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Defect and impurity properties of hexagonal boron nitride: A first-principles calculation
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In this paper, we have systematically studied the structural and electronic properties of vacancy defects and
carbon impurity in hexagonal boron nitride (2-BN) by using both normal GGA calculations and advanced hybrid
functional calculations. Our calculations show that the defect configurations and the local bond lengths around
defects are sensitive to their charge states. The highest negative defect charge states are largely determined by the
nearly-free-electron state at the conduction band minimum of BN. Generally, the in-gap defect levels obtained
from hybrid functional calculations are much deeper than those obtained from normal GGA calculations. The
formation energies of neutral defects calculated by hybrid functional and GGA are close to each other, but the
defect transition energy levels are quite different between GGA and hybrid functional calculations. Finally, we
show that the charged defect configurations as well as the transition energy levels exhibit interesting layer effects.
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I. INTRODUCTION

Boron nitride (BN) has been investigated in great detail
for a long time due to some of the fascinating properties,
such as extreme hardness, high melting point, and wide band
gap.! BN is known to have three different crystal structures:
hexagonal BN (4-BN), cubic BN (¢-BN), and wurzite BN
(w-BN). Among these phases, 4-BN is the stable one at
room temperature and ambient pressure. Like the structure
of graphite, h-BN consists of stacked BN layers with a
honeycomb atomic network. Unlike semimetallic graphite, the
ionic nature of B-N bond in A-BN results in a large band
gap of around 6 eV,> making it an attractive candidate for
optoelectronic applications in the ultraviolet energy range.>®

Following the synthesis of graphene, single-layer and
few-layers BN sheets are made in experiments by mechanical
exfoliation,”® controllable electron beam irradiation,*® and
chemical vapor deposition (CVD).>"!! Various defects (e.g.,
vacancies*>) and impurities (e.g., carbon and oxygen®!%!") are
observed in experiments during the synthesization of single-
layer BN. Vacancies and C impurity have been demonstrated
to have strong effects on the luminescence of BN based
materials.>®!>!3 Thus, a full understanding of the properties
of these defects and impurities in BN is of great importance
for further optimizing its optical properties. Moreover, due
to the similar atomic structures of BN and graphene, several
attempts have been made to create the hybrid BNC structures
by substitutional doping of C in BN structures during growth
or postsynthesis.'*!> BNC sheet has attracted great interests
mainly due to its tunable band gap by controlling the relative
concentration of C and BN. To further optimize the doping
process in experiments, it is also important to understand
the defect properties of C-doped BN. Although there are
several calculations on the vacancy and impurity properties
in BN,'®2% a deep understanding of the neutral and charged
defect structures, defect formation energies, defect levels, and
the defect transition energy levels is still lacking, especially by
the advanced hybrid functional calculations.

The aim of this paper is to give a full understanding of the
properties of vacancy and C impurity in BN. Our calculations
show that the defect configurations and the local bond lengths
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around defects are quite sensitive to their charge states.
Interestingly, we find that the highest negative charge states
of defects are largely determined by the nearly-free-electron
(NFE) state at the conduction band minimum (CBM). After
band gap correction, generally the in-gap defect levels obtained
from hybrid functional calculations are quite deeper than
those obtained from normal GGA calculations. The formation
energies of neutral defects calculated by hybrid functional
and GGA are close to each other, but the defect transition
energy levels are quite different between GGA and hybrid
functional calculations. Finally, we show that the charged
defect configurations as well as the transition energy levels
have interesting layer effects.

II. COMPUTATIONAL METHODS AND MODELS

Our calculations were performed by using density func-
tional theory (DFT) in the generalized gradient approximation,
with the Perdew-Burke-Ernzerhof (PBE) functional®* for
electron exchange and correlation potentials, as implemented
in the VASP code.? The electron-ion interaction was described
by the projector augmented wave (PAW) method,”® and the
energy cutoff was set to 400 eV. A 5 x5 BN supercell
including one single-vacancy or C impurity was used in
our calculations. Our test calculations on 7 x 7 supercell
gave the same defect configurations and defect levels. The
structures were fully optimized using the conjugate gradient
algorithm until the residual atomic forces to be smaller than
10 meV/A. A T'-centered 6 x 6 k-point sampling was used
for the Brillouin-zone integration. The supercell with periodic
boundary conditions was adopted to model the BN structures,
with a vacuum layer larger than 10 A to eliminate the
interaction between the defects in the neighboring cells.

