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The electronic and optical properties of pentagonal BoC monolayer are investigated by
means of the first principles calculations in the framework of the density functional the-
ory. The cohesive energy consideration confirmers the good stability of the B2C nanos-
tructure in this phase. The electronic band structure reveal that the valence band maxi-
mum (VBM) is located at X point of the first Brillouin zone (BZ) whereas the conduction
band minimum (CBM) is situated at the center of the BZ, resulting in an indirect energy
band gap of about 1.5 eV. Furthermore, a calculated low absorption and low reflection
of the material in low energy ranges denotes the transparency of the BoC monolayer in
investigated range for normal light incidence. The obtained results may find application
in fabrication of future opto-electronic devices.
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1. Introduction

In the past decade a variety of semiconductors, two-dimensional nanomaterials such
as metal-organic frameworks (MOFs)!2, covalent-organic frameworks (COFSs)3,
polymers*®6 black phosphorus (BP)7, silicene®, zinc oxide®!? and MXenes!'have
been considered by theoretical and experimental research groups. Parallel to these
studies, in recent years, a series of graphene-like materials such as silicon carbide 2,
1415 " and beryllium carbide '® have been predicted.

Up to now, a number of two-dimensional nanostructures of BoC compound are
predicted and investigated. A two-dimensional BoC was predicted by the first prin-
ciples calculations where the boron and carbon atoms are packed into a mosaic of
hexagons and rhombuses while each carbon atom is bonded with four boron atoms,
forming a planar-tetracoordinate carbon (ptC) moiety!”. In 2012, using the density
functional theory the electronic and the linear optical properties of a BoC monolayer
was studied by Shahrokhi et al. '®. They predicted a metallic behavior for the consid-
ered B, C structure. Recently, Li et al., predicted a new two-dimensional pentagonal
B, C sheet (penta-BoC), with semiconducting behavior in which each pentagon con-
tains three boron and two carbon atoms. The C atom is four-coordinated with four
B atoms, and all the B atoms are three-coordinated with two C atoms and one B
atom, forming a buckled 2D network '°.

In this study, to investigate the potential applications of the designed pentag-
onal BoC nanosheet, the electronic and optical properties have been studied using
density functional theory. The optical interband transitions, reflectivity, and optical
absorption spectra are investigated to gain a good view point of optical behavior of

boron carbide 3, boron nitride

this semiconductor nanostructure.

2. Computational details

The electronic and optical properties of pentagonal BoC monolayer have been stud-
ied by the first principles calculations by means of the the density functional the-
ory as implemented by the WIEN2k code 2°. The full potential linear augmented
plane waves plus local orbital (FPLAPW+lo) is applied to expand the Kohn-Sham
wave functions. The exchange-correlation term is produced by utilizing the gener-
alized gradient approximation presented by Perdew-Burke-Ernzerhof (GGA-PBE)
21, Based on Monkhorst-Pack approximation 22, 12x12x2 and 30x30x5 k-mesh
have been considered in the whole first Brillouin zone for electronic and optical
calculations, respectively. The computational input parameters are RyrK ez =7,
Gmaz=14 Ry'/2 and l,nes = 10. 20 A vacuum space in the non-periodic directions
(z direction) have been used to avoid two neighboring image interactions. To gain
the imaginary part and the real part of the complex dielectric function, the cal-
culation of the optical properties have been performed by using the random phase
approximation (RPA) method ?* and the Kramers-Kronig relations respectively.
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Fig. 1. (a)A B2C monolayer. (b)A cubic unit cell of a BoC monolayer. (c)A two-dimensional
charge distribution in B-C bond plane, the red and blue balls illustrate Boron and Carbon atoms
respectively.

