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ABSTRACT

The structural, electronic, and magnetic properties of vacancy structures with triangular shape
are related to the defect in single hexagonal boron nitride (h-BN) sheet. It is investigated by
using density functional theory calculations. The first-principles calculations based GGA
functionals have been implemented to study the structural, electronic and magnetic properties
of pure and defected hexagonal boron nitride (h-BN) monolayer sheet using Quantum
ESPRESSO (QE) package, 6.5 version. The calculated values of formation energy reveal the
structural stability of the defected systems. The formation energies for B and N vacant system
are found to be 16.45 eV and 12.87 eV respectively. This predicts that the N vacant system is
more preferable with lower formation energy. The defect in h-BN seems to be changing its
band gap and magnetic properties. The 6.25 % B-vacancy results h-BN to be half metallic
ferromagnetic with total magnetization of 2.74uB/cell. Further, 6.25 % N-vacancy causes it to
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be magnetic semiconductor with total magnetization of 1.00uB /cell.

Keywords: Formation energy, Vacancies, Band structure, Density of states.

1. INTRODUCTION

The study of crystalline materials has been carried
out since long. Discovery of graphene in 2004 and
its astonishing properties have given birth to a new
class of materials known as two dimensional (2D)
materials, like phosphorene, hexagonal boron nitride,
silicene, stanene, transition metal di-chalcogenides
(TMDCs) etc. [1] Intense studies in such materials
are growing these days. In our work, we have
studied different properties of defected (mono-
vacant) two dimensional hexagonal boron nitride.
Crystal defect is one of the imperfections in the
regular geometrical arrangement of the atoms in a
crystalline solid. One of the defects is missing of
atom/s from its normal position, is called vacancy
[2]. Vacancy is a type of point defect and is
essential for a crystalline solid to be in thermal
equilibrium [3, 4]. As similar to bulk crystals, we
observe various changes due to vacancy defect and
addition of impurity atoms, which lead to point
defect in a monolayer crystal. [5]
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Boron nitride is a thermal and chemical resistant
refractory compound of boron and nitrogen with
the chemical formula BN. It is a modern man-
made compound that perfectly parallels to the
crystalline structure and properties of naturally
occurring elementary carbon atoms. [6] It has
potential use in nanotechnology. [7] The
structural analogue of a carbon nanotube (CNT),
a BN nanotube (BNNT) was first predicted in
1994: since then, it has become one of the most
intriguing non-carbon nanotubes. [8] Hexagonal
boron nitride, cubic boron nitride, amorphous
boron nitride and wurtzite (zinc and iron sulfide
mineral) forms of boron nitride are different
crystalline forms of BN which are isoelectronic
to a similarly structured carbon lattice.
Hexagonal boron nitride is one of the known
representative crystal structures of BN. [9]

Hexagonal boron nitride was first discovered in
2005. [10] It has similar bonding and structure to
monolayer graphite. It is comprised of alternating
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boron and nitrogen atoms in a honeycomb
arrangement, consisting of sp2-bonded two-
dimensional layers in which boron and nitrogen
atoms are bounded by strong covalent bonds within
each layer of hexagonal BN whereas the layers are
held together by weak van der Waals' forces [11]
(figure 1). Although hexagonal boron nitride has a
similar two-dimensional structure, it has distinct
chemical species from graphene.[12] In order to
clarify the lattice defects in h-BN such as vacancies
or edges, the individual boron and nitrogen atoms
should be directly imaged and even distinguished
otherwise precise defect structures cannot be
deduced. [13] The monolayer h-BN has an
atomically flat, a very low roughness and no
dangling bonds on its surface. Its cell parameters
and other properties are described in previous
studies. [14, 15] The allotropes of h-BN show
different physical/electronic properties and thus
carry various applications; in deep ultraviolet
(DUV) photo electronic devices, micro and
nanodevices and so on. [16, 17]

Fig. 1: A monolayer hexagonal boron nitride (h-BN)
structure where B (N) represents boron (nitrogen) atom.
The optimized unit cell structure was replicated in x and

y directions to get this (4x4) supercell.