It is known that normal GGA type calculations usually
underestimate the band gaps of semiconductors and the
absolute band edge energy from the GGA calculation is
not always reliable.?” Since hybrid functional calculations
can give improved results for semiconductors, we also adopt
HSE hybrid functional?®?’ to calculate the band structures
and defect formation energies in single-layer BN. For the
calculations of defects in bilayer and bulk #-BN, the effect of
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van de Waals (vdW) interactions is taken into account by using
the empirical correction scheme of Grimme (DFT + D),
which has been proven to be successful in describing the
geometries of layered structures.’*? The interlayer distance
of #-BN under DFT + D calculation is 6.17 A, very consistent
with previous results.’!

The formation energies AHg(«,q) of defects are calculated
as follows:*

AHy(e,q) = AE(e,q) + ) nijti + B (1)
where
AE(a,q) = E(a,q) — E (host) + Z n;E (i) 4+ qevgm (host) .
)

E(«,q) is the total energy for a host material containing defect
« in charge state q. E (host) is the total energy of host material
without the defect. Eg is referenced to the valence band
maximum (VBM) of the host. p; is the chemical potential
of constituent i referenced to elemental solid/gas with energy
E (i). n; is the number of elements and q is the number of
electrons transferred from the supercell to the reservoirs in
forming the defect cell.

When a BN sheet is in equilibrium, pwp and py should
satisfy upg + uy = upn, where upy is the total energy of
a BN pair in a BN sheet. When we calculate the formation
energies of C impurity in BN, p is taken from graphene. The
values of wp and uy are defined by the growth conditions. In
this paper, we only show the formation energies of vacancy
and C impurity under N-rich conditions, since N; is possible to
exist if the vacuum condition is imperfect during the synthesis
of BN layers.

III. RESULTS AND DISCUSSION

A. Pristine single-layer BN

Single-layer BN is an indirect semiconductor and the band
gap under PBE calculation is 4.56 eV, as shown in Fig. 1(a),
agreeing with previous calculations.>*3> The edge of valence
bands is contributed by the P, orbitals of N atoms. The CBM at
I" point is the nearly-free-electron (NFE) state with a maximum
charge density at about 2 A away from the BN plane,** as
shown in Fig. 1(c). The calculated electron effective mass
at NFE state is around 1 m, and this value changes slightly
along the different planar directions. It has been shown that
the NFE state generally exists in isolated crystalline sheets and
nanotubes.>***37 Since this NFE state is not contributed to by
B and N atoms, the neutral defects in the BN layer have little
effect on it. However, the NFE state can be quite sensitive to
the crystal potential averaged over the plane parallel to the BN
layer,’83? thus it is expected that the charged defects could have
large effect on its energy level, as we found in the following
sections.

The band gap of BN in experiment is around 6 eV;'%!!
obviously, the PBE calculation underestimates the band gap
of BN, as usually found in wide band-gap semiconductors.
The more accurate HSE functional calculation provides a gap
of 5.56 eV, as shown in Fig. 1(b), in good agreement with
that from quasiparticle GW calculations.** The valence band
structures obtained from HSE calculations are quite consistent
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FIG. 1. (Color online) (a) The PBE-calculated band structure of
pristine 5 x 5 BN. (b) The HSE-calculated band structure of pristine
5 x 5 BN. The Fermi level is set to zero. (c) The side view of I"-point
wave functions at the CBM of BN.

with that from PBE calculations, as shown in Figs. 1(a)
and 1(b). The inclusion of Hartree-Fock exchange in HSE
calculations has significant effects on the absolute energy scale
of both VBM and CBM, which is mainly contributed by the
respective anion and cation in ionic semiconductors. Since the
NFE state is not contributed by the B or N atoms, it is expected
that the effect of HSE correction on NFE state is much smaller
than other conduction bands. As a result, the NFE state at
the CBM becomes even lower in energy compared to other
conduction bands in HSE calculation, as shown in Fig. 1(b).

B. Single boron vacancy in single-layer BN

Single boron vacancy (V) exists as a dominate defect
during the fabrication of single-layer BN via electron beam
irradiation in experiments.*> The optimized local structure of
V3 is shown in Fig. 2(a). After relaxation, it is found that
Jahn-Teller distortion lowers its local symmetry from D3, to
C,,, which is consistent with the fact that the three nearest
N-N bond lengths at the vacancy are not equal, as shown in
Fig. 2(a). The magnetic moments of N atoms at the vacancy
are 1, 1, and —1 up, respectively. The N-N distance between
the two N atoms at V 3 with opposite spin direction is ~2.70 A
while the distance between the two N atoms with the same spin
direction is increased to ~2.78 A due to Coulomb repulsion.

