Digest Journal of Nanomaterials and Biostructures Vol. 20, No. 1, January - March 2025, p. 67 - 87
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This study conducted on BBi, BP, and BAs, along with their ternary alloys BBi;—x Px and
BBii«Asy, utilizes the density functional theory. This method is chosen for its ability to
accurately assess the fundamental properties of materials. Particularly, the analysis
incorporates the (mBJ) Method and the WC-GGA Approximation for correlation potential
[37]. Throughout the investigation, the zinc blende phase consistently emerges as the most
stable structure. This finding underscores the stability and prevalence of this crystal structure
across the studied alloys. The structural parameters exhibit a subtle deviation from linear
Vegard’s law. Ground state parameters for these materials are found to be in close with
both existing theoretical predictions and experimental observations. This agreement
ascertains the accuracy of the computational approach used in this study. The study also
systematically calculates and analyzes optical properties concerning incident photon energy,
and provides insights into how these materials interact with light, which is essential for
various applications ranging from optoelectronics to photovoltaics.
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1. Introduction

Semiconductor Materials (Group III-V) form the cornerstone of numerous commercial
technologies and advanced electronic and optoelectronic devices, including transistors, lasers,
photodetectors, and frequency-mixing components [1]. These compounds enable the development
of multi-junction solar cells with the potential to achieve conversion efficiencies exceeding 40%,
making them highly desirable for both space-based and terrestrial applications [2]. The versatility
of [1I-V compounds extend to various industries, from telecommunications to renewable energy [3]
due to their exceptional performance and reliability [4]. Advancements in III-V semiconductor
technology continue to drive innovation, pushing the boundaries of what's possible in electronics
[5], telecommunications [6], and energy harvesting [7]. As research in this field progresses, the
integration of I[[I-V compounds into new devices and applications is poised to further revolutionize
various industries and improve technological capabilities [8].

Indeed, boron-containing compounds within the III-V semiconductor materials [9] have
attracted considerable attention in research due to their remarkable physical characterizations, which
distinguish them from other III-V materials. These unique characteristics stem from the distinctive
nature of boron atoms, which lack p electrons [10], in their core and possess small atomic sizes [11,
12].

The versatile applications of boron compounds encompass electronic and optoelectronic
devices, and photodetectors, showcasing their adaptability in various technological advancements.
Beyond electronic applications, boron compounds find utility in industrial settings for purposes like
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cutting/polishing tools and resistant coatings, offering compelling alternatives to materials like
diamond due to their exceptional hardness. The growing understanding and exploration of boron
compounds open up new avenues for innovation and advancement in both electronic and industrial
sectors, contributing to the development of novel materials and technologies.

Theoretical studies on BBi, despite being limited, have provided valuable insights into its
potential structural and electronic properties. While experimental synthesis of BBi has not yet been
achieved, theoretical predictions offer valuable guidance regarding its properties. Molecular
dynamics simulations conducted by Amara et al. [13] shed some light on BBi's behavior, while
Ferhat and Zaoui [14] reported a negative bandgap of BBi (-0.085 eV), indicating conflicting
findings on its bandgap nature. Various researchers have proposed differing hypotheses regarding
BBi's bandgap, with some suggesting an indirect bandgap (Cui and Wang) and others proposing a
direct bandgap (Madouri and Yalcin) [15]. The discrepancies in findings highlight the complexity
of understanding BBi's properties and underscore the need for further research to elucidate its
behavior and potential applications within the III-V semiconductor family.

Cubic boron phosphide (BP) is indeed a binary compound that has garnered attention,
particularly in the realm of transferred-electron devices, owing to its unique properties. One of the
notable characteristics of BP is its wide bandgap, which is approximately 2 eV. This wide bandgap
is advantageous for various electronic and optoelectronic applications [17], facilitating the
transmission of sunlight [18]. This study's primary objective is to merge BBi, BAs, and BP
compounds to create novel materials, specifically BBi;—x Px and BBi .« Asx ternary alloys, with
properties falling between those of the individual compounds, thus exploring new avenues for
material engineering and application [19-22]. By combining these compounds, researchers aim to
harness the unique characteristics of each to develop materials with tailored properties suitable for
various electronic, optoelectronic, and industrial applications [23-29].

