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Investigation of effects 
of interlayer interaction 
and biaxial strain on the phonon 
dispersion and dielectric response 
of hexagonal boron arsenide
Somayeh Behzad 1* & Raad Chegel 2

In this study, the effects of interlayer interaction and biaxial strain on the electronic structure, phonon 
dispersion and optical properties of monolayer and bilayer BAs are studied, using first-principles 
calculations within the framework of density functional theory. The interlayer coupling in bilayer 
BAs causes the splitting of out-of-plane acoustic (ZA) and optical (ZO) mode. For both structures, 
positive phonon modes across the Brillouin zone have been observed under biaxial tensile strain from 
0 to 8%, which indicate their dynamical stability under tensile strain. Also, the phonon band gap 
between longitudinal acoustic (LA) and longitudinal optical (LO)/transverse optical (TO) modes for 
monolayer and bilayer BAs decreases under tensile strain. An appreciable degree of optical anisotropy 
is noticeable in the materials for parallel and perpendicular polarizations, accompanied by significant 
absorption in the ultraviolet and visible regions. The absorption edge of bilayer BAs is at a lower 
energy with respect to the monolayer BAs. The results demonstrate that the phonon dispersion and 
optoelectronic properties of BAs sheet could as well be tuned with both interlayer interaction and 
biaxial strain that are promising for optoelectronic and thermoelectric applications.

The distinctive physical properties and potential applications of two-dimensional (2D) materials, including 
graphene, hexagonal BN,  MoS2, and phosphorene, have garnered significant  attention1–5. However, these 2D 
materials have inherent weakness in certain aspects. Graphene shows high electron mobility, which makes it par-
ticularly attractive for applications in  sensors6 and photovoltaic  cells7. However, the absence of a notable band 
gap in graphene restricts its potential application in digital  electronics8. The BN monolayer is a semiconductor 
that possesses high chemical and thermal stability, but it has an excessively large band gap of about 6 eV and 
behaves nearly as insulator which cannot function as switch in transistor  devices9–11.

Monolayer  MoS2 and phosphorene have suitable band gaps of about 1.8 eV and 1.5 eV,  respectively12,13. Nev-
ertheless, the carrier mobility of  MoS2 is only 200–500  cm2/(V s), which is lower the carrier mobility of graphene, 
thereby limiting its application in nanoelectronic  devices14,15. The phosphorene-based field effect transistor (FET) 
devices have larger hole mobility of order  104  cm2  V−1  s−1 have been given, but the devices are chemically instable 
and easy to  degrade16–18. Therefore, it is significant and necessary to develop novel 2D materials with moderate 
band bap, high carrier mobility, and high thermal and chemical stability.

Recently, other 2D honeycomb structure of III–V binary compounds, BX (X = BP, BAs, and BSb) monolayers 
have attracted intensive research  interests19,20. These systems are found to be dynamically stable as predicted by 
the calculated phonon dispersion  spectrum9. Density functional theory calculations have shown that the BP, 
BAs, and BSb monolayers possess direct band gaps around 1.0  eV9,21,22. Xie et al. showed that monolayer BP, 
BAs, and BSb also show high carrier mobilities exceeding  104  cm2  V−1  s−1, which is comparable to the high car-
rier mobility of  graphene23. Therefore, BP, BAs, and BSb monolayers with high carrier mobility, which exceeds 
than that of phosphorene, and suitable direct band gap are promising channel materials for the production of 
next-generation 2D FET.

Researchers have synthesized bulk zinc-blende BAs and confirmed its properties through both theoretical 
predictions and experimental  verifications24–26. At room temperature, it has been discovered that zinc-blende BAs 
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exhibits a high thermal conductivity of approximately 1300 W  m-1  K-127, semiconducting band structure with a 
suitable bandgap between 1.5 and 2.0  eV25,28,29, and good mechanical  performance30. Moreover, among all the 
III–V compounds, BAs is the most covalent III–V  compound31 and it is stable against chemical  decomposition32. 
These intriguing properties motivated researchers to investigate electro-optical, thermal, and transport char-
acteristics of BAs sheets in greater  depth20,33–36. The studies have shown that BAs monolayer exhibits semicon-
ducting properties with a direct band gap, which can be modulated by applying the strain and it is dynamically 
stable, as evidenced by the phonon mode  behavior37,38. The h-BAs monolayer has a smaller bandgap than other 
III-V group materials such as BN, AlN, and BP monolayer. This suggests that the BAs monolayer has a higher 
electrical conductivity than these other materials, which could make it a promising material for applications in 
alkali metals-ion  batteries39. The BAs monolayer is a promising material for ideal alloy systems due to its greatest 
covalent character, stability against chemical decomposition and dissolution, and well-aligned valence  bands40–43. 
In addition, BAs monolayer possess high carrier mobility, high thermal conductivity comparable to graphene, 
and exhibits photoactivity under illumination by visible and UV  light23,38,44,45. Research on the electrical trans-
port properties of hexagonal BAs has revealed behaviors suitable for short-wavelength optoelectronic  devices38. 
Theoretical studies have shown that BAs sheet has the potential to be used as gas sensor with high sensitivity 
and  selectivity35,46. The combination of these useful properties makes BAs monolayer a promising 2D material 
for next-generation photonic and electronic applications.

