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We report here, structural, dynamic, and mechanical stability in pentagonal boron carbon nitride
(p-BCN) monolayer, a new member of direct bandgap two-dimensional (2D) semiconductor. The
identified visible range bandgap with excellent mechanical strength allows it to be a promising
candidate material in optoelectronics and nanomechanics. By employing density functional theory
(DFT), we reveal a unique geometrical reconstruction with rigidity in B—N and C—N bond lengths
with applied strain. These quasi-sp® hybridized short and strong covalent bonding and unique
geometry support the monolayer to possess extraordinary mechanical response. Remarkably, the
very rare, negative Poisson’s ratio (NPR), with softening and hardening, mechanical anisotropy to
isotropy is achieved with the application of a small value of strain. Similarly, the desired bandgap is
manipulated by loading the biaxial strain. Most importantly, our predictions on p-BCN show excellent
optical response such as good static dielectric constant and refractive index, strong optical absorption
(up to 1.08x10° cm~! in VR and 7.01x10> ¢m~! in UV) with small energy loss and reflectance
both appearing in visible and ultraviolet regions (UV). The desired optical response along with the
blue and red shift is demonstrated by tailoring with tensile and compressive strain. Additionally, the
predicted strong optical anisotropy provides it’s application in polarized photodetection.

have been studied theoretically to investigate different phys-
ical and chemical properties. Interestingly, several studies
show that penta-2D monolayer exhibits excellent chemical
and physical properties, some of them are even better
than hexagonal monolayer counterparts due to their unique
puckered geometry. For example, penta-CN, exhibits higher
energy density and greater in-plane stiffness than the h-BN
monolayer [10].

Realizing the fact that there can be more degrees of
freedom for physical and chemical properties, very recently,
a new ternary pentagonal prototype, composed of B, N, and
C atoms, pentagonal boron nitrogen carbide (p-BCN), has
been theoretically predicted, which is mechanically, ther-
mally, and dynamically stable direct bandgap semiconduc-
tor with excellent piezoelectric response [16]. These three
abundant neighboring elements in the periodic table have
an almost equivalent atomic size and mass, and lightweight
are benign to the environment to form p-BCN exhibiting
intrinsic polarization and piezoelectricity [16], and lattice
thermal conductivity up to 97.49 Wm~! K~! at room tem-
perature [32]. Moreover, the hydrogenation in pristine p-
BCN changes it from a direct bandgap of 1.70 eV to an
indirect bandgap of 4.46 eV. The bandgap of hydrogenated
p-BCN is tuneable up to 3.26 eV under the biaxial strain.
Although the elastic modulus tensor is reduced due to the
hydrogenation, the spontaneous polarization is reported to

1. Introduction

Two-dimensional (2D) crystals are the blazing lights on
the horizon of materials research due to their unique charac-
teristics and intriguing applications [1, 2]. The stability and
physical and chemical properties of these materials mainly
depend on the lattice structure and atomic arrangement. For
instance, the puckered, buckled, and planar arsenene show
significantly different stability factors and electronic behav-
ior from each other [3]. In addition, the planar indiene shows
a metallic behavior contrasting with the semiconducting
nature of buckled indiene [4].

In recent years a new class of 2D materials with pentag-
onal structure is drawing considerable attention due to their
novel chemical and physical properties[5, 6, 7, 8, 9, 10].
The study of pentagonal 2D structures, similar to the Cairo
pentagonal tiles, began when penta-graphene (PG), a five-
membered rings of carbon atoms, was theoretically charac-
terized [11]. The novel mechanical and electronic proper-
ties, and broad applications of penta-graphene inspired to
explore more isostructures. Since then, tremendous efforts
have been made to study the corresponding families of 2D
materials both theoretically and experimentally. For exam-
ple, penta-silicene nanoribbons [6, 12, 13], penta PdSe,
[14, 15] are successfully fabricated by micromechanical
exfoliation technique [5]. In addition, penta-germanium [7],

penta-arsenic carbide [8], penta-CN, [10], penta-B,C [9]
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be significantly enhanced [17].

The bandgap of p-BCN calculated by using Heyd-
Scuseria-Ernzerhof (HSE) [18] hybrid functional within
DFT is in the visible range. Because of that, it has great
potential to be used in photocatalytic and optoelectronic
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devices [19, 20]. In addition, the buckled direct bandgap
semiconductor is predicted to be an excellent optoelectronic
material due to it’s favorable surface for the photon-electron
interaction [21]. What is lacking here is a meticulous study
on optoelectronic properties. For applicability, it is crucial
to test the mechanical stability, and strength as well as
manipulate the optoelectronic behavior. Understanding the
importance, we performed DFT calculations to investigate,
reveal, and engineer the peculiar structural, mechanical,
and optoelectronic properties of the p-BCN monolayer and
analyze the influence of strain.

