for purdo study single-impurity distortions.
materials? there are only a few works concerning the theo-  For the purec-BN, the calculated eigenvalue separation
retical study of defects in-BN.>® As far as we know, thisis between the highest occupied molecular orbit#OMO) t,
the first work to consider distortions induced by the defectsand the lowest unoccupied molecular orb{tdUMO) a, ob-

in the calculation. tained is 8.07 eV. A better result for the band gap is obtained
We have simulated the pure crystal through the moleculausing the Mulliken correction AE(HOMO-LUMO)
cluster with 71 atoms (NBN;,B1,NgH3e) 37 initially in Ty =€ .umo— €nomo— J+ 2K, whereJ andK are the Coulomb
@ B- Antisite E' N-Vacancy Oxygen
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FIG. 1. Schematic representation of the energy levels in the gap regmiBiffor the (a) boron antisite(b) nitrogen vacancy, angt)
oxygen substitutional.

0163-1829/97/5@)/35564)/$10.00 56 3556 © 1997 The American Physical Society



56 BRIEF REPORTS 3557

T L ¥ LI LJ d Ll hd 1 hd 1 v T
ool RN .
L /
02 -
o3
—~ 04} 4
5
e
3 osf o 4
g oo
| =
W osl J
X o
3 J
FIG. 2. Contour plot of the total-energy curves for displace- A0 1
ments of the B antisite in thel10) plane for(a) purec-BN and(b) i
the B antisite. A2 \/o .
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and exchange integrals, respectively. Using this correction, 03 02 01 00 01 02 03 04 g5
i c
the result for'the energy gap drops to 6.53 eV, in excellent 2 Displacement (A) v
agreement with the experimental resdlts.
We show schematically in Figs(d-1(c) the electronic FIG. 3. Calculated total-energy curves for displacement of the B

energy levels in the gap region for thg\g, Vacyy, and  antisite in the(100) (C,,) and(111) (C,,) directions(see the text
Ornp» respectively, using a defect-molecule model. On the
left-hand side is the pure system with thft3 configuration.  mode relaxation of the nearest-neighbor boron atoms gives
Our procedure to estimate the energy levels in the gap hagn outward displacement of 0.31 A for these atoms, as
been to compare the pure cluster and the defect clusters. TRown in Fig. 4. A subsequefit;, mode distortion was ob-
electronic energy levels shown in Fig. 1 are obtalned as difserved with one boron atom Bollowing a(111) direction
ferences between the calculated Hartree-Fock eigenvaluegnd the three others BB, and B, getting closer to form a
Fortunately, in all the defects studied here the density ofrjangle.
states at the top of the valence band practically do not As shown in the middle of Fig.(b), the removal of a N
change. In this sense, the top of the valence, used as a refefom, Vag,y,, results in a strong perturbation in the elec-
ence for the calculated electronic levels, is fairly well de-ronic configuration of the system with two orbitals: ap
fined. _ _ _ . fully occupied in the gap region andta singly occupied

As one can see in the middle of Figal, the electronic  resonant in the conduction band, in agreement with Gubanov
effect of the By, before structural minimization, is t0 in- et 4 After the total-energy minimization €3, configura-
troduce at, level occupied by four electrons in the gap re- tion is obtained. The, orbital splits into ana; plus ane
gion. This configuration presents a degenerate ground stajgital, as shown on the right-hand side of Figb)1 In the
and consequently is favorable for a Jahn-Teller d|stort|ongalo region there are two levels with character(laf Za})
The optimized geometric structure hasGy, symmelry, |gcated 1.76 eV and 4.90 eV above the top of the valence
where thet, orbital is split in a twofold-degenerate fully pang respectively.
occupiede orbital and an empty, orbital, as shown onthe |, Fig. 5 the wave functions for the two highest occupied

right-hand side of Fig. (8). The fully occupiede level, with  rpitais (13, 2a,) of the neutral vacancy are presented. In
ligand character4 type), is located 4.81 eV above the top of ¢ figure the(@) and(c) planes contain the BVac-Bs cen-
the valence band, resulting in a deep donor level. In Figs.