Applying the strain on 2D materials is a highly effective method for modifying their  properties47–50. By 
deforming the lattice parameters of a 2D material, strain can alter the electronic, optical and phononic proper-
ties of the material in various ways. For instance, strain can induce changes in the bandgap, carrier mobility, and 
thermal conductivity of a 2D material, leading to enhanced or new functionalities. The impact of strain on the 
phonon dispersion can affect the thermal conductivity of the material.

Bilayer systems are of great interest as they offer additional control over properties compared to monolay-
ers, through the interlayer interactions which can be tuned via stacking orientation, interlayer spacing, external 
electric fields, etc.51–53. In this paper, we investigate the phonon dispersion, electronic, and optical properties 
of bilayer BAs under strain, which has not been done before. By comparing the results with the corresponding 
monolayer cases, we provide a comprehensive description of the physical outcomes.

Computational model and method
We have used density functional theory (DFT) as implemented in  SIESTA54 code to study the electronic and opti-
cal properties. For exchange–correlation functional, the Perdew-Burke-Ernzerhof (PBE) type of the generalized 
gradient approximation (GGA) was  implemented55. In order to determine band gaps with higher accurately, we 
have used the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional with the HONPAS  package56,57. The selec-
tion of the double zeta polarized (DZP) basis set was accompanied by setting the orbital confining cut-off at 
0.01 Ry. The value of the mesh cutoff for real space projection is 500 Ry. The threshold value for the total energy 
and forces during structural optimization is set to  10-6 eV and 0.01 eV/Å, respectively. The first Brillouin zone is 
sampled with a 10 × 10 × 1 Monkhorst–Pack grid of k-points. For optical properties, a sufficiently dense k-point 
grid of 150 × 150 × 1, within the Monkhorst–Pack scheme is used. Optical broadening of 0.15 eV was used for 
optical spectra.

To structural optimizations and phonon dispersion calculations were performed using the JDFTx package. 
Incorporation of the van der Waals (vdW) interaction was achieved by implementing the dispersion correction 
through the use of the DFT-D2  method58. The DFT calculations with a plane-wave basis set with a 50-hartree 
kinetic energy cutoff and, throughout, Coulomb truncation is included. During the process of structural opti-
mizations, the relaxation of atoms was carried out until the force acting on each atom reached a convergence 
value of 0.1 mHa  bohr−1. To capture the phonon properties, a 4 × 4 × 1 supercell is used. To prevent interlayer 
interactions, a vacant space of 20 Å separates the sheets.

To simulate the in-plane tensile strain, the formula ε = (a −  a0)/a0 is used, where  a0 represents the unstrained 
lattice constant and a represents the strained lattice constant.

The absorption coefficient α(ω) and reflectance R(ω) can be calculated by the following  formula59:

Results and discussion
The optimized geometric structure of BAs monolayer is similar to graphene where alternating B and As atoms 
replace carbon atoms in the hexagonal lattice with a space group of P-6m2. The relaxed lattice parameters of 
BAs are a = b = 3.39 Å with B–As bond length of 1.95 Å and bond angle of 120° which coincide with previous 
 results19,23,41,60,61.

In order to find the most stable stacking mode of the BAs bilayer, five stacking patterns, namely AA,  AA1, AB, 
 AB1 and  AB2 were considered (see Fig. 1). In the AA  (AA1) stacking pattern, the B atoms of top layer are located 
above the B (As) atoms of bottom layer. For AB stacking pattern, the B atoms on top layer are located above the 
As atoms on bottom layer, while As atoms on top layer centered above the hexagon of the bottom layer. In the 
 AB1  (AB2) stacking pattern, the B (As) atoms on top layer are located above the B (As) atoms on bottom layer, 
while As (B) atoms on top layer centered above the hexagon of the bottom layer. After geometry optimizations, 
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the interlayer distances of bilayer BAs for the AA,  AA1, AB,  AB1 and  AB2 stacking patterns are 4.12, 3.78, 3.37, 
3.57 and 3.85 Å, respectively. The binding energy  (Eb) was obtained as the difference between the total energy 
of the BAs bilayers  (Etot) and the isolated BAs monolayers  (Em), as  follows40,61,62:

The calculated binding energy for the AA,  AA1, AB,  AB1 and  AB2 stacking patterns are − 40.55, − 63.86, − 95.
51, − 84.48 and − 56.19 meV, respectively. The shortest interlayer distance and the smallest binding energy of the 
AB stacking pattern confirm that the AB stacking pattern is the most energetically favorable. After the structural 
optimizations, the planer bilayer structure is converted into buckled one, due to the interlayer interactions. For 
bilayer BAs, the optimized value of buckling height and B-As bond length is 0.96 Å and 1.96 Å, respectively.

