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This research uses first-principles calculations to investigate the structural
stability, mechanical strength, and electronic properties of two-dimensional
BCN monolayers. The study aims to understand how external perturbations
like strain and electric fields influence the adaptability of BCN monolayers.
The research employs Quantum Espresso software with advanced
computational techniques such as the Perdew-Burke-Ernzerhof functional

BCN monolayer
Electronic properties
Structural stability
Biaxial strain

Direct semiconductor

within the generalized gradient approximation and dynamic stability
assessments through phonon dispersion. Key findings include the BCN
monolayer's robust structural stability under dynamic, mechanical, and
thermodynamic criteria and impressive mechanical strength, with
maximum biaxial tensile stress reaching 25.73 N/m at 16% strain.
Furthermore, the monolayer demonstrates a tunable direct band gap ranging
from 0.90 eV to 1.747 eV under strain and a significant band gap reduction
under electric fields, with a decrease of 79.55% at -1.0 V/A. These insights
underline the BCN monolayer's potential for applications in optoelectronic
devices, flexible sensors, and field-controlled systems. The findings
contribute valuable knowledge to material science, paving the way for
future semiconductor technology and energy systems advancements.
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TU KHOA

BCN don 16p

Tinh chat dién tir

Do 6n dinh

Bién dang theo phuwong xy
Vit liéu ban dn tryc tiép

Nghién ciru ndy kham pha tinh 6n dinh cau truc, d6 bén co hoc va cac diac
tinh dién tir cia BCN don 16p bing cac tinh toan dwa trén nguyén ly dau
tién. Muc tiéu 1a tim hiéu cach cac yéu t6 bén ngoai nhu bién dang va dién
trurong anh hudng dén dic tinh dién ti va co hoc ctia BCN don 16p. Nghién
ctru sir dung phan mém Quantum Espresso cung cac k§ thuat tinh toan nhu
ham s6 Perdew-Burke-Ernzerhof trong khu6n khd x4p xi gradient tong quat
va danh gia do on dinh dong qua pho dao dong phonon. Cac két qua chinh
bao gom tinh 6n dinh cau triic ciia BCN don 16p theo cac tiéu chi dong, co
hoc va nhiét dong; do bén co hoc 4n tuong vai tng suat kéo cang hai chiéu
cuc dai dat 25,73 N/m tai bién dang 16%. Hon nita, BCN don 16p cho thiy
kha nang diéu chinh d6 rong ving cdm truc tiép tir 0,90 eV dén 1,747 eV
dudi tac dong cua bién dang va su giam dang ké cua do rong ving cdm
dudi dién truong, giam 79,55% & - 1,0 V/A. Nhitng phat hién nay nhan
manh tiém ning cia BCN don 16p trong cac (ng dung thiét bi quang dién
tir, cam bién linh hoat va hé thong diéu khién bang dién truong. Két qua
nghién ciru cung cap kién thue gia tri cho khoa hoc vat liéu, mé duong cho
céc tién b trong cong nghé ban dan va hé théng nang lugng.
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1. Introduction

Two-dimensional (2D) materials [1] - [3] have emerged as a pivotal class in materials science and
nanotechnology due to their unique properties, including atomic-scale thickness, high surface-area-to-
volume ratios, and highly tunable electronic and mechanical characteristics. These features have
enabled a broad range of applications, spanning optoelectronic devices, flexible sensors, energy
storage systems, and energy conversion technologies. Among the widely studied 2D materials,
graphene [4], hexagonal boron nitride (hBN) [5], BC nanosheet [6], black phosphorus [7], and
transition metal dichalcogenides (TMDs) [8] - [12] have demonstrated remarkable advancements.
Recently, boron-carbon-nitride (BCN) monolayers [13] - [17] have attracted attention due to their
excellent structural stability, mechanical robustness, and versatile electronic properties.

While previous research has explored BCN materials, critical knowledge gaps remain
regarding their response to external perturbations, particularly mechanical strain and electric
fields, which are essential for fine-tuning their properties in next-generation electronic devices.
Some studies have investigated individual aspects of BCN monolayers but lacked a
comprehensive approach to understanding their behavior under these external factors. Linh et al.
[13] focused on the influence of doping on BCN monolayers under axial strain but did not
systematically explore strain engineering as a means to modulate electronic properties. Ma et al.
[14] studied atomic arrangements in BCN structures, identifying indirect semiconducting
configurations without evaluating their adaptability for direct semiconductor applications. Yihua
Lu et al. [15] examined BCN multilayers but primarily analyzed stacking-dependent electronic
behaviors rather than monolayer responses to external stimuli. Similarly, Yadav et al. [16]
investigated BCN’s molecular adsorption characteristics but did not assess its intrinsic electronic
tunability under applied fields. Wang et al. [17] explored substitutional doping techniques to
manipulate BCN band gaps but overlooked strain engineering and field modulation as viable
approaches to achieving desired electronic performance. Collectively, these studies provide
foundational insights but fail to establish a systematic framework for BCN monolayer tuning
under strain and electric fields, which is crucial for its integration into high-performance
optoelectronic and flexible electronic systems.