The PBE-calculated band structure of Vp is shown in
Fig. 2(b). Because of the exchange splitting of the half and
unoccupied states, Jahn-Teller effect results in the double-
degenerate defect levels in the gap splitting into two single
defect levels. One single defect level in the spin-up channel
is even pushed down into the valence band. Finally, there is
(are) one (two) unoccupied defect level(s) above the VBM
in the spin-up (spin-down) channel, as marked by 1, 2, and
3 in Fig. 2(b). The energy difference between the defect
levels and VBM are 0.5, 0.5, and 1.2 eV for levels 1, 2, and
3, respectively, agreeing with previous calculations.”” From
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FIG. 2. (Color online) (a) The top view of optimized local
structure of Vz. The N-N bond lengths at the vacancy are also shown
in this figure. (b) The PBE-calculated spin-polarized band structure
of V. (c) The HSE-calculated spin-polarized band structure of V.
The Fermi level is set to zero. (d), (e), (f) are the top view and side
view of I'-point wave functions of the defect levels marked as 1, 2,
and 3 in (b), respectively.

the corresponding wave functions of these three defect levels
[Figs. 2(d)-2(f)], we see that all the defect levels are o-type,
originated from the P, and P, orbitals of N atoms at the
vacancy. After band-gap correction by the HSE calculations,
the three in-gap defect levels become much deeper, as shown
in Fig. 2(c). The energy differences between the defect levels
and VBM are 2.5, 2.1, and 3.2 eV for levels 1, 2, and 3,
respectively. Usually, the defect levels in semiconductors (e.g.,
Zn0O) gotten from HSE calculations are deeper than those
gotten from LDA/GGA-type calculations, which is mainly
because the absolute energy of VBM (or CBM) is pushed
down (or up) compared to PBE calculations.*’ Although it is
known that HSE calculations could give improved band gaps
for semiconductors, there is still no definite evidence that the
relative positions of defect levels gotten from HSE calculations
are always more reasonable than PBE calculations. Thus, we
are trying to exhibit both PBE and HSE results of all the
defects for comparison. The wave functions of these defect
levels under HSE calculations are almost the same as under
PBE calculations.

Since there are three unoccupied defect levels in the band
gap of Vp, it is expected that the possible charge states of
Vg can range from 0 to —3. The optimized charged defect
structures are shown in Figs. 3(a)-3(c). When Vjp is in —1
charge state (V 1, its local symmetry changes from Cy, to
D3, and the three N-N bond lengths at the vacancy decrease
to ~2.644 A, as shown in Fig. 3(a). This kind of defect
reconstruction lowers the total energy of V;l by ~400 meV.
The local symmetry of V;* and V,° is similar to that of
Vg ! but the N-N bond lengths at the vacancy are increased to
2.650 and 2.655 A, respectively, due to the increased Coulomb
repulsion between these negative charged N atoms at the
vacancy site.

The PBE-calculated band structures of V L Vg 2, and Vg 3
are shown in Figs. 3(d)-3(f). Because the defect symmetry
is changed to Dj;, the configurations of defect levels are
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FIG. 3. (Color online) (a) The top view of optimized local
structure of (a) Vy ' (b) V;2, and (c) Vg 3. The N-N bond lengths
at the vacancy are also shown in this figure. The PBE-calculated
spin-polarized band structure of (d) vl (e) V2, and ) Vg 3. The
HSE-calculated spin-polarized band structure of (g) vl (h) V32,
and (i) V5 3. The Fermi level is set to zero.