The calculated electronic band structures along with the corresponding partial density of states (PDOS) of 
monolayer and bilayer BAs is presented in Fig. 2. The BAs monolayer exhibits direct gap semiconducting behavior 
with a band gap of 0.79 eV using PBE method and 1.19 eV using HSE06 method. Both the conduction band 
minimum (CBM) and valence band maximum (VBM) of BAs monolayer lie at the K point. The appreciable band 

(3)Eb = Etot − 2Em

Figure 1.  Top and side views of five different stacking patterns of bilayer BAs.

Figure 2.  Electronic band structure and correspnding partial density of states (PDOS) for (a) monolayer and 
(b) bilayer BAs.
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gap of BAs could make it suitable for use in nanoelectronics applications and the direct band gap characteristics 
of this material enables it to have several applications in the optical devices field because of the lower energy 
required to form excitons.

The bilayer BAs is an indirect gap semiconductor. The CBM is situated at the K point while the VBM is slightly 
far from the K point. The calculated band gap is 0.63 eV using PBE method and 0.96 eV using HSE06 method. 
The calculated PDOSs show the contributions of individual orbitals of monolayer and bilayer BAs. The VBM is 
mainly contributed by p orbitals of As, and CBM mainly comes from the p orbitals of B.

The calculated band structures of monolayer and bilayer BAs subjected to different biaxial strains is dem-
onstrated in Fig. 3. Up to 8% of strain, the monolayer (bilayer) BAs demonstrates direct (indirect) band gap 
semiconducting behavior. For both structures, by increasing the tensile strain, conduction band edge at Γ point 
shifts downward relative to the Fermi level. Applying a strain in the range of 0–8% results in a slight increase of 
the band gap value of monolayer BAs, from 0.79 (1.19) to 0.89 (1.36) eV using PBE (HSE06) method, while the 
band gap value of bilayer BAs remains almost unchanged.

Figure 4a shows the phonon dispersion of monolayer BAs. No imaginary modes are observed in the first 
Brillouin zone for monolayer BAs, indicating its dynamical stability. There are three acoustic and three optical 
phonon modes corresponding to the two atoms in one unit cell. The LA and TA modes exhibit linear dispersions 
in the vicinity of the Γ point, while the ZA mode has a quadratic dispersion relation because of the 2D character 
of monolayer BAs. The phonon energy of the longitudinal optical (LO) and transverse optical (TO) degenerate 
modes at Γ point for BAs is 111 meV. The LO and TO branches are also degenerated near the K point, indicating 
strong covalent bond between the B and As atoms. Also, a direct phonon gap of 62 meV between the acoustic 
braches and LO and TO branches is observed.

Figure 4b shows the phonon dispersion of the bilayer BAs. There are 12 phonon modes, including 9 optical 
modes and 3 acoustical modes in the bilayer structure corresponding to the four atoms in one unit cell. If two 
layers are placed together without interaction, we expect that their phonon dispersions completely overlap. The 
phonon dispersion of bilayer BAs is similar to the one of monolayer BAs and most of the branches in the bilayer 
can be viewed as the ones split from the monolayer. Very small changes are observed in the in-plane doubly 
degenerated bands (the in-plane LA and  LO1, TA and  TO1,  LO2 and  LO3,  TO2 and  TO3) implying that the main 
effect of the interlayer interactions is due to the ZA modes. The weak interlayer coupling causes the splitting of 
out-of-plane ZA and ZO modes to ZA and  ZO1 and  ZO2 and  ZO3. The splitting of ZA and  ZO1 and  ZO2 and 
 ZO3 has an appreciable magnitude near the Γ point.

Figure 3.  The electronic band structure based on HSE06 (blue dashed) and PBE (red) methods for monolayer 
BAs under biaxiall strain of (a1) 0%, (b1) 4% and (c1) 8% and bilayer BAs under biaxiall strain of (a2) 0%, (b2) 4% 
and (c2) 8%.
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Next, we study the effect of in-plane biaxial strain on the phonon dispersion of monolayer and bilayer BAs. 
The structural optimizations show that the value of buckling is decreased under tensile strain. Figures 5 and 6 
display the phonon spectrum of the monolayer BAs under biaxial tensile strain. There are no negative phonon 
frequencies under tensile strain which indicates that the monolayer and bilayer BAs are dynamically stable 
under tensile strain.

