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We investigate, through first-principles calculations, the stability and electronic structure of self-interstitials
and vacancies in both hexagorigtaphite-like and cubic boron nitride. We find that the self-interstitials N
and B in hexagonal boron nitriden(BN) have low formation energies, comparable to those of the vacancies
Vy andVyg. For instance, we find that;Ns the most stable defect mBN under N-rich ang-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 mtB& 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 enerd@Nn
than inh-BN. This suggests that a possible role of the ion bombardment in favoring the groeABMffilms
is to generate a much larger amount of defects in the hexagonal phase than in the cubic phase.
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[. INTRODUCTION energetic ions during the growth of BN films has mainly two
effects: First, it generates a large amount of defects, notably
Boron nitride(BN) is a compound that occurs in several nitrogen vacancies and interstitials in the hexagonal phase.
structures. In a similar way as carbon, BN can occur inSecond, it favors the growth of the cubic phase relative to the
sp?-bonded structures like hexagonal BNh-BN), hexagonal phase. The reasons for the abundance of certain
sp’-bonded structures like cubic BNc{BN), as well as defects, and a possible relation between the abundance of
nanotubé and fulleren&® structures. The cubic form is one defects and the growth of the cubic phase are important and
of the hardest materials known to date and for this reason @pen questions. Consequently, the study and characterization
has attracted considerable attention. The synthesis of bulid defects that might be induced mBN andc-BN consid-
cubic BN requires the application of high pressures and temering typical growth conditions, like electron- or hole-rich
peratures, similar to the synthesis of diamond. However, ienvironments and stoichiometric variations, are important
has been found in recent ye&r¥ that the growth of cubic  subjects to be considered from a theoretical point of view.
boron nitride thin films can be attained by deposition tech- The purpose of our work is to provide both qualitative and
niques assisted by low-energy ion bombardm@ng., N©  quantitative information on the energetics of formation of
and Art) during film growth. The formation of the cubic native defects and on competing processes involving native
phase is intermediated by am?-bonded boron nitride layer defects as induced by ion bombardmentisBN andc-BN
adjacent to the substrate. The ion bombardment also causegnsidering the above described growth conditions. We find
structural damage and compressive stress that can restrict tiet the self-interstitials Nand B in h-BN have low forma-
film thickness up to 100—-200 nf,representing a serious tion energies, comparable to those of the vacandigsnd
limitation in the development o€-BN thin films. On the Vg. For instance, we find that;Ns the most stable defect in
other hand, recent studies by Boyeinal 12 have shown that h-BN under N-rich andp-type conditions, followed by the
post-deposition ion bombardment over high quaktBN nitrogen vacancy. In contrast, the self-interstitialschiBN
thin films leads to a strong relaxation of the compressivehave high formation energies as compared to those of the
stresses without destroying the cubic phase. vacancies. As a consequence, the formation of vacancy-
Recently, Jimeez et al!*'* have applied the near-edge interstitial pairs in kickout processes would typically require
X-ray absorption fine structure spectroscoYEXAFS) much more energy i-BN than inh-BN. In particular, we
method to the study of bonding modifications and point defind that inp-type conditions the formation energy of a dis-
fects in BN thin films induced by ion bombardment. Thesetant Vy+ N; pair in h-BN is 3.0 eV, whereas itc-BN the
works have identified the presence of nitrogen vacancies arfdrmation energy of the same pair is 8.0 eV. This suggests
interstitials inh-BN after it is ion bombarded by N'. They  that a possible role of the ion bombardment in favoring the
also found B-B bonds formed in the hexagonal-like structuregrowth ofc-BN films is to generate a much larger amount of
which have been addressed to boron at interstitial sites or tdefects in the hexagonal phase than in the cubic phase.
the formation of boron clusters. Our paper is organized as follows: In Sec. Il we describe
The above experimental results show that the impact othe first-principles methodology used in the calculations. In
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Secs. IIl A and Il B, we discuss our results for the electronic VNO VBO NY BY
structure and the minimum-energy configuration of the va- ! .__CBM
cancies and self interstitials mBN andc-BN in the several

possible charge states. In Sec. 11l C, we perform a compara- yc

tive study on the energetics of the formation of vacancies, ———
self-interstitials, and vacancy-interstitial distant pairs in

h-BN andc-BN as a function of the electron-chemical po-

tential. Finally, In Sec. IV we present a summary of our —8000—
results.