also changed. Under D3, symmetry there are five (six) defect
levels that appear in the band gap in the spin-up (spin-down)
channel, which is more complicated than the neutral case with
C,, symmetry. Three of them in lower energies are mw-type
defect levels (contributed by the P, orbitals of N atoms at the
vacancy), and the remaining two (three) in higher energies
in the spin-up (spin-down) channel are o-type. For Vj !
[Fig. 3(d)], only the two o -type defect levels in the spin-down
channel are unoccupied, giving rise to a total magnetic moment
of 2 up. Since the NFE state at CBM is very weakly bound to
the BN surface, its charge density is unusually facile and can
adapt easily to the changes in the self-consistent electrostatic
potential. Thus, the NFE state is pulled down (up) rapidly
when the system is negatively (positively) charged due to the
universal electrostatic mechanism,*®* as shown in Fig. 3.
When one more electron is added to one of the two
unoccupied o-type levels of Vg ! to form Vg % [Fig. 3(e)],
the defect levels shift up in energy due to Coulomb repulsion
between the occupied electrons. Again, when one more
electron is added to V;? to form V,~, because the defect
levels are further shifted up and the NFE state is dropped
down, finally the defect level is even above the NFE state,
which makes the NFE state partially occupied. Clearly, it is not
possible to fully realize Vi 3 (under the PBE calculations). Our
test calculations on a larger supercell give the same conclusion.
When an extra hole is added to Vp, the defect symmetry and
in-gap levels are the same as V), thus the added hole occupies
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FIG. 4. (Coloronline) (a) The V g formation energies as a function
of electron Fermi level under PBE calculations in N-rich conditions.
(b) The V formation energies as a function of electron Fermi level
under HSE calculations in N-rich conditions.

the valence bands rather than defect levels and V' cannot be
achieved.

The HSE-calculated band structures of Vg ! Vg 2, and Vg 3
are shown in Figs. 3(g)-3(i). The occupation of defect levels
in —1 and —2 charge states is similar to that gotten from PBE
calculations except that the half-occupied defect levels, which
are almost degenerate in PBE calculation [Fig. 3(e)], now is
split into fully occupied and unoccupied levels [Fig. 3(h)] due
to the enhanced exchange-splitting effect in HSE calculations.
An obvious difference between PBE and HSE results is found
for the case of Vg 3. Under PBE calculation Vg cannot fully
realize a —3 charge state but it is opposite for HSE calculation,
as shown in Fig. 3(i).

The PBE- and HSE-calculated formation energies of V are
shown in Fig. 4. The formation energies of Vg under PBE and
HSE calculations are 7.38 and 7.65 eV, respectively, indicating
that PBE is good enough for calculating the formation energy
of neutral V. Moreover, the formation energy of V% in the BN
sheet is larger than that in the BN nanotube,?® which is mainly
because the bendinglike deformations in the BN nanotube can
reduce the formation energy of defects. The respective defect
energy transition levels of 0/—1 and —1/—2 are 0.44 and
2.83 eV with respect to VBM under PBE calculations. Under
HSE calculations, as shown in Fig. 4(b), the transition levels
of 0/—1 and —1/—2 become much deeper and are 1.35 and
3.89 eV above VBM, respectively. This is consistent with the
band structure calculations in Fig. 3.

C. Single nitrogen vacancy in single-layer BN

Nitrogen vacancy (V) has also been demonstrated to exist
in 4-BN in experiments.>®!%!3 Differing from Vp, there is
no obvious structural distortion after the structural relaxation
of Vi and the defect symmetry is Dsj,. The nearest B-B
bond lengths at Vy are the same (~2.31 A), as shown
in Fig. 5(a), consistent with other calculations.!”!%20:22 The
magnetic moments of N atoms at vacancy are equal to each
other and contribute to a total magnetic moment of 1 wp.
The PBE-calculated band structure of Vy is shown in Fig.
5(b). There is one single gap level (marked as 1) and two
mostly degenerated gap levels (marked as 2 and 3) in each spin
channel. Level 1 is w-type while levels 2 and 3 are o-type, as
shown in Figs. 5(d)-5(f). Only level 1 in the spin-up channel
is occupied and levels 2 and 3 are close to the CBM. The
energy difference between level 1 in the spin-up (spin-down)

PHYSICAL REVIEW B 86, 245406 (2012)

—
O
~

b b A s s e W

(a)A A A (b)?
A _b=d 4| B

Y o23t2 23n

,‘AAA

Energy (e

Energy (eV)

00-00-0 i w0-00-0c-o

= »:%#w el o%‘»w -

FIG. 5. (Color online) (a) The top view of optimized local
structure of V. The B-B bond lengths at the vacancy are also shown
in this figure. (b) The PBE-calculated spin-polarized band structure
of Vy. (c) The HSE-calculated spin-polarized band structure of V.
The Fermi level is set to zero. (d), (e), (f) are the top view and side
view of I'-point wave functions of the defect levels marked as 1, 2,
and 3 in (b), respectively.

channel and VBM is 2.74 (3.39) eV. The HSE-calculated
band structure of V is shown in Fig. 5(c). Level 1 becomes
deeper and the energy difference between level 1 in the spin-up
(spin-down) channel and VBM is 3.29 (4.68) eV. Levels 2 and
3 in the spin-up (or spin-down) channel are even more close
to the CBM (or above the CBM) in HSE calculations because
of the increased exchange-splitting effect in HSE calculations.