Our objective is to recalibrate the ground states of BX( X=Bi, As and P) materials, focusing
particularly on the equilibrium lattice constant, to better align our results with available experimental
data compared to other theoretical studies [20-29]. This recalibration aims to enhance the accuracy
of our predictions and ensure that our findings closely match real-world observations. Our
investigation covers various aspects, including phase stability, structural, electronic, and optical
properties, providing a comprehensive understanding of these materials. By analyzing binary
compounds, we aim to validate our approach by comparing our results with both experimental and
theoretical findings from the existing literature, ensuring the reliability and relevance of our
research.

This article presents a presented the fundamental characterization of ternary alloys BBi;—xPx
and BBi;.xAsx, as well as their binary counterparts BBi, BAs, and BP. The investigation offers
valuable insights into the fundamental understanding of these materials. The structure of the article
is:

Section 1: Introduction: Present the physical properties of the mentioned alloys.

Section 2: Computational Details: This section details the computational methods and
techniques employed in the analysis, offering transparency and reproducibility to the research
process.

Section 3: Results and Discussions: Presents the findings of the study along with
corresponding discussions. This section delves into the implications of the results, highlighting key
observations and interpretations.

Section 4: Conclusion: Summarizes the main findings and contributions of the study. It
offers insights into the broader implications of the research and potential avenues for further
investigation.

By structuring the article in this manner, readers can easily navigate through the research
process, from methodology to conclusions.

2. Theoretical details

In this section, we elucidate the computational methodology employed in our study for
analyzing the fundamental properties of BBi, BAs, and BP materials, as well as their alloys BBi.
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«Asx and BBi;.«Px. The density functional theory (DFT) [30, 31], framework, known for its efficacy
in studying electronic structures of materials, was harnessed, utilizing the (FP-LAPW) [32, 33]
method. Our calculations were executed within the Wien2k code, a widely used software package
for electronic structure calculations. We adopted the generalized gradient approximation (GGA) for
exchange and correlation interactions, specifically following the Wu and Cohen (WC-GGA) [35,
36] scheme, to accurately determine total energy and electronic properties. Additionally, to mitigate
the well-known GGA underestimation of band gaps, we incorporated the Tran and (mBJ) [37] for
electronic property calculations. For the wave function expansion within the atomic sphere, we set
the maximum value of angular momentum (Imax) to 10. Meanwhile, for the interstitial region, we
employed a plane wave expansion with RmurKmax. A consistent value of seven was chosen for
RmrKmax across all investigated systems. The Fourier expansion of the potential and charge density
utilized Gmax = 12 (Ry)"%. Muffin—tin radii (RMT) were assigned specific values: 2.2 a.u. for B, 1.8
a.u. for Bi, and 2.09 a.u. for both P and As. To integrate within the Brillouin zone (BZ), we employed
the modified tetrahedron method with a dense mesh of 1000 k-points, ensuring the convergence of
total energy to less than 10 R,. In conducting ground-state electronic structure calculations, the
valence electronic configurations were determined as follows: B - [He] 2s22p', Bi - [Xe]
6s24f1*5d'°6p?, As - [Ar] 3d'°4s%4p®, and P - [Ne] 3s23p°.

These computational parameters and methodologies were meticulously selected to provide
accurate and reliable insights into the physical properties of the investigated materials.

3. Results interpretation

3.1. Structural characterization

The analysis you've described involves computing the total energies of different crystal
structures (Zinc Blend, NaCl, and CsCl) for the selected binary compounds and their ternary alloys
across varying volumes. This analysis is crucial for determining the optimized phase stability of the
alloys under investigation.

