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Abstract

Context Recently, a new 2D carbon allotrope named biphenylene network (BPN) was experimentally realized. Here, we
use density functional theory (DFT) calculations to study its boron nitride analogue sheet’s structural, electronic, and optical
properties (BN-BPN). Results suggest that BN-BPN has good structural and dynamic stabilities. It also has a direct bandgap
of 4.5 eV and significant optical activity in the ultraviolet range. BN-BPN Young’s modulus varies between 234.4—273.2
GPa depending on the strain direction.

Methods Density functional theory (DFT) simulations for the electronic and optical properties of BN-BPN were performed
using the CASTEP package within the Biovia Materials Studio software. The exchange and correlation functions are treated
within the generalized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE) and the hybrid
functional Heyd-Scuseria-Ernzerhof (HSE06). For convenience, the mechanical properties were carried out using the DFT
approach implemented in the SIESTA code, also within the scope of the GGA/PBE method. We used the double-zeta plus
polarization (DZP) for the basis set in these cases. Moreover, the norm-conserving Troullier-Martins pseudopotential was
employed to describe the core electrons.

Keywords Boron Nitride Network - Biphenylene Network - Optoelectronic properties - Mechanical properties - DFT

Introduction

Since the synthesis of graphene in 2004 by Novoselov
and coworkers [1], 2D materials have been extensively
investigated for developing novel applications in flat elec-
tronics [2—4]. Its unique structural, thermal, optical, and
electrical properties opened exciting possibilities for break-
throughs in nanotechnology [5-8]. Based on that, several
theoretical and experimental studies were performed to pro-
pose new 2D materials with similar properties to graphene,
which can overcome its zero-gap problem regarding some
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optoelectronic applications [9-14]. By introducing a band
gap, these new 2D materials can be tailored to exhibit desir-
able optoelectronic properties [15]. No electron states are
available in the band gap, which determines the material’s
ability to control the charge transport and interact with light.
A band gap is essential in optoelectronic devices like solar
cells [16], photodetectors [17], and light-emitting diodes
[18]. Graphene’s zero-gap nature limits its ability to effi-
ciently absorb and emit light within specific energy ranges,
making it less suitable for these applications.

Researchers usually combine theoretical predictions and
experimental validation to identify new 2D materials with
suitable band gaps for these purposes [19, 20]. Several
promising materials have emerged from these efforts, such
as transition metal dichalcogenides [21], black phosphorus
(phosphorene) [22], boron nitride monolayers [23], and var-
ious hybrid organic—inorganic perovskite structures [24].
These materials possess various electronic properties, tun-
able bandgaps, and excellent optoelectronic characteristics,
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making them potential alternatives to graphene in specific
applications.

Materials modelling and design using computational
quantum and classical approaches are now essential in mate-
rials research [25-28]. Usually, theoretical predictions of
new nanostructured materials preceded their synthesis by
decades. Such preliminary theoretical studies can open chan-
nels for the future synthesis of a particular material. Some
examples are the biphenylene network [29, 30] and 2D poly-
merized fullerenes [31, 32].

Inrecent in-silico studies, several boron nitride 2D materi-
als have been proposed. These materials have a similar topol-
ogy to some carbon-based monolayers that have already been
synthesized. Examples include graphene (h-BN) [33-35],
monolayer amorphous carbon (binary monolayer amorphous
boron nitride) [36, 37], penta-graphene (penta-BN) [38, 39],
T-graphene (T-BN) [33, 40], and phagraphene (pha-BN) [41,
42]. Additionally, the boron nitride form of the bipheny-
lene network (BPN) [30], called BN-BPN, was proposed
through in-silico studies by Mortazavi [43] and co-workers
and also in other computational studies [43—46], but it is
still needed to explore its structural and mechanical proper-
ties. Our study also extends the investigation of BN-BPN to
include electronic and optical properties, utilizing a hybrid
DFT functional.