For monolayer BAs, by increasing the tensile strain the LO/TO, LA and TA phonon modes become soften 
which can be attributed to the weakness of atomic bond strength by increasing the lattice constant. The phonon 
band gap between LO/TO and LA modes decreases by increasing the tensile strain. A hardening of the ZO and 
ZA modes is also found for monolayer BAs under biaxial tensile strain and the hybridization between LA/TA 

Figure 4.  Phonon dispersion spectrum of (a) monolayer and (b) bilayer BAs.

Figure 5.  Phonon dispersion spectrum of monolayer BAs under biaxial strain of (a) 0%, (b) 4% and (c) 8%.

Figure 6.  Phonon dispersion spectrum of bilayer BAs under biaxial strain of (a) 0%, (b) 4% and (c) 8%.



6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21339  | https://doi.org/10.1038/s41598-023-48654-9

www.nature.com/scientificreports/

and ZO mode is removed. For all applied tensile strains, the acoustic TA/LA/ZA phonons remain degenerate 
at Γ-point.

For bilayer BAs, by applying the tensile strain the )LO2,  LO3/TO2,  TO3) phonon modes shift to lower mode 
frequencies leading to phonon softening and the phonon band gap between  (LO2,  LO3/TO2,  TO3) and LA and 
 LO1 decreases. The ZA mode becomes harden, similar to the monolayer structure.

In order to examine how interlayer interaction and strain affect the BAs sheet, we calculated the most impor-
tant optical parameter, namely, the complex dielectric function which is represented by: ε(ω) = ε1(ω) + iε2(ω) 
where ε1(ω) and ε2(ω) are the real and imaginary terms, respectively. By counting the matrix elements of inter-
band optical transitions between occupied and unoccupied states using the random phase approximation (RPA), 
it is possible to identify the imaginary part. The Kramers–Kronig relations can then be applied to compute the 
real part. With both the real and imaginary components, it becomes feasible to calculate other optical parameters 
of a material, including its absorption and reflectivity spectra.

The frequency dependent absorption coefficient α(ω), real ε1(ω) and imaginary part ε2(ω) of dielectric func-
tion, and reflectance R(ω) for monolayer and bilayer BAs without and with strain are investigated and demon-
strated in Figs. 7, 8, 9, 10, 11, 12, 13, 14. Anisotropy of optical spectra for parallel and perpendicular polarizations 
is obvious from Figs. 7, 8, 9, 10, 11, 12, 13, 14. The anisotropy of the optical spectra can be clearly observed for 
parallel and perpendicular polarizations as depicted in Figs. 7, 8, 9, 10, 11, 12, 13, 14.

Figures 7 and 8 show the absorption spectrum of monolayer and bilayer BAs under biaxial tensile strain, 
respectively. For light polarized along the x direction, the unstrained monolayer BAs shows a pronounced absorp-
tion in the UV and visible regions. In particular, a strong peak is observed at 6.32 eV, while a weaker peak is 
visible at 2.66 eV within the visible region. The absorption spectrum of unstrained bilayer BAs contains some 
shoulders and additional weak peaks with respect to the monolayer BAs. The bilayer BAs has two main peaks 
at 2.30 and 6.59 eV, respectively (see Fig. 8a). The absorption onset energies for monolayer and bilayer BAs are 
observed to be approximately 0.69 eV and 0.55 eV, respectively. These values are consistent with the presence of 
a direct band gap at the K point, with corresponding energies of 0.79 eV and 0.63 eV for monolayer and bilayer 
BAs, respectively. The shift of the absorption edge and first main absorption peak to lower energies in bilayer BAs 
is due to the interlayer interactions. These findings suggest that the absorption of light by BAs occurs through 

Figure 7.  Calculated absorption coefficient α(ω) for light polarized along the (a) x and (b) z directions for 
monolayer BAs under biaxial tensile strain.

Figure 8.  Calculated absorption coefficient α(ω) for light polarized along the (a) x and (b) z directions for 
bilayer BAs under biaxial tensile strain.
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the excitation of electrons from the valence band to the conduction band, and that this process is more effective 
in bilayer BAs compared to monolayer BAs.