= — =

VBM

IIl. THEORETICAL METHOD FIG. 1. Schematic representation of the single-particle energy

levels induced by neutral vacancies and self-interstitials-BN in

Our calculations are performed in the framework of the ) e
the band gap. The filled dots indicate electrons and the open dots

density-functional theory® the first-principles pseudopoten- ¢

tial method, and a plane-wave basis set. For the exchanngU-dlcate holes.

correlation potential we use the generalized-gradient ap-

proximation (GGA).1® Boron and nitrogen pseudopotentials Ef(Ni)=E(N;%) —nyun—ngustq(uete€,), (1)

are generated by the scheme of Troullier and Martinale

use a plane-wave energy cutoff of 60 Ry. All the atoms in

the graphitelike and zinc-blende structures are fully relaxedvhereE; is the total energy andy (ng) is the number of N

according to the calculated Hellmann-Feynman forces oiiB) atoms in the supercell. The Fermi leye} is measured

ions until these forces are negligibltess than 0.05 eV/A  with respect to the energy of the valence-band maxineym

assuming no symmetry constraints. The chemical potentials of the B and N atoms vary over a
The hexagonal BN structure hBg, symmetry with four  range given by the heat of formation of the respective

atoms per unit cell. It exhibits aAB-like stacking sequence BN bulk structure, defined atH (BN) = Egn— Egpul

with each boron atom on _top of a nitrogen at(_)m. We use a_EN(bqu)- We calculate H(c-BN)=—3.0eV and

64-atom supercell consisting obd4x2 the unit cell. We gy =—3.3 ev. Additionally, the atomic chemical po-

calculate the equilibrium structure by minimizing the total o tia|s are constrained by the thermal equilibrium condition

energy with respect to tha and c parameters. Our results s+ un=ugy. The upper bound fopy is assumed to be

for the equilibrium lattice constants ase=2.483 A andc the precipitation limit on its bulk phasgu= oy . FiX-

=6.701 A, which are within 1% of the experimental values. . . : \ .
(a=2.504 A andc=6.66 A) 18 ing uy to its maximum value in Eq(l) results in a N-rich

For the Brillouin-zone sampling we use a singdeoint condition for the formation energies. For th&,i calcu-
(the T point. To check the convergence of the total energyIation we have considered the nitrogen ground-state structure

and the atomic geometry for the okepoint sampling, we a-N,. 'Details of those bulk structure calculations can be
perform a vacancy calculation by considering thkegoints, ~ found in Ref. 22. .
Our results show that the variations in the total energy with Recent calculations by Kert al” indicate that the local
respect to the onk-point calculation are less than 0.03 eV/ density approximatioriLDA) predicts larger cohesive ener-
atom with negligible differences in the atomic geometry. Ourdies than those calculated within the GGA approach for sys-
results for the electronic structure show a direct gap afthe tems bound by weak intermolecular forces, likeBN
point of 4.9 eV and an indirect gapgK(~M) of 4.0 eV. planes. In addition, they found that GGA calculations would
These results are in close agreement with recent total-enerdgil in predicting the stability of then-BN structure. Al-
calculations™® though a similar trend between LDA and GGA has been

For cubic BN we use a supercell of 64 atomic sites in thedetected in the present work, we find that both approxima-
zinc-blende structure. We find the equilibrium lattice con-tions for the exchange-correlation functional, result in posi-
stant a=3.617 A and the bulk modulu8=3.69 Mbar, tive cohesive energies for the interaction between BN planes
which are in good agreement with the experimental valuesn h-BN (0.03 eV for GGA and 0.09 eV for LDA In the
(a=3.615 A andB=3.80 Mbar)?o The electronic structure present work, we have chosen to use the GGA approach
shows an indirect gapl{— X) of 4.8 eV. For the Brillouin  because it better predicts cohesive energies of s(iieks, for
zone sampling we also use tliepoint. Checks of conver- instance, Ref. 23 which is a quantity closely related to
gence with fourk points show that variations in the total defect-formation energies.
energies are less than 0.04 eV/atom.