The monolayer h-BN is a wide gap insulator and
can be tuned as per requirement. Also the band gap
and its nature is not uniquely described. It precisely
depends on the number of techniques employed for
its determination. [18] There are some technigues
that give the direct band gap and others predict its
indirect band gap. The magnitude has been reported
in the range of 3.0 to 7.5 eV. [19, 20] Hence, it
could be wuseful as a complementary two-
dimensional dielectric substrate for graphene
electronics. [21] It is chemically/thermally stable
and possesses Young’s modulus in between 0.71 to
0.97 TPa. [22]
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After this introduction section, the paper
incorporates computational details in section 2,
results and discussion in chapter 3, conclusions in
chapter 4 before future scopes and references.

2. COMPUTATIONAL DETAILS

First principles calculations have been performed
using DFT calculations with GGA for exchange-
correlation energy implemented in Quantum-
ESPRESSO package to study the stability,
geometrical structures, electronic and magnetic
properties of pristine hexagonal boron nitride (h-
BN) as well as mono-vacant (Boron and Nitrogen
vacancies) h-BN system in two dimensions (2D).
We have used computational methods as per
facilities available with Quantum ESPRESSO
simulation package. It is an integrated suite of
computer codes for electronic-structure calculations
and materials modeling, based on density-
functional theory, plane waves, and
pseudopotentials. [23] To visualize our molecular
and the crystalline structures (figure 2), we have
used XCrysDen and VESTA as required softwares.

Fig. 2: Optimized primitive unit cell, constructed by
using XcrysDen software.

We have implemented spin polarized density
functional theory to perform up spin and down spin
calculations separately. The convergence tests for
ecutwfc, lattice parameter ‘a’ and K-points have
been performed to establish the suitable
environment before optimizing the most stable
structures for our calculations. The samples of pure
h-BN sheet and single vacant (B and N sites) h-BN
sheets are then considered for further details.

3. RESULTS AND DISCUSSION

We hereby discuss the structural, electronic and the
magnetic properties of the defected systems with
reference to pure h-BN.
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3.1 Structural properties of pure and defected
hexagonal boron nitride (h-BN)

The (4x4) supercell of monolayer h-BN (assumed
unit cell hereby) was allowed to relax using BFGS
quasi-newton algorithm. [24] We found very little
change in the atomic position after relaxation and
thus found very small variations in bond lengths
and bond angles.

The relaxed primitive cell structure gives lattice
parameter of a=b=2.51 A. Also the B-N bond lengths,
N-B-N/B-N-B bond angles and the lattice parameters
resemble with the reported values. [15] The interlayer

Fig. 3: Single boron vacant site of h-BN after relaxation.

separation was kept at 20 A (c= 20.02 A) to avoid the
interaction between the layer to layer periodic images.
After obtaining the desired structure and geometry of
pure h-BN, we created a single vacancy in the
supercell by removing one boron and one nitrogen
atom separately so that atoms in a unit cell are
decreased by one for each vacant system (each of B/N
vacancy = 6.25%) (figures 3 and 4). Now the unit cell
contains 31 atoms with the basis of 2 atomic species.
The vacant systems (vacancy at B site: Vg and
vacancy at N site V) are then relaxed to get their
ground states.

20 2 20
5 “v"v
U gYoe

Fig. 4: Single nitrogen vacant site of h-BN after
relaxation.

Table 1: Structural parameters of h-BN sheet with boron vacancy (Vg)

Structural detail of 4x4 h-BN sheet with Vg

N-B-N bond angles
Nearest neighbor B-N-B bond angles
Nearest neighbor B-N bond lengths towards Vg

123.94°,123.94°, 123.94°
118.23’,118.23°, 118.23°
1.41 A

Table 2: Structural parameters of the h-BN with nitrogen vacancy (Vy)

Structural detail of 4x4 h-BN sheet with Vy

B-N-B bond angles
Nearest neighbor N-B-N bond angles
Nearest neighbor B-N bond lengths towards Vy

119.7°,119.71°, 119.7°
115.72° 115.72°, 115.72°
1.46 A

When we create a vacancy on pure h-BN by
removing a boron or a nitrogen atom, several
changes were observed. Both the systems show
triangular vacancies (void space) at the center of
the samples which were usually occupied by a B/N
atom. However, the boron vacancy (Vs) and
nitrogen vacancy (V) have opposite orientation.
This resembles with the previous studies. [18, 25]
Because of absence of one of the atoms in usual
triangular bonding, interatomic strength in between
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nearby atoms changes. The changes can be
observed in the tables (1) and (2).

