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Stability of native defects in hexagonal and cubic boron nitride
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We investigate, through first-principles calculations, the stability and electronic structure of self-interstitials
and vacancies in both hexagonal~graphite-like! and cubic boron nitride. We find that the self-interstitials Ni

and Bi in hexagonal boron nitride (h-BN) have low formation energies, comparable to those of the vacancies
VN andVB . For instance, we find that Ni is the most stable defect inh-BN under N-rich andp-type conditions
followed by the nitrogen vacancy. This is consistent with experimental findings of large concentrations of
nitrogen interstitials and vacancies, and of the trapping of nitrogen in the hexagonal phase of BN thin films
grown by ion-bombardment assisted deposition techniques. In contrast, in cubic boron nitride (c-BN) the
self-interstitials have high formation energies as compared to those of the vacancies. As a consequence, the
formation of vacancy-interstitial pairs in kickout processes would typically require much more energy inc-BN
than inh-BN. This suggests that a possible role of the ion bombardment in favoring the growth ofc-BN films
is to generate a much larger amount of defects in the hexagonal phase than in the cubic phase.

DOI: 10.1103/PhysRevB.63.125205 PACS number~s!: 71.55.Eq, 71.15.Dx, 71.15.Nc
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I. INTRODUCTION

Boron nitride~BN! is a compound that occurs in sever
structures. In a similar way as carbon, BN can occur
sp2-bonded structures like hexagonal BN (h-BN),
sp3-bonded structures like cubic BN (c-BN), as well as
nanotube1 and fullerene2,3 structures. The cubic form is on
of the hardest materials known to date and for this reaso
has attracted considerable attention. The synthesis of
cubic BN requires the application of high pressures and t
peratures, similar to the synthesis of diamond. Howeve
has been found in recent years4–10 that the growth of cubic
boron nitride thin films can be attained by deposition te
niques assisted by low-energy ion bombardment~e.g., N2

1

and Ar1) during film growth. The formation of the cubi
phase is intermediated by ansp2-bonded boron nitride laye
adjacent to the substrate. The ion bombardment also ca
structural damage and compressive stress that can restric
film thickness up to 100–200 nm,11 representing a seriou
limitation in the development ofc-BN thin films. On the
other hand, recent studies by Boyenet al.12 have shown that
post-deposition ion bombardment over high qualityc-BN
thin films leads to a strong relaxation of the compress
stresses without destroying the cubic phase.

Recently, Jime´nez et al.13,14 have applied the near-edg
x-ray absorption fine structure spectroscopy~NEXAFS!
method to the study of bonding modifications and point
fects in BN thin films induced by ion bombardment. The
works have identified the presence of nitrogen vacancies
interstitials inh-BN after it is ion bombarded by N2

1. They
also found B-B bonds formed in the hexagonal-like structu
which have been addressed to boron at interstitial sites o
the formation of boron clusters.

The above experimental results show that the impac
0163-1829/2001/63~12!/125205~7!/$15.00 63 1252
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energetic ions during the growth of BN films has mainly tw
effects: First, it generates a large amount of defects, nota
nitrogen vacancies and interstitials in the hexagonal ph
Second, it favors the growth of the cubic phase relative to
hexagonal phase. The reasons for the abundance of ce
defects, and a possible relation between the abundanc
defects and the growth of the cubic phase are important
open questions. Consequently, the study and characteriz
of defects that might be induced inh-BN andc-BN consid-
ering typical growth conditions, like electron- or hole-ric
environments and stoichiometric variations, are import
subjects to be considered from a theoretical point of view

The purpose of our work is to provide both qualitative a
quantitative information on the energetics of formation
native defects and on competing processes involving na
defects as induced by ion bombardment inh-BN andc-BN
considering the above described growth conditions. We fi
that the self-interstitials Ni and Bi in h-BN have low forma-
tion energies, comparable to those of the vacanciesVN and
VB . For instance, we find that Ni is the most stable defect in
h-BN under N-rich andp-type conditions, followed by the
nitrogen vacancy. In contrast, the self-interstitials inc-BN
have high formation energies as compared to those of
vacancies. As a consequence, the formation of vacan
interstitial pairs in kickout processes would typically requ
much more energy inc-BN than inh-BN. In particular, we
find that inp-type conditions the formation energy of a di
tant VN1Ni pair in h-BN is 3.0 eV, whereas inc-BN the
formation energy of the same pair is 8.0 eV. This sugge
that a possible role of the ion bombardment in favoring
growth ofc-BN films is to generate a much larger amount
defects in the hexagonal phase than in the cubic phase.