The results, as depicted in Figures 1-3, show the total incident photon (energy) as function
a volume curves for the ZB, NaCl, and CsCl phases of the studied materials. These curves provide
insights into the relative stability of each crystal structure for the given materials. Based on the
graphical representation, it appears that the Zinc Blend (ZB) phase consistently exhibits greater
stability compared to the NaCl and CsCl phases across all studied materials. This finding suggests
that the ZB structure is the most energetically favorable configuration for the materials under
investigation. This information is significant for understanding the preferred crystal structure of the
materials and can guide further investigations into their properties and potential applications. It
indicates that researchers can focus on studying and optimizing materials with the ZB structure, as
it is likely to offer superior stability and performance compared to alternative crystal phases.

Consequently, we employ the Zinc blend structure to derive the ground state
characterization of the alloys. It's noteworthy that the system's stability decreases with increasing
concentrations of phosphorus and arsenic. Comparatively, the BBigsPos and BBigsAsys alloy
systems exhibit higher stability than the BBig25Po 75 and BBig25Aso 75 alloy systems but are surpassed
in stability by the binary compound. Tracing the general total. The structural properties such as
equilibrium lattice constants (a,) and static bulk modulus (By). Murnaghan's equation of state [38]
describes the relationship between the total energy of a crystal structure and its volume. Table 1-4
The structural results for the studied materials alongside previous theoretical [39] and experimental
works [40].
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Fig. 1. The variation of the total energy as a function of the volume of BBi, BP and BAs for the
concentrations in the ZB, NaCl, CsCI structures.
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Fig. 2. The variation of the total energy as a function of the volume of BBi;..As, for the concentrations x=
0.25, 0.5 and 0.75 in the ZB, NaCl, CsClI structures.
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Fig. 3. The variation of the total energy as a function of the volume of BBi ..Px for the concentrations x=
0.25, 0.5 and 0.75 in the ZB, NaCl, CsClI structures.

Table 1. The lattice parameters (in A), the compressibility modulus (in GPa), its derivative for the the

compound BBi.
BBi a B B’ E,
NaCl (B)

This work 5.226 69.5937 3.8868 -43209.8275
WC-GGA 5.1775 77.7875 4.0590 -43189.1808
LDA 5.3276 61.9762 4.9754 -4333.80208
PBE-GGA 5200
Experiment 4.918°
Calculation 5.198€
ZnS (B3)

This work 5.4754 86.1176 3.7726 -43209.8795
WC-GGA 5.4241 87.6060 3.7709 -43189.2367
LDA 5.3523 6.3763 3.7916 -43343.9602
PBE-GGA 5.3924
Experiment 5.390¢

5416 83.99f 436
Calculation 5.416" 86.27" 4.6"

5.520¢ 72.209¢ 4.73¢
CsCl (B1)

This work 33176 81.2217 3.897 -43209.7640
WC-GGA 3.2214 83.5897 3.9955 -4356.9845
LDA 3.1987 80.5993 4.0451 -4373.6883
PBE-GGA
Experiment
Calculation

“Ref[56], PRef [57], ‘Ref [58], ‘Ref [59], *Ref[60], Ref[61], "Ref [62].
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Table 2. The lattice parameters (in A), the compressibility modulus (in GPa), its derivative for the different
phases considered for the compound BP.

BP a B B’ Ep
RS (Bl)
This work

WC- GGA 4.3069 169.5037 3.9588 -733.2159
LDA 4.2729 177.7375 4.0579 -731.1849
PBE-GGA 4.3276 161.9762 4.2345 -733.8020
Experiment 4.327* 155° 2.9800°
Calculation 4.320° 171b 2.82b

4.339° 155¢

4.3324 1614

432 156.822i
ZB (B3)

This work 4.5250 169.1176 3.7726 -733.366
WC-GGA 4.4946 175.6060 3.7709 -731.3366
LDA 4.5523 161.3763 3.7916 -733.9602
PBE-GGA 4.538f.¢ 173 e
Experiment 4.558¢ 166¢ 44
Calculation 4.546" 166" 3h
CsCl (Bl)

This work 2.7083 141.7342 3.8937 -733.1026
WC-GGA 2.6865 143.5897 3.1755 731.0687
LDA 2.7238 133.5993 3.436 -733.6883
PBE-GGA

Experiment

Calculation

“Ref [63], PRef [64], “Ref [65], ‘Ref [66], “Ref [67], Ref [68], LRef [69], "Ref [70], Ref [71], Ref [72].