To bridge this gap, the current study systematically evaluates BCN monolayers' structural
stability, mechanical properties, and electronic characteristics under biaxial strain and external
electric fields using first-principles calculations. Specifically, the research examines how strain
influences mechanical behavior and band gap evolution while investigating the impact of electric
fields on electronic properties. By identifying BCN monolayers’ tunability, this study provides
deeper insights into their adaptability, establishing a strong foundation for their integration into
flexible electronics, optoelectronic devices, and field-controlled systems. The findings contribute
to advancing the theoretical and practical understanding of BCN materials, reinforcing their
potential for next-generation semiconductor technologies and innovative functional devices.

2. Simulation

This study leverages Density Functional Theory [18], [19], implemented via the Quantum
Espresso (QE) software package [20], to perform all calculations. Vanderbilt pseudopotentials [21]
are utilized to model electron interactions, while the exchange-correlation energies are computed
using the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA) framework [22]. The plane wave basis set is examined with a cutoff energy of 70 Ry and a
charge density threshold of 840 Ry. Sampling in the Brillouin zone is achieved through a 17 x 17 X
1 k-point grid generated following the Monkhorst-Pack scheme [23].

The atomic structure models for the BCN monolayer are shown in Figure 1. Periodic
boundary conditions are applied in all three spatial dimensions (x, y, and z). To eliminate inter-
layer interactions along the z-axis, a vacuum region with a thickness of 30 A is incorporated.
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Structural optimization is performed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization algorithm under stringent conditions: stresses are constrained to below 5 x 10°
GPa, and forces are minimized to less than 10’ Ry/au at a temperature of 0 K. Elastic constants
are derived through the Thermo-Pw module [24].
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Figure 1. The optimal structure of the BCN monolayer

The mechanical response of the crystalline structure under strain in the X, y, and biaxial
directions is quantified using the equation (1):
e=(a—ag)/ay*100% (1)
where a and a, denote the lattice vectors before and after strain application, respectively.
Strain levels ranging from 0% to 30%, in increments of 2%, are applied to the material.
Following each deformation step, structural optimization is conducted to ensure stabilization,
with residual stress components maintained below 5 x 10 * GPa.
Furthermore, to explore the influence of electric fields on the energy band structure of the
BCN monolayer, band structure calculations are performed under electric fields varying between
-1.0 V/A and +1.0 V/A with a step of 0.2 V/A.

3. Results and discussion
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3.1. Structural stability

This study explores four distinct two-dimensional BCN material monolayers, as illustrated in
Figure 1. The values obtained for lattice constants strongly agree with previously reported data
[25] with a deviation of no more than 1%. Specifically, the lattice constants are determined to be
a="b=4.35 A. The mechanical properties of the BCN structure include C;; = 194.17 GPa, C,, =
42.81 GPa, C4q = 74.66 GPa.
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Figure 2. Phonon dispersion curves of BCN Figure 3. Dynamic equilibrium graph of BCN
monolayer materials in the Brillouin region monolayer using AIMD algorithm

Three distinct stability criteria- dynamic, mechanical, and thermodynamic - are employed to
evaluate the BCN monolayer structure's stability thoroughly.
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Firstly, dynamic stability, Phonon lattice oscillations serve as the basis for assessing dynamic
stability. As depicted in Figure 2, the BCN monolayer exhibits eighteen vibrational branches,
including three low-frequency acoustic branches and fifteen high-frequency optical branches,
corresponding to six atoms in a unit cell. The absence of negative frequency oscillations
throughout the Brillouin zone attests to the high dynamic stability of the structure, with a
maximum vibration frequency of 1594 cm™.

Secondly, mechanical stability is evaluated through elastic constants using the Born criterion,
which stipulates that the €y, > |Cy,| > 0 and Cg¢ > 0 [26]. The computed results confirm that the
BCN monolayer satisfies these criteria, affirming its mechanical robustness.

Finally, thermodynamic stability is determined through ab initio molecular dynamics (AIMD)
simulations conducted at 300 K. Figure 3 illustrates the structural integrity of the BCN
monolayer under thermal conditions, demonstrating no signs of structural deterioration. These
findings confirm the material's stability against thermal fluctuations.

Through comprehensive analyses encompassing dynamic, mechanical, and thermodynamic
criteria, the BCN monolayer is shown to exhibit exceptional stability, qualifying it for further
scientific inquiry.