When light is polarized along the z direction, the unstrained monolayer BAs sheet exhibits an almost neg-
ligible absorption in the visible region. However, it demonstrates a robust absorption feature in the UV region 
with significant absorption peaks at 6.92, 9.80, 11.11, 12.45, 13.10, 14.76, and 16.42 eV. The absorption spectrum 
of the unstrained bilayer BAs has a small peak at visible region and several absorption peaks at UV region. The 
unstrained bilayer BP has main absorption peaks at 3.22, 6.67, 10.19, 13.62, 16.15 and 17.32 eV. It can be observed 
that the number of peaks in the bilayer structure is more than the monolayer structure and the peaks become 
broader, due to the interaction between the layers along the z direction.

The absorption spectra of monolayer and bilayer BAs show an effective absorption of light in both the visible 
and UV regions. This property makes them promising candidates for the development of optoelectronic devices 

Figure 9.  Imaginary part ε2(ω) of dielectric function for light polarized along the (a) x and (b) z directions for 
monolayer BAs under biaxial tensile strain.

Figure 10.  Imaginary part ε2(ω) of dielectric function for light polarized along the (a) x and (b) z directions for 
monolayer BAs under biaxial tensile strain.

Figure 11.  Real part ε1(ω) of dielectric function for light polarized along the (a) x and (b) z directions for 
monolayer BAs.
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that operate at short wavelengths, where high absorption efficiency is critical. Additionally, their ability to absorb 
UV light could make them useful in applications where protection against UV radiation is important, such as 
in sunscreen or protective coatings. Overall, the demonstrated ability of BAs to absorb light in multiple regions 
of the electromagnetic spectrum highlights their potential for a range of applications in the field of materials 
science and optoelectronics.

The calculated imaginary part ε2(ω) of dielectric function for monolayer and bilayer BAs under biaxial tensile 
strain is demonstrated in Figs. 9 and 10. For light polarized along the x direction, the ε2(ω) for monolayer BAs 
shows three significant peaks at 0.92, 2.56 and 6.24 eV in the near-IR, visible, and UV regions of the electro-
magnetic spectrum, respectively. For bilayer BAs, there are two strong optical absorption regions with multiple 
peaks in the range 0.6–3.4 and 5.8–9.2 eV. The main absorption peaks occur at 0.76, 1.49, 2.23 and 6.24 eV. It can 

Figure 12.  Real part ε1(ω) of dielectric function for light polarized along the (a) x and (b) z directions for 
bilayer BAs.

Figure 13.  Reflectance spectra R(ω) for light polarized along the (a) x and (b) z directions for monolayer BAs 
under biaxial tensile strain.

Figure 14.  Reflectance spectra R(ω) for light polarized along the (a) x and (b) z directions for bilayer BAs 
under biaxial tensile strain.
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be observed that monolayer BAs exhibits no ε2(ω) peak up to 6 eV when subjected to z-direction polarization, 
which suggests that the material has no optical absorption within this spectral range. For bilayer BAs, a multiple 
peak is observed in the visible region from 1.9 to 3.4 eV.

The real part of the dielectric function, ε1(ω), provides insight into both the electronic polarizability and 
dispersion effects of the material. Figures 11a and d and 12a and b show ε1(ω) for light polarized along the x and 
z directions for monolayer and bilayer BAs, respectively. The key parameter of interest in this part is the static 
dielectric constant, which is determined by the magnitude of ε1(ω) at ω = 0. The static dielectric constant of the 
unstrained monolayer BAs has been calculated to be 4.45 and 1.31 along the x and z directions, respectively. The 
calculated ε1(0) for bilayer BAs, is found to be 8.26 and 2.23, along the x and z directions.

The calculated reflectance spectra R(ω) for monolayer and bilayer BAs under biaxial tensile strain is demon-
strated in Figs. 13 and 14. For light polarized along the x and z directions, the reflectance spectra static values are 
observed at some low values of 0.13 and 0.01 (0.23 and 0.04) for monolayer BAs (bilayer BAs), respectively. For 
light polarized along the x direction, the main reflectance peaks occur at 0.84 , 2.66 and 6.32 eV (0.71, 1.46, 2.32, 
3.24 and 6.64 eV) for monolayer BAs (bilayer BAs) with a reflectance of about 23.1%, 27.7% and 33.9% (34.3%, 
29%, 38.1% and 41.4%), respectively. These results are consistent with the calculated ε2(ω) values.

For light polarized along the x direction, the main absorption peaks of monolayer and bilayer BAs become 
red-shifted and their intensities decreases as the applied strain changes from ε = 0% to ε =  + 8%. Also, for mon-
olayer and bilayer BAs the first peak of ε2(ω) becomes blue-shifted, while the second and third peaks become 
red-shifted as the strain changes from ε = 0 to ε =  + 10%. Similar behavior is observed in the reflectance spectrum. 
The absorption edge for monolayer and bilayer structures remains almost unchanged under application of tensile 
strain. Therefore, application of compressive strain decreases the absorption of monolayer BAs by decreasing the 
intensity and width of absorption. The calculated ε1(ω) and ε2(ω) for monolayer and bilayer BAs using HSE06 
method are shown in Figs. S1 and S2.

