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We use first-principles calculatiors to investigae the atomic geometrie and formation energis of
vacancis (Vy,Vg) and antisites (By,Ng) in cubic boron nitride. We find tha Vy and Vg are the
mod stabk defecs in p-type and n-type conditions respectively They also exhibit intrinsic donor
(Vy) ard accepto (Vg) characterswhich makes them goad candidats for compensationThe
equilibrium geometrie shav large outwad breathiry relaxatiors for both vacancis ard for By,

with a slight Jam-Teller distortion from T4 symmetry For Ng in neutrd and negatives charge
stateswe find an off-cente distortion inducing anegativet) behavior © 199 American Institute

of Physics [S0003-695(99)02120-§

The currert interes in the researb on cubic boron ni-
tride (c-BN) resides in its extraordinay thermomechanical
properties ided for visible as well as ultraviolet optoelec-
tronic and high-temperatwe devices c-BN is a wide-band-
gap semiconducto which can easily be dopeal to obtain
p-type and n-type materialst This led, ten yeas agq to the
successfufabricatian of a pn-junction diode? functiond up
to 600°C, ard later to an ultraviolet light-emitting diode?
However the presene of recombinatio centes associated
with native defecs or impurities coupled with the lack of an
appropria¢ technolog to achiee high-qualiyy semiconduct-
ing samples hawe prevente the practica use of c-BN de-
vices.

The high concentratia of crystalline defecs remairs the
centrd problan in the growth methods of BN. Commonly,
n-type and p-type conductivities related to defecs or impu-
rities have been observe in dopea c-BN.2* In fact, electron
paramagnetiresonane (EPR measurements mack in dif-
ferert allotropic form of boraon nitride ascrite to the nitrogen
vacang the dominan paramagneti defed in this material.

There are a few theoreticé studies related to native de-
fectsin c-BN. Vacancis and/o antisites hawe been studied
with pseudopotentidl, tight-binding/ cluster® ard linear
augmentd plare wave (LAPW)® methodsHowever in most
of the® calculationsthe atomi relaxation is restrictel to the
first-neighbo atom&° or simply not considered.

The aim of thiswork isto presebhacomparatie study of
the electrone structue and energetis of antisites and vacan-
ciesin c-BN, usirg first-principles totd energ calculations.
For ead defect we hawe determine the full y relaxel atomic
geomety in all relevan charg states Our calculatiors are
basel on the density-functionhtheory® using the supercell
approab with 64 atorrs per cell, a plane-wae bass se with
a kinetic energ cutoff of 60 Ry, and norm-conservig soft
Troullier—Martins pseudopotentiafs: For the exchange-
correlation functional we use the generalizd gradien ap-
proximatian (GGA).!? The integratim over the Brillouin
zore is performal with one specid k point (theI" point). The
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geomety optimizatian is obtainel by calculatirg Hellmam-—

Feynma forces on the nuclei The atomc positiors are con-

sideral converge when the forces on the atons are less than
0.06 eV/A. A detailal descriptim of the computational
methdl is given in Ref 13.

The formation energis of native defecs in c-BN are
calculatel as afunction of the chemic# potentias of nitro-
gen and boron For chargel systemsthe formation energy
also depend on the position of the Fermi level. Thus for a
deIfd in the charg stat q, the formation enery is given
by

Eform(d) =E¢(d) —nnun—Ngugtd(uetE,), (]

where E; is the totd energy of the defed derived from the
supercdl calculation ny (ng) is the numbe of N (B) atoms
in the supercelland wy (ug) isthe correspondig chemical
potential.u. is the electron¢ chemic# potentia or the posi-
tion of the Ferni levd relative to the valene bard edge and
E, is the enery of the top of the valen@ bard for bulk
c-BN. The atomic chemicé potentias can vary over arange
given by the hea of formation of c-BN, define as H;
= EB(bqu)+ EN(bqu)_ ECBN(buH()v which we calculatel in 3.0
eV. Additionally, they are constraind by the equilibrium
condition: uy+ ug= teanepuk) - UpPE bounds for wy and
upg are the precipitation limits on bulk phases: uy
< UN(bulky @Nd wg<g(puiy » Which are calculate from solid
nitrogen (a@-N,) and metallic boron (a-B), respectively. For
bulk c-BN, we find an equilibrium lattice constah ag
=3.617 A ard abulk modulus B=3.80 Mbar,*® which arein
goad agreemenwith the experimenthvalues (a;=3.615A
and B=3.69Mbar).'® For the bard structure we obtan an
indirea gap (I'js— X9) of 4.8 eV. a-N, has a face-centered-
cubic (fcc) structue with four N, molecules per unit cell. We
find an equilibrium lattice constan a,=5.9% A, within 5%
of the experimentavalue (5.65 A).1” a-boran has arombo-
hedra structue formed by B, icosaheda which can be rep-
resentd by a 36-atons hexagonh unit cell. To calculate
a-B, we fix the c/a ratio of the hexagonhcel to its experi-

© 1999 American Institute of Physics

Copyright ©2001. All Rights Reserved.