2. Computational Details

We have used DFT implemented in the Spanish ini-
tiative for electronic simulations with thousands of atoms
(SIESTA) [22, 23] with norm-conserving pseudopotentials
in the semilocal form [24]. The employed generalized gra-
dient approximation (GGA) functional with Perdew-Burke-
Ernzerhof (PBE) [25] treats underlying exchange and corre-
lation within the double zeta plus polarization (DZP) basis
sets. We have used 20x20x1 Monkhrost pack scheme [26]
to perform Brillouin zone integration . The reciprocal space
is expanded by using an energy cutoff of 350 Rydberg. The
atomic relaxation is achieved when the force reached the
value of 0.02 eV/A using the standard conjugate-gradient
(CG) technique. The convergence criteria for the energy
of the self-consistent field is set to 1.0 x 10 ~¢ eV. The
vacuum gap of 25 A is used along the z-direction to
prevent unnecessary interactions between the adjacent unit
cells. The chemical stability is achieved by calculating and
analyzing the formation (E,) [10] and cohesive (E.,,)[27]
energies.

Ecohz(E_ Z niEi>/N (])
i=B,C,N

E; = E onp—BcN) — XHB — YHC — ZHN )

where, E represents the total energy of a monolayer and E;
represents the total energy of isolated atoms with n; as the
number of a specific atom per monolayer. ug, yic, and py
represent the chemical potential of respective atoms. The x,
y and, z represent the number of B, C, and N atoms in unit
cell, respectively. Further, we adopt the density-functional
perturbation theory (DFPT) implemented in Quantum-
Espresso package [28] for the calculations of the phonon
dispersions of the monolayer. We obtain an accurate force
matrix with 5 X 5 X 1 supercell. For optical properties
calculations, a denser k-point mesh, i.e. 60 X 60 X 1, within
the Monkhorst-Pack scheme and optical broadening of 0.1
eV is used. Optical calculations in SIESTA are based on the
first order time dependent perturbation theory (TDP)[29].
The complex dielectric function (e(w)) can be expressed as:

e(w) = €;(w) + igy(w) 3)

where €,(w) is imaginary part of e(w) and can be obtained
with the help of TDP [30]

22 - o 2
g)(w) = Py UZC /BZ dk |<ch|€'P|ll/uk>| 8 (E.(k)—

E, (k) — hw)
“4)

Here, v and c represent the valence and the conduc-
tion band states, respectively. E (k) and ., are the
corresponding energy and eigenfunction of these states. p
and é are the momentum operator and polarization vector,
respectively. The equation (4) displays the connection be-
tween optical and electronic properties. Further, real part
of dielectric fuction £;(w) is obtained by Kramer-Kronig
transformation (KK) of £,(w) and is expressed as:

© AP
g(l@)=1+ %P/O 62(60—)60(10)' &)

" — 0?
where P denotes the principle part of £;(w) [30].

Further, the complex refractive index (N) is expressed
as N = v/e(w) = n(w) + iK(w), where n(w) and K(w) are
the refractive index and extinction coefficient, respectively.
These parameters are expressed as:

A /6%(60) + s%(w) +¢1(w) ’

n(w) = 5 (©6)
A /ef(a)) + s%(a)) —£1(w) :
K(w) = 0

2

Further, the reflectivity, R(w) and absorption coefficient,
a(w) are expressed as [31]:

_ K@) +[1 — n(w)]?

R = o T L T @)

®)

_ 20K (w)

a(w) €))

Additionally, the electron energy loss function, L(w) is

given by the relation L(w) = Im (—ﬁ) and also in terms
of £(w) and &,(w),
&(w
L(w) = # (10)

£1(@)? + &y(w)?

All these optical parameters are calculated in the interval
between 0 to 20 eV for parallel (E||x) polarization of electric
field.
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3. Results and Discussions

3.1. Structural properties and influence of strain

The optimized unit cell of p-BCN consists of six atoms
(2B, 2N, and 2C), with a B/C/N ratio of 1:1:1, forming a
pentagonal 3 layered 2D monolayer. The first, second, and
third layers consist of B (or N), purely C, and N (or B)
atoms inside a rectangular cell, respectively. This monolayer
belongs to C,? symmetry (space group 4) in the pentagonal
crystal family. The fully relaxed structure (Fig.1) consists
of lattice constants a=3.69 A and b=3.66 ;\, which fairly
agree with previous reports [16, 32]. Expanding the unit cell
into a larger supercell, one can see four distinct irregular
pentagonal Cairo tiles (labeled by I-IV in Fig. 1), having
different bond lengths and bond angles between atoms. We
consider two C atoms located in different positions form
different bond angles and bond lengths with other atoms.
We mark the positions of these two atoms as C1 and C2 in
the unit cell to remove the obscure visualization. Although
the previous report has not shown this fact, here, we have
presented the detailed bond analysis (Table 1). The bond
length plays a direct role in the stability and physical and
chemical properties. The shorter bond length allows to have
stronger structure. Comparatively, the B—N (1.43 A) is
the shortest and strongest quasi-sp> hybridized bond. This
particular bond in p-BCN is even shorter than in the h-
BN monolayer (1.45 [33]). Moreover, the thickness of the
p-BCN monolayer, calculated by subtracting the topmost
and lowermost vertical positioning of atoms, is 1.36 A.
This thickness is larger than other 2D penta structures
[34, 35, 36] including the penta- graphene (1.20 A[l 1]) but
lesser than those of penta-BP5 (2.50 A[37]) and penta-CN,
(1.52 A[10]).