For boron site vacancy (table 1) N-B-N bond angles
are increased (123.94) with reference to the usual
triangular angles (120). However, B-N-B bond angles
are decreased (by 1.77') and become 118.23". The N-B
bond length is decreased (to 1.41 A) with reference to
that in pure h-BN (1.44 A in our calculation). Because
of dangling bonds at nitrogen atoms (due to absence
of nearby B atom), they seem to be attracted towards
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the other nearby bonded B atoms and get squeezed.
Table 2 shows the geometrical parameters in nitrogen
vacancy defect (V). As similar to boron vacancy, N-
B-N and B-N-B get different values in nitrogen site
vacancies. Dissimilar to (Vg), average of angle B-N-B
(119.7) is greater than that of N-B-N (115.72).
However, the similarity in both the cases is that angle
which centers to nearby atoms of the missing atom are
larger in comparison to their neighbors. It could be
due to pulling of the atom away from its normal
position which otherwise bonded with the missing
atom. The B-N bond length in non-defective region is
found to be 1.43 A which is almost equal to that in
calculated pristine h-BN and the experimental value
(1.44 A) within the error of 0.1 A.[25]

3.2 Energy and Stability

The values of the total and formation energies
predict the stability of the sample. We calculate the

total energy, the Fermi energy, the Kohn-Sham
states, the energy Eigen values and the magnetic
moment of our system to explain the magnetization
along with the forces and stresses on individual
atoms. With these data, we calculate the defect
formation energy for vacant system in the h-BN
sheet. The formula for the defect formation energy
(Eg) is,

Er=(Eq—Ep) +np.

In this equation, E4 is the total energy of defected
(single vacant) h-BN sheet, Ep is total energy of
pristine h-BN sheet, n is the number of boron or
nitrogen atoms removed and p is the chemical
potential of the atom removed to create the
vacancy. [26, 27] The chemical potential p for B
and N atoms was calculated using an isolated
system of single atom. The calculated values are
shown in table 3.

Table 3: Different energy values required to calculate the formation energy
(in Rydberg; 1 Rydberg = 13.6 eV)

Formation energy of single B vacant h-BN

Formation energy of single Nitrogen vacant h-BN

Study in system Energy(Ry) Study in system Energy(Ry)
Single Boron vacant h-BN (Eg) -625.613 Single Boron vacant h-BN (Ey) -609.029
Pristine 4x4 h-BN (E;) -637.809 Pristine 4x4 h-BN (E,) -637.81
Energy of isolated B atom() -10.986 Energy of isolated B atom() -27.835
Formation energy 121 Formation energy 0.946

Table 3 shows formation energy at B site vacancy
(Vg) as 1.21 Ry (16.45 eV) and that at N site
vacancy (V) 0.946 Ry (12.87 eV). The positive
values of formation energy in the table indicate that
the energy should be given to form such vacant
systems. Higher the formation energy means more
the energy is to be given to form such a vacancy,
and less preferable to construct to construct. In our
calculation, Vg has higher formation energy and is
a less favorable vacant system.

3.3 Band Structure Calculation

An isolated atom has discrete energy levels and
the electrons are filled on that levels in
accordance with Pauli Exclusion Principle if
there is no any kind of perturbation. These
discrete energy levels are called atomic orbitals.
However, these discrete energy levels can be
perturbed by bringing a large number of atoms
together. In the presence of any other atoms near
to the initial atom under consideration, each
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energy level gets split into a pair of energy levels
with narrow width. Consequently, when we bring
large number of atoms close together to form a
molecule, their atomic orbital split into a large
number of closely packed discrete molecular
orbitals. In solids, the energy levels of electrons
form continuous bands of energy rather than the
discrete energy levels of the atoms in isolation.
The continuum level of energy is called an
energy band.

