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ABSTRACT:

Two-dimensional (2D) boron—carbon-nitrogen (BCN) systems have recently attracted
significant interest owing to their structural stability, electronic diversity, and tunable optical
behavior. In this work, the structural, electronic, and optical properties of the 2D penta—octa
B4CoNs monolayer are systematically investigated using first-principles calculations. The
optimized structure exhibits moderate buckling, multiple distinct bond environments, and
energetically favorable cohesive and formation energies. The monolayer is identified as a non-
magnetic indirect semiconductor with a band gap of 0.279 eV, where the density of states is
dominated by N-p and C—p orbitals. Thermal stability is confirmed by ab initio molecular
dynamics simulations at 600 K, and a relatively high work function of 5.272 eV suggests strong
surface stability and favorable compatibility with electronic interfaces. Biaxial strain is shown
to be highly effective in tuning the electronic structure. Compressive strain (-4% to -2%)
induces a semiconductor-to-metal transition, while moderate tensile strain (+1% to +3%)
results in an indirect to direct band gap conversion. The band gap can be continuously tuned
from 0.11 eV to 0.583 eV under tensile loading. Optical absorption calculations reveal strong
light-matter interaction with absorption coefficients reaching 10*-10° cm®. These results
demonstrate that 2D penta—octa B4CoNs is a structurally robust, electronically adaptive, and
optically responsive monolayer with strong potential for next-generation strain-engineered
optoelectronic and photonic devices.
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INTRODUCTION

Two-dimensional (2D) materials have attracted great attention due to their mechanical
flexibility, tunable electronic structures, and promising applicability in next generation nanoelectronics
and optoelectronic devices (Lv et al., 2018; Vincent et al., 2021; Ling et al., 2021; Bilican et al., 2025;
Bilican et al., 2026). Following the discovery of graphene, interest in new 2D materials composed of
light elements such as B, C, and N has grown rapidly, as these elements enable diverse bonding
configurations and highly adjustable electronic properties (Novoselov et al., 2004; Zhang et al., 2015;
Weng et al., 2018; De Oliveira et al. 2024). In particular, boron—carbon—nitrogen (B—C—N) based 2D
materials have emerged as promising candidates for a wide range of advanced technological
applications, including energy storage, semiconductor technologies, photo-catalysis, and electro-
optical devices (Azevedo & De Paiva 2006; Beniwal et al., 2017; Angizi et al. 2020; Bafekry et al.,
2021; Thomas et al. 2024; Wang et al., 2024).

Among the emerging 2D allotropes, 2D penta—octa structures represent an intriguing class in
which the coexistence of pentagonal and octagonal rings leads to pronounced anisotropy, high
mechanical robustness, and semiconducting electronic characteristics (Laranjeira et al., 2024; Chen et
al., 2025). Despite these appealing attributes, the fundamental physical properties of 2D penta—octa
BCN monolayers remain largely unexplored. In this context, the 2D penta—octa B4C>Ns monolayer,
which combines the complementary chemical characteristics of boron, carbon, and nitrogen, emerges
as a structurally robust and chemically well-ordered 2D material (Chen et al., 2025). Owing to its
distinct bonding environment and low atomic mass, this monolayer is expected to exhibit high
mechanical flexibility, making its electronic and optical characteristics particularly sensitive to
externally applied strain. Strain engineering, a powerful strategy widely used to tune band gaps and
optical absorption spectra in 2D semiconductors, therefore provides an ideal route to modulate the
intrinsic properties of B4C2N3z without introducing defects or chemical dopants.

Although strain-induced electronic transitions have been widely reported for graphene
derivatives, graphyne, T-graphene, h-BN, BP, and various MXene and TMDC monolayers, the strain-
dependent behavior of the 2D penta—octa B4C2N3 structure has not yet been systematically examined
(Vaidyanathan et al., 2025; Majidi, 2017; Thomas et al., 2020; Bilican et al., 2023; Zollner et al.,
2019). In particular, the effects of biaxial strain on its optical absorption characteristics, as well as the
possibility of a strain-induced indirect to direct band gap transition, remain unexplored in the existing
literature.