Since the structural stability and nature of chemical
bonds are closely related, we analyze Mulliken charge
density to understand the bonding mechanism. There is a
clear display of surface charge distribution index in the
monolayer (Fig.2(f)). The red and blue colors represent the
lowest and highest electron density regions, respectively.
Both the iso-surface charge distribution and 2D valence
charge contour plots confirm the higher charge distribution
around nitrogen atom as compared to other atoms. This
also elucidates the highest ionization energy of nitrogen
as appeared in h-BN monolayer[33]. The careful charge
density analysis shows that there is a considerable overlap of
electronic wave functions due to shared electrons between B
and N. Such a directional bond indicates the presence of co-
valent bonding in good agreement with previous report[16].
A similar configuration between C and B atoms indicates
the covalent nature of bonding. The iso-surface (Fig. 2(a)),
which displays the charge sharing between B and C, and B
and N atoms, also supports this fact. On the other hand, the
deformed dumb-bell shapes of counter lines around the N
and C atoms indicate the sharing and transferring of charges
suggesting the partly ionic and covalent bonding.

The chemical stability is confirmed by calculating the
cohesive energy (-5.68 eV/atom) using Eqn. 1. This large

(a)

Figure 1: (Color online) Optimized structure (3 x 3 x 1
supercell) of p-BCN monolayer showing Cairo pentagonal
geometry (a) top view and (b) side view (c) Schematic
diagram of high-symmetry path in the first Brillouin zone. The
unit cell is indicated by doted line.

(f) : An(r)
B +0.0341
B +0.0644
B +0.0948
@ +0.1251
@ +0.1554
@ +0.1858
B 402161
B +0.2465
B +0.2768
B +0.3071

Figure 2: (Color online) Valence charge density contour with
(a) charge isosurface, (b- f)e charge distribution between the
bonding atoms at 0.05 eV/A for p-BCN monolayer.

negative value of cohesive energy suggests that p-BCN is
a stable monolayer. Additionally, the calculated formation
energy (Eqn. 2) (E f) is -2.07 eV/atom thereby confirming
the feasibility of it’s experimental synthesis. The dynamical
stability is calculated by phonon band dispersion (Fig. 3).
The presence of only a non-imaginary band ensures the
dynamic stability of the p-BCN monolayer.
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Figure 3: (Color online) Phonon band dispersion diagram for
p-BCN monolayer.
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Figure 4: (Color online) The strain energy versus com-
pressive and tensile equi-biaxial strain profile for p-BCN
monolayer.

After confirming the equilibrium structural properties
of p-BCN, it’s crucial to test the structural properties at
different strain conditions because the strain is unavoidable
in material growth and processing [38]. The biaxial strain
(e) is applied within the harmonic range -6% to 6% at the
step of 2% by varying a and b at an equal rate. The strain
versus strain energy (Fig. 4) profile demonstrates the range
of compressive and tensile equi-biaxial strain. For each
iteration of strain, the atomic positions are fully optimized
to make favorable arrangements of atoms. The monolayer is
chemically stable within this range which is illustrated by
calculating the cohesive energy ( Fig. 5) at each value of
strain. These calculations indeed confirm that the strain-free
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Figure 5: (Color online) The cohesive energy as a function
of strain.

7

system is the most stable. The magnitude of cohesive energy
decreases slightly while applying the strain.

The bond length between each atoms increases (de-
creases) with increasing tensile (compressive) biaxial strain
(Fig. 6). However, the rate of variation is less in the B—-N
bonds as compared to other bonds. This result is attributed
to the shorter bond length with stronger inter-atomic in-
teraction and quasi-sp> hybridized covalent bonding be-
tween the B and N atoms. The C1— N bond also varies
slowly showing it’s rigidity toward the strain. Similarly, the
bond angle between C1-N—-C2, B-N—-C1, B-N-C2, also
increases monotonically with the increase in strain (Fig.
7). However, the bond angle between B—C1—-N, N—C1-N
decreases in the same fashion. This reduction is due to the
geometrical positioning and re-arrangement of atoms by
strain. Similarly, the thickness (/) decreases monotonically
with the applied tensile strain. It suggests that the material
tends to extend horizontally and compress vertically. This is
analogous to stretching the dough and it’s relative deforma-
tion. Thus, it is clear from the analysis that a geometrical
deformation is created due to the applied strain.