Appl. Phys. Lett., Vol. 74, No. 20, 17 May 1999

TABLE I. Chang in the defecs geomety with charg stae for boron and
nitrogen vacanciesUnits are in percen with respet to the unrelaxel de-
fects Ad, isthe mean variation on the distane betwee the vacang center
ard the first-neighbo atoms Ad, is the mean variation on the distance
betwea first- and second-neighbroatoms E, is the relaxatian energy in

ev.

Vn Ve
Charge Ady Ad, E, Ad, Ad, E,

3+ 19.8 —-5.7 2.79
2+ 15.4 —-4.8 1.79
1+ 7.6 -29 0.72 10.8 —-4.0 1.83

0 7.7 —-2.9 1.19 10.5 —-4.3 2.14
1- 10.4 —-49 2.29
2— 10.3 —5.8 2.57
3- 10.3 -6.5 2.70

mentd value (~2.56). We find an equilibrium lattice con-
start a=5.12A, within 5% of the experimenth value
(4.98 A).*8

Our resuls for the equilibrium geometris and relaxation
energis of boran ard nitrogen vacancis in different charge
states are summarizd in Table I. In both vacancieswe find
large outwad breathiry relaxatiors of the nearest-neighbor
atoms with slight distortiors from the T4 symmety for ev-
ery charg stae investigatedWe also note tha V) suffers a
more drastt relaxation with the charge stat as compared
with V. The electront structue of native defectin c-BN
is presentd schematicajl in Fig. 1. In the figure, we show
the positiors of the defect-inducd one-electra states in the
bard gap for the neutrd vacancis ard antisites For VO, we
find a fully occupial s-like a; stae in the bard ggp close to
the valen® bard edge ard adoublé stak slightly split into
singlets lying as an e-like resonane in the bottan of the
conductiom band Becaus this resonane is singly occupied,
the neutrd charge stae is unstable ard Vy only exist in
dona states For V&, we find a p-like t, stae in the lower
pait of the bard gap which also shows a slightly split into
single states This t, stak is haf occupied thus acting as a
triple acceptor The smal splitting of the partially filled de-
generat levek indicates avery smal Jam—Teller (JT) effect
in the neutrd vacancies The differene in enery between
split levels is less than 10 meV.

The equilibrium geomety for BY shows an outward
breathig relaxation of the neighborig B atoms with a

0
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FIG. 1. Schemat representatio of one-electra levek in the bard gap
induced by vacancis ard antisites in c-BN in neutrd charg states The
filled circles indicat electrors ard the open circles indicae holes.
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smal distortion of the B antisiie along the [100] direction
(abou 0.03 A from the N-site). The distane betwea By and
its first neighbos is 5.2% large than in the unrelaxe sys-
tem while the distance betwea first and secom neighbors
are 0.2% shorter No distortion alorg the [111] direction has
been detected We obsene only smal distortiors of the B

antisie for evey charg state investigated The electronic
structue for BR, (Fig. 1) shows a p-like t, stak in the gap,
which is occupi@ with four electrons This stae alo splits
into single states due to the smal JT distortion.

For N3, we obsere an off-centa distortion of the N
antisite alorg the [100] direction with a minimum at 0.35 A
from the B-site The N antisie binds to two neighborirg N
atoms forming a bridge structue with equa N-N bond
lengtts of 1.41 A, ard an angk of 122 betwea the bonds.
For the negatie charg states we also find the sane distor-
tions which are characterizé by large lattice relaxations.
However for positive charg states we obsere abreathing
relaxation preservig the Ty symmetry The ggp levels for
Ng shown in Fig. 1 correspod to the off-cente configura-
tion with C,, symmetry We find a fully occupi@ s-like a;
stak in the uppe pat of the bard gap close to an empy a;
state The differene in enery betwea thes states is 0.07
eV. The empy a,; stak originates from the split of at, gap
stak of the defed in Ty symmetry.