The possible charge states of Vy range from —3 to +1
by simply counting the possible occupation of defect levels.
For the case of V, !, the B-B bond lengths at the vacancy
decrease from 2.31 to 2.10 A [Fig. 6(a)]. Comparing to V3,
the unoccupied defect level 1 in the spin-down channel is
now occupied and the system becomes spin-unpolarized, as
shown in Fig. 6(c). Due to the downshift of the NFE state
in negative charged BN, the defect levels 2 and 3 are now
above the NFE state in energy. More excess electrons will
be added to the NFE state rather than the defect state. Thus,
the highest negative charged states of Vy can not be less
than —1. Since there is only one occupied defect level in the
spin-up channel, the possible positive charged state cannot
exceed +1. For the case of V!, as shown in Fig. 6(d), the
occupied level 1 in the spin-up channel is now unoccupied
and the system is spin-unpolarized. Due to the upshift of NFE
state in positive charged BN, the defect levels 2 and 3 becomes
deeper compared to CBM. The HSE-calculated band structures
of Vi "and VJ ! are similar to that of PBE-calculated results,
as shown in Figs. 6(e) and 6(f).

The PBE and HSE calculated formation energies of Vy
are shown in Fig. 7. The formation energy of ng is 7.70 eV,
which is 0.77 eV lower than that gotten from HSE calculation.
The transition energy levels of 0/ 41 and 0/—1 are 2.58 and
3.16 eV with respect to VBM, indicating that the defect levels
are too deep to be ionized. These deep levels of V have a
big influence on the luminescence of BN.>®!%13 Under HSE
calculations, the transition energy levels of 0/ +1 and 0/ —1 are
3.56 and 4.17 eV above VBM. Interestingly, the energy level
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FIG. 6. (Color online) (a) The top view of optimized local
structure of (a) V Yand (b) VN+ ! The B-B bond lengths at the vacancy
are also shown in this figure. The PBE-calculated spin-unpolarized
band structure of (c) Vy !and (d) VN+ !. The HSE-calculated spin-
unpolarized band structure of (e) V, Uand (f) Ve ! The Fermi level
is set to zero.

of 0/ +1 (or 0/—1) with respect to CBM is similar for both
PBE and HSE calculations, agreeing with the band structures
shown in Fig. 6.

D. Carbon substitutional of boron in single-layer BN

Carbon is a common impurity in BN, as found in lots of
experiments.>®!%13 Thus, a full understanding of the defect
properties of C substitutional of B (Cp) or N (Cy) is of great
importance. Since the valence electrons between B (N) and
C is only one, it is expected that the defect levels induced
by Cp or Cy are more simple than vacancies. The symmetry
of Cp is D3, and the optimized Cp structure is shown in
Fig. 8(a). The C-N bond length is 1.409 A, shorter than that
of B-N (1.451 A), which is because of the smaller atomic
size of C than B. Because C is more electronegative than
B, there is a defect level [level 1 marked in Figs. 8(b) and
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FIG. 7. (Color online) (a) The Vy formation energies as a
function of electron Fermi level under PBE calculations in N-rich
conditions. (b) The Vy formation energies as a function of electron
Fermi level under HSE calculations in N-rich conditions.
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FIG. 8. (Color online) (a) The top view of optimized local
structure of Cp. The C-N bond lengths are shown in this figure.
(b) The PBE-calculated spin-polarized band structure of Cp. (c) The
HSE-calculated spin-polarized band structure of Cg. The Fermi level
is set to zero. (d) The top view and side view of I"-point wave functions
of the defect levels marked as 1 in (b).