Our paper is organized as follows: In Sec. II we descr
the first-principles methodology used in the calculations.
©2001 The American Physical Society05-1
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WALTER ORELLANA AND H. CHACHAM PHYSICAL REVIEW B 63 125205
Secs. III A and III B, we discuss our results for the electro
structure and the minimum-energy configuration of the
cancies and self interstitials inh-BN andc-BN in the several
possible charge states. In Sec. III C, we perform a comp
tive study on the energetics of the formation of vacanc
self-interstitials, and vacancy-interstitial distant pairs
h-BN and c-BN as a function of the electron-chemical p
tential. Finally, In Sec. IV we present a summary of o
results.

II. THEORETICAL METHOD

Our calculations are performed in the framework of t
density-functional theory,15 the first-principles pseudopoten
tial method, and a plane-wave basis set. For the excha
correlation potential we use the generalized-gradient
proximation ~GGA!.16 Boron and nitrogen pseudopotentia
are generated by the scheme of Troullier and Martins.17 We
use a plane-wave energy cutoff of 60 Ry. All the atoms
the graphitelike and zinc-blende structures are fully rela
according to the calculated Hellmann-Feynman forces
ions until these forces are negligible~less than 0.05 eV/Å!,
assuming no symmetry constraints.

The hexagonal BN structure hasD6h symmetry with four
atoms per unit cell. It exhibits anAB-like stacking sequence
with each boron atom on top of a nitrogen atom. We us
64-atom supercell consisting of 43432 the unit cell. We
calculate the equilibrium structure by minimizing the to
energy with respect to thea and c parameters. Our result
for the equilibrium lattice constants area52.483 Å andc
56.701 Å, which are within 1% of the experimental valu
(a52.504 Å andc56.66 Å).18

For the Brillouin-zone sampling we use a singlek point
~the G point!. To check the convergence of the total ener
and the atomic geometry for the onek-point sampling, we
perform a vacancy calculation by considering threek points.
Our results show that the variations in the total energy w
respect to the onek-point calculation are less than 0.03 eV
atom with negligible differences in the atomic geometry. O
results for the electronic structure show a direct gap at thG
point of 4.9 eV and an indirect gap (K→M ) of 4.0 eV.
These results are in close agreement with recent total-en
calculations.19

For cubic BN we use a supercell of 64 atomic sites in
zinc-blende structure. We find the equilibrium lattice co
stant a53.617 Å and the bulk modulusB53.69 Mbar,
which are in good agreement with the experimental val
(a53.615 Å andB53.80 Mbar).20 The electronic structure
shows an indirect gap (G→X) of 4.8 eV. For the Brillouin
zone sampling we also use theG point. Checks of conver-
gence with fourk points show that variations in the tota
energies are less than 0.04 eV/atom.

The formation energies of vacancies and interstitials
h-BN andc-BN are calculated as a function of the chemic
potentials of both atomic species,mB andmN , and the elec-
tron chemical potential or Fermi levelme .21 For instance, in
the case of the N interstitial in the charge stateq, the forma-
tion energy is given by
12520
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Ef~Ni
q!5Et~Ni

q!2nNmN2nBmB1q~me1ev!, ~1!

whereEt is the total energy andnN (nB) is the number of N
~B! atoms in the supercell. The Fermi levelme is measured
with respect to the energy of the valence-band maximumev .
The chemical potentials of the B and N atoms vary ove
range given by the heat of formation of the respect
BN bulk structure, defined asH f(BN)5EBN2EB(bulk)

2EN(bulk) . We calculate H f(c-BN)523.0 eV and
H f(h-BN)523.3 eV. Additionally, the atomic chemical po
tentials are constrained by the thermal equilibrium condit
mB1mN5mBN . The upper bound formN is assumed to be
the precipitation limit on its bulk phase,mN<mN(bulk) . Fix-
ing mN to its maximum value in Eq.~1! results in a N-rich
condition for the formation energies. For themN(bulk) calcu-
lation we have considered the nitrogen ground-state struc
a-N2. Details of those bulk structure calculations can
found in Ref. 22.