The formation energies of vacancies and interstitials in
h-BN andc-BN are calculated as a function of the chemical IIl. RESULTS AND DISCUSSION
potentials of both atomic speciesg and uy, and the elec-
tron chemical potential or Fermi level, .2! For instance, in
the case of the N interstitial in the charge stat¢he forma- Figure 1 shows a schematic representation of the single-
tion energy is given by particle energy levels induced by neutral vacancigg®(

A. Defects inh-BN: Geometry and electronic structure
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Vg?) and self-interstitials (N, B;°) in h-BN inside the the-
oretical band gap4.0 eV). According to our GGA calcula-
tion, Vg° induces a fully occupied singléhondegenerated
level ate,+0.31 eV and a singly occupied doubletegen-
erated level ate,+1.29 eV, whereg, is the valence-band
maximum. Therefore, the neutral boron vacancyhiBN
behaves as a triple acceptor. Pér® we find two singlet
levels close to the edges of the band gap,at0.10 eV and
€,13.86 eV. The uppermost singlet level is half occupied
suggesting that the neutral nitrogen vacancyh#BN be-
haves as a single donor.

Regarding the equilibrium geometry, the three first-
neighbor B atoms o¥,° undergo a small outward relaxation
of 0.02 A (~1%) with respect to the unrelaxed positions.
Whereas folVg?, their first-neighbor N atoms show a larger
outward relaxation of 0.1 A{7%). Similar relaxations are
also observed in other charge states of the vacalitieso O O |
3+ for Vy and I+ to 3— for Vp). (b)

In order to find the minimum-energy configuration of self-

interstitials inh-BN we have considered different interstitial
sites for the N and B impurities in the graphitelike structure @

before starting the molecular-dynamics calculation. We @
choose two on-layer sites, at the center of the hexagon and
between a B-N bond, and two interlayer sites, at the center of
the hexagon and between B and N atoms.

Figure 2a) shows the total electronic-charge density of
N;® in its lower-energy configuration. We observe that the Q) e—O (-
interstitial nitrogen binds strongly wita N atom of the lat-
tice forming a N-N pair with bond distance of 1.55 A, which
is approximately 30% larger than that of the Mholecule FIG. 2. Wave-function squared plots of interstitial nitrogen in
(1.1 A). This pair is oriented normal to the layer binding h-BN in the lowest-energy configuratioa) For all occupied
equally with their three first-neighbor B atoms with a B-N single-particle energy levelgb) For half-occupied gap level. The
bond distance of 1.61 A. This configuration is also found inplane is displayed perpendicular to BN layers passing through
other charge states of the defect. The electronic structure &-N bonds. Black circles represent B atoms and gray circles repre-
N;® shows two nearly degenerate singlet levels in the bangent N atoms.
gap ate,+0.54 eV ande, + 0.55 eV, occupied with two and
one electron respectivelgee Fig. 1 Figure Zb) shows the with the B atom of the adjacent layer. In this geometry, the
electronic charge density associated to the singly-occupiethterstitial B atom binds with four neighboring B atoms. The
gap level. We observe a-like character at the N-N pair and above results are in good agreement with experimental ob-
more localizedp,-like character at the neighboring N atoms servations of B-B bond sequences and the tendency of B
of the same layer. The above results suggest that this levetoms to form small clusters in-BN.* In addition, our re-
can be described as a perturbation of the highest occupieglilts suggest that the formation of B clusters would be more
molecular orbital state of the perfestBN lattice, which is  likely to occur forn-type growth conditions.
composed byp,-like dangling bonds located at the nitrogen  The electronic structure of ;B (see Fig. 1 shows three
atoms of the latticé® singlet levels in the band gap: A fully occupied oneeat