2(a) and 2b) we show the total charge densities in {140
plane for thec-BN and c-BN:By; systems, respectively.
From Fig. Zb) we see that the B antisite atom makes bonds ¢
with the B atoms in ther, plane ofCs, symmetry.
Concerning the structural properties for theyBdefect, 05 F
our results show that the antisite B atom is found in an off-
center position. We first performed a breathing mode total-
energy minimization that leads to a small inward relaxation
of 5% in the bond length. Starting from this relaxed configu-
ration we calculated the total-energy changes of thg, B
atom along th€111) and(100) directions, as shown in Fig.
3. For the distortion in thé111) direction, towards an inter- | 1
sticial position in aC5, configuration, we find a stable posi-
tion with an energy gain of 1.34 eV and a displacement of
the B atom of 0.28 A. In addition, the distortion in the 35
(110 direction gives a metastable configuration with,
symmetry, where the energy gain is 0.65 eV and the dis-
placement of the antisite B atom is 0.16 A. FIG. 4. Calculated total-energy curve for outward lattice relax-
With respect to the Vag;, the calculated breathing ation (A; mods for the nitrogen vacancy in-BN.
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FIG. 5. Contour plot of théa) and (b) 1a; and(c) and (d) 2
a, orbitals. The(a) and(c) planes contain the BVac-B; centers

and the(b) and (d) planes the B-Vac-B, centers(see the text FIG. 6. Calculated total-energy curve for outward lattice relax-

ation (A; mode for the oxygen substitutional in-BN.
ters while the(b) and (d) planes contain the BVac-B, sitely in the (111) dir?&ction. Therxygen and boron
ones. The fully occupiedal, defect orbital in the gap region d|s_lglk?cerlne|:ts are 0.03 land|0.f18 i res;l)ectlyehli/. q
has character with a charge density shared among the three e electronic energy levels for the relaxgight) an

. unrelaxed(left) configurations affy symmetry for the
qulvalent(Bz, B, and B,) boron atoms near the vacancy. system are shown schematically in Figc)l We obtain a
This trapped charge resembles thecenters that arise in

. e o . singly occupieda; level with antibonding character that
anion vacancies in alkali-halide crystafsin particular, the comes from the conduction band, 4.70 eV above the top of

formation of F centers in wurtzite BN i{-BN), due t0 a i, yajence band. Also a super-degpstate below the top of
nitrogen vacancy, was proposed by Zunger an_d Katzir usinghe yalence band and a resongntype state in the valence
an extended Huckel methdiThe singly occupied @ or-  pand are obtained. By this analysis we see that substitutional
bital above the middle gap has an electronic distributiongxygen impurity introduces am; antibonding state in the
strongly localized on B with 7 character. Although there gap region.
are some similarities between the highest occupied orbitals |n conclusion, we have discussed the role played by the
in c-BN andh-BN, such as ther character and charge con- native defects inc-BN using anab initio Hartree-Fock
finement, a very important difference in the energetic ordermethod whithin the cluster approach. For the neutral isolated
ing of the electronic levels is remarkable. Differently from boron antisite, a Jahn-Teller distortion in ##l1) direction
h-BN, c-BN could present air center only for the doubly is observed. For the neutral N vacancy a strong relaxation is
ionized nitrogen vacandvac™ *). The essential role played found. A highly localizeda, orbital in the vacancy region
by carbon doping for the formation d¥ centers inh-BN (F-center precursgrand at, orbital resonant in the conduc-
(Ref. 13 could also be seen in the casemsBN, at least for  tion band appear before the lattice relaxation. The relaxation
high concentrations of these impurities when a recombinatPlus distortion splits the t, orbital leading to a half-
tion occurs between the electron localized at thg @rbital ~ OcCupieda, level, close to the conduction band. Our calcu-
and the hole introduced by the carbon atoms. It is in agree/@tions enable us to suggest that the strong EPR signal seen
ment with experimental electron paramagnetic resonancl ¢-BN (Ref. 19 could be provided by the trapping of two
(EPR results by Fanciulli and Moustak&s. electrons by acceptor levels introduced py carbon doping.
In Fig. 6 the total-energy curve for they mode relaxation F_ordth_e f?et“”g' 9\% W% foung]that_géllal Orfb'tﬁll’ hallf occuk-) g
of the Oy in the neutral charge state is shown. We obtainp:c?er' I;Stt.'n ro lucet_ above the middie ot the valence ban
the energy minimum when the nearest neighbors rela? Ice refaxation.
=0.16 A outward(10% in the bond lengbh But if we look The calculations  were performed at the
carefully at the total-energy surface we observe that the sySENAPAD/Campinas and LCCA/USP. This work was sup-
tem distorts from theT 4 symmetry towards &5, configu- ported by the Brazilian agencies CNPq, FAPESP, and
ration, with the oxygen and the boron atoms moving oppo+APERGS.
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