2.1. Structural properties

The lattice constants of cubic unit cell of the monolayer B2C (see Fig.1la, Fig.1b)
is optimized using the thermodynamical equation state of Brich-Murnaghun 24:

3
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where Vj is the initial considered volume volume, V is the deformed volume,
By is the bulk modulus, and Bé is the derivative of the bulk modulus with respect
to pressure. The obtained optimized lattice constants is 3.93 A which show a good
agreement with that obtained by Li et al. 1. The considered unit cell contains four
boron and two carbon atoms as each carbon atom is shared by four boron atoms
while each boron atom is bounded with two carbon atoms and one Boron. Carbon
and boron atoms in this structure form a buckled pentagonal B-C-B sandwich tri-
layer network, i.e., every two neighboring B atoms in BoC monolayer are buckled
into two different atomic planes above and below the C atomic plane, respectively.
After the force relaxation process to achieve most stable configuration, the calcu-
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lated B-C and B-B bond lengths are about 1.58 and 1.72 A which exhibit good
agreement with that obtained by Li et al.'”.

To ensure the structural stability of BoC monolayer, the cohesive energy is cal-
culated. According to the definition of cohesive energy:

total isolated isolated
Egé —mEg —nEg

(2)

Ecoh - m+n

where Eigfal piselated and Biselated are total energy of BoC unit cell, energy of
isolated boron and isolated carbon atoms, respectively. Also, m and n indexes refer
to the number of boron and carbon atoms in the considered unit cell, respectively.
We obtained the value of -6.87 eV /atom for cohesive energy of this compound which
denotes to its a good structural stability. The bond nature for B-C and B-B bonds
and bond anisotropy for boron atoms exert BoC monolayer to reconstruct in a

buckled structure.
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Fig. 2. The total DOS. (b)The partial DOS for Boron atom. (c)The partial DOS for Carbon
atom.

3. Electronic properties

To understand the bond nature of B-C in pentagonal BoC monolayer , the two-
dimensional charge distribution in B-C bond plane is plotted (see Fig.1c). As can
be seen from this figure, the charge accumulation around carbon atom is more
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remarkable than boron atom. which attributed to due to the electronegativity dif-
ferences between C and B atoms. Thus, we can claim an ionic-covalent nature for
chemical bonding in this compound. This charge distribution expresses that the
charge transfer occurs from boron to carbon atoms as this charge transfer process
is accomplished. As a result the valence orbitals of both atoms are fully occupied.
To gain deep insight into the electronic properties of BoC, the total and partial
density of states (DOS) are plotted in figure 2. The electronic results show that
B2C monolayer in pentagonal structure has semiconducting behavior as there is
an energy gap about 1.5 eV in contrast to suggested metallic phase of BoC mono-
layer by Shahrokhi et al. '®. In the monolayer structure which was suggested by
Shahrokhi et al., similar to this pentagonal structure, each carbon atom has four
boron neighbors and each boron is bond with two carbon and one boron atom. In
their presented structure, we can see hexagonal faces, and all B-B bonds are parallel
with each others. However, in our structure, there are only pentagonal faces and all
B-B bonds are perpendicular with each other. This structural reconstruction leads
to full charge transferring process and as a result we can observe semiconduction
properties in this structure.

The partial DOS for boron atom illustrates that the s and p orbitals are hy-
bridized with each other and contribute in forming the bonds (see Fig.2b). The p
orbital contributes in forming the bond with carbon atoms and s orbital approx-
imately is localized in low energy ranges about -15 to -11 eV (see Fig.2c). The p
sub-orbital density of states for boron illustrates that bonding and antibonding or-
bitals for this atom are related to p, and p, sub-orbitals, but p, sub-orbital plays
non-bonding states in density of states and is located in low energy ranges with
respect to p, and p, sub-orbitals in valence bands (see Fig.3a). On the other hand,
p sub-orbitals of carbon atoms have a different arrangement in energy levels in
comparison with boron atom(see Fig.3b). The results exhibit that bonding states
of carbon, p, + p, states, are more stable than non-bonding p, states.

4. Optical properties

The electronic band structure result exhibits that BoC monolayer has an indirect
band gap (X-T') direction. We determined each energy level with a specific color and
number to investigate the optical interband transitions. The hybridized orbitals have
different proportion in energy levels. The Joint density of states in both directions
is plotted to study optical interband transitions. This graph explains the interband
transitions from occupied states to unoccupied energy levels.