Our results for the lower-energy configuration of°B +1.03 eV, a half-occupied one at,+2.64 eV, and an
show the interstitial B atom in an interlayer position bondingempty level ate, +2.98 eV. These energy levels are related
with both N and B atoms of adjacent planes, as shown in Figto the metalliclike B-B bonds as shown in the charge-density
3(a). We also find that in + and 2+ charge states, the B plot for the half-occupied gap level in Fig(i8.
impurity is almost in line with the N and B atoms of the =~ We also calculate the total energy of both N and B inter-
adjacent layers. However, for neutral-land 2— charge stitials fixed at nonbonded positions in theBN lattice. This
states the B impurity binds wita B atom of the first layer was done in order to estimate the gain in energy of the
and with a B-N pair of the second layer tending to form minimum-energy configurations with respect to nonbonded
B-B-B bonds with the addition of extra electrons. In thesepositions. The energy difference between both configurations
charge states, both layers undergo large distortions in thean be interpreted as the binding energy of the interstitial
neighborhood of the interstitial. On the other hand, for theatoms. For the nonbonded interstitial site we choose an in-
3— charge state we observe that the interstitial B atonterlayer position in the center of a hexagon. Our results show
moves closer to the N atom tending to form a B-N paira gain in energy of 1.5 eV for;Band of 2.9 eV for N. The
occupying the N site in the layer but preserving the bondarge difference in energy between the nonbonded interstitial
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(b)

FIG. 3. Wave-function squared plots of interstitial boron in
h-BN in the lowest-energy configurationa) For all occupied
single-particle energy levelgb) For the half-occupied gap level.
The plane is displayed perpendicular to BN layers passing
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FIG. 4. Schematic representation of the single-particle energy
levels induced by neutral vacancies and self-interstitiats-BN in
the band gap. The filled dots indicate electrons and the open dots
indicate holes.

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

Our results for the minimum-energy configuration qf N
show the formation of a N-N pair occupying a nitrogen site
of the lattice, as also observed in theBN structure. In this
split-interstitial configuration, each N atom of the pair binds
with two first-neighbor B atoms. The N-N bond distance for
the neutral defect is found to be of 1.28 A, which is 16%
larger than that of the Nmolecule. We find equal bond
distances between a nitrogen atom of the pair and the neigh-
boring B atoms of 1.42 A, with a B-N-B angle of 141°. This
configuration is also found in others charge states of the de-
fect.

The electronic structure of R (see Fig. 4 shows three
singlet levels in the band gap: A fully occupied oneeat

through B-N bonds. Black circles represent B atoms and gray; 1 31 eV, a half-occupied one at,+1.38 eV, and an

circles represent N atoms.

empty level close to the bottom of the conduction band at
€,1+4.5 eV. Both midgap levels are associated with two lone

position and the final equilibrium position indicate that the pairs located at each N atom of the N-N pair, which are

bonds of the Band N defects are very strong, especially for

oriented normal to the plane formed by the B-N-B atoms.

the N-N pair that has almost twice the binding energy of the The equilibrium geometry of 8 shows a N-B pair occu-

B-B-B bonded structure.

B. Defects inc-BN: Geometry and electronic structure

pying a nitrogen site of the lattice also forming a split-
interstitial configuration. The bond distance of the N-B pair
is found to be 1.32 A, which is 15% shorter than the bond
distance of N-B in bullkc-BN. The nitrogen of the pair binds

Figure 4 shows schematically the single-particle energyVith two first-neighbor B atoms, with a bond distance of
levels induced by neutral vacancies and self-interstitials irt-42 A and a B-N-B angle of 140°. Similarly, the boron atom

c-BN inside the theoretical band g&#4.8 eV). In a previous

of the pair binds with the two remaining first-neighbor B

work?2 we have discussed in more detail the electronic an@toms, with bond distances of 1.52 A and B-B-B angle of
structural properties of the boron and nitrogen vacancies id41°. The above configuration for; B found stable for all
c-BN within the same theoretical approach as presented if'€ charge states investigated.

this work. In the following, we discuss the electronic struc-

ture and equilibrium geometry of B and N interstitials in
c-BN.