Conclusion
Using the first-principles calculations based on DFT, the impact of interlayer interaction and biaxial strain on 
the band structure, phonon dispersion and optical characteristics of BAs sheet was systematically studied. Based 
on the phonon dispersion curve calculations, both the monolayer and bilayer BAs are dynamically stable under 
zero strain. The phonon dispersion of bilayer BAs is very similar to the one of monolayer BAs. Almost no change 
is observed in the in-plane doubly degenerated bands while, the interlayer coupling causes the splitting of out-
of-plane modes. When the tensile strains is applied, both the monolayer and bilayer structures are dynamically 
stable. For light polarized along the x direction, the main absorption peaks of monolayer and bilayer BAs become 
red-shifted and their intensities decreases by increasing the tensile strain. This study implies the potential applica-
tions of BAs sheet for optoelectronic and thermoelectric devices in nanoscale.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable 
request.

Received: 25 August 2023; Accepted: 29 November 2023

References
 1. Zhou, W. et al. Band offsets in new BN/BX (X = P, As, Sb) lateral heterostructures based on bond-orbital theory. Nanoscale 10, 

15918–15925 (2018).
 2. Namgung, S. D. et al. Influence of post-annealing on the off current of MoS2 field-effect transistors. Nanoscale Res. Lett. 10, 62–62 

(2015).
 3. Li, L. et al. Black phosphorus field-effect transistors. Nat. Nanotechnol. 9, 372 (2014).
 4. Palacios, J. J. & Ynduráin, F. Critical analysis of vacancy-induced magnetism in monolayer and bilayer graphene. Phys. Rev. B 85, 

245443 (2012).
 5. Behzad, S. & Chegel, R. Investigation of electronic properties and dielectric response of two-dimensional Germanium Selenide 

with Puckered and Buckled structures. J. Electron. Mater. 51, 6275–6285. https:// doi. org/ 10. 1007/ s11664- 022- 09817-y (2022).
 6. Yuan, W. & Shi, G. Graphene-based gas sensors. J. Mater. Chem. A 1, 10078–10091 (2013).
 7. Chang, D. W., Choi, H.-J., Filer, A. & Baek, J.-B. Graphene in photovoltaic applications: organic photovoltaic cells (OPVs) and 

dye-sensitized solar cells (DSSCs). J. Mater. Chem. A 2, 12136–12149 (2014).
 8. Farmer, D. B., Lin, Y.-M. & Avouris, P. Graphene field-effect transistors with self-aligned gates. Appl. Phys. Lett. 97, 013103 (2010).
 9. Şahin, H. et al. Monolayer honeycomb structures of group-IV elements and III-V binary compounds: First-principles calculations. 

Phys. Rev. B 80, 155453 (2009).
 10. Nag, A. et al. Graphene analogues of BN: Novel synthesis and properties. ACS Nano 4, 1539–1544 (2010).
 11. Behzad, S. & Chegel, R. Optimizing thermoelectric performance of carbon-doped h-BN monolayers through tuning carrier 

concentrations and magnetic field. Sci. Rep. 13, 19623. https:// doi. org/ 10. 1038/ s41598- 023- 46116-w (2023).
 12. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically thin  MoS2: A new direct-gap semiconductor. Phys. Rev. Lett. 105, 

136805 (2010).
 13. Liu, H. et al. Phosphorene: An unexplored 2D semiconductor with a high hole mobility. ACS Nano 8, 4033–4041 (2014).
 14. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer  MoS2 transistors. Nat. Nanotechnol. 6, 147 (2011).
 15. Fivaz, R. & Mooser, E. Mobility of charge carriers in semiconducting layer structures. Phys. Rev. 163, 743–755 (1967).
 16. Qiao, J., Kong, X., Hu, Z.-X., Yang, F. & Ji, W. High-mobility transport anisotropy and linear dichroism in few-layer black phos-

phorus. Nat. Commun. 5, 4475 (2014).
 17. Kou, L., Frauenheim, T. & Chen, C. Phosphorene as a superior gas sensor: Selective adsorption and distinct I-V response. J. Phys. 

Chem. Lett. 5, 2675–2681 (2014).
 18. Wei, Q. & Peng, X. Superior mechanical flexibility of phosphorene and few-layer black phosphorus. Appl. Phys. Lett. 104, 251915 

(2014).

https://doi.org/10.1007/s11664-022-09817-y
https://doi.org/10.1038/s41598-023-46116-w


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21339  | https://doi.org/10.1038/s41598-023-48654-9

www.nature.com/scientificreports/

 19. Zhou, Z. Z., Liu, H. J., Fan, D. D. & Cao, G. H. A comparative study of the thermoelectric performance of graphene-like BX (X = 
P, As, Sb) monolayers. J. Phys. Condens. Matter 31, 385701 (2019).