The naming of carbon allotropes, particularly in two-
dimensional (2D) carbon materials, has posed challenges due
to their growing diversity and complexity. Reference [47]
emphasizes the importance of a clear description for this
group of materials, which encompasses more than mono-
layer graphene. Furthermore, the reference [47] recommends
employing descriptive and scientifically precise terminology
to characterize material structures. Due to this reason, we
have chosen to retain the original name of the carbon structure
under investigation in this study (the biphenylene network)
while referring to a boron nitride variant with a comparable
topology.

In this work, we use DFT calculations to computationally
study the mechanical, electronic, and optical properties of
the BN-BPN. Our in-silico strategy revealed the absence of
negative frequencies in the phonon spectrum, confirming its
structural stability. Moreover, we found that BN-BPN has a
direct bandgap of 4.5 eV and significant optical absorption
in the ultraviolet range. BN-BPN Young’s Modulus varies
between 234.4—273.2 GPa depending on the strain direction.

Methodology
The DFT simulations for the electronic and optical prop-
erties of BN-BPN (see Fig.1) were performed using the

CASTEP package [48] within the Biovia Materials Studio
software [49]. The exchange and correlation functions are
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Fig.1 Schematic representation of a side and b front views of the BN-

BPN monolayer. The dashed lines highlight the lattice unit cell. The
labelled atoms with the unity cell stand different bonds

treated within the generalized gradient approximation (GGA)
as parameterized by Perdew-Burke-Ernzerhof (PBE) [50]
and the hybrid functional Heyd-Scuseria-Ernzerhof (HSE06)
[51]. We used the norm-conserving pseudopotentials for
boron and nitrogen provided in Biovia Materials Studio.

We used 500 eV as the energy cutoff of the plane wave
basis set and convergence criteria of 1.0 x107> eV for
energy. BN-BPN lattice was fully relaxed until the resid-
ual force on each atom was less than 1.0 x 1073 eV/A, using
periodic boundary conditions. The basis vector along the z-
direction was fixed during the lattice optimization. The k-grid
is 10 x 10 x 1 for geometry optimization and 20 x 20 x 1
for electronic and optical calculations. A vacuum region of
20 A was considered to prevent spurious interactions among
the BN-BPN layers. The phonon calculations used the linear
response method [52] with a grid-spacing of 0.05 1/A and a
convergence tolerance of 107> eV/AZ2.

For convenience, the mechanical properties were investi-
gated using the DFT approach implemented in the SIESTA
code [53] within the scope of the GGA/PBE [50] method.
We used the double-zeta plus polarization (DZP) for the
basis set. Norm-conserving pseudopotentials were employed
to describe the core electrons, as available in Pseudo DOJO
[54]. We used a kinetic energy cutoff of 500 eVanda6x6x 1
k-grid.

GGA functionals provide a better electronic subsystem
description than LDA functionals. LDA tends to overbind



Journal of Molecular Modeling (2023) 29:215

Page3of6 215

atoms, resulting in underestimated bond lengths and cell
volume and overestimated bulk modulus. GGA corrects
this error but may underbind, causing slightly longer bond
lengths. PBE is an exchange-correlation (XC) functional that
underestimates band gaps. In contrast, HSE06 is a hybrid
XC functional that considers long-range electron—electron
interactions and is highly accurate in predicting band gap
values.

The optical coefficients derive from the complex dielectric
function. An external electric field of value 1.0 V/A (oriented
in the normal direction to the material surface) was applied
to estimate the coefficients. A detailed description of the pro-
cedure to calculate the optical properties (used in this work)
is given in the reference [55].

Results

We first describe the lattice arrangement for the optimized
BN-BPN sheet, as shown in Fig. 1. Calculations for HSE06
level yield B-N bond distances and N-B-N angles vary-
ing between 1.44—1.48 A and 83.06—153.18°, respectively
(see Table 1). As expected, the BN-BPN lattice has simi-
lar optimized parameters when calculated using GGA/PBE
and HSEO6 methods. For this reason, we present Fig. 3 and
Table 1, just the optimized parameters obtained using HSEQ6.