Table 3. The lattice parameters (in A), the compressibility modulus (in GPa), its derivative for the different
phases considered for the compound BAs.

BAs a B B’ Ey
RS (BI)

This work 4.5905 135.0548 3.6802 -4570.6757
WC-GGA 4.5502 146.2145 4.1851 -4565.2683
LDA 4.6258 124.4247 3.7659 - 4571.7650

PBE-GGA

Experiment 4.619* 135° 3.442
Calculation 4.583b 143°

7B (B3)

This work 47765 140.0776 4.0496 -4570.8027
WC-GGA 4.8148 131.3025 3.9698 -4571.8985
LDA 48135 130.7531 43923 -4571.8984
PBE-GGA 4.777¢
Experiment 4.77%¢ 145%¢

4726 147 3f
Calculation 4.784¢h 145¢h 3eh
CsCI (Bl)
This work 2.9170 114.9917 43663 -4570.582
WC-GGA 2.8891 123.1169 43719 -4565.1700
LDA 2.9409 105.1903 4.7145 -4571.6717
PBE-GGA
Experiment
Calculation

“Ref [64], "Ref [70], “Ref [66], ‘Ref [63], “Ref [73], 'Ref [65], *Ref [71], "Ref [72].
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Tables 4. The lattice parameter a in (A), the compressibility modulus B in (GPa) for the ternary alloys BBi,.
«Pxand BBi,.As. at different concentrations x.

Alliages X Lattice parameters a(A) Compressibility modulus B(GPa)
Ourresults  Exp. Other calculations Ourresults Exp. Other calculations

WC-GGA WC-GGA
0.25 5.2210 - 5216232 98.8012 - 99.0604*
BBijxPx | 0.5 5.0241 - 4.97723" 115.7320 - 119.5588*
0.75 4.8434 - 4.7491° 139.1442 - 142.5006°

0.25 5.3285 - - 90.5431 - -

BBijxAsx | 0.5 5.1648 - - 100.9934 - -

0.75 4.9821 - - 118.5816 - -

aRef [75]

Examination of the tables reveals consistent trends: (LDA) Approximation consistently
underestimates ao, while (GGA) Approximation overestimates it. The paragraph mentions that the
lattice parameter of BBi obtained using the WC-GGA (weighted-correlation GGA) method is 5.47
A. This value demonstrates a deviation of approximately 0.99% and 1.07% from the lattice
parameters obtained using LDA (5.426 A) and GGA (5.539 A), respectively, according to the
mentioned reference. [15, 39]. These findings suggest that while BBi has not yet been synthesized
experimentally, theoretical calculations, particularly those using the WC-GGA method, provide
valuable insights into its structural properties. The consistency of the calculated lattice parameter
with previous theoretical works adds credibility to the computational predictions. However,
experimental validation of these predictions would be crucial to confirm the accuracy of the
theoretical models and further our understanding of BBi's properties and potential applications. The
variations in lattice parameters obtained using different methods, such as LDA, GGA, and WC-
GGA, are attributed to differences in the parameters used in the calculations, particularly the
RmrKwmax values. RmutKwmax refers to the maximum radius of the muffin-tin sphere used in the
calculations. In the case of cubic boron phosphide (BP) and boron arsenide (BAs), the WC-GGA
method significantly enhances the equilibrium lattice constant (ag) compared to LDA [40] and GGA
[13] schemes. This enhancement leads to lattice parameters that are in excellent close with
experimental data. This suggests that the WC-GGA method provides a more accurate description of
the structural characterizations of BP and BAs compared to LDA and GGA [40]. These findings
establish WC-GGA as highly suitable for the studied materials. Furthermore, the calculated
structural parameters for different x value of BBi;_«Px and BBi;_(As, alloys exhibit a tendency
toward Vegard’s law [41], characterized by a marginal upward bowing parameter to -0.6976
(BBi;_xPx) and -0.7552 (BBi;_xAsx) (Fig. 4). The minor deviation from Vegard’s law is mainly
attributed to the subtle mismatches in structural phase parameters among the materials BBi, BP, and
BAs. It's essential to highlight that the infringement of Vegard’s law has been documented in alloys,
supported by both experimental observations [41] and theoretical considerations [39]. The overall
trend in the variation of the bulk modulus concerning the composition (x) for BBi;_«Px and
BBi;_«Asx alloys is depicted in Fig. 5. When comparing the structural phase constant and bulk
modulus of these materials (depicted in Figs. 4 and 5), a consistent pattern emerges: an augmentation
of the lattice constant corresponds to a reduction in the bulk modulus.
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Fig. 4. Variation of the lattice parameter as a function of concentration for BBi;.. Pxand BBi|.« As (solid
line), compared with that obtained by Vegard's law (dotted line).
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Fig. 5. Variation of the compressibility modulus as a function of concentration for BBi;.. P and BBi;. Asx
(solid line), compared with that obtained by the law of linear concentration dependence (dotted line).