3.2. Influence of strain in mechanical properties

The mechanical strength and stability of p-BCN is
investigated by calculating second order elastic constants
(stiffness tensor) C; ] using the finite distortion method [39].
For this particular crystal symmetry, C;;, C,,, Cj, and
Cee are only the significant independent elastic stiffness
constants. These constants are further used to investigate
the mechanical strength criteria [40]: C;;C,, — C;% >
0 and Cgq > 0. Similarly, the 2D Young’s modulus in
(100) and (010) directions (Ya and Yb) is calculated by
Y, = (C}, - C3,) /Cyy,Y, = (C5, - C},) /Cyy. The shear
modulus (G) is nothing but the value of C¢g¢. In addition, the
Poisson’s ratio in (100) and (010) directions (3, and 9,) is
calculated by 9,=C,,/C;; and 8,=C,,/C,.
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Table 1
Structural properties: bond lengths and bond angles.

Bond (lengths) (A)

Bond angels (degree)

S.N B-N ClI-N C2-N C2-B h

AB—-N-Cl AB-N-C2 AN-C1—-N AC1-N-C2 4B-Cl1-N

p-BCN 1.43 1.52 1.56 1.62 1.36 110.2 109.3 104.7 109.7 102.04
Ref. [16] 1.41 1.51 - 1.62 1.34 - - - - -
7k ' ' I ' ' ,' ]  the following formula [41]:
4 -6 B-N 1 -
v-v C1-N ! . KV = SutntCn +C22+2C12,
165 m-m C2-N D 1 4
2 ® -0 C2-B ,|. P GV _ Cll + C22 - 2C12 + 4C66
= L6} - Sl 8 ’ 11
D) . | - - - R__ 1
c - -V - )
2 | . = _n’ | Sip+ S + 28,
_g . ': .y I 2 I _ R _ 2
a ._,-*" S+ 820 =251 + See
15F L =" 1 b . . .
— - | where S;; are the the compliance matrix equivalent to
: reciprocal of C;; matrix [41].
Lasr o . . I o ] Furthermore, other mechanical anisotropy indices are
) T e = —6— e ) calculated as follow:
-6 -4 -2 0 2 4 6

Strain (%)

Figure 6: (Color online) Variation of bondlength in p-BNC
with applied biaxial strain.

1 2 )2
[Z (Ciy + oy +2C10) (S + Sop +281,) — 1]
= +2 [11—6 (C11 + oy = 2Cy, +4Cqq)
(S11+ S0 -2 + S66)2

ASU
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|
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, e E A = R P30 (12)
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@ o~ "?¥ ¢ —# B-N-C1
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g 108 .\’éy : v =v B-N-C2 AKubc — In K_V +2(1n G_V (13)
s 4% | = & N-C1-N KR GR) "~
€ 05k .2% S ® - C1-N-C2 _
o 27 “~m . . . ,
m o 1S, B-C1-N Further, for the better visualization of anisotropy, Young’s
¢ : - . and shear modulii, and Poisson’s ratio 9 are also calculated
102 I - . 1 asafunction of the direction angles 0 [44]:
| -
99 | : - E®) Cy1Cy - C},
I =
) ) ) 1 ) ) ) C,, cos*(0) + A cos2(6) sin?(8) + Cy; cos*(6)
-6 -4 -2 0 2 4 6
Strain (%) 5
4 200 < 4
Figure 7: (Color online) Variation of bond angle in p-BCN 96) = Cip cos™(6) — Bcos™(6) sin"(0) + Cy, cos™(9)
with applied biaxial strain. C,, cos*(6) + A cos2() sin?(9) + C;; cos*()
1 2007 cin2
Further, the mechanical anisotropy is tested by calcu- GO = [S11 + S5y — S| cos’(6) sin*(0)+
lating Li’s elastic anisotropy measurement methods [41]. In 1 . ) (14)
particular, we investigate the universal ASY, Ranganathan ZSG() [0084(9) +sin”(0) — 2sin(9) 0052(9)]
ARanganathan 1451 and Kube AK“b¢ [43] anisotropy in-
dices which is sufficient enough to measure mechanical where A = (C”sz - Clzz) /Cgs — 2C15 and
anisotropy. For this, the Voigt and Reuss estimated area (K" B=C +Cy— (C“C22 _C? ) /C,
R .2y R . 12 66
and K™) and shear moduli (G and G") are calculated using
S.B Sharma: Preprint submitted to Elsevier Page 5 of 14
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Table 2
The calculated elastic constants C;;,
condition of p-BCN monolayer

2D Young’s modulus Y, Poisson’s ratio 9, and shear modulus G, and mechanical stability