In this study, first-principles density functional theory (DFT) calculations are employed to
investigate the structural stability, strain-induced electronic properties, and optical response of the 2D
penta—octa B4C2N3z monolayer. The effects of biaxial strain on the band structure, density of states, and
optical absorption spectrum are systematically examined to provide deeper insight into the tunability
of this promising 2D system.

MATERIALS AND METHODS

All total energy calculations were performed within the framework of density functional theory
(DFT) using the Vienna ab initio simulation package (VASP) (Kresse & Hafner, 1993; Kresse &
Hafner, 1994; Kresse & Joubert, 1999), which employs the projector augmented wave (PAW) method
(Blochl, 1994) to describe the interaction between valence and core electrons. The exchange—
correlation interactions were treated using the generalized gradient approximation (GGA) within the
Perdew—Burke—Ernzerhof (PBE) functional (Perdew et al., 1992). Van der Waals (vdW) interactions
were included through Grimme’s DFT-D2 correction (Grimme, 2006). A kinetic energy cutoff of 550
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eV was applied for the plane-wave basis set to ensure the convergence of total energy. Brillouin zone
sampling was carried out using a 6x6x1 Monkhorst—Pack k -point mesh (Monkhorst & Pack, 1976).
The Gaussian smearing width of 0.01 eV was used for reciprocal-space integration. Structural
relaxations to minimize total energy and atomic forces were performed using the conjugate gradient
(CG) method (Hestenes & Stiefel, 1952). Convergence criteria were set such that the total energy
change between successive steps was below 107° eV, and the Hellmann—Feynman forces on each atom
were less than 10~ eV/A. The vacuum spacing of approximately 24 A was introduced along the out-
of-plane direction to avoid spurious interactions between periodic images. To evaluate the thermal
stability of the structures, finite-temperature ab initio molecular dynamics (AIMD) simulations were
carried out in the canonical (NVT) ensemble. Simulations were performed at 600 K for 2D penta—octa
B4C2N3s monolayer. The monolayer was equilibrated for 5 ps using a time step of 1 fs. Temperature
control was maintained using the Nosé—Hoover thermostat (Braga & Travis, 2005). The cohesive
energy Econ and formation energy Eror 0f 2D penta—octa B4C2N3 monolayer was calculated using

Epocon, — 8Ep — 4E¢ — 6Ey
ECOh = 18

and
Efor = EpgcyNg — BHp — 4Hlc — 6Ly
Here, Eg, Ec, and En denote the energies of isolated spin-polarized boron, carbon, and nitrogen atoms,
respectively, while pg, pc, and pn represent the corresponding chemical potential obtained from the per
atom energies of their bulk phases. Electronic band structures were obtained using the sumo-bandplot
code (Ganose et al., 2018). Bader charge analysis (Henkelman et al., 2005; Sanville et al., 2007; Tang
etal., 2009; Yu & Trinkle, 2011) was performed to quantify charge transfer to quantify charge transfer

among B, C, and N atoms in the monolayer. Structural models and visualization of charge distributions
were produced using the VESTA software package (Momma & Izumi, 2011).