Recent calculations by Kernet al.23 indicate that the local
density approximation~LDA ! predicts larger cohesive ene
gies than those calculated within the GGA approach for s
tems bound by weak intermolecular forces, likeh-BN
planes. In addition, they found that GGA calculations wou
fail in predicting the stability of theh-BN structure. Al-
though a similar trend between LDA and GGA has be
detected in the present work, we find that both approxim
tions for the exchange-correlation functional, result in po
tive cohesive energies for the interaction between BN pla
in h-BN ~0.03 eV for GGA and 0.09 eV for LDA!. In the
present work, we have chosen to use the GGA appro
because it better predicts cohesive energies of solids~see, for
instance, Ref. 23!, which is a quantity closely related t
defect-formation energies.

III. RESULTS AND DISCUSSION

A. Defects inh-BN: Geometry and electronic structure

Figure 1 shows a schematic representation of the sin
particle energy levels induced by neutral vacancies (VN

0,

FIG. 1. Schematic representation of the single-particle ene
levels induced by neutral vacancies and self-interstitials inh-BN in
the band gap. The filled dots indicate electrons and the open
indicate holes.
5-2



ed

st
n
s

er

lf-
al
re

a
r

o
he

h

g
N
in

e
an

pie
d
s

ev
pi

n

ng
Fi

e

m
se
t

th
om
ai
n

he
e
ob-
f B

ore

ed
sity

er-

the
ed
ons
itial

in-
ow

itial

in

pre-

STABILITY OF NATIVE DEFECTS IN HEXAGONAL . . . PHYSICAL REVIEW B 63 125205
VB
0) and self-interstitials (Ni

0, Bi
0) in h-BN inside the the-

oretical band gap~4.0 eV!. According to our GGA calcula-
tion, VB

0 induces a fully occupied singlet~nondegenerated!
level atev10.31 eV and a singly occupied doublet~degen-
erated! level at ev11.29 eV, whereev is the valence-band
maximum. Therefore, the neutral boron vacancy inh-BN
behaves as a triple acceptor. ForVN

0 we find two singlet
levels close to the edges of the band gap, atev10.10 eV and
ev13.86 eV. The uppermost singlet level is half occupi
suggesting that the neutral nitrogen vacancy inh-BN be-
haves as a single donor.

Regarding the equilibrium geometry, the three fir
neighbor B atoms ofVN

0 undergo a small outward relaxatio
of 0.02 Å (;1%) with respect to the unrelaxed position
Whereas forVB

0, their first-neighbor N atoms show a larg
outward relaxation of 0.1 Å (;7%). Similar relaxations are
also observed in other charge states of the vacancies~11 to
31 for VN and 11 to 32 for VB).

In order to find the minimum-energy configuration of se
interstitials inh-BN we have considered different interstiti
sites for the N and B impurities in the graphitelike structu
before starting the molecular-dynamics calculation. W
choose two on-layer sites, at the center of the hexagon
between a B-N bond, and two interlayer sites, at the cente
the hexagon and between B and N atoms.

Figure 2~a! shows the total electronic-charge density
Ni

0 in its lower-energy configuration. We observe that t
interstitial nitrogen binds strongly with a N atom of the lat-
tice forming a N-N pair with bond distance of 1.55 Å, whic
is approximately 30% larger than that of the N2 molecule
~1.1 Å!. This pair is oriented normal to the layer bindin
equally with their three first-neighbor B atoms with a B-
bond distance of 1.61 Å. This configuration is also found
other charge states of the defect. The electronic structur
Ni

0 shows two nearly degenerate singlet levels in the b
gap atev10.54 eV andev10.55 eV, occupied with two and
one electron respectively~see Fig. 1!. Figure 2~b! shows the
electronic charge density associated to the singly-occu
gap level. We observe ap-like character at the N-N pair an
more localizedpz-like character at the neighboring N atom
of the same layer. The above results suggest that this l
can be described as a perturbation of the highest occu
molecular orbital state of the perfecth-BN lattice, which is
composed bypz-like dangling bonds located at the nitroge
atoms of the lattice.19

Our results for the lower-energy configuration of Bi
0

show the interstitial B atom in an interlayer position bondi
with both N and B atoms of adjacent planes, as shown in
3~a!. We also find that in 11 and 21 charge states, the B
impurity is almost in line with the N and B atoms of th
adjacent layers. However, for neutral, 12 and 22 charge
states the B impurity binds with a B atom of the first layer
and with a B-N pair of the second layer tending to for
B-B-B bonds with the addition of extra electrons. In the
charge states, both layers undergo large distortions in
neighborhood of the interstitial. On the other hand, for
32 charge state we observe that the interstitial B at
moves closer to the N atom tending to form a B-N p
occupying the N site in the layer but preserving the bo
12520
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with the B atom of the adjacent layer. In this geometry, t
interstitial B atom binds with four neighboring B atoms. Th
above results are in good agreement with experimental
servations of B-B bond sequences and the tendency o
atoms to form small clusters inh-BN.14 In addition, our re-
sults suggest that the formation of B clusters would be m
likely to occur forn-type growth conditions.

