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Abstract In this work, the structural and electronic properties of hexagonal boron nitride sheet have been calculated
within the density functional theory as implemented in Quantum ESPRESSO (QE) code while the elastic properties have
been calculated using Elastic code, which is able to calculate the full second-order elastic stiffness tensor for any crystal
structure from ab initio total-energy and/or stress calculations. From our results, The obtained projected density of states
(PDOS) shows that the covalent bonding of boron (B), nitrogen (N) is mainly contributed by s,d like-orbitals of B and
partially occupied by the 2p like-orbital of N order. From the electronic band structure it is clearly shown that hexagonal
boron nitride is narrow band with the semiconductor half metallic nature. The obtained Young’s modulus and shear modulus
shows an excellent agreement when compared with available theoretical and experimental data.
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1. Introduction

In recent years, the ‘wonder material’ graphene has been
explored intensively due to its ultrahigh room-temperature
carrier mobility [1, 2] and is touted to be the
next-generation electronic material to replace silicon, since
silicon is approaching its performance limits.

Graphene, the  well-publicized and  famous
two-dimensionalboron nitride (BN) allotrope, have attracted
intensive research interest due to their fascinating electronic
properties and extensive applications [3, 4]. Among them,
Hexagonal boron nitride (h-BN) is an insulator with a
large band gap [5, 6] a two-dimensional monolayer of
carbon atoms arranged in a honeycomb lattice, it is the
building block for other graphitic materials including
one-dimensional carbon nanotubes and three-dimensional
graphite. It has been theoretically investigated by several
scientist for more than sixty years. For instants, Wallace
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calculated the electronic band structure of graphene using a
tight-binding method in 1947, showing its semi-metallic
nature and linear energy dispersion around the Fermi energy.
[71.

Geim and Novoselov of Manchester University
demonstrated that graphene could be isolated by using a
remarkably simple mechanical exfoliation technique which
is commonly called the Scotch tape methodin 2004 [8].

In 2005, the Manchester group [9] and Philip Kim’s group
at Columbia University independently observed the quantum
Hall effect in grapheme [10]. This shows the quantum Hall
plateaus were found to be quantized in half-integer values
which provided convincing evidence of the two-dimensional
massless chiral nature of charge carriers in this system.

These early discoveries have initiated intense research
activities worldwide on graphene and other two-dimensional
materials. The exploding interests in graphene have been
largely motivated by its remarkable electronic properties and
its stable form. Due to the linear energy dispersion around
the Fermi energy, the low-energy charge carriers in graphene
has described by relativistic Dirac equation rather than the
Schrodinger equation.

However, the high mobility of charge carriers and
the ambipolar transport characteristics make graphene
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particularly promising for high frequency applications. It
was demonstrated by Lin and his group that high frequency
operation, at 100 GHz, was possible in graphene-based
transistors [11] meaning that it can be integrated into a huge
number of applications. The only problem with graphene is
that high-quality graphene is a great conductor that does not
have a band gap (a semi-metal with a zero band gap). Due to
this intrinsic property, it is not possible to switch off the
devices with graphene as the channel material, resulting in
very poor ON/OFF ratio. Although a band gap can be
introduced into graphene, but the process is extremely
complex to make and will result in a loss of mobility.

In order to realize graphene’s full potential as a
post-silicon electronic material, a sizable bandgap must be
created [12]. Although a small bandgap can be engineered in
nano-ribbons and bilayer graphene under strong electric field,
but large gap has not been created at this stage sufficiently.

Mechanical properties of graphene are also extraordinary
due to the strong carbon-carbon covalent bonds. The tensile
strength of graphene is measured to be about 300 times
greater than steel [13]. In addition, graphene can sustain a
large degree of stretching and bending without structural
damage. These properties together with the optical
transparency make graphene very attractive in potential
applications in solar cells, touch screen displays, and flexible
optoelectronic devices.

The major focus of our research is to obtain the structural
properties, electronic properties and elastic properties of BN
for its potential applications.

2. Computational Method

All the calculations reported in this work were performed
using the Quantum-ESPRESSO code [14] with the version
of 5.1 which is based on density-functional theory (DFT) in
which plane wave basis sets for expansion of the electronic
wave function and conjugated gradient electronic
minimization were used. In this package, electron-ion
interactions were described using the norm-conserving or
ultrasoftpseudopotentials. The exchange and correlation
energies were calculated with the Perdew-Burke-Ernzerhof
(PBE) form of the generalized gradient approximation (GGA)
[15, 16]. Geometry optimizations were performed by the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. The
k-points, lattice constant and plane wave cutoff energy were
thoroughly tested. In this study a k-point grid of 4x4x4 were
used for the bulk properties. The optimized value for plane
wave cutoff of 37 Ry used for all calculations. All the known
cell parameters were fixed at the experimental value of the
crystal during geometry optimizations while all the atom
positions were minimized with symmetries. Where no
experimental value were available the atom-atom distance
was approximated by adding the covalent radii of the
elements [17].