RESULTS AND DISCUSSION

The optimized atomic configuration of the 2D penta—octa B4C>Ns monolayer is illustrated in
Figure 1(a). The system adopts a tetragonal geometry with lattice constants of a =b = 6.73 A (Table
1). The structure shows a mild out-of-plane buckling with a height difference of Az = 1.31 A. This
value is slightly larger than the 1.23 A buckling reported for the POG monolayer (Gao & Ren, 2020)
and significantly smaller than the 2.07 A distortion observed in POG-SisC4 (Laranjeira et al. 2024),
positioning B4C2N3 between these two systems in terms of geometric corrugation. Five distinct bond
lengths are identified within the relaxed structure, measured as d1 = 1.41 A, d> = 1.50 A, ds = 1.60 A,
ds =154 A, and ds = 1.50 A. The monolayer belongs to the non-centrosymmetric space group P4mm
(No. 99). The cohesive and formation energies were found to be Econ = —6.550 eV/atom and Efor =
—0.347 eV, respectively, indicating the energetic stability of the structure. Although phonon dispersion
calculations were not repeated in this work, previous literature reports confirm the absence of
imaginary phonon modes, demonstrating dynamical stability (Chen et al. 2025). Bader charge analysis
indicates that boron atoms act as electron donors, transferring their valence electrons to the more
electronegative carbon and nitrogen atoms. In the B4C2Ns monolayer, the eight boron atoms contribute
a total of 24 valence electrons, which are distributed to the four carbon and six nitrogen atoms. As a
result, each carbon atom gains approximately 2.0 e, while each nitrogen atom acquires an average of
about 2.6 e. This charge distribution reflects the strong polarity of the B-C and B—N bonds and
highlights the dominant contribution of C- and N orbitals states to the electronic structure near the

Fermi level.
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Table 1. Calculated structural, electronic and magnetic properties of the 2D penta—octa B4C2N3
monolayer, including lattice constant (a = b), cohesive energy (Econ), formation energy (Efor),
electronic band gap (Eg), work function (®), magnetic moment (u), out-of-plane buckling height (Az),
and the five distinct bond lengths dx. These parameters confirm the energetic, and electronic stability
of the monolayer.

Struc. a/b Econ (V) Efor (eV) Eg (8V) @ (eV) p(us) Az (A) dx (A)

B4CoN3  6.735 -6.550 -0.347 0.279 5.272 NM 131 di=141
d2=1.50
ds=1.60
ds=1.54
ds =1.50

b
() — Total DOS

— B(s)
— B(p)
— C(9)
— C()

N (s)
— Nip)

b=6.73 A

Energy (eV)

Figure 1. (a) Optimized atomic structure of the 2D penta—octa B4C2N3 monolayer, showing the pentagonal—octagonal
ring arrangement, lattice parameters, and distinct bond lengths (d1 —ds). (b) Electronic band structure and projected density
of states (PDOS) at the equilibrium configuration, demonstrating that the monolayer is a non-magnetic indirect
semiconductor with a band gap of 0.279 eV

The electronic band structure and projected density of states (PDOS), shown in Figure 1(b),
reveal that B4C2N3 monolayer is a non-magnetic indirect semiconductor with a band gap of 0.279 eV.
The VBM and CBM are located at the X and I" points, respectively, confirming the indirect band-gap
nature of the single-layer structure. The PDOS analysis further shows that the VBM is mainly
composed of N-p and C—p orbitals, suggesting strong hybridization between these atoms that stabilizes
the top of the valence band. In contrast, the CBM is dominated by C—p states with smaller
contributions from B—p orbitals. This indicates that conduction processes are largely governed by the
electronic environment around carbon atoms. The asymmetry between the valence and conduction
band compositions implies different effective masses for electrons and holes, which may influence
carrier mobility and transport anisotropy in this monolayer.

Finite-temperature ab initio molecular dynamics (AIMD) simulations were performed at 600 K
for 5 ps to evaluate the thermal stability of the monolayer. As shown in Figure 2(a), the total energy
fluctuates within a narrow range around its equilibrium value, indicating that the system maintains
dynamical equilibrium throughout the simulation.
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Figure 2. (a) Ab initio molecular dynamics (AIMD) simulation of the 2D penta—octa B4C>N3z monolayer at 600 K for 5 ps.
The total energy fluctuation indicates thermal stability, while the top and side views confirm that no structural distortion or
bond breaking occurs during the simulation. (b) Planar-averaged electrostatic potential along the out-of-plane direction
used to determine the work function (® = Evac — Er). The extracted work function value of 5.272 eV reflects strong surface
stability of the monolayer

No signs of structural degradation, bond breaking, or topological reconstruction were detected in
either the top or side views of the atomic trajectory snapshots. The preservation of all B-C, C—N, and
B—N bonds during the simulation confirms that the penta—octa framework is resilient against thermal
perturbations. The small amplitude of the energy oscillations further suggests that thermal vibrations
are effectively accommodated within the lattice without inducing significant anharmonic distortions.
This behavior reflects the strong chemical bonding and mechanical rigidity inherent to the BCN penta—
octa configuration. The ability of the monolayer to retain its structural integrity at 600 K (a
temperature considerably higher than ambient conditions) demonstrates its robustness and suitability
for practical applications in nanoelectronics and optoelectronic devices, where thermal stability is a
critical requirement.