The electronic structure of Bi
0 ~see Fig. 1! shows three

singlet levels in the band gap: A fully occupied one atev
11.03 eV, a half-occupied one atev12.64 eV, and an
empty level atev12.98 eV. These energy levels are relat
to the metalliclike B-B bonds as shown in the charge-den
plot for the half-occupied gap level in Fig. 3~b!.

We also calculate the total energy of both N and B int
stitials fixed at nonbonded positions in theh-BN lattice. This
was done in order to estimate the gain in energy of
minimum-energy configurations with respect to nonbond
positions. The energy difference between both configurati
can be interpreted as the binding energy of the interst
atoms. For the nonbonded interstitial site we choose an
terlayer position in the center of a hexagon. Our results sh
a gain in energy of 1.5 eV for Bi and of 2.9 eV for Ni . The
large difference in energy between the nonbonded interst

FIG. 2. Wave-function squared plots of interstitial nitrogen
h-BN in the lowest-energy configuration.~a! For all occupied
single-particle energy levels.~b! For half-occupied gap level. The
plane is displayed perpendicular to theh-BN layers passing through
B-N bonds. Black circles represent B atoms and gray circles re
sent N atoms.
5-3
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WALTER ORELLANA AND H. CHACHAM PHYSICAL REVIEW B 63 125205
position and the final equilibrium position indicate that t
bonds of the Bi and Ni defects are very strong, especially f
the N-N pair that has almost twice the binding energy of
B-B-B bonded structure.

B. Defects inc-BN: Geometry and electronic structure

Figure 4 shows schematically the single-particle ene
levels induced by neutral vacancies and self-interstitials
c-BN inside the theoretical band gap~4.8 eV!. In a previous
work,22 we have discussed in more detail the electronic a
structural properties of the boron and nitrogen vacancie
c-BN within the same theoretical approach as presente
this work. In the following, we discuss the electronic stru
ture and equilibrium geometry of B and N interstitials
c-BN.

In the same way as performed in the graphitelike str
ture, we calculate the minimum-energy atomic geometry
self-interstitials inc-BN by considering different interstitia
sites in the zinc-blende structure before starting
molecular-dynamics calculation. These sites are: Betwee
B-N bond ~bonding site!, the sites opposite to the bondin

FIG. 3. Wave-function squared plots of interstitial boron
h-BN in the lowest-energy configuration.~a! For all occupied
single-particle energy levels.~b! For the half-occupied gap leve
The plane is displayed perpendicular to theh-BN layers passing
through B-N bonds. Black circles represent B atoms and g
circles represent N atoms.
12520
e

y
n

d
in
in
-

-
f

e
a

site with respect to the B and N atoms, and the tetrahe
sites surrounded by B and N atoms.

Our results for the minimum-energy configuration of Ni
0

show the formation of a N-N pair occupying a nitrogen s
of the lattice, as also observed in theh-BN structure. In this
split-interstitial configuration, each N atom of the pair bin
with two first-neighbor B atoms. The N-N bond distance f
the neutral defect is found to be of 1.28 Å, which is 16
larger than that of the N2 molecule. We find equal bond
distances between a nitrogen atom of the pair and the ne
boring B atoms of 1.42 Å, with a B-N-B angle of 141°. Th
configuration is also found in others charge states of the
fect.

The electronic structure of Ni
0 ~see Fig. 4! shows three

singlet levels in the band gap: A fully occupied one atev
11.31 eV, a half-occupied one atev11.38 eV, and an
empty level close to the bottom of the conduction band
ev14.5 eV. Both midgap levels are associated with two lo
pairs located at each N atom of the N-N pair, which a
oriented normal to the plane formed by the B-N-B atoms

The equilibrium geometry of Bi
0 shows a N-B pair occu-

pying a nitrogen site of the lattice also forming a spl
interstitial configuration. The bond distance of the N-B p
is found to be 1.32 Å, which is 15% shorter than the bo
distance of N-B in bulkc-BN. The nitrogen of the pair binds
with two first-neighbor B atoms, with a bond distance
1.42 Å and a B-N-B angle of 140°. Similarly, the boron ato
of the pair binds with the two remaining first-neighbor
atoms, with bond distances of 1.52 Å and B-B-B angle
141°. The above configuration for Bi is found stable for all
the charge states investigated.