 20. Kanwal, A. et al. Effect of electric field on two-dimensional honeycomb structures from group (III–V). J. Phys. Chem. Solids 162, 
110507 (2022).

 21. Zhuang, H. L. & Hennig, R. G. Electronic structures of single-layer boron pnictides. Appl. Phys. Lett. 101, 153109 (2012).
 22. Tong, C.-J., Zhang, H., Zhang, Y.-N., Liu, H. & Liu, L.-M. New manifold two-dimensional single-layer structures of zinc-blende 

compounds. J. Mater. Chem. A 2, 17971–17978 (2014).
 23. Xie, M. et al. Two-dimensional BX (X = P, As, Sb) semiconductors with mobilities approaching graphene. Nanoscale 8, 13407–13413 

(2016).
 24. Lv, B. et al. Experimental study of the proposed super-thermal-conductor: BAs. Appl. Phys. Lett. 106, 074105 (2015).
 25. Wang, S. et al. Synthesis and characterization of a p-type boron arsenide photoelectrode. J. Am. Chem. Soc. 134, 11056–11059 

(2012).
 26. Lindsay, L., Broido, D. A. & Reinecke, T. L. First-principles determination of ultrahigh thermal conductivity of boron arsenide: A 

competitor for diamond?. Phys. Rev. Lett. 111, 025901 (2013).
 27. Tian, F. & Ren, Z. High thermal conductivity in boron arsenide: From prediction to reality. Angew. Chem. Int. Ed. 58, 5824–5831 

(2019).
 28. Chae, S., Mengle, K., Heron, J. T. & Kioupakis, E. Point defects and dopants of boron arsenide from first-principles calculations: 

Donor compensation and doping asymmetry. Appl. Phys. Lett. 113, 212101 (2018).
 29. Bushick, K., Mengle, K., Sanders, N. & Kioupakis, E. Band structure and carrier effective masses of boron arsenide: Effects of 

quasiparticle and spin-orbit coupling corrections. Appl. Phys. Lett. 114, 022101 (2019).
 30. Tian, F. et al. Mechanical properties of boron arsenide single crystal. Appl. Phys. Lett. 114, 131903 (2019).
 31. Boudjemline, A., Islam, M. M., Louail, L. & Diawara, B. Electronic and optical properties of BAs under pressure. Phys. B Condens. 

Matter 406, 4272–4277 (2011).
 32. J. Osugi, K. Shimizu, Y. Tanaka, K. Kadono, Preparation and chemical properties of cubic boron arsenide, Bas, DOI (1966).
 33. Shahriar, R., Hoque, K. S., Tristant, D. & Zubair, A. Vacancy induced magnetism and electronic structure modification in monolayer 

hexagonal boron arsenide: A first-principles study. Appl. Surf. Sci. 600, 154053 (2022).
 34. Raeisi, M., Ahmadi, S. & Rajabpour, A. Modulated thermal conductivity of 2D hexagonal boron arsenide: A strain engineering 

study. Nanoscale 11, 21799–21810 (2019).
 35. Ren, J., Kong, W. & Ni, J. The potential application of BAs for a gas sensor for detecting  SO2 gas molecule: A DFT study. Nanoscale 

Res. Lett. 14, 133 (2019).
 36. Attia, A. A. & Jappor, H. R. Tunable electronic and optical properties of new two-dimensional GaN/BAs van der Waals hetero-

structures with the potential for photovoltaic applications. Chem. Phys. Lett. 728, 124–131 (2019).
 37. Islam, R. et al. Tuning the electronic, phonon, and optical properties of monolayer BX (XP and As) through the strain effect. Mater. 

Today Commun. 33, 104227 (2022).
 38. Manoharan, K. & Subramanian, V. Exploring multifunctional applications of hexagonal boron arsenide sheet: A DFT study. ACS 

Omega 3, 9533–9543 (2018).
 39. Khossossi, N. et al. Ab initio study of a 2D h-BAs monolayer: A promising anode material for alkali-metal ion batteries. Phys. 

Chem. Chem. Phys. 21, 18328–18337 (2019).
 40. Deng, X. Q., Sheng, R. Q. & Jing, Q. Tunable electronic and optical properties of a BAs/As heterostructure by vertical strain and 

external electric field. RSC Adv. 11, 21824–21831 (2021).
 41. Ullah, S., Denis, P. A., Menezes, M. G. & Sato, F. Tunable optoelectronic properties in h-BP/h-BAs bilayers: The effect of an external 

electrical field. Appl. Surf. Sci. 493, 308–319 (2019).
 42. Xie, M. et al. Two-dimensional BAs/InTe: A promising tandem solar cell with high power conversion efficiency. ACS Appl. Mater. 