The energy bands can be empty, filled, forbidden or
mixed. [28] A solid is called an insulator if the
allowed energy bands are either completely filled or
empty. Metals are those whose bands are partly
filled whereas the semiconductors have one or two
bands slightly filled or slightly empty with band
width of nearly 1eV. [29] By using an irreducible
part of the first Brillouin zone, we have calculated
the entire band structure of our system. The first
Brillouin zone of the hexagonal lattice with I'-K-M-
I' high symmetry path has been considered. The
structure is depicted in figure 5.
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Fig. 5: First Brillouin zone of a hexagonal lattice with
high symmetric points. We have chosen I'-M-K-T path.

3.4 Band Structure of Pure Hexagonal Boron Nitride
Previous studies show that the pristine h-BN is a
non-magnetic insulator with large band gap. [30]
The basis of two atoms (boron and nitrogen) in a
primitive cell of h-BN offers eight valence
electrons and supports the idea of its insulating
nature. However, the nature of band gap (direct or
indirect) is a matter of discussion as different

II!!'\':

=W

methods predict different results. This could be due
to flat type of bands which have nearly equal values
of energies at different K points. Here, we consider
the primitive pristine h-BN and that of size 4x4
supercell to validate our results with them. Our
study shows a direct gap at K-point with the
magnitude of 4.64 eV (figure 6). Further, the spin-
polarized calculations obtain the identical band
structures for up and down-spin electrons (figure
7). The results are in good agreement with the
previous study. [31]

The value of Fermi energy is found to be
-4.0162eV and set to zero in figures (figures 6 and
7) for its proper visualization.

RN

-1

I M K I

Fig. 6: Band structure of pristine h-BN using primitive
cell

= spin-down

Fig. 7: Spin polarized calculations for band structures of pristine h-BN using 4x4 supercell (Fermi energy Er = -4.016
eV is set to zero for clarity).

3.5 Density of States and Magnetization
The non-magnetic nature of pristine h-BN can be
seen from the spin polarized density of states plot.
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Distribution of available states for both up and
down spins are symmetrical (figure 8 and 9) which
reveals that the monolayer h-BN is nonmagnetic.
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Fig. 8: Density of states for 4x4 supercell of
pristine h-BN.

Projected DOS shows the contribution of each of
the electronic orbitals (which are supposed to be the
valence electrons in respective atomic pseudo
potentials). It remains high in the region where
many orbitals are accumulated and low in the
regions where the number of orbitals are less in
number. Also the DOS is completely zero in the
region where there are no electronic orbitals i.e.
between the valance and the conduction bands.
Below Fermi level, bands are mainly dominated by
2p orbitals of N atom and above Fermi level by 2p
orbitals of B atom. In totality, ‘p’ orbitals are
dominant over the ‘s’ orbitals.

3.6 Electronic and Magnetic properties of mono-
vacant h-BN

Vacancy in any material changes the electronic as

well as magnetic properties. We observe such

changes in vacant systems using spin polarized

I T

Fixs

-5 (1] L]
E-E, #cV)

Fig. 9: PDOS for s and p orbitals of B and N atoms of
4x4 supercell of pristine h-BN.

SCF, DOS and projected DOS calculations as
similar to previous studies of related systems. [32]

3.6.1 Single Boron vacant 4x4 h-BN sheet (V)

Figures 10 shows the band structure of a single
vacant h-BN due to Vg. In the figure, we observe
that down spin electrons in valance band cross the
Fermi level and also go above the Fermi level (as
similar to that in metals). Here, we can see only few
states and the energy levels of valance orbitals (s
and p) of B and N are changed around the Fermi
level. Since the down spin electrons show the
metallic nature and the up spin electrons show
insulating nature, the system under consideration
seems to be half metallic.

In figure 10, we see that vacancy defect specially
influences near to Fermi level. The Fermi level is
shifted down towards the occupied state as
compared to defect-free h-BN.