The electronic structure of Bi
0 ~see Fig. 4! shows four

singlet levels in the band gap: Two fully occupied leve
close to the top of the valence band atev10.13 andev
10.30 eV, a half-occupied level atev12.51 eV, and an
empty level close to the bottom of the conduction band
ev14.60 eV. Similarly to Ni , the half-occupied level of Bi
is associated with a single lone pair located at the N atom
the N-B pair, which is oriented normal to the plane form
by the B-N-B atoms.

y

FIG. 4. Schematic representation of the single-particle ene
levels induced by neutral vacancies and self-interstitials inc-BN in
the band gap. The filled dots indicate electrons and the open
indicate holes.
5-4
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C. Energetics of the native defects:h-BN versusc-BN

The formation energies ofVN , VB , Ni , and Bi defects in
h-BN have been calculated according to Eq.~1! for the range
of electron-chemical potentialsme between the valence-ban
maximum and the conduction-band minimum. For a giv
value ofme , the energetically stable charge stateq of a given
defect is the one that gives the lowest formation energy.
final result is shown in Fig. 5, where the formation energ
of the native defects inh-BN under N-rich conditions are
plotted as a function ofme . The symbols at the cusps of eac
curve correspond to the values ofme where two charge state
coexist. These values ofme are the ionization levels of the
defects. Between consecutive ionization levels, the cha
state of the defects are indicated in the figure. The forma
energies of the same defects inc-BN under N-rich conditions
are shown in Fig. 6.

Figure 5 shows that Ni
31 is the most stable defect i

h-BN for p-type conditions~small values ofme), followed
closely by VN

31 and Bi
21. On the other hand, forn-type

conditions~large values ofme), the most stable defects ar
VB

32 and Ni
12. Therefore, according to our formation

energy results we conclude that the interstitial N atom can
easily incorporated inh-BN under N-rich growth conditions
forming a strong N-N molecular bond. This structure is sp
cially favorable forp-type materials where it exhibits th
lower formation energies among the native defects un
study. On the other hand, boron vacancies are more likel
occur inn-type materials.

Figure 6 shows that the vacancies are the most st
defects inc-BN while the interstitials have higher formatio
energies. Therefore, N and B interstitials inc-BN would be
unlikely to occur in significant concentrations. This contra
with Fig. 5, which shows that interstitials inh-BN have for-
mation energies comparable to or lower than those of vac

FIG. 5. Formation energies as a function of the Fermi levelme

for vacancies and interstitials inh-BN for a nitrogen-rich growth
condition. The symbols indicate ionization levels and the numb
on the lines indicate defect charge states.
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cies. Supposing that the bombardment with positive io
(N2

1) induces ap-type condition for the resulting materia
our results suggest that Ni andVN in h-BN, andVN in c-BN
are energetically favorable defects in these materials a
they are ion-bombarded. In the same condition (p-type!, the
boron vacancy inh-BN would have a high formation energy
This is consistent with the NEXAFS experiments of Refs.
and 14 that indicate the presence of nitrogen vacancies
interstitials inh-BN but do not find evidence of boron va
cancies inh-BN andc-BN after N2

1 bombardment.
In the experimental work of Jime´nezet al.,14 a feature in

the N(1s) edge of photoabsorption spectra of several B
thin films is clearly associated with thec-BN phase in the
samples. The authors of Ref. 14 suggest that this featur
related to nitrogen interstitials in thec-BN phase. Our results
show ~see Fig. 6! that the formation of nitrogen interstitial
in c-BN requires a large amount of energy. Therefore,
cording to our results this defect should not occur in lar
concentrations and, consequently, it should not be expe
in photoabsorption measurements. We suggest, instead,
the c-BN related feature in the photoabsorption experime
is associated with the nitrogen antisite NB in c-BN, which
has a small formation energy in N-rich conditions22 and
could induce an additional feature in the N(1s) edge.