Figurel illustrates that the four- and eight-membered
rings are distorted when contrasted with all-carbon BPN [32,
56, 57], but the lattice is still planar. The BN-BPN lattice is

Table 1 BN-BPN bond distances and angles for calculations using the
HSEO6 level. The atom labels are highlighted in Fig. 1

Atoms Distance [A]
NB2/N3B,/N4B5/NgBs5 1.44
N>B{/N;B3/N5B4/N5Bg 1.44
N1Bg/B1Ng/N3B4/B3Ny 1.46
N,B,/N5Bs5 1.47
N1B{/N3B3/N4B4/NgBg 1.48
Atoms Angle °© Ring
N3B3N4/B4N3B3 83.06 4-atoms
B3N4B4/N4B4N3 96.94 4-atoms
B1N;B3 110.52 6-atoms
N3ByN; 112.00 6-atoms
B3N3B»/ByN By 123.76 6-atoms
N>B>N3/N5BsNy 124.00 8-atoms
B3N2B2/B4N5B5 124.74 8-atoms
N1BN3/N>B3N3 124.98 6-atoms
B>B4N5/NyB3N» 138.08 8-atoms
BoN3B4/BsNy B3 153.18 8-atoms

orthorhombic and belongs to the space group PMMA (D2H-
5). This negative value for the cohesive energy suggests that
the free-standing state of BN-BPN is likely to be stable.

The dynamical stability of the BN-BPN sheet was exam-
ined by calculating the phonon dispersion relations along the
high symmetry directions, as depicted in Fig. 2(a). The PDPS
diagram (see Fig.2(b)) reveals the absence of a band gap
between acoustic and optical modes, indicating a high scat-
tering process rate and a short phonon lifetime. This result
suggests that BN-BPN has a relatively low lattice thermal
conductivity. On the other hand, the presence of only real fre-
quencies in the phonon dispersion profile indicates its good
dynamical stability.

Figure 3 presents the electronic band structure and cor-
responding projected density of states (PDOS) for the BN-
BPN sheet using the GGA/PBE (Fig.3(a) and (b)) HSE06
approaches. In Fig.3(a) and (b), one can note that BN-
BPN has a direct bandgap, at I'-point, of 3.17 eV and 4.53
eV, on the GGA/PBE and HSEOQ6 levels, respectively. In
these cases, the DOS is predominantly formed by 2p atomic
orbitals. BN-BPN is an insulating material even at GGA/PBE
level. Generally, calculations at the GGA-PBE level tend to
underestimate bandgaps compared to the ones at the HSEO6
level. The electronic structure of BN-BPN and other 2D-BN
allotropes were studied in the nanoribbons, sheets, and bulks
forms [43, 46]. As a general trend, their band structure pre-
sented a band gap of 3.2 eV on the GGA/PBE. This result
agrees with the band gap value in Fig. 3(a).

Now, we turn to the optical properties of BN-BPN.
Figure4(a) presents the refractive index (n) and extinction
coefficient (k), as a function of the photon energy, for an
unpolarised light beam (oriented in the normal direction to
the material surface) and a scissor operator of 1.36 eV. The
inset panel, Fig.4(b), shows the BN-BPN optical absorp-
tion as a function of the photon energy. In these figures,
one can note that the intense optical activity of BN-BPN is

Frequency [THz|
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Fig.2 Phonon band structure of BN-BPN at GGA/PBE level
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Fig.3 Electronic band structure and corresponding projected/total den-
sity of states (PDOS/DOS) for BN-BPN sheet. These results were
obtained using the a GGA/PBE and b HSE06 approaches

restricted to the ultra-violet region. The refractive index has
two well-defined peaks at 112 nm and 239 nm. The absorp-
tion coefficient in Fig.4(b) has one pronounced peak at 82
nm and a shallow peak at 214 nm. This optical activity trend
suggests that BN-BPN will appear colourless (or transpar-
ent) in solution. Moreover, it can be a good candidate for UV
device collectors. Notably, the extinction coefficient also has
two well-defined peaks at 82 nm and 214 nm, following the
trend presented by the absorption coefficient by determining
how strongly BN-BPN absorbs radiation.