3.2. Electronic band structure analysis

The structural electronic bands of the investigated alloys were computed using WC-GGA
and mBJ approximations. The mBJ method was specifically applied to present the energy band gaps,
while the optimization of the structural phase constant was carried out using the WC-GGA
approximation. Initially, the gap energies of the materials BBi, BP, and BAs were determined.

Band structures were computed along high-symmetry directions within the first BZ of a
(zinc blende, NaCl, and CsCl). These compounds exhibit bandgap semiconductor behavior, with
specific features such as (I'-Amin) and (I'-M) characteristics in zinc blende phase.

Direct band gap phases, known for their excellent optical characterizations, find applications
in devices such as light detectors or emitters (e.g., LEDs and lasers) [42-44]. On the contrary, indirect
gap structures lack efficient light interaction without heat, leading to disruptions in their electronic
properties and resulting in poor electron/phonon-type interactions. Table 5 outlines the diverse band
gap values. Notably, for materials in the ZnS stucture, the Interdite-gap value using mBJ aligns
closely with theoretical and experimental works [45, 46, 47]. Regarding the material BAs, the
interdite-gap obtained through WC-GGA is in proximity to theoretical results. The application of
mBJ yields slightly higher band gaps than experimental values [48], but aligns well with specific
literature results.
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Table 5. Band gap energy Eg (eV) for binary compounds BBi, BAs and BP using the WC-GGA
approximation, mBj.

E,
Present results Exp. Other calculations
WC-GGA mBj
BP
Zinc blende T - A, 1.091 1.883 - 1.24546G6A) 1 91bmB)
1.831¢, 1.87",
NaCl 1.85KmBY),
CsCl 1.147XKWE-GGA) "1 86 31(mBj)
Meétallic Meétallic
Meétallic Métallic
Bas
Zincblende T — Ay, | 1.223 1.721 1.60° 1.214@G6A) 1 25t
1.821&mB) 1 93¢ 1.674
NaCl 1.686™™BY 1 092m
CsCl Meétallic Meétallic
Meétallic Meétallic
BBi
Zinc blende Semi-metal semi-metal 0.352, 0.949°
NaCl and Mettalic®
CsCl Métallic Métallic
Métallic Métallic

“Ref [74], PRef [75], *Ref [80], ‘Ref [65], “Ref[76], Ref[69], *Ref [68], "Ref [77] , Ref [78], 'Ref [81], *Ref
[79],

Table 6. Energy gaps of the ternary alloys BBi;..P.and BBi;..As;.

