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Abstract

Utilizing first principles calculations within PW91 exchange-correlation method,
we investigated a boron sheet that exhibits related electronic properties. The 2-
dimensional boron sheet is flattened and has an atomic structure where the pair cores
of every three ordered hexagons within the hexagonal network are loaded up by
extra atoms, which saves the triangular lattice symmetry. The boron sheet takes
possession of intrinsic metal properties and the electronic bands are comparable to
the r bands of the graphene that are close to the Fermi level. The real and imaginary
parts of the dielectric function show a metallic or semiconductor behaviour,
depending on the electric field direction.

Keywords: Borophene, DFT, Band structure, Electonic properties, Optical
properties.
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1. Introduction

The delocalization and sp? hybridization of boron electrons lead to rich chemical
properties that make it second to carbon as a candidate of having many crystal structures [1,
2]. The electron deficiency of this 5th element in the periodic table presents crystal structures
that build up a complex bonding type, called multicenter bonds, that are significant due to
their subsistence in bountiful compounds [3-5]. Theoretical and experimental researches have
been carried out on boron two-dimensional (2D) sheet. Recent reports are focused on the two
dimensional arrangement of boron, as in the triangular lattice [6, 7]. A completely metallic
boron planar nanostructure was assembled on a silver substrate, named borophene. Boron
element has the potential to be utilized to build a stable monolayer structure by mixing
honeycomb and triangular units [8]. This framework consists of two atoms per the unit cell,
which is called 2B:Pmmn crystallographic or orthorhombic crystal system (59 Pmmn space
group). According to the multicenter bonding design and depending on substrate types, the
well-defined geometries of borophene are organized in a variety of polymorphs with
commensurate cohesive energies but, however, with diverse properties. As a result of
complicated bonding characteristics, the boron single layer was suggested to have Dirac
points [9-11].

However, experimental studies are still lacking, while electronic structures have been
explored only by theoretical researches. The borophene monolayers are metallic with
significant anisotropy behaviors. Moreover, borophene has a permittivity in the range of 0-2
eV, indicating that it has a hyperbolic characteristic [12]. To attain utility of borophene as an
optoelectronic substance, it is indispensable to explore its intrinsic properties [13-19].
According to studies based on the density functional theory (DFT), the band structure of
borophene allotropes of different atomic geometries is metallic or semi-metallic and may have
Dirac cones near or at the Fermi energy level. However, it is very important to understand the
effects of the structure of borophene on its electronic properties [20-23]. Through the
utilization of DFT computations, we herein theoretically analyzed possible geometry, band
structure, and photo-activities of a borophene monolayer.

2. Computational methods

We have played out the computations of the all-out energies of the boron sheet utilizing the

CASTEP (Cambridge Serial Total Energy Package) [24]. We utilized the exchange-
correlation method described by Perdew and Wang (PW91) with the generalized gradient
approximation (GGA). We made the plane-wave cut-off energy setting to be about 320 eV,
while the force convergence criterion on every atom was set at 0.01 eV/A. The interlayer
partition was set at 9 A, which is proper to create isolated systems. The Brillouin region was
tested by using the Monkhorst-Pack sketch of K, T, M, and K. The minimization of the total
energy was applied for the full optimization of the lattice constants and the internal atomic
coordinates. The equilibrium points of the crystal structures were reached through geometry
optimization in the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme. The
boron flat sheet was completely relaxed through a k space mesh of 9 x 9 x 1, while the mesh
was expanded to 20 x 20 x 1 to acquire the rigorous energies with atoms stationary after
relaxations.
The unit cell, that has 32 atoms, and the hexagonal lattice vector are shown in Figure 1. The
complete restful crystal structure is acquired by means of the geometry optimization with
relation to lattice constants half-and-half interior atomic positions. The optical properties are
determine based on the dielectric function of the atomic systems by using the Kramars—
Kroing relation that depends on the real and imaginary parts of the dielectric tensor [25].
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Figure 1-The structure of the studied boron sheet. The lattice vectors (red lines),
a;=a,=8.8234 °A.