Finally, we discuss the mechanical properties of BN-BPN.
We used a cell of 7.68 x 9.12 A2, formed by replicating the
unit cell in Fig. 1 by 2 x 2 x 1. Figure 5 presents the stress—
strain curve under uniaxial strain loading along the x and
y directions (blue and red circles, respectively). Here, we
show the stress—strain interplay until the moment of the lattice
fracture. As a general trend, the BN-BPN lattice has two well-
defined stages for the stress—strain relationship, i.e., elastic
and fractured. The BN-BPN Young’s modulus values along
the x- and y-directions are calculated in the linear regime up
to 5% of strain.

In the elastic regime, the stress rises almost linearly up to
10% of strain in both directions. The BN-BPN lattice remains
cohesive in this regime, but its rings deformed during stretch-
ing. Between 10-18% and 10-16% of strain in the x- and
y-direction, respectively, the BN-BPN lattice suffers its first
bond breaking, producing a crack. Above these critical strain

@ Springer
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Fig. 4 a Refractive index (n) and extinction coefficient (k) and b
absorption coefficient as a function to the photon energy, at GGA/PBE
level, for an unpolarised light beam (oriented in the normal direction to
the material surface)

thresholds (fractured stage), the crack propagates rapidly, and
the stress drops abruptly to zero, indicating the rupture of the
BN-BPN lattice. The estimated elastic moduli are 273.2 GPa
and 234.4 GPa for the applied strain in the x- and y-direction,
respectively. These values are substantially smaller than what
was reported by the all-carbon BPN (about 1019.4 GPa) [58].
The fracture strain (o¢) and ultimate stress (ec) are o¢c = 18
% and € = 83.7 GPa in the x-direction and o¢c = 16 % and
€c = 69.8 GPa in the y-direction. o¢ is obtained from the
strain percentage corresponding to the higher stress value,
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Fig. 5 Stress—strain relationships of BN-BPN under uniaxial tensile
loading in (blue) the x-direction and (red) y-direction
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i.e., €c. One can note that BN-BPN has anisotropic mechan-
ical properties, as expected from its lattice arrangement.

In terms of mechanical response, BPB-BN behaves as a
common elastic material. A uniaxial compressive strain (neg-
ative strain) is applied in one of its plane directions, and the
BPN-BN contracts (elongates) in the direction of the applied
strain while simultaneously elongating (contracting) in the
perpendicular direction. The BPN-BN is not auxetic, as can
be inferred from MD and DFT simulations for the all-carbon
BPN [58, 59], and has a positive Poisson’s ratio of about
0.254. The Poisson’s ratio of graphene and hBN are 0.165
and 0.211 [60], respectively.

Conclusions

In summary, we conducted DFT simulations to study the
electronic, optical, and dynamical properties of the boron
nitride analogue sheet (BN-BPN) for the all-carbon BPN.
To examine its structural stability, we calculated the phonon
spectrum. All calculated phonon frequencies are positive,
thus confirming the BN-BPN stability. The highest phonon
frequency is about 47 THz, similar to graphene and all carbon
BPN, indicating the predominance of p-hybridized boron-
nitride bonds.

Concerning the electronic structure, we obtained that BN-
BPN has a direct bandgap, at I'-point, of 3.17 eV and
4.53 eV, on the GGA/PBE and HSEOQ6 levels, respectively.
In these cases, the DOS is predominantly formed by 2p
atomic orbitals. BN-BPN is an insulating material even at
the GGA/PBE calculation level. The intense optical activity
of BN-BPN is restricted to the ultra-violet region.

BN-BPN has in-plane anisotropic mechanical properties,
as expected from its topology. The estimated elastic moduli
are 273.2 GPa and 234.4 GPa for the applied strain in the x-
and y-direction, respectively. These values are substantially
smaller than what was reported by the all-carbon BPN (about
1019.4 GPa). The BPN-BN is not auxetic and has a positive
Poisson’s ratio of about 0.254.
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