For the pseudopotential generation Brillouin Zone
integrations were performed using a 8x8x1 Monkhorst and

Pack special point grids using Gaussian smearing technique
with a smearing width of 0.02 Ry in order to smooth the
Fermi distribution. The Kohn-Sham orbitals are expanded in
a plane wave basis setby obtaining the structural stability and
electronic properties such as (ground state total energy,
density of state (DOS) projected density of state (PDOS),
magnetic moments and charge density distribution) within
the DFT as implemented on the Quantum ESPRESSO
package.

While dealing with the PW basis the first step was to have
a details of the crystal structure for the compound of
interest, therefore, our structural parameters was obtained
from available literatures specifically experimental database
reported in [18, 19]. Then we optimized them (relaxation
calculation) using DFT-GGA by applying the
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm [20],
unless otherwaise the optimized parameters close to the
experimental values was taking and employed in our
calculations.

In a crystal structural optimization, one has to look for the
structure with a minimum potential energy surface (PES)
that is closest to the starting configuration. In practice one
has to search for the ionic configuration for which all the
forces are zero. A Quasi-Newton ionic relaxation within the
Broyden Fletcher Goldfarb Shanno algorithm has been one
of the most successful approximations within a theoretical
framework for more than a decade.

In order to determine the elastic properties we consider
the general deformation state, such that the number of
independent components of the second, third, fourth and fifth
order elastic tensors are 23, 58, 136, and 272 respectively.
Conversely, there are only fourteen independent elastic
constants need to be explicitly considered due to the
symmetries of the atomic lattice point group of h-BN which
consists of a six-fold rotational axis and six mirror planes.

The fourteen independent elastic constants of h-BN are
determined by a least-squares fit to the stress-strain results
from DFT based first-principles studies in two steps as
implemented in Elastic code of the QE [21]. In the first step,
we use a least-squares fit of five stress-strain responses.

Five relationships between stress and strain are necessary
because there are five independent fifth-order -elastic
constants. We obtain the stress-strain relationships by
simulating the following deformation states: uni-axial strain
in the zigzag direction (zigzag); uni-axial strain in the
armchair direction (armchair); and equibiaxial strain
(biaxial). From the first step, the components of the
second-order elastic constants, the third-order elastic
constants, and the fourth order elastic constants are
over-determined (i.e, the number of linearly independent
variables are greater than the number of constrains), and the
fifth-order elastic constants are well-determined (the number
of linearly independent variables are equal to the number of
constrains). Under such circumstances, the second step is
needed: least-square solution to these over- and well-
determined linear equations.
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3. Results and Discussions

A Structural and Elastic Properties

1. Atomic structure

We first optimize the equilibrium lattice constant for h-BN.

The total energy as a function of lattice spacing is obtained
by specifying nine lattice constants varying from 3.3 A to 4.1
A, with full relaxations of all the atoms. A least-square fit of
the energies versus lattice constants with a fourth-order
polynomial function yields the equilibrium lattice constant
as a=23.731 A. The most energetically favorable structure is
set as the strain-free structure in this study and the atomic
structure, as well as the conventional cell is shown in Fig. 1.
Specifically, the bond length of B-N bond is 2.154 A. The
B-N-B and B-N-B angles are 120 and all atoms are within
one plane. Our result of bond length is in good agreement
with previous DFT calculations of A-BNNR sheet [22].

Figure 1.

Optimized Hexagonal Boron Nitride structure

II. X-Ray diffraction pattern

Fig. 2 below shows the calculated X-Ray diffraction
pattern of the compound at 160°C. The peaks at 20=+24.32°,
49.60° and 74.00° (JPCD, No. 9 - 12) is attributed to
hexagonal boron nitride formation. The peak at 22°
corresponds to the (002) diffraction peak of h-BN which is a
small angle X-ray scattering (SAXS). It has helped in phase
analysis of the sample surface layers and it is also an
analytical method of determining the structure of particle
systems in terms of average sizes or shape. The small-angle
scattering is particularly useful because of the dramatic
increase in the forward scattering that occurs at phase
transitions which is known as critical opalescence and
because many materials, substances and biological systems
possess interesting and complex features in their structure,

which match the useful length scale ranges within this region.

This region also provides valuable information over a wide
variety of scientific and technological applications including
chemical aggregation, defects in materials, surfactants
colloids ferromagnetic correlations in magnetism, alloy
segregation, biological membranes, [23, 24].