In Fig. 5 we also note that inh-BN the defectsVB
0, VB

12,
Ni

0, Ni
11, Bi

0, and Bi
22 are unstable against other char

states of the same defects suggesting that they would ex
sizable negative-U terms. The largestU energy is found for
the (12/11) transition state of the Bi defect being approxi-
mately of21.5 eV, whereas this behavior is not observed
c-BN. We believe that the distinct behavior inh-BN is due
to the strong lattice relaxation exhibited byVB , Ni , and Bi
when they capture an electron from a singly-occupied g
level or lose an electron from a fully occupied gap lev
These lattice relaxations are stronger inh-BN than inc-BN.

rs

FIG. 6. Formation energies as a function of the Fermi levelme

for vacancies and interstitials inc-BN for a nitrogen-rich growth
condition. The symbols indicate ionization levels and the numb
on the lines indicate defect charge states.
5-5
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WALTER ORELLANA AND H. CHACHAM PHYSICAL REVIEW B 63 125205
This might be attributed to the hardness ofh-BN crystal that
is significantly lower than that ofc-BN.

Another characteristic of the energetics of the native
fects in h-BN under N-rich conditions, shown in Fig. 5, i
that the formation energy of the nitrogen interstitial
smaller that the formation energy of the nitrogen vacancy
any value of the electron chemical potential. This indica
that nitrogen vacancies would provide an efficient trap
nitrogen molecules in the formation of nitrogen interstitia
in h-BN. This is consistent with the experimental observ
tion of the trapping of nitrogen inVN-rich h-BN films bom-
barded by N2

1 ions.14

The above results for the formation energies of the i
lated defects are relevant to defect formation during gro
processes near thermodynamical equilibrium. Howev
some growth techniques involve processes that place
growing material far from thermodynamical equilibrium
This is possibly the case of the growth of BN films assis
by N2

1 implantation.13,14 This process results in the growt
of films with either sp3 or sp2 bonding, depending on
growth conditions. Without the ion implantation, onlysp2

bonding occurs. In BN films grown by ion implantation,
large quantity of nitrogen vacancies is also observed as
as nitrogen interstitials.13,14

To investigate the energetics of defect formation due
ion implantation, a possible approach is to consider vacan
interstitial pairs generated by kickout collisions with the i
coming ions. We will consider the energetics of the form
tion of VN1Ni and VB1Bi noninteracting pairs in both
h-BN and c-BN. The results of the formation energies
such pairs are shown in Figs. 7 and 8 as a function of
electron-chemical potentialme .

Figures 7 and 8 show a striking difference between
energetics of the formation of vacancy-interstitial lon
distance pairs inh-BN and the corresponding energetics
c-BN. The curves forh-BN are shifted to lower values, rela

FIG. 7. Formation energies as a function of the Fermi levelme

for the noninteracting vacancy-interstitial pairs inh-BN.
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tive to those ofc-BN, by about 5 eV. Such a large differenc
indicates that, from an energetic point of view, it is mu
likely that vacancy-interstitial pairs are produced by kicko
processes inh-BN than inc-BN.

Although the description of the kinetics of growth of B
films is beyond the scope of the present work, the large
ergy difference mentioned above suggests that a poss
role of the ion bombardment in favoring the growth ofc-BN
films is to generate a much larger amount of defects in
hexagonal phase than in the cubic phase.

IV. SUMMARY

We have investigated the electronic and structural prop
ties as well as the energetics of isolated vacancies and
interstitials inh-BN and c-BN using pseudopotential total
energy calculations. Our results show that the boron
nitrogen interstitials and the nitrogen vacancy inp-type,
N-rich h-BN have low formation energies suggesting th
they are likely to occur under these conditions. This is co
sistent with the experimental observation of large concen
tions of nitrogen interstitials and vacancies, and of the tr
ping of nitrogen in the hexagonal phase of BN thin film
grown by ion-bombardment-assisted deposition techniqu
Special attention is given to both interstitials that can tra
form the bonding structure in their neighborhood induci
important distortions in theh-BN lattice. The interstitial B
atom is found at an interlayer position forming metalliclik
bonds with B atoms of adjacent layers. On the other ha
the interstitial N atom forms a strong N-N molecular bo
with a N atom of the lattice occupying its site. This N-N pa
binds equally with its three neighboring B atoms.

The energetics of vacancy-interstitial distant pairs
h-BN indicates thatVN and Ni are energetically favorable
defects to be created by kickout processes inp-type materi-
als. Inc-BN the formation energy of the same pair, under t
same growth conditions, is;5 eV higher in energy than in

FIG. 8. Formation energies as a function of the Fermi levelme

for the noninteracting vacancy-interstitial pairs inc-BN.
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the h-BN structure. Such a large energy difference sugge
that a possible role of the ion bombardment in favoring
growth ofc-BN films is to generate a large amount of defe
in the hexagonal phase but not in the cubic phase.
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