Eg (eV)
Our results Exp. Other calculations

Alliage X WC-GGA mbj
BB 1.xPx 0.25 0.88 1.31 1.082

0.5 1.13 1.53 0.902

0.75 1.16 1.77 1.23%
BBi.xAsx 0.25 0.35 0.81

0.5 0.94 1.45

0.75 1.15 1.91

aRef [75]

The electronic properties of BBijx Px and BBi;.x Asy alloys were studied by analyzing the
band structure (Fig. 6) for different concentrations x in the most stable phase (zinc blende). The
results obtained are illustred in Table 6. The agreement between the gaps obtained by the mBJ
approximation and those calculated experimentally for the binary materials BBi, BAs, and BP
reinforces the reliability of the interdit band calculated for the alloys at different concentrations.

BBijxAsx:
EgV€=664 = —0.05715 + 2.04354X — 0.76383X>
Ey"™ = —0.04898 + 4.16033X — 2.27416X?
BBij.Px:

E;’C‘GGA = 0.087 + 3.0952X — 2.144X?

Ey"™ = 0.11846 + 4.56754X — 2.95314X?
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Fig. 6. Variation of the energy gap of the BBi;.. As. and BBi,.. Px alloy as a function of the concentration
using the WC-GGA and mBj approximations.

The quadratic terms in these equations represent the "disorder parameters" obtained, and
they are illustrated in Table 7. These parameters play a crucial role in understanding the electronic
characterizations of the alloys. The difference between the values of the lattice parameters of the
parent binary compounds and the difference of the electronegativities [49, 50] of the atoms
constituting the alloy are the main parameters influencing the nature and the value of the energy
deficit.

Table 7. Parameters of disorder b of the alloys BBi,..Pyand BBi,..As. calculated by the Zunger method and
by the quadratic adjustment.

Zunger approach Qadratic fits
Alloy x _mBj WC-GGA mBj WC-GGA
BBi«Px byp -1.8157 -1.10008
bce  0.346 0.7174
bse  2.765 3.8654
b 1.2953  3.48272 -2.9531 -2.144
BBijxAsy by -1.20 -0.8328
bee  -4.18 -3.126
bse  3.02  4.9016
b -2.35  -0.6788 -2.2741 -0.7638

In this methodology, the disorder parameter (b) is:

Volumetric Deformation (bVD): This contribution accounts for the effect of volumetric
strain on the energy gaps of the alloys.

Charge Exchange (bCE): The bCE contribution reflects the charge transfer between atoms
at the value of the lattice parameter a(x). It quantifies the energy difference between the binary
compounds and the alloy due to charge redistribution.

Structural Relaxation (bSR): This contribution measures the change due to structural
relaxation, which captures the energy difference between the alloy and its equilibrium lattice
parameter. It reflects the change from unrelaxed to relaxed states.

3.3. Optical characterizations

The optical characteristics of a solid are commonly expressed in terms of the complex
dielectric function &(®), where: g(®) = &i1(®) + ie2(w) [51].

Here:

€1(m): (o) represents the real part of the dielectric function.
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&(w): represents the imaginary part of the dielectric function, associated with the absorption
of light and energy dissipation within the material.

The dielectric function provides essential information about how a material interacts with
electromagnetic radiation across different frequencies () [52, 53]. It plays a critical role in
understanding various optical properties of solids, including absorption, reflection, transmission,
and dispersion.

The refractive index of semiconductors holds significant importance as it is a crucial
physical parameter linked to microscopic atomic interactions. Additionally, the refractive index n(w)
is intricately connected to the energy band structure of the material. Consequently, several efforts
have been made to establish relationships between the refractive index and the energy gap through
various models [53, 57].

Commonly employed models include:

Sellmeier Equation: A phenomenological equation that describes the refractive index as a
function of wavelength or frequency. It typically involves fitting experimental data to a sum of terms
with coefficients called Sellmeier coefficients.

Wemple-DiDomenico Model: This model connects the n(w) with the interdit band value in
semiconductors. It provides a relation between the refractive index and the energy gap based on the
complex dielectric function and the energy band structure.

Single Oscillator Model: A simple model that assumes a single electronic oscillator and
relates the refractive index to the interdit band value. It provides a straightforward way to understand
the optical properties of semiconductors but may lack accuracy for complex materials.