3.2. Mechanical properties

Figure 4 illustrates the stress-strain behavior of the BCN monolayer. As a two-dimensional
material, stress is calculated as the product of unit cell stress (N/m) and unit cell thickness (30 A).
The stress-strain relationship reveals consistent trends under biaxial strain (e;,). For tensile
strains up to &,;, = 16%, the material exhibits a progressive increase in stress, peaking at a
maximum stress of 25.73 N/m at &;;,= 16%.
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Figure 4. The relationship between mechanical Figure 5. Energy band structures of the BCN
strain and stress of the BCN monolayer monolayer using the PBE functional

To further characterize the strength and stability of the BCN material family, cohesive energy
calculations were performed using the following formula (2):
ngEp + ncE; + nyEy — Epor

E. . =
coh ng +ng + ny @

where, Eg, E., Ey, and E;,; represent the energies of the B, C, and N atoms and the total
energy of the BCN structure, respectively. The variables of ng, n., and ny denote the atomic
quantities of B, C, and N. The calculated cohesive energy (E.,) in the natural state was 8.27
eV/atom, indicating robust binding within the BCN monolayer structures.

3.3. Electronic properties

To examine the electronic properties of the BCN monolayer, band gap energies were
calculated using the PBE functional, as depicted in Figure 5. The results reveal the structure's
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direct semiconductor characteristics, with a band gap energy of E; = 0.90 eV, measured from the
Valence Band Maximum (VBM) to the Conduction Band Minimum (CBM). These findings align
with previous studies [25] confirming their reliability.

3.3.1. Effect of strain on electronic properties of BCN monolayer

The impact of biaxial strain on the band gap energy is illustrated in Figure 6, which contains
eight subplots arranged sequentially. The band gap energy progressively increases from 0.916 eV
at 2% strain to 1.747 eV at 16% strain, demonstrating a clear upward trend with rising strain
levels. This adaptability highlights the exceptional ability of the BCN monolayer to modify its
electronic properties through mechanical strain.

Remarkably, under natural conditions and applied strain, the BCN structure retains its direct
semiconductor nature at the Gamma point, showcasing its structural and electronic stability. The
gradual transformation of the band structure presents significant opportunities for designing
advanced materials with enhanced functionalities. BCN material’s tunable band gap via strain
application holds immense promise for various applications, including optoelectronic devices,
flexible sensors, and integrated electronic components.
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Figure 6. Energy band structures under biaxial strains for the BCN monolayer

Moreover, Figure 7 highlights the 1.8
correlation between biaxial strain and the band I

gap energy. The data indicates a substantial %z ‘6T 1
increase in band gap energy from 0.905 eV at & 4'_ i
0% strain to 1.747 eV at 16% strain, e | ]
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suggests potential applications in fgn A ]
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sensors and solar energy components. These i 1
findings advance the study of materials science 0.8
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the mechanical tuning of electronic properties.
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Figure 7. Effect of biaxial strain on band gap
energies of the BCN monolayer
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3.3.2. Effect of electric field on electronic properties of BCN monolayer

The influence of an external electric field on the band gap energy was investigated, with
results depicted in Figure 8. As the electric field strength varies from -1.0 V/A to +1.0 V/A, the
BCN monolayer maintains its direct band gap nature at the Gamma point, a critical attribute for
optical and electronic applications. The most significant band gap reduction occurs under an
electric field of -1.0 V/A, with a decrease of approximately 79.55% compared to its value at 0.0
V/A. For other field strengths, reductions remain below 8.51%.

Additionally, the symmetrical change in the band gap as the electric field transitions from
negative to positive reflects the intrinsic atomic symmetry of the BCN monolayer. This
remarkable ability to modulate electronic properties under varying field strengths underscores its

suitability for applications in flexible electronics, sensors, and electric field-controlled systems.
E=-0.2V/A E=-0.4V/A E=-0.6 V/A E=-0.8 V/A E=-1.0V/A
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Figure 8. Energy band structures at different electric field strengths for the BCN monolayer
4. Conclusion

The BCN monolayer exhibits exceptional structural stability, confirmed through dynamic,
mechanical, and thermodynamic analyses. Its robust framework ensures suitability for further
exploration and applications.

In terms of mechanical properties, the material demonstrates impressive strength, reaching a
peak stress of 25.73 N/m under 16% biaxial strain, surpassing comparable materials. This
highlights its potential for flexible devices and mechanical sensors.

Regarding electronic properties, the BCN monolayer maintains a direct semiconductor nature
at the Gamma point with an initial band gap of 0.90 eV. Notably, its band gap is highly tunable,
ranging up to 1.747 eV under mechanical strain and decreasing by approximately 79.55% under
an electric field of -1.0 V/A.

With its adjustable electronic characteristics and structural stability, the BCN monolayer
presents vast opportunities for optoelectronic devices, flexible sensors, and electric field-
controlled applications, paving the way for innovations in advanced materials science.
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