Variation of the incident angle allows the analysis of grade
layers or multi-layer systems. Because the SAXS looks at the
particle distances instead of atomic distance, the effects
appears at very small scattering angles near the primary

beam. This sample is more crystalline compared to other
temperatures tested.
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Figure 2. Calculated X-Ray of Hexagonal Boron Nitride

I1I. Elastic properties

Table 1 below provides the summary comparism of three
different average calculated elastic properties from the three
different methods, Voigt, Reus and Hill adopted by Quantum
ESPRESSO. Reuss shows the smallest stable structure of
0.18739 of hexagonal boron nitride which is more stable for
an excellent optical material.

Table 1. Average Elastic properties of Hexagonal Boron nitride

A . Bulk Young's Shear Poisson’
veraging modulus modulus modulus OISS_OH s
scheme ratio

(GPa) (GPa) (GPa)
Voigt Kv= Ev= Gy = W=
g 200.56 350.39 144.93 0.20881
Reuss Kr = Er = Gr = VR
4.9646 9.3119 3.9211 0.18739
Hill Ku= Eu= Gn = e
102.76 179.86 74.427 0.20829

B Electronic Properties
1. Band Structure

From Fig 3 below the obtained band structure of
Hexagonal Boron Nitride single layer which shows the
(graphite-like) Band structurecan be understood in terms of
sp” hybrid oriented in the direction of the bond and its
orbitals constructed from these hybrids. Each B-N atoms in
the lattice structure of the h-BN has one s and three p orbitals
for bonding (¢ and m) within the h-BN sheet. The s orbital
and two in-plane p orbitals generate three sp® orbitals
forming strong covalent (o) bonds with their neighbouring
B-N atoms.

The flatness of the h-BN structure can be said to come
ultimately from the empty part of the m-state bonds rather
than from the full part, whereas the fourth valence electron
occupies a P, orbital perpendicular to the sheet and its
contributes to the delocalized electron gas which explains
h-BN high conductivity. Each B atom contributes an electron
to the P, orbital to form a  band. So in total, B-N has three in
plane c orbitals which are responsible for the strength of
graphene and a P, - band perpendicular to the sheet of h-BN.
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The highest occupied state of this band structure is 0.101eV
while the lowest unoccupied state is 4.702eV which gives the
evaluated band gap as 4.601¢V which confirms that this is a
wide band gap semiconductor materials.
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Figure 3. Calculated Band Structure of Hexagonal Boron Nitride

I1. Density of State

For all other configurations, almost the same band gap has
been observed. To further analyze the electronic properties
of the structures, density of states (DOS) have also been
investigated and shown in Fig. 4 below, represents the
number of electronic states available for occupancy per
energy level. Here, it is observed that no electronic states are
present at the Fermi level, validates the wide band
semiconducting behavior of BN. It also shows that in upper
valence band, the 2p states of N atoms dominate, with the
maximum peak at 4.24 eV, few electronic states are present
near the Fermi level, and however, there is no significant
impact in the conduction band. On the contrary, 2p states of
B atoms show their dominance in the conduction band with a
maximum peak at -2.24 eV.
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Figure 4. Calculated Density of State of H-BN

II1. Charge Density Distribution

In order to understand the distribution of the total
electronic charge density of h-BN single layer, we calculated
the electronic charge density distribution as shown in a fig. 5
below. From the result one can observe that that B-N makes
the covalent bonding. It is clear that in hexagonal of BN
sheet structure, B-B atoms shows a very week charge density
but as we move to N-N bonding, there is the stronger charge
density. Also as clear as its from the scale that the purple
color shows the greater charge density, so the Nitrogen atom
has the greater charge density than the Boron atoms in the
sheet.
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Figure 5. The top view of the calculated chargedensity plot of the h-BN
ssystem with colors scale n(r) indicating ranges of charge accumulation and
depletionina.u

4. Conclusions

In summary, we studied the structural, electronic and
elastic properties of h-BN under various strains using DFT
based first principles calculations. It is observed that h-BN
shows a nonlinear elastic deformation up to a definitive
strain, which is 0.20881, 0.18739, and 0.20829 for Voigt,
Reuss, and Hill respectively, which are large Poisson ratio
compared to hexagonal graphene. We also found that the
h-BN can sustain much smaller strains before the rupture.
The nonlinear elasticity of h-BN was investigated. We found
an accurate continuum description of the elastic properties of
h-BN by explicitly determining the fourteen independent
components of high order (up to fifth order) elastic constants
from the fitting of the stress-strain curves obtained from DFT
calculations. This data is useful to develop a continuum
description which is suitable for incorporation into a finite
element analysis model for its applications in large scale.
The second order elastic constants including in-plane
stiffness are predicted to monotonically increase with
pressure while Poisson’s ratio monotonically decreases with
increasing pressure.