The electronic structure of ;B (see Fig. 4 shows four
singlet levels in the band gap: Two fully occupied levels
close to the top of the valence band @t+0.13 ande,

In the same way as performed in the graphitelike struc-+0.30 eV, a half-occupied level at,+2.51 eV, and an
ture, we calculate the minimum-energy atomic geometry oempty level close to the bottom of the conduction band at

self-interstitials inc-BN by considering different interstitial

€,+4.60 eV. Similarly to N, the half-occupied level of B

sites in the zinc-blende structure before starting thds associated with a single lone pair located at the N atom of
molecular-dynamics calculation. These sites are: Between e N-B pair, which is oriented normal to the plane formed

B-N bond (bonding sit¢, the sites opposite to the bonding

by the B-N-B atoms.
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FIG. 5. Formation energies as a function of the Fermi lgugl FIG. 6. Formation energies as a function of the Fermi lgugl

for vacancies and interstitials in-BN for a nitrogen-rich growth  for vacancies and interstitials io-BN for a nitrogen-rich growth
condition. The symbols indicate ionization levels and the numbergondition. The symbols indicate ionization levels and the numbers
on the lines indicate defect charge states. on the lines indicate defect charge states.

C. Energetics of the native defectsh-BN versusc-BN cies. Supposing that the bombardment with positive ions

The formation energies ofy, Vg, N;, and B defects in  (N2") induces g-type condition for the resulting material,
h-BN have been calculated according to Ef.for the range  OUr results suggest that ldndVy in h-BN, andVy in ¢-BN
of electron-chemical potentiajs, between the valence-band &€ energe‘ucally favorable defects in the§§ materials after
maximum and the conduction-band minimum. For a giverf€Y are ion-bombarded. In the same conditiprtype), the

value of .., the energetically stable charge staef a given boron vacancy im-BN would have a high formation energy.

defect is the one that gives the lowest formation energy. Th(-al_hIS is consistent with the NEXAFS experiments of Refs. 13

final result is shown in Fig. 5, where the formation energiesand 14 that indicate the presence of nitrogen vacancies and

of the native defects it-BN under N-rich conditions are Ln;ﬁg?ggai:]sh_Iglr\]l_gr’:ldgljélgoaf?g: REP s;/:gsgrcc;amcgn?oron Ve
plotted as a function of.. The symbols at the cusps of each :

In the experimental work of Jinmezet al,'* a feature in
curve correspond to the values@f where two charge states the N(1s) edge of photoabsorption spectra of several BN
coexist. These values qf, are the ionization levels of the

e s T thin films is clearly associated with theBN phase in the
defects. Between consecutive ionization levels, the Charg@amples. The authors of Ref. 14 suggest that this feature is

state of the defects are indicated in the figure. The formatiopg|ated to nitrogen interstitials in teBN phase. Our results
energies of the same defectschBN under N-rich conditions  show (see Fig. 6 that the formation of nitrogen interstitials
are shown in Fig. 6. in c-BN requires a large amount of energy. Therefore, ac-
Figure 5 shows that X" is the most stable defect in cording to our results this defect should not occur in large
h-BN for p-type conditions(small values ofu,), followed  concentrations and, consequently, it should not be expected
closely by V\** and B?*. On the other hand, fon-type in photoabsorption measurements. We suggest, instead, that
conditions(large values ofu,), the most stable defects are the c-BN related feature in the photoabsorption experiments
Vg3~ and N!~. Therefore, according to our formation- is associated with the nitrogen antisitgg M c-BN, which
energy results we conclude that the interstitial N atom can bbas a small formation energy in N-rich conditiéhsnd
easily incorporated im-BN under N-rich growth conditions could induce an additional feature in the Njledge.
forming a strong N-N molecular bond. This structure is spe- In Fig. 5 we also note that in-BN the defects/g?, V'™,
cially favorable forp-type materials where it exhibits the N;°, N;**, B,°, and B2~ are unstable against other charge
lower formation energies among the native defects undestates of the same defects suggesting that they would exhibit
study. On the other hand, boron vacancies are more likely tsizable negativé terms. The largest) energy is found for
occur inn-type materials. the (1-/1+) transition state of the Blefect being approxi-
Figure 6 shows that the vacancies are the most stablmately of—1.5 eV, whereas this behavior is not observed in
defects inc-BN while the interstitials have higher formation c-BN. We believe that the distinct behavior iRBN is due
energies. Therefore, N and B interstitialsdfBN would be  to the strong lattice relaxation exhibited Mg, N;, and B
unlikely to occur in significant concentrations. This contrastswhen they capture an electron from a singly-occupied gap
with Fig. 5, which shows that interstitials in-BN have for-  level or lose an electron from a fully occupied gap level.
mation energies comparable to or lower than those of vacanFhese lattice relaxations are strongehtBN than inc-BN.
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FIG. 7. Formation energies as a function of the Fermi levgl FIG. 8. Formation energies as a function of the Fermi lgvgl
for the noninteracting vacancy-interstitial pairshirBN. for the noninteracting vacancy-interstitial pairsarBN.