The distortiors observel in the By and N3 defecs were
checkel with calculatiors including four specia k points®
No additiona distortiors or changs in the equilibrium posi-
tions with respet to the calculation with one k point were
found Moreover the difference in totd enery betwea the
two k-point sample is less than 0.07 eV/B-N pair.

In Fig. 2(a), we showv our resuls for the formatian ener-
gies of native defecs as afunction of the Ferm enery (u.)
for nitrogen-rid conditions In this figure, the slopes of the
line segmerg correspod to the charg states of the defects.
Changs in the slopes indicak transition states which are
representg by symbols The range of variation for w. is
chos@ to be the value of the experimentgap (6.4 eV).2°
We obsene tha for p-type conditiors (Ferm energy close to
the top of the valene@ band, V3" has the loweg formation
enery ard can be considerd as the dominarn defect N3
also exhibits low formation energiescomparal# to thos of
Vﬁ* . On the othe hand for semi-insulatig and n-type con-
ditions (Ferm energy nea the middle of the gap ard close to
the bottam of the conductian band respectively, Vg’ exhib-
its the lowed formation energy ard hene is a dominant
defed on c-BN.

The formation energis for boron-rich conditiors are
shown in Fig. 2(b). Similar to the N-rich case the vacancies
are the dominan defects V3" and V3~ hawe the loweg for-
mation energis in p-type and n-type conditions respec-
tively. We also note tha the boran antisie exhibits low for-
mation energis in the entire range of the bard gap which
are comparat# to thos of the vacanciesin fact, By has the
lowes formation energ for 2.4< u.<3.8eV. Therefore the
boran antisite shout also be considerd as adominan defect
in B-rich c-BN.

Recen core-levé photoabsortin studies on hexagonal
BN thin films?! indicae tha ion bombardmen produces

SFE_?’-bondei materid with the presene of nitrogen intersti-
ights Reserved.
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FIG. 2. Formatio energies as a function of the Ferm levd (u.), for
vacancis and antisites in c-BN. (a) For nitrogen-rici condition, uy
= nepuk - (0) For boron-rich condition, ug= gpuk - The slopes of the
line segmerd characterie to defecs charg statesand the symbok charac-
terize transitian states.

tials, while the remainirg sp? materia exhibits nitrogen va-

cancies However no evidene of boran vacancis is found.

The relevan energetis for the defed production by ion

bombardmencan be obtainel by the comparisa between
the formation enery E; of a Vg+B; distant par and the

formation enery E, of a Vy+N; distart pair. We obtain
E,>E, for p-type condition and E;<E, for n-type condi-

tion. Therefore we predid tha if experimens similar to

those of Ref 21 are macke for cubic BN, nitrogen vacancies
would be producel in p-type materiab ard boran vacancies
would be produced in n-type materials unles the cros sec-
tion for nitrogen—boran collisions is too small.

We now turn our attention to othe importart subjects
derived from our calculations We find tha the nitrogen va-
cany in n-type c-BN shows high formation energies
(>6eV). Therefore the observe n-type conductivity’ usu-
ally associatd to the nitrogen vacang would imply eithe in
a nonequilibrium incorporatia of this defed or in the incor-
poratin of a donor-like impurity with lower formation en-
ergy. According to our equilibrium calculation the nitrogen
vacang shoul not be responsit# for the n-type conductiv-
ity. The same picture has also been suggestd for Vy in
GaN?

Additionally, our resuls shav tha Ng is neve stable,
which characterize a negative behavia for this defect,
where U=E(*0—EC* ") ~_07eV. The origin of this
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negativet) behavio is relatel to the off-cente distortion
of the nitrogen antisie in the neutrd charg state The
(2+/0) transition located at 2.1 €V from the top of the
valene band is characterizé by a large lattice relaxation,
with an energ gain of abou 2 eV.

Finally, EPR measuremesthawe reportel paramagnetic
defecs in bulk* and thin-film® boron nitride, which are com-
monly associaté to V) in neutrd charg state Our results
show that V| only exiss in positive charg statessupporting
that V2", insteal V9, shoul be the paramagneti center
associatd to the nitrogen vacang in c-BN.

In summary we hawe found, basel on first-principles
calculationstha nitrogen and boran vacancis are the domi-
nart defectin nonstoichiometd c-BN for p-type and n-type
conditions respectively The vacancis also show intrinsic
dona (Vy) ard accepto (Vg) charactes which makes them
the main candidats for the experimentall observe dopant
compensationAccording to our calculation the high forma-
tion energis observe for Vy in n-type conditiors excluck it
as a sour@ of n-type conductivity.
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