Strain% C,, (N/m) Y(N/m) G(N/m) 9(N/m)  Stability
C, C,, Cy Ces Y, Y, G, 9, 9, Yes/No
6 172.43 16477  -7.72 90.08 172.07 164.42  90.08 -0.045  -0.047  Yes
4 189.46 17643  -8.39 98.92 189.062  176.06  98.926  -0.044  -0.048  Yes
2 201.88  178.34  -5.02 103.45  201.74 17821  103.45  -0.025 -0.028  Yes
0 210.15  170.77  4.27 102.93  210.05 170.66  102.93  0.020  0.025  Yes
Ref(32] 21445 17610  4.38 103.54 21436 17599 - 0.020 0025  Yes
Ref(16]  223.56  189.16  4.90 104.80  223.45 189.03 - 0.022  0.026  Yes
2 20525 14597 2175 9174  202.01 1436  91.74 0.106  0.149  Yes
-4 231.73 14968 4854 9159  215.99 139.51  91.59 0209 0324  Yes
-6 44072 34078 39173 2449 - - - - - No

With this analysis, we confirm the mechanical stability
by calculating the values of Cij tensors (Table 2) and
fitting with mechanical criteria [40]. The calculated Young’s
moduli (Ya = 210.047 N/m, and Yb = 170.669 N/m),
Poisson’s ratio (9, = 0.025, 9, = 0.020), and shear mod-
ulus (G,,=102.93 N/m) are very consistent with available
literature [16, 32].

Further, introducing the strain, mechanical response
(Table 2) and elastic anisotropy are calculated (Table 3).
Surprisingly, 6% of compressive strain is mechanically
unstable. This suggests that the material is not machineable
and hard to operate for any applications at this strain. Com-
pressing the monolayer at 2%, the Young’s and shear moduli
decrease, however, Poisson’s ratio increases abruptly up to
0.149, which is indeed comparable to that of graphene [45],
the strongest 2D material till now. This abrupt growth of
Poisson’ratio continues up to 0.324 at 4% strain indicating
the ductile behavior. This fact is also supported by the
maximum value (215.99) of Y,,. In addition, the anisotropy
indices (Table 3) describe the elastic anisotropic behavior
of the monolayer. The zero value of anisotropy indices
refers to the isotropic elastic response. Any change from that
reference value indicates the degree of anisotropy. With the
compressive strain, the indices, ASU_ ARanganathan = 4Kube
shift to higher values indicating the increment in anisotropy.
This fact is visualized by the polar plots (Fig. 8), in which
the curves of Young and shear moduli, and Poisson’s ratio
gradually deform with the increase in compressive strain.
The highest values of Young’s modulus, Poisson’s ratio,
and shear modulus for the strain-free monolayer are lo-
cated along the (100) (0°), (110) (45°), and (010) (90°),
respectively, while minimum values are at (010) (90°), (010)
(90°), and (110) (45°), respectively. This result is in good
agreement with available literature [16, 32]. These maxima
and minima fluctuate to different values with strain (Fig. 8).

On the other hand, loading tensile strain up to 6%,
the monolayer shows consistent mechanical stability. Re-
markably, from 2% of strain, the negative Poisson’s ratio
(NPR) is noticed with a monotonic reduction in Young’s
and shear moduli. The monolayer softens (Y=172 N/m)
and possesses the largest value of NPR (-0.047) at 6% of
strain. The early signature of negative Poisson’s ratio is
indicated by rigidity in B— N and C1-N bonds (Fig. 6) and
consistency in cohesive energy (Fig. 5) with applied strain.
These basic requirements support the occurrence of NPR
[46]. However, more advanced testing can be done [46].
The NPR behavior is very rare in 2D materials. Materials
possessing such behavior are often called auxetic materials
or mechanical metamaterials, which are very important in
multiple applications such as tension activatable substrates,
nanoauxetic materials, deformable variable stiffness mate-
rials [11]. The NPR is also reported in strain-free penta
graphene [11] indicating the broad application of this behav-
ior. Converse to compressive strain, the anisotropy indices,
ASU ARanganathan 5,4 AKube approach to smaller values
indicating the reduction in anisotropy. At 6% of strain, the
monolayer shows a highly elastically isotropic response.
This fact is visualized by the polar plots (Fig. 8), in which
the curves of Young and Shear moduli, and Poisson’s ratio
gradually approach to be a perfect circle, indicating the
anisotropy to isotropy transformation of the monolayer, with
the increase in tensile strain. Therefore, diverse and unique
mechanical behaviors are unraveled in p-BCN monolayer
with the application of strain, which is in broad interest
scientifically and technologically [47].

3.3. Electronic properties and influence of strain
To get insight into the electronic behavior of the p-
BCN monolayer, we calculate the spin-polarized electronic
band structure and partial density of states (PDOS). The
electronic band structure is considered along the I' - X -
M - Y - I high-symmetry directions (Fig. 1c) in the first
Brillouin Zone (BZ). The symmetry in spin up and spin
down band structure (Fig. 9) and PDOS (Fig. 10) shows the
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Figure 8: (Color online) The orientation dependent 2D Poisson’s ratio, Young’s modulus and, shear modulus for p-BCN under

different compressive and tensile strains.