This might be attributed to the hardnessheBN crystal that  tive to those ot-BN, by about 5 eV. Such a large difference
is significantly lower than that of-BN. indicates that, from an energetic point of view, it is much

Another characteristic of the energetics of the native delikely that vacancy-interstitial pairs are produced by kickout

fects inh-BN under N-rich conditions, shown in Fig. 5, is Processes im-BN than inc-BN. o
that the formation energy of the nitrogen interstitial is _ Although the description of the kinetics of growth of BN

smaller that the formation energy of the nitrogen vacancy forfllms |ds_flf3eyond the stc_ope dOf tt:‘e present vvtorkt,htr;e large ?k?l-
any value of the electron chemical potential. This indicatesfc:%yof Ithir?onncf)onr;igrlgrr:weent?n?‘;Sofil;g%f\seS rov?thgeé)lgsg €
that nitrogen vacancies would provide an efficient trap for,. . 9 9 .
nitrogen molecules in the formation of nitrogen interstitialsfIImS IS to generate a much Iarge_:r amount of defects in the
: O . . _ hexagonal phase than in the cubic phase.

in h-BN. This is consistent with the experimental observa-

tion of the trapping of nitrogen iWy-rich h-BN films bom-

barded by N* ions* IV. SUMMARY

The above results for the formation energies of the iso- . . .
We have investigated the electronic and structural proper-

lated defects are relevant to defect formation during groWtqies as well as the energetics of isolated vacancies and self-
processes near thermodynamical equilibrium. Howeverinterstitials inh-BN and c-BN using pseudopotential total-

some growth t.echnlques involve Processes that_pla_ce théanergy calculations. Our results show that the boron and
growing material far from thermodynamical equilibrium.

. . : . itrogen interstitials and the nitrogen vacancy prtype,
This is possibly the case of the growth of BN films assistedy_i-h h-BN have low formation energies suggesting that

by N implante}tion?""“This process results in the growth oy are Jikely to occur under these conditions. This is con-
of films with either s_p3 or sz_ bonding, depending on  gjstent with the experimental observation of large concentra-
growth conditions. Without the ion implantation, on&p*  tions of nitrogen interstitials and vacancies, and of the trap-
bonding occurs. In BN films grown by ion implantation, a ping of nitrogen in the hexagonal phase of BN thin films
large quantity of nitrogen vacancies is also observed as wegrown by ion-bombardment-assisted deposition techniques.
as nitrogen interstitials>** Special attention is given to both interstitials that can trans-
To investigate the energetics of defect formation due tdform the bonding structure in their neighborhood inducing
ion implantation, a possible approach is to consider vacancyimportant distortions in thdé-BN lattice. The interstitial B
interstitial pairs generated by kickout collisions with the in- atom is found at an interlayer position forming metalliclike
coming ions. We will consider the energetics of the forma-bonds with B atoms of adjacent layers. On the other hand,
tion of Vy+N; and Vg+B; noninteracting pairs in both the interstitial N atom forms a strong N-N molecular bond
h-BN and c-BN. The results of the formation energies of with a N atom of the lattice occupying its site. This N-N pair
such pairs are shown in Figs. 7 and 8 as a function of théinds equally with its three neighboring B atoms.
electron-chemical potential, . The energetics of vacancy-interstitial distant pairs in
Figures 7 and 8 show a striking difference between théh-BN indicates thatVy and N are energetically favorable
energetics of the formation of vacancy-interstitial long-defects to be created by kickout processep-tgpe materi-
distance pairs ih-BN and the corresponding energetics in als. Inc-BN the formation energy of the same pair, under the
c-BN. The curves foh-BN are shifted to lower values, rela- same growth conditions, is'5 eV higher in energy than in
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