The planar-averaged electrostatic potential along the z -direction was used to evaluate the work
function, defined as ® = Evac — Er. In Figure 2 (b), the vacuum level can be clearly separated from the
internal capacity of the sheet; this ensures reliable operation of the work function. The calculated value
of ® = 5.272 eV is relatively high compared to many 2D materials, which indicates that electrons are
strongly bound to the surface and require significant energy to escape into the vacuum (Erdem et al.
2024; Niu wt al., 2025; Liu et al., 2025). Moreover, materials with high work functions are frequently
employed as hole-injection or electron-blocking layers in optoelectronic architecture such as photo
detectors, LEDs, and solar cells (Opitz et al. 2012; Choi et al. 2014; Huang et al. 2020).

To explore the mechanical tunability of the electronic structure, biaxial strain was applied from
—4% to +10%, and the resulting band dispersions are presented in Figure 3. Under compressive strains
of —4%, —3%, and —2%, the band gap closes completely, leading to a metallic phase. This metallicity
is caused by the upward shift of the valence band maximum and the downward shift of the conduction
band minimum, which results in band overlapping near the Fermi level. At —1% strain, the overlap
disappears, and a metal-semiconductor transition occurs, reopening indirect band gap. Notably, when
small tensile strains of +1%, +2%, and +3% are applied, the monolayer undergoes an indirect to direct

band gap transition.
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Figure 3. Electronic band structures and projected density of states (PDOS) of the 2D penta—octa B«C2Ns monolayer under
biaxial strain from —4% to +10%. Compressive strains of —4% to —2% induce metallic behavior, while the system remains
semiconducting with an indirect band gap at —1% strain and in the equilibrium state. An indirect-to-direct band-gap
transition occurs at +1%, +2% and +3% tensile strain, followed by a reversion to an indirect band gap for strains between
+4% and +10%. The PDOS reveals the strain-dependent contribution of B-, C-, and N-p orbitals

These moderate tensile strains modify the dispersion and relative alignment of the band edges
such that both the VBM and CBM move to the same high-symmetry point. This strain-induced direct
band gap regime enables momentum-conserving optical transitions, which is advantageous for
optoelectronic performance. For larger tensile strains (from +4% up to +10%), the system remains
semiconducting but reverts to an indirect band gap. This indicates that the direct-gap configuration is
stabilized only within a relatively narrow strain window, while broader tensile deformation shifts the
band edges back into an indirect arrangement. Such sensitivity of the band topology to moderate lattice
deformation highlights the potential of B4C>N3 monolayer for strain-controlled electronic and optical
switching applications. The band gap values vary from approximately 0.11 eV at tensile strain to 0.583
eV at +10% strain, as summarized in Figure 4. This wide tunability demonstrates that the electronic
structure of B4C2Ns is highly sensitive to mechanical deformation.