Effective Mass Approximation: In this model, the energy band structure near the band edge
is approximated by a parabolic dispersion relation. The refractive index can be related to the
effective mass of charge carriers and the energy gap.

These models offer different levels of complexity and accuracy in describing the
relationship between the refractive index and the energy gap of semiconductors, making them
valuable tools for understanding and predicting optical properties in various semiconductor
materials.

The provided description outlines the optical characteristics of various materials, including
binary compounds (BX (X= Bi, As and P) and alloy materials (BBi;«Px and BBii.xAsx) across
different compositions. Here's a summary of the key findings:

3.3.1. The dielectric function (¢1(w))

The provided information highlights the max peak result of the (g1(®)) for various materials
and compositions. These peak values are indicative of significant optical transitions within the
materials and can provide insights into their electronic structure and optical properties.

For the binary compounds: (Fig.7 and 8)

For BBi, the maximum peak result at 1.87 eV.

For BP, the value occurs at 5.71 eV.

For BAs, the value occurs at 5.223 eV.

For the ternary alloy compositions:

For BBi,xPx (x=0.25-0.75), the maximum peak values are identified at 2.33, 3.43, and 4.64
eV, respectively.

For BBii«Asx (x=0.25-0.75), the maximum peak values occur at 3.613, 4.321, and 5.110
eV, respectively.

These peak values provide important information about the energy levels involved in optical
transitions within the materials. By analyzing the dielectric function and its peaks, researchers can
gain insights into the materials' electronic band phase, bandgap energies, and optical absorption
properties.
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Fig. 7. The variation of the real part of the dielectric function as a function of the energy of the BBi, BAs, BP
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Fig. 8. The variation of the real part of the dielectric function as a function of the energy of the the ternary

alloys BBi;..Px and BBi|. Asy.

3.3.2. The dielectric function (&:(w))
The information provided describes additional peaks in the real part of the dielectric

function associated with interband transitions, with varying maximum values for different materials
and alloys. These peaks are indicative of specific electronic transitions within the materials and
provide insights into their electronic band structure and optical properties. (Fig. 9 and 10)

For the binary compounds:

For BBi, the maximum peak value associated with interband transitions occurs at 4.237 eV.
For BP, the maximum peak value occurs at 5.37 eV.

For BAs, the maximum peak value occurs at 5.156 eV.
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For the ternary alloy compositions:
For BBi;«Px (x=0.25-0.75), additional peak values are found at 4.56, 5.34, and 5.46 eV,
respectively.
For BBiixAsy (x=0.25-0.75), additional peak values occur at 7.32, 6.43, and 6.22 eV,
respectively.
These additional peaks, along with the primary peaks previously mentioned, are associated
with transitions involving B 2p states, Bi 6p states, and P and As3p and 4p states. Understanding
these interband transitions is essential for characterizing the optical properties of the materials and
designing devices based on their optical response.
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Fig. 9. The variation of the imaginary part of the dielectric function as a function of the energy of the BBi,
BAs, BP compounds.
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Fig. 10. The variation of the imaginary part of the dielectric function as a function of the energy of the
ternary alloys BBi; <P, and BBi;..As..
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3.3.3. Absorption coefficient evolution

The provided information describes the fundamental absorption thresholds and maximal
values of the absorption coefficient for each material and alloy, reflecting variations in their optical
properties.

For the binary compounds: (For Fig. 11 and 12)

For BB, the fundamental absorption threshold starts at around 0.041 eV, with a maximal
value of the absorption coefficient occurring at 5.879 eV.

For BP, the fundamental absorption threshold starts at around 0.662 eV, with a maximal
value of the absorption coefficient occurring at 8.321 eV.

For BAs, the fundamental absorption threshold starts at around 0.975 eV, with a maximal
value of the absorption coefficient occurring at 4.541 eV.

For the ternary alloy compositions:

For BBio.75Po.25, BBigsPos, and BBig2sPg 75, the fundamental absorption thresholds start at
around 0.683, 0.517, and 0.594 eV, respectively.