Table 3

Elastic anisotropy indices with applied strain, together with the Voigt and Reuss estimated area (K", K®) and shear (G ", GF)

moduli for p-BCN monolayer.

Strain (%) GV GR KY KR ASU ARanganathan AKube

6 89.123 89.095 80.438 80.392 0.0005 0.0012 0.0003
4 97.297 97.210 87.278 87.161 0.0013 0.0031 0.0008
2 100.515 100.231 92.543 92.183 0.0040 0.0096 0.0024
0 98.01 97.21 97.36 96.32 0.0116 0.0273 0.0069
-2 84.338 82.352 98.687 95.831 0.0341 0.0780 0.0194
-4 81.341 77.770 119.624 113.688 0.0649 0.1441 0.0353
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Figure 10: (Color online) The spin-polarized partial density
of states (PDOS) of p-BCN monolayer.

non mangnetic nature. This fact is also supported by the zero
total magnetic moment.

The valence band maximum (VBM) and conduction
band minimum (CBM) is located between the I' - X path
of the BZ (Fig.9) implying p-BCN as a direct bandgap
semiconductor. The calculated direct bandgap using PBE
is 1.77 eV, which is in good agreement with the previous
reports[16, 32]. Furthermore, to understand the contribution
of individual atomic orbital, the PDOS is plotted along-
side the band structure. The plotted PDOS shows that N-
2p and B-2p orbitals mainly contribute to the VBM and
CBM, respectively, in good agreement with the available
literature[48]. B—2s has minor contribution to VBM. In-
trestingly, C—2p contributes to both VBM and CBM. This
indeed allows us to distinguish it from h-BN [33].

Further, we applied equi-biaxial strain within the har-
monic range to understand the electronic response. The
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Figure 11: (Color online) Variation of TDOS with strain for
p-BCN monolayer
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Figure 12: (Color online) Variation of bandgap as a function
of strain in p-BNC. The Fermi level is shifted at the zero
energy as represented by the horizontal red dashed line.

bandgap increases (decreases) monotonically with compres-
sive (tensile) strain (Fig. 13). The values of bandgap with
different strains are illustrated in Fig. 12. Interestingly, at
or beyond 2% compressive strain, the equilibrium bandgap
shifts from direct to indirect. The shift is the largest when
compressive strain reaches 6%. The bandgap becomes 1.97
eV from 1.77 eV at this compressive strain. On the other
hand, the bandgap reaches to 1.68 eV from 1.77 eV at
the same value of tensile strain. This increment is 6.2%
from the strain-free bandgap while the increment is 11.2%
with compressive strain, which is twice the decreasing rate.
Unlike the tensile strain, the direct bandgap has not shifted
too noticeably in the compressive strain. Additionally, the
VBM and CBM become constant after 4% tensile strain in-
dicating the consistency in the bandgap. However, the VBM
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gradually shifts toward the Fermi-level with an increase in
tensile strain. It is worth mentioning that a similar result of
band tailoring is reported in a very recent study [32].

Further, the change of bandgap is illustrated from the
total density of states (TDOS) at the same regime of strain
(Fig. 11). The highest energy states shift toward the Fermi
level reducing the bandgap. The change in bandgap is
attributed to the degree of repulsion of electrons in atomic
orbitals and delocalization effect due to the applied strain
[49, 50, 51].

3.4. Optical properties and influence of strain
After making a good understanding of electronic band
structure, which is inherently connected to the optical be-
havior of a semiconductor (Equ. 4), it is interesting to
discuss the optical behavior of p-BCN. The optical response
is calculated with the photon energy range of 0 eV to
20 eV. The incident polarized light is considered in in-
plane (E||x), and out-of-plane (E||z) directions, which are
sufficient directions to describe the optical behavior of
this 2D system. We have performed spin non-polarized
calculations to investigate the important optical parameters
such as the real (¢;(w)) and imaginary (&,(w)) parts of
dielectric functions, absorption coefficient (a(w)), electron
energy loss function (ELF) (L(w)), refractive index (n(w)),
and reflectivity (R(w)). To make a comparison, we plot
these optical parameters side by side (Fig. 14) for both
directions. It is well known that the optical response is
determined by the amplitude and number of peaks in the
optical response curves. Higher amplitude with a larger
number of peaks in the in-plane direction demonstrates that
the optical response of this monolayer is significantly better
in E||x than in E||z. This optical anisotropy is attributed
to the structural anisotropy of this monolayer. Considering

this, we limit our optical calculations for in-plane direction
only. Furthermore, we apply biaxial strain and calculate the
optical responses to compare with the calculated strain-free
value.