8(c)] pull down from the conduction band and it is occupied
(unoccupied) in the spin-up (spin-down) channel. This defect
level 1 is contributed by the P, orbitals of C and its neighbor
B and N atoms, as shown in Fig. 8(d). The energy difference
between level 1 in the spin-up (spin-down) channel and VBM is
3.40 (4.29) eV. Under HSE calculation, the exchange splitting
energy between occupied level 1 in the spin-up channel and
unoccupied level 1 in the spin-down channel is even larger,
as shown in Fig. 8(c), which push the occupied (unoccupied)
defectlevel in lower (higher) energy. The unoccupied level 1 in
the spin-down channel is even pushed up higher than the NFE
state. The energy difference between level 1 in the spin-up
channel and VBM is 3.74 eV, slightly larger than that gotten
from PBE calculation.

Since there is only one defect level in the band gap of Cjp,
the possible charge states of Cp may range from —1 to +1.
Different from vacancy defects, the structural relaxation effect
for C impurity in its charged states is smaller, as shown in
Figs. 9(a) and 9(b). The C-N bond length around the defect is
1.41 (1.38) A when one excess electron (hole) is induced to
Cp. When one excess electron is added to Cg, the NFE state
is downshift and the defect level 1 is pushed up due to the
Coulomb repulsion between the occupied electrons. Finally,
the defect level is even above CBM and the additional electron
is added to the NFE state, as shown in Figs. 9(c) and 9(e). Thus
Cj' cannot be realized although there is an unoccupied level
linC g. When one excess hole is added to the defect level of
Cg, the original occupied defect level 1 in the spin-up channel
becomes occupied and the system is now spin-unpolarized, as
shown in Figs. 9(d) and 9(f). The occupied level 1 is shifted
down a little while the NFE state is upshifted significantly.
Our above defect calculations demonstrate that Cg can only
realize +1 charge state.

As shown in Fig. 10, the PBE and HSE calculated formation
energies of Cg are quite close to each other (PBE: 1.68 eV,
HSE: 1.76 eV). The formation energy of Cp is quite small
compared to that of vacancies (Figs. 4 and 7). The transition
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FIG. 9. (Color online) (a) The top view of optimized local
structure of (a) C;' and (b) C;;l. The C-N bond lengths are also
shown in this figure. The PBE-calculated band structure of (c) Cgl
and (d) C;l. The HSE-calculated band structure of (e) C;l and (f)
C}'. The Fermi level is set to zero.

energy level of 0/ 41 is 3.01 and 3.82 eV with respect to
CBM in PBE and HSE calculations, respectively, indicating
that the defect level of Cp is quite deep. It also agrees with
the experimental observations that C impurity has significant
influence on the luminescence of BN.%6:1213

E. Carbon substitutional of nitrogen in single-layer BN

The relaxed structure of Cy is shown in Fig. 11(a). The
symmetry of Cy is D3, and the C-B bond length is 1.509 A,
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FIG. 10. (Color online) (a) The Cp formation energies as a
function of electron Fermi level under PBE calculations. (b) The
Cjp formation energies as a function of electron Fermi level under
HSE calculations.

FIG. 11. (Color online) (a) The top view of optimized local
structure of Cy. The C-B bond lengths are shown in this figure.
(b) The PBE-calculated spin-polarized band structure of Cy. (c) The
HSE-calculated spin-polarized band structure of Cy. The Fermi level
is set to zero. (d) The top view and side view of I"-point wave functions
of the defect levels marked as 1 in (b).

larger than that of BN (1.451 A), mainly due to the larger
atomic size of C than N. Since the valence electrons of C is
one less than that of N, there is a defect level (level 1) originated
from the valence band in the band gap. Level 1 is occupied
(unoccupied) in the spin-up (spin-down) channel, as shown in
Figs. 11(b) and 11(c). The energy difference between level 1
in spin-up (spin-down) channel and VBM is 0.44 (1.28) eV.
The plotted wave functions of level 1 is shown in Fig. 11(d).
The defect level of Cy is contributed by the P, orbitals of
C and its adjacent N atoms. The exchange splitting energy of
defect level 1 under HSE calculation is much larger than under
PBE calculation, as shown in Fig. 11(c). The energy difference
between level 1 in spin-up (spin-down) channel and VBM is
0.41 (2.51)eV.

Similar to that of Cp, the possible charge states of Cy
range from +1 to —1. The optimized structures and related
band structures of C,;l and C,T,l are shown in Fig. 12. The C-B
bond lengths decrease (increase) from 1.51 A to 1.47 (1.52)
A for C 1;1 (o IJ\?]). The defect level 1 can be fully occupied or
unoccupied and the system becomes spin-unpolarized when
one additional electron or hole is induced to CY, as shown in
Fig. 12. More excess electrons or holes will be added to CBM
and VBM, respectively.