3. Results and discussion
3.1 Electronic properties

Here we show an analysis for the band structure of borophene. The band structure of
borophene, with geometry optimized lattice parameters, along the high symmetry directions
within the first Brillouin zone is shown in Figure 2.a. The band structure is curved smoothly
like the electronic m bands of the graphene sheet close to the Fermi energy level, that is
degenerated at the I' symmetry point, nearly 0.5 eV over the Fermi energy level. The Fermi
level of the studied 2D boron crystal reclines at /" point, just underneath the maximum of
valence band. The occupied valence bands extend beginning from -2.7 eV and ending at the
Fermi level Er. The valence band crosses the Fermi level, creating the framework semi-
metallic. The dispersive kernel of the band structure over the 7-K orientation elucidates good
electronic conveyance. The density of states has a necessary role in the interpretation of the
physical properties of atomic systems. We illustrate the investigated partial density of states
(PDOS) at normal pressure, as represented in Figure 2.b. The PDOS has a high value of N(Ef)
at the Fermi level of 1.0 states/eV per unit cell. The DOS around the Fermi level emerges
predominantly at the 2p electronic states.

As indicated by the diagrams, at Fermi energy, there is nonzero density of states. This
means that there is a significant overlapping among the valence and conduction bands. The
zero energy gap indicates a metallic property that is additionally affirmed by band structure.
Totally unlike numerous 2-dimensional layer materials that are either semimetal or
semiconductor, borophene has a metallic property which has been described in different
works [26-28]
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Figure 2-Electronic properties of the tested boron sheet. (a) Band structure; valance band
(blue) and conduction band (red). (b) Density of states; p-orbital (blue) and s-orbital (red).

3.2 Optical Properties

Both dielectric function parts (real and imaginary) are displayed in Figure 3.a and 3.b. The
two directions, x-axis (parallel) and z-axis (perpendicular), to the plane of the sheet are,
respectively, utilized to show the response of the crystal under the electromagnetic field. The
material response depends completely on the band structure. The dielectric function is the
substance reaction toward the electromagnetic radiations, indicating energy propagation,
absorption reflection, and energy dissipation. Thus, at any position where a portion of the
dielectric function is negative, an absorption or a reflection happens for electromagnetic
waves. The imaginary and real parts are associated by a set of equations, preferably the
Kramers—Kroing equation, which are prospective to define the optical real part of the
response through knowing the imaginary part function at the whole range of wave-frequencies
[29]. The dielectric function comprehends two kinds of transitions; the first one is the
interband transition that is a consequent process to the electronic excitation, while the second
one is the intraband transition that is a consequent process to a bulk Plasmon excitation. The
imaginary part is estimated via taking into account the whole probable transitions from
occupied to empty states. Figures 4 and 5 show the positive static magnitude of the real part in
the x direction, which has proceeded to the negative value over the z-axis of direction at 1.6
eV. Subsequently, by changing the incident angle of light with respect to the plane of
structure, it is prospective to find out a nearly semiconductor action vertically to the sheet and
a metallic behavior at the right side of the sheet. By means of increasing the energy of the
outward photon over the x direction, there is an intense minimization at the limit of the visible
zone with regard to the real part, which arrives to a zero value, whereas the response develops
together with a temperate slope thereafter to 3.0 eV. Along these lines, the response
continuity prompts a totally firm and adjusted optical response inside the referenced domain
of borophene. Over the x and z directions, the optical responses next to the value of 4.5 eV are
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constantly zero, thus the optical activity of borophene conducts like a vacuum space following
the value of 5 eV in the two directions.

In compliance with the dielectric imaginary part (Figure 3 a and b), it may be implicated that
the value of imaginary part is 2 and 1 at zero energy for z and x direction bringing to light a
semiconductor behavior whereas it resorts to high positive and (8 at z direction) (4 at x
direction) value representing the metallic characteristic. The imaginary part peaks confirm the
transitions of interband manner. In both directions, a single peak is monitored at an energy
value of 0.9 eV, clarifying the interband transitions. In fact, every peak within the
characteristic of the dielectric imaginary part may be determined to the interband transition.
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Figure 3-Dielectric functions of borophene, real (blue) and imaginary (red)
(a) at z-direction (b) at x-direction.

3. Conclusions

We investigated the electronic and optical properties of a 2D boron structure (borophene).
The borophene is tabular and perpetuates the triangular lattice symmetry. In compliance with
the density of the electronic band structure and states, it may be very well foreseen that such
substance holds the characteristics of a metal. The optical properties, thorough the dielectric
function parts, were inspected and dissected in the z (perpendicular) and x-axis (parallel)
directions. Moreover, the metallic and semiconductor characteristics were found with the
perpendicular and parallel orientations, respectively. Whereas the optical characteristics are
regularly extraordinary near lower energies for various orientations, they are nearly in
accordance with one another near higher energies.
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