The optical absorption spectra under biaxial strain are presented in Figure 5. The absorption
coefficient reaches values on the order of 10* —10° cm™ across the studied energy range, confirming
that B4C>N3 monolayer exhibits strong light—matter interaction like other optically active 2D
semiconductors. The optical band gap, indicated by the vertical dotted lines in the figure, varies
between 0.12 eV and 0.67 eV depending on the applied strain. This pronounced tunability is consistent
with the electronic band gap evolution discussed in Figure 4, reflecting the strain-induced
modifications in density of states and transition probabilities.
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Figure 4. Strain-dependent band gap variation of the 2D penta—octa BaC2N3 monolayer under biaxial deformation ranging
from —4% to +10%. The band gap closes completely for compressive strains between —4% and —2%, indicating a metallic
phase. For strains from —1% to +10%, the band gap reopens and the monolayer preserves its semiconducting character,
exhibiting tunable band gaps between 0.11 eV and 0.583 eV. This strong strain-induced modulation highlights the
mechanical controllability of the electronic properties in BsC,Ns monolayer
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Figure 5. Strain-dependent optical absorption spectra of the 2D penta—octa B4C2N3 monolayer under biaxial strain values
ranging from —4% to +10%. The absorption onset (optical band gap) varies between 0.12 eV and 0.67 eV depending on the
applied strain. For compressive strains of —4% to —2%, the absorption spectra display broad low-energy features, consistent
with the metallic nature of the monolayer in this regime. For strains between —1% and +10%, well-defined absorption
edges and characteristic peaks emerge, reflecting the semiconducting behavior of the structure. These results demonstrate
strong strain-induced tunability of the optical response, highlighting the potential of the monolayer for flexible
optoelectronic applications
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Tensile strain enlarges the band gap, which increases the minimum photon energy required for
electronic transitions. As a result, the absorption onset shifts toward higher energies, producing a
characteristic blue-shift in the optical spectrum. Conversely, compressive strain, particularly in the
metallic regime (—4% to —2%), introduces low-energy absorption features and suppresses the
formation of a sharp absorption edge, which is characteristic of metals with free-carrier contributions.
For semiconducting strains (—1% to +10%), the spectra recover well-defined absorption edges and
distinct peaks, indicating the re-establishment of direct electronic transitions within the monolayer.
These observations collectively demonstrate that the optical response of B4C2Nz is highly sensitive to
mechanical deformation. The ability to reversibly modulate both the position and intensity of
absorption features through biaxial strain highlights the potential of this material for tunable photonic
and optoelectronic applications, including infrared detectors, strain-controlled modulators, and flexible
optical devices.

These results demonstrate that B4C2N3s monolayer exhibits strong optical tunability and holds
significant potential for application in strain-engineered optoelectronic and photonic devices.

CONCLUSION

In this study, the structural, electronic, and optical properties of the 2D penta—octa B4CoN3
monolayer were systematically investigated through first principles calculations. The optimized
geometry exhibits moderate buckling, multiple distinct bond environments, and energetically favorable
cohesive and formation energies, confirming the intrinsic stability of the lattice. The monolayer is
identified as a non-magnetic indirect semiconductor with a band gap of 0.279 eV, where the band
edges are dominated by N-p and C—p orbitals. Thermal robustness is further validated by AIMD
simulations at 600 K, which reveal preserved structural integrity without bond breaking or
reconstruction. The material also possesses a relatively high work function of 5.272 eV, suggesting
strong surface stability and promising compatibility with interface-engineered electronic and
optoelectronic devices. Biaxial strain was shown to be an effective route for tuning the electronic
structure of B4C2Ns. Compressive strain induces a semiconductor to metal transition, while moderate
tensile strain (1% — 3%) enables an indirect to direct band-gap transformation. At larger tensile strains,
the system remains semiconducting but recovers an indirect band gap. Overall, the band gap can be
tuned over a wide range (0.11 — 0.583 eV), demonstrating strong mechanical sensitivity and potential
for strain-controlled electronic switching. Consistent with the electronic trends, the optical absorption
response also exhibits remarkable tunability under strain. Tensile loading produces a pronounced blue-
shift in the absorption onset, whereas compressive strain broadens the low-energy spectrum due to
metallic free-carrier effects. Well-defined absorption edges and strain-dependent interband-transition
peaks re-emerge in the semiconducting regime. The strong light—matter interaction, combined with
reversible optical modulation, highlights the capability of B4C2N3 as a versatile material platform for
mechanically tunable photonic and optoelectronic applications, including infrared detection, flexible
optical components, and strain-responsive device architectures. Overall, the results demonstrate that
2D penta—octa B4C2N3 is a structurally stable, electronically adaptive, and optically responsive 2D
material with strong potential for next-generation strain-engineered technologies.
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