We determined the main peaks in each direction which exhibited that each peak
is related to a transition from an occupied states to an unoccupied state. The first
peak in x direction is related to transitions from the highest valence band (5 and 6
levels) to lowest conduction band (7 and 8 levels). These energy levels have similar
degeneracy in high symmetry pints, R, I'; X and M, so we can see a sharp peaks due
to transitions from these energy levels. While for the second peak in z direction, we
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Fig. 3. (a)The density of states for Boron’s sub-orbitals. (b)The density of states for Carbons’s
sub-orbitals.

can see a broadened shape as this peak is related to transitions from a wide range of
valence energy levels to unoccupied conduction levels. The threshold of joint DOS
demonstrates optical gap in each direction. The obtained values for this parameters
is 2.08 eV for both direction while the energy band gap in band structure was 1.5
eV. This difference exhibits that the first optical transition do not occur from the
edge of valence band maximum to conduction band minimum.

Studying optical properties of materials helps to propose various optoelectronic
applications. One of the best approaches to start is the calculation of complex
dielectric function which seen as a practical tool to identify all optical aspects such
as reflectivity percentage as well as absorption spectrum. The complex dielectric
function is made up of two contributions; real part and imaginary part, which are
related to the following equation:

Ecomples = Re +1Je (3)

These parts have been identified through equation 2 that takes interband opti-
cal transitions between occupied (ik) and unoccupied electron states (fk) 2° into
acount.

e (W) = Ame” Z/ 2dk3} (R|PL PR FE (L= F)S(ES — EF —hw) | (4)

m2w?
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Fig. 4. The orbital contributions in energy band structure are determined to investigate the
energy levels.

On the other hand, Kramers-Kronig relations define a relationship between imag-
inary and real parts of this function. The real part of the dielectric function is
obtained correspondingly:

2 e Ssaﬁ(w/) ’ ’
af _

Where Pr. denotes to the Cauchy principal value. In this section, two important
optical spectra have been discussed: optical absorption and reflectivity spectrum.
The reflectivity spectrum of BoC monolayer displays a transparent behavior in the
visible range of the light in z direction (see Fig.6a). For the investigated compound
this parameter is about %2.5 , but in x direction, we can see a different manner.
There are some remarkable regions in reflectivity spectrum in x direction. The first
region is wider than the other which is situated between 2-4 eV and the second
region is broadened around 4-7 eV. The third one is in 10-16 eV. These regions
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Fig. 5. The joint density of states for optical interband transitions in (a) x and (b) z directions.

in reflectivity spectrum are due to collective exciations. The first and second peaks
that are more noteworthy than the third peak are due to 7 electrons that are excited
by incident photon. The third peak is related to m+ o collective exciations. In these
regions the incident photons have the highest interaction with the compound, so a
notable reflectivity is observed . Also, this spectrum in both directions decreases to
neglectable value by increasing incident photon energy.

The other important optical spectrum is absorption that defines the exciations
of valence electrons by photons and transfer them to unoccupied conduction band.
Optical absorption for BoC monolayer is illustrated in Fig.6b. There are a series of
peaks are seen in this spectrum in both directions. The sharp peaks are attributed
to the fact that the optical transition from the degenerate and thin energy levels to
conduction band. The optical transitions from broadened energy levels in valence
band leads to emergence of the broaded peaks in optical absorption spectrum. For
x direction, we can see more sharper peaks in low energy ranges with respect to z
direction. As seen in joint DOS, these peaks were due to degenerated energy levels
in the edge of valence conduction band. Also, the results demonstrate a suitable
absorption value in the visible range of light that persuade us to design solar cell
devices through this monolayer nanostructure.
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Fig. 6. (a)The reflectivity spectrum of BaC monolayer. (b) The absorption spectrum of ByC
monolayer.

5. Conclusions

In summary, the electronic and optical properties of pentagonal face BoC have
been investigated by the fist principles calculations. The structural results, cohesive
energy of system, exhibit that this monolayer has a good structural stability and
its possible to synthesize it in equilibrium conditions in laboratory. Also, we saw
an indirect energy band gap in electronic band structure about 1.5 eV that make it
a good candidate for optoelectronic devices. The optical calculations for BoC were
more attractive because it has a low percentage of reflectivity spectrum in visible
range, about %2.5. On the other hand, the optical absorption in visible range of
light persuade us to design new types of two-dimensional nano-base solar cell.
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