REFERENCES

[1] Bolotin, K.I, Sikes, K. J., Jiang, Z., Klima, M., Fudenberg,
G., Hone, J., Kim, P. and Stormer, H. L. (2008): Ultrahigh
electron mobility in suspended graphene, Solid State
Commun. 146, 351-355.

[2] Chen, J. H., Jang, C., Xiao, S.D., Ishigami, M. and Fuhrer,
M.S. (2008): Intrinsic and extrinsic performance limits of
grapheme devices on SiO2, Nat. Nanotechnol., 3, 206-209.

[3] YugG, LuX, Jiang L, Gao Wand Zheng Y (2013): J. Phys. D:
Appl. Phys.

[4] BaoQ,Zhang H, Wang B,NiZ, LimCH Y X, Wang Y, Tang
D Y and Loh K P (2011): Nat. Photon. 5 411.

[S] Wirtz, L., Marini, A. and Rubio, A. (2006): Phys. Rev. Lett.
96 126104.



[15]
[16]

[17]

American Journal of Condensed Matter Physics 2019, 9(1): 1-5 5

Ribeiro, R. M and Peres, N. M. R. (2011): Phys. Rev. B 83
235312.

Wallace, P. R. (1947): Phys Rev, 71, 476-476.

Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.;
Zhang, Y.; Dubonos, S. V.; Grigorieva, 1. V.; Firsov, A.
A.(2004): Science, 306, 666-669.

Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.;
Katsnelson, M. 1.; Grigorieva, 1. V.; Dubonos, S. V.; Firsov,
A. A. (2005): Nature, 438, 197-200.

Zhang, Y. B.; Tan, Y. W.; Stormer, H. L.; Kim, P. (2005):
Nature, 438, 201-204.

Lin, Y. M.; Dimitrakopoulos, C.; Jenkins, K. A.; Farmer, D.
B.; Chiu, H. Y.; Grill, A.; Avouris, P. (2010): Science, 327,
662-662.

Avouris, P. (2010): Nano Lett, 10, 4285-4294.

Lee, C.; Wei, X. D.; Kysar, J. W.; Hone, J. (2008): Science,
321, 385-388.

Scandolo, S., Giannozzi, P., Cavazzoni, C., De Gironcoli, S.,
Pasquarello, A. and Baroni, S., Kristallogr, Z. (2005). 220,
574.

Perdew, J. and Wang, Y. (1992): Phys. Rev. B 45, 13244.

Perdew, J., Chevary, J.A., Vosko, S.H., Jackson, K.A.,
Pederson, M.R., Singh, D.J and Fiolhais, C. (1993): Phys.
Rev. B 48, 4978.

Kittel, C. (2005) Introduction to Solid State Physics (John
Wiley and sons, Inc, River Street, Hoboken.

[18]

[19]

[20]

(21]

(22]

Gonze, X., Beuken, J.-M., Caracas, R., Detraux, F., Fuchs, M.,
Rignanese, G.-M., Sindic, L., Verstracte, M., Zerah, G., Jollet,
F., Torrent, M., Roy, A., Mikami, M., Ghosez, Ph., Raty,
J.-Y., Alla, D.C. (2002). First-principles computation of
material properties: the ABINIT software project
Computational Materials Science 25 478-492.

Stefano Curtarolo., Wahyu Setyawan., Shidong Wang.,
JunkaiXue., Kesong Yang., Richard H. Taylor., Lance J.
Nelson., Gus L.W. Hart., Stefano Sanvito., Marco
Buongiorno-Nardelli., Natalio Mingo g., Ohad Levy h. (2012)
AFLOWLIB.ORG: A distributed materials properties
repository from high-throughput ab initio calculations.

Avriel, Mordecai (2003): Nonlinear Programming: Analysis
and Methods, Dover Publishing, ISBN 0-486-43227-0.

Golesorkhtabar, R., Pavone, P., Spitalera, J., Puschnig, P., &
Draxl, C. ElaStic (2012): A universal tool for calculating
elastic constants from first principles.

Abdullahi, Y. Z., Rahman, M. M., Shuaibu, A., Abubakar,
S., Zainuddin, H., Muhida, R., & Setiyanto, H. (2014):
Density functional study of manganese atom adsorption on
hydrogen-terminated armchair boron nitride nanoribbons.
Physica B: Condensed Matter, 447, 65-69.

Andre Guinier Gerard Fournet (1995): Small-angle scattering
of x-rays. New York: John Wiley & Sons.

O. Glatter, Otto Kratky (eds.) (1982): Small Angle X-ray
Scattering. London: Academic Press Out of print, available
online.



	1. Introduction
	2. Computational Method
	3. Results and Discussions
	4. Conclusions