Interfaces 12, 6074–6081 (2020).
 43. Yu, H. et al. Effect of intrinsic defects on the electronic structure and thermoelectricity of two-dimensional boron arsenide. Micro 

Nanostruct. 165, 207188 (2022).
 44. Fan, H., Wu, H., Lindsay, L. & Hu, Y. Ab initio investigation of single-layer high thermal conductivity boron compounds. Phys. 

Rev. B 100, 085420 (2019).
 45. Hu, Y. et al. High thermal conductivity driven by the unusual phonon relaxation time platform in 2D monolayer boron arsenide. 

RSC Adv. 10, 25305–25310 (2020).
 46. Zhang, R.-W. et al. Hydrogenated boron arsenide nanosheet: A promising candidate for bipolar magnetic semiconductor. Appl. 

Phys. Exp. 8, 113001 (2015).
 47. Behzad, S. Mechanical control of the electro-optical properties of monolayer and bilayer BC3 by applying the in-plane biaxial 

strain. Surf. Sci. 665, 37–42 (2017).
 48. Behzad, S. & Chegel, R. First principles study of biaxially deformed hexagonal buckled XS (X=Ge and Si) monolayers with light 

absorption in the visible region. Thin Solid Films 759, 139457 (2022).
 49. Sharma, S. B., Qattan, I. A., Jaishi, M. & Paudyal, D. Penta-SiCN: A highly auxetic monolayer. ACS Appl. Electron. Mater. 4, 

2561–2569 (2022).
 50. Bhandari Sharma, S., Qattan, I., Kc, S. & Abedrabbo, S. First-principles prediction of new 2D p-SiPN: A wide bandgap semicon-

ductor. Nanomaterials 12, 4068 (2022).
 51. Fujimoto, Y. & Saito, S. Interlayer distances and band-gap tuning of hexagonal boron-nitride bilayers. J. Ceram. Soc. Jpn. 124, 

584–586 (2016).
 52. Chen, X. et al. Effect of multilayer structure, stacking order and external electric field on the electrical properties of few-layer 

boron-phosphide. Phys. Chem. Chem. Phys. 18, 16229–16236 (2016).
 53. Smeyers, R., Milošević, M. V. & Covaci, L. Strong gate-tunability of flat bands in bilayer graphene due to moiré encapsulation 

between hBN monolayers. Nanoscale 15, 4561–4569 (2023).
 54. José, M. S. et al. The SIESTA method for ab initio order-N materials simulation. J. Phys. Condens. Matter 14, 2745 (2002).
 55. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).
 56. Hummer, K., Harl, J. & Kresse, G. Heyd-Scuseria-Ernzerhof hybrid functional for calculating the lattice dynamics of semiconduc-

tors. Phys. Rev. B 80, 115205 (2009).
 57. Qin, X., Shang, H., Xiang, H., Li, Z. & Yang, J. HONPAS: A linear scaling open-source solution for large system simulations. Int. 

J. Quantum Chem. 115, 647–655 (2015).
 58. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem. 

27, 1787–1799 (2006).
 59. Xu, Y. et al. First-principle calculations of optical properties of monolayer arsenene and antimonene allotropes. Ann. Phys. 529, 

1600152 (2017).
 60. Ullah, S., Denis, P. A. & Sato, F. Monolayer boron-arsenide as a perfect anode for alkali-based batteries with large storage capacities 

and fast mobilities. Int. J. Quantum Chem. 119, e25975 (2019).
 61. Pham, K. D. et al. Two-dimensional blue phosphorene–BAs vdW heterostructure with optical and photocatalytic properties: A 

first-principles study. RSC Adv. 11, 13025–13029 (2021).



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21339  | https://doi.org/10.1038/s41598-023-48654-9

www.nature.com/scientificreports/

 62. Fujimoto, Y. & Saito, S. Band engineering and relative stabilities of hexagonal boron nitride bilayers under biaxial strain. Phys. Rev. 
B 94, 245427 (2016).

Author contributions
S.B. carried out the idea. All authors performed the calculations, analyzed the results and wrote article.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 48654-9.

Correspondence and requests for materials should be addressed to S.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-48654-9
https://doi.org/10.1038/s41598-023-48654-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation of effects of interlayer interaction and biaxial strain on the phonon dispersion and dielectric response of hexagonal boron arsenide
	Computational model and method
	Results and discussion
	Conclusion
	References