For BBiy.75A80.25, BBigsAso s, and BBig2sAso.7s, the fundamental absorption thresholds start
at around 0.0334, 0.4567, and 0.6784 eV, respectively.

The maximal values of the absorption coefficient occur at different energy levels for each
material and alloy, reflecting their unique optical properties. These energy levels correspond to
specific electronic transitions within the materials, providing insights into their electronic band
structure and optical response.

Understanding the fundamental absorption thresholds and maximal absorption values is
crucial for designing and optimizing materials for various optoelectronic applications, including
solar cells, photodetectors, and light-emitting devices. By tailoring the optical properties of materials
through compositional adjustments, researchers can enhance their performance in these applications.
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Fig. 11. The variation of the absorption as a function of the energy of BBi, BP and BAs compounds.
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3.3.4. Refractive index (n(w))

Maximum values of the refractive index are observed at specific energy levels for each
material and alloy (Fig.13 and 14). Static values of the dielectric function &;(0) and refractive index
n(0) are in agreement with prior theoretical data, considering different approximations. The curves
indicate maximum values at the energy levels of 1.401, 1.657, 2.304, 2.697, and 3.713 eV for BBi,
BBiojsASo,zs, BBio,sASo_s, BBio,zsASojs, and BAs and, 2.301, 2.217, 2.884 and 3.797 eV for
BBio.75Po.25, BBiosPos, BBig2sPo 75, and BP, respectively (Table 8 and 9).

Table 8. The dielectric function g;(0) and the refractive index n(0) calculated for the compounds.

Present results Other results Present results Other results
WC-GGA & (0) We-GGA n(0)
BP 9.6010 8.12° 3.0536 3.332
BBi 22.124 4.6888
BAs 10.220 3.2188

aRef [75]

Table 9. The static dielectric function &;(0) and the static refractive index n(0) calculated for the ternary
alloys BBi;..P.and BBi;..As;.

Our results Other calculations
WC-GGA
Alloy & n(0) & n(0)

BBio.75Po.2s 17.0451 4.2315 12.4? 2.233
BBig.sPos 12.5533 3.6719 10.72 3.442
BBig.25Po.75 10.3972 3.4313 9.32 4.512
BBio.75AS80.25 15.6751 3.9703

BBipsAso s 12.9463 3.6731

BBio.25As0.75 11.3742 3.3312

“Ref [75]
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3.3.5. Reflectivity

Changes in reflectivity across the energy spectrum are depicted, with peak values indicating
potential suitability for applications in the infrared range (Fig. 15 and 16). Overall, the analysis
provides insights into the optical behavior of the studied materials and alloys, highlighting their
potential for various applications in photonics, optoelectronics, and related fields. The curves exhibit
peak values of 42% (BBi), 38% (BBio.75A80.25), 32% (BBiosAsos), 30% (BBio25sAso.75), 27% (BAs),
25% (BBio,75Po_25), 32% (BBio,sPo_s), 33% (BBio,zsPon), and 29% (BP).
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4. Conclusion

In this work, the fundamental properties of BBijxAsx and BBi;.«\Px ternary alloys were
thoroughly investigated using the ab-initio method. framework. Here are the key findings and
conclusions:

Structural Parameters: The computed lattice parameters and compressibility modulus
closely matched both reference values, indicating the reliability of the computational approach.

Electronic Band Structure Analysis: The analysis revealed an indirect band gap for BBi,
BAs, and BP, as well as their ternary alloys BBi;xAsx and BBi;«Px. The calculated gap values,
obtained using both the WC-GGA and mBJ functionals, showed good agreement with existing
theoretical data.
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Optical Properties: Optical properties, such as the complex dielectric function and refractive
index, were investigated. The obtained results were consistent with those derived from other
theoretical calculations, further validating the accuracy of the computational method.

In summary, this study provides a comprehensive understanding of BBiixAsx and BBi;«Px
ternary alloys, shedding light on their electronic, optical, and structural behavior. The findings not
only confirm the reliability of the computational approach but also contribute to the broader
knowledge of these materials, facilitating further exploration and applications in semiconductor
technologies.
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