The real part of the dielectric function (g, (w)) is related
to the energy stored by the medium when a material is
exposed to an electromagnetic spectrum. Figure 15 depicts
the calculated €;(w) as a function of energy for the p-
BCN monolayer at strain-free and strain applied conditions.
For strain-free monolayer, two sharp peaks are located at
VR (1.62 eV-3.23 eV or 360 nm-740 nm) while multiple
peaks in the UV region ultimately become steady beyond
16 eV. After compressing and stretching, the intensity of
peaks increases slightly anyway. This unusual result is
described by the Penn model, which is also observed in an
earlier report [52]. This phenomenon is also attributed to the
geometrical re-arrangement of the pentagonal 2D system.
Additionally, the value of €;(w) is positive throughout the
whole range of photon energy in both strained and strain-
free conditions. The absence of negative £ (w) confirms that
there is no plasma frequency, the negative value of £;(w),
indicating the persistent semiconducting behavior of mono-
layer. Furthermore, the value of € (w) at zero photon energy,
which corresponds to the static dielectric function £;(0), is
2.04 at equilibrium condition. The static dielectric constant
value of p-BNC monolayer is very close to that value of
penta-graphene [53] but smaller than that of well-known
2D materials [54] including h-BN [55] for E||x. However,
this value slightly changes with applied strain. Interestingly,
at 6% of compressive (tensile) strain, it reaches up to 2.14
(2.08) thereby alerting the fact that p-BCN is mechanically
unstable at 6% of compression.

Moreover, the major optical behavior of a material is
linked with the imaginary part of dielectric function (g,(w))
(Eqns. (3-8)). The &,(w) describes the inter-band transitions
by analyzing the major peaks. All the optical interband
transitions are essentially due to the p orbitals of B, C,
and N atoms which can be described by analyzing PDOS
(Fig. 10). The two major sharper peaks, which arise at
1.90 eV and 2.90 eV for unstrained p-BCN in the VR
region, justify the first inter-band transitions. In addition,
multiple intense peaks are noticed in the UV region, whose
intensity is oscillatory with strain. The amplitude of these
peaks inappreciably increases (decreases) gradually with
increasing tensile (compressive) strain. However, the rate
of increment of the intensity of peaks in tensile strain is
more than the rate of reduction in compressive strain. These
results suggest that multiple rigorous inter-band transitions
are created for UV and VR regions. Therefore, the p-BCN
monolayer is an optically preferable material for both VR
and UV-operated device applications.

Furthermore, the electron loss function (ELF) describes
the amount of energy loss and collective excitation of
electrons in a material when exposed to light. Noticeably,
first, two sharper ELF peaks appear at 1.92 eV and 3.11 eV
of the VR region. Multiple more intense peaks also appear
in higher energy of UV indicating the more energy drop.
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Figure 14: (Color online) (a) Absorption coefficient, (b) Real part of dielectric function, (c) Imaginary part of dielectric fuction,
(d) Reflectance, (e) Refractive index, and (f) electron loss function, as a function of photon energy. Black and blue solid curves
represent in-plane and out-plane incident light in p-BCN monolayer, respectively.
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Figure 15: (Color online) Real part of dielectric function of p-
BCN in tensile (a) and compressive (b) strain. The magnified
view of £(0) is shown in inset.

However, the magnitude of ELF is still very small as com-
pared to PG [56], indicating low energy loss, suitable for
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Figure 16: (Color online) Imaginary parts of dielectric func-
tion of p-BCN in tensile (a) and compressive (b) strain. The
magnified view of VR region is shown in inset.

energy harvesters. After introducing the strain, the ampli-
tude of ELF peaks slightly increases (decreases) with tensile
(compressive) strain. The threshold energy value of ELF
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Figure 17: (Color online) Electron energy loss function (ELF)

of p-BCN in tensile (a) and compressive (b) strain. The
magnified view of VR region is shown in inset.

8e+05

~ 6e+05 [
-

g
4e+05

o(w)

2e+05

A 1 1 1 1 1 1
0 3 6 9 12 15 18
Photon energy (eV)
Figure 18: (Color online) Absorption coefficient of p-BCN in
tensile (a) and compressive (b) strain. The magnified view of
VR region is shown in inset.

shifts to a lower (higher) range with tensile (compressive)
strain indicating the red shift and blue shift phenomena,
respectively. These peaks have resulted from the oscillation
of electric dipoles and the environment of ionization [57].
Similarly, the absorption coefficient (a(®)) and reflec-
tivity (R(w) ) are closely related with £,(w) as described
in equations (3-8). The direct relationship between optical
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Figure 19: (Color online) Reflectivity of p-BCN in tensile (a)
and compressive (b) strain. The magnified view of VR region
is shown in inset.