The calculated formation energies of Cy as a function of
electron Fermi level are shown in Fig. 13. Generally, the +1
charge state is not stable, and the energy transition level 0/—1
is 1.44 and 2.24 eV with respect to CBM for PBE and HSE
calculations, respectively, which is consistent with other defect
cases that hybrid calculations give deeper transition energy
levels compared to that of GGA calculations.

F. Layer effect on the defect properties of 2-BN

All the above discussions are focused on the defects in
single-layer BN, and one interesting issue is to investigate
the layer effect on the structural and electronic properties of
defects in BN. Here, we select Vy defect in bilayer and bulk
BN as examples to demonstrate the layer effect. The (ground
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FIG. 12. (Color online) (a) The top view of optimized local
structure of (a) C,;l and (b) C,tl . The C-B bond lengths are also shown
in this figure. The PBE-calculated spin-unpolarized band structure of
(c) C;' and (d) C;'. The HSE-calculated spin-unpolarized band
structure of (e) C,(,l and (f) C,J\;l. The Fermi level is set to zero.

state) AB stacking sequence with each boron atom on top
of a nitrogen atom is considered. For the case of Vp, the
defect symmetry and the N-N bond lengths at the vacancy
in bilayer and bulk BN are quite similar to that of single-
layer BN (Fig. 2). Surprisingly, the situation is quite different
for highest charge state ¢ = —3, as shown in Figs. 14(a) and
14(b). When the three N atoms around the vacancy are highly
negatively charged, the Coulomb interaction between N atoms
at the vacancy and the B atoms in its adjacent layer is largely
enhanced, which finally leads to the interlayer BN bonds, as
shown in Figs. 14(a) and 14(b). The interlayer BN bond lengths
for bilayer layer and bulk are 1.71 and 1.64 A, respectively.
The forming of interlayer BN bonds in bilayer BN has been
observed in a recent experiment.*!

The PBE-calculated formation energies of possible charge
states of Vp in bilayer and bulk BN are shown in Figs. 14(c)
and 14(d). Due to the large supercell of bilayer and bulk /#-BN,
HSE calculations are too expensive to be carried out. The
formation energies of Vg in bilayer and bulk BN are similar
to that in single-layer BN. Differing from single-layer BN,
the NFE state is absent at the bottom of conduction bands in

(a) 6 ; ‘ (b) s ‘ ‘
§4— 0 ?4’ 0
£l ‘. l
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IETRSE
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Sl —+ e ] =M _n HSE
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<

FIG. 13. (Color online) (a) The Cy formation energies as a
function of electron Fermi level under PBE calculations. (b) The
Cy formation energies as a function of electron Fermi level under
HSE calculations.
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FIG. 14. (Color online) The side view of optimized structures of
| 3in (a) bilayer and (b) bulk BN. The interlayer BN bond lengths
are shown in these figures. (b) The PBE-calculated formation energies
Vg 3in (¢) bilayer and (d) bulk BN as a function of electron Fermi
level.

bilayer and bulk BN,** thus the Vg 3 state can be realized even
under PBE calculations. Differing from bilayer and single-
layer BN, the V; 2 charge state is not stable for bulk BN in the
whole chemical potential range, as shown in Fig. 14(d). Our
calculated formation energies and transition energy levels of
Vi in bulk BN are different from a previous report where V7 is
shown to be always less stable than charge state (i.e., negative
U),'® which may be because the spin-polarization effect of Vy
is not considered. Also, the interlayer bonds*! are not observed
in their calculations.

IV. CONCLUSION

By using both normal GGA and HSE calculations, we have
systematically calculated the vacancy defects and C impurity
properties in BN. It is found that the defect configurations and
the local bond lengths around defects are quite sensitive to their
charge states. Interestingly, the highest negative charge states
of defects are largely determined by the NFE state at CBM. The
in-gap defect levels gotten from hybrid functional calculations
are quite deeper than those gotten from GGA calculations. The
formation energies of neutral defects calculated by HSE and
GGA are close to each other, but the transition energy levels
are quite different under GGA and HSE calculations. Finally,
we show that the charged defect configurations as well as the
transition energy levels exhibit interesting layer effects.
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