K
High Symmetric Points

‘
—
=
:
I e ——— I S s
el
o ‘%—__
———
3
6 ﬁfg J———_ |
r M K r

High Symmetric Points

Fig. 10: Down and up spin band structures of single boron vacant h-BN (Vg) [Fermi energy,
Er=-4.169 eV is set to zero].
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3.6.2 Density of States and Magnetization of Vg

Dissimilar to the pristine h-BN, defected (Vi) h-BN
shows the different distribution of available states
for up and down spins (figures 11, 12). The
asymmetrical up and down spin orbitals signify
magnetic nature of the mono-vacant layer. Our
calculations find the magnitude of total
magnetization as 2.74g for V. The isolated B and
N atoms offer magnetism as they have magnetic
moment of 1pg and 3pg respectively. However, in
their combined structure, total magnetization is
different than their sum. It could be due to
hybridization in between the atomic orbitals which
promotes redistribution of electronic charge. The
projected DOS (figure 12) monitors the
contribution of atomic orbitals of each atom/s.

— Up Spin
— DownSpin| _|

T
10 -4 -12 <10 B

[ TR I T N I IO i
6 4 2 2 4 6 8 10 12 14

[
B (eV)

Fig 11: Density of states plot for (Vg)

The projected DOS calculations show that the
available states around Fermi level are large due to
B and N atoms. In both B and N atoms, 2p orbitals
are dominant over the s orbitals. Hence, the
contribution of 2p orbitals of B and N atoms (for
magnetization) is relatively greater than 1s orbital.

EE (V)

Fig. 12: Projected Density of States of h-BN with Vg

3.6.3 Single nitrogen vacancy in 4x4 h-BN sheet (V)

Figure 13 (at left and right) shows the band
structure of nitrogen site of vacant h-BN. The up
spin band structure reveals the fact that electrons in
valance band lie 0.08eV below the Fermi level
whereas for down spin electrons, conduction band
lies 0.33 eV above the Fermi level. Hence the total
band gap near to Fermi level (in between valence
and conduction band) becomes 0.41 eV. The value
falls in the regime of semiconductor and concludes
that wide gap (insulator) pristine h-BN changes to
semiconductor upon creation of N-site vacancy.

The new states present in the band structure of Vy,
especially near to Fermi level are the effect of N-
site vacancy. The minute analysis shows that
energy levels of valance orbitals (s and p) of B and
N are also changed around the Fermi level. The
independent pictures in figure 13 inform that the
system behaves as semiconductor for up spin (1.44
eV) and insulator for down spin (3.27 eV). Since
these gaps observed at K and M points respectively,
the N-site vacant h-BN possesses indirect type of
energy gap nearby Fermi level.

————

— Spin Down

High Symmetric Points

==

M K

Hieh Svmmetric Points

r

Fig. 13: Up and down spin band structures of single nitrogen vacant h-BN (V\), [Fermi energy Er=-1.379 eV is set to
zero for the clarity of the picture].
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Our calculations found that the Fermi level shifts
up (by 2.637 eV) in Vy with reference to pure h-
BN. Also the vacant system gets magnetism (1
uB/cell) upon removal of N atom in pure h-BN.

4. CONCLUSIONS

We have studied the effect of single atom vacancy
defects (at boron and nitrogen sites separately
which accounts for 6.25% of the respective atoms)
in monolayer hexagonal boron nitride (h-BN) by
using density functional theory Ilevel of
approximations in Quantum ESPRESSO codes.
Both the defected systems, Vg (vacancy at B site)
and Vy (vacancy at N site), show different
geometrical, electronic and magnetic properties
with reference to the pristine h-BN. In geometry,
both the systems show triangular vacancies (void
space) at the center of the samples which used to be
occupied by boron or nitrogen atom in pristine
structure. However, the boron vacancy (Vg) and
nitrogen vacancy (Vy) have opposite orientations.
The bond angles and bond lengths nearby vacancy
get changed due to the presence of unsaturated
bonds nearby of it. The vacancy formation energy,
the energy required to form a vacancy by removing
an atom, is higher (16.45 eV) for Vg comparing to
that in Vy (12.87 eV). This implies that the removal
of nitrogen atom from a pure h-BN is easier. The
band structure calculations show Vg as half metallic
and Vy as semiconductor with indirect band gap of
0.41 eV. Magnetism is induced in both the vacant
systems, 2.74uB/cell for Vg and 1.00uB/cell for Vy.

FUTURE SCOPE

The work can be further extended in order to study
the charge transfer/charge density properties and
the extension of sample to higher supercells. The
effect of doping in the vacant system of monolayer
and bilayer can be studied.
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