absorption coefficient and dielectric function is illustrated
in Fig. 16 & Fig. 18. The threshold value of energy in
a(w) to excite the peaks is known as absorption edge (A,).
The absorption edge is approximately at 1.69 eV which is
equivalent to electronic bandgap (1.77 eV) suggesting the
direct transition of photo-excited electrons from the VBM
to the CBM. However, this value increases with compressive
strain and reaches 1.83 eV at 6% (blue-shift). In contrast, the
absorption edge decreases with increasing tensile strain and
reaches 1.30 eV at 6% of strain (red-shift). This analysis
indicates that the optical threshold activity decreases to a
lower value of photon energy by applying tensile strain. The
equilibrium structure shows first three noticeable optical
absorption peaks locating at 1.89 eV, 2.93 eV and 3.86 eV in
VR region with absorbance up to 1.08x10° cm~!. Similarly,
Multiple higher absorption peaks at 6.11, 7.39, 14.26 eV
with the absorbance up to 7.01x10° cm~! (at 14.26 eV)
are found in UV region. One can see that absorption peaks
are more pronounced in the deep UV range as compare to
VR. The exceptional long-range absorbance, from 1.69 eV
to 20 eV, and multiple absorption peaks in UV and VR
region indicate p-BCN as an appropriate light-harvesting
material. The amplitude of these peaks slightly increases
(decreases) with compressive (tensile) strain. While apply-
ing strain, these peaks slightly shift to higher energy values
with reference to the equilibrium value. Further, there is
no absorption of photon energy in the infrared (IR) region
which indicates that the monolayer doesn’t absorb heat at
this range and can be operated in optical fibers and beam
splitters[59].

Similarly, several reflectivity peaks are formed (Fig. 19)
in both VR and UV regions, with very low intensity, for
the strain-free monolayer. The maximum reflectivity is only
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Figure 20: (Color online) Refractive index of p-BCN in tensile
(a) and compressive (b) strain. The magnified view of the VR
region is shown in the inset.

0.078 (at 7.33 eV) which is lower to that value of PG (0.12)
[53]. Reflection spectra shows blue-shift (red-shift) with the
growth in amplitude up to 0.096 (at 4% ) by compressive
(tensile) strain. Interestingly, the minor reflectivity peaks
show that this monolayer becomes transparent in the energy
range above 15 eV.

The refractive index n(w) (Fig.20) describes the behav-
ior of light propagating through the system. In particular,
the value of the refractive index at zero photon energy gives
the static refractive index #7(0). The value of #(0) for p-
BNC monolayer is 1.43 which is smaller than that value of
penta-graphene(1.62) [56]. This value slightly increases and
reaches up to 1.46 at 6% of compressive strain. Meanwhile,
the value of the refractive index at the higher range of
photon energy shows that the value is the highest (1.60) at
1.76 eV. The value of the refractive index reaches 1.79 (at
2.71 eV) at 6% of compressive strain.

Analyzing all the optical results, it is clear that the
optical spectra are absent in the infrared region (IR) and
they only appear around the UV and VR from 1.69 eV to
20 eV. The multiple peaks with greater amplitude show the
p-BCN as an exceptional optical material that is operatable
both in VR and UV regions. Especially, the high anisotropy
and large optical absorption with lowest electron energy
loss of monolayer indicate a high polarization sensitivity,
and provide a good opportunity to design optical waveguide
polarizers as well as energy harvesters.

4. Conclusions

In summary, we performed density functional theory
(DFT) calculations, and predict that the pentagonal boron

carbon nitride (p-BCN) monolayer is structurally, dynam-
ically, and mechanically stable direct bandgap semicon-
ductor. The special quasi-sp> hybridized B—N and C—N
bondings with unique geometry support the monolayer to
possess intriguing chemical and physical properties. The
biaxial strain creates significant structural reconstruction
with shrinking and elongating bond lengths and angles, and
thickness. The mechanical response is found very sensitive
toward the strain. With the application of a small value
of strain, a very rare negative Poisson’s ratio (NPR), with
hardening to softening, mechanical anisotropy to isotropy is
detected. However, the monolayer is mechanically and dy-
namically unstable [32] at 6% of compression. Additionally,
the bandgap is manipulated by loading the biaxial strain.
Most importantly, our predictions on p-BCN show excellent
optical response such as good static dielectric constant and
refractive index, strong optical absorption (up to 1.08x10°
em~! and 7.01x10% cm~! in UV) with small energy loss and
reflectance peaks both appearing in visible and ultraviolet
regions (UV). The anisotropic geometry leads to acquiring
strong optical anisotropy behavior in the monolayer. Al-
though the optical response is not very sensitive toward the
strain, the blue and red shift, with slight growth/reduction
in spectral amplitude is noticed by tailoring with tensile and
compressive strain. Hence, these exceptional physical and
chemical properties exhibited by the p-BCN monolayer al-
low it to be a proper candidate material for nanomechanical
and optoelectronic device applications.
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