
 J. Theor. Appl. Phys., 2026; 20(4): 403-413 

 

Journal of Theoretical and Applied Physics 

(JTAP) 

https://doi.org/10.57647/jtap.2026.2004.06 

Research Article 

First-Principles Investigation of the Structural, 

Electronic, and Optical Properties of Tl1-xBxN 

Alloys in the Zinc-Blende Phase 

 

Abed Zoulikha* , Abdelali Laid* , Lachabi Abdelhadi, Abid Hamza 

 

Applied Materials Laboratory, Research Center, Sidi Bel Abbes University, 22000, Algeria 

*Corresponding author: zoulikhaabed3@gmail.com, laid.abdelali@univ-sba.dz 

 

Article History: 

Received: 

04 February 2026 

Revised: 

25 February 2026 

Accepted: 

04 April 2026 

Published online: 

17 April 2026 

Published in Issue: 

31 August 2026 

 

 

 

 

 

 

 

©2026 the Author(s). Published by 

the OICC Press under the terms of 

the © CC BY 4.0, Creative 

Commons Attribution License, 

which permits use, distribution and 

reproduction in any medium, 

provided the original work is 

properly cited. 

Abstract 

In this work, a comprehensive first-principles investigation of the structural, electronic, and 

optical properties of Tl₁₋ₓBₓN (x = 0.25, 0.50, and 0.75) alloys crystallizing in the zinc-blende 

phase is presented. To the best of our knowledge, a systematic theoretical study of these ternary 

alloys combining structural optimization, electronic structure analysis, and optical response 

including spin–orbit coupling effects has not been reported previously. The calculations were 

performed within density functional theory using the generalized gradient approximation. The 

optimized lattice parameters were obtained from total energy–volume calculations and exhibit a 

composition-dependent trend consistent with Vegard’s law, confirming the structural stability 

of the considered alloys. The electronic band structures reveal a pronounced dependence of the 

band gap on boron concentration, demonstrating the possibility of band gap engineering through 

composition tuning. The inclusion of spin–orbit coupling leads to a noticeable modification of 

the electronic structure and a reduction in the band gap, reflecting the significant relativistic 

effects associated with thallium atoms. The optical properties were analyzed in the photon 

energy range of 0 - 14 eV. The calculated dielectric function, absorption coefficient, refractive 

index, and reflectivity show strong sensitivity to boron content, indicating tunable optical 

behavior. Overall, the results highlight the potential of Tl₁₋ₓBₓN alloys for advanced 

optoelectronic and photonic applications, particularly in tunable semiconductor and ultraviolet 

device technologies. 
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1. Introduction 

 

Compound semiconductors are among the fundamental 

building blocks for modern optical and electronic 

technologies due to their high tunability of structural, 

electronic, and optical properties through adjustments in 

chemical composition and crystal structure. In this context, 

Tl₁₋ₓBₓN alloys are of particular interest, given the scarcity 
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of both theoretical and experimental studies on these 

materials.  

Incorporating thallium, with its distinctive electronic 

characteristics, into boron-based nitrides offers a 

promising route to engineer the band gap, refractive index, 

and spectral absorption properties, while also influencing 

structural parameters and electronic behavior. These 

features make Tl₁₋ₓBₓN alloys strong candidates for 

applications in solar cells, photodetectors, and optical 

communication devices.   

Previous studies on similar systems have shown that 

varying the chemical composition can significantly alter 

their optical, electronic, and structural characteristics.  

For instance, in Ga₁₋ₓInₓSb alloys, increasing indium 

concentration leads to a higher static dielectric constant, 

consistent with a reduction in band gap energy, while the 

onset and main peaks in the imaginary part of the dielectric 

function closely follow the corresponding band gap values 

[1].  

Likewise, investigations on BNₓAs₁₋ₓ alloys have 

demonstrated that the refractive index and optical dielectric 

constant vary nonlinearly with nitrogen content, reflecting 

the complex influence of composition on optical response 

[2]. Furthermore, studies on TlInN have shown that 

incorporating thallium results in a linear decrease in the 

band gap with increasing Tl content, accompanied by 

noticeable changes in lattice parameters, suggesting that 

Tl-containing InN systems are promising for optical and 

optoelectronic applications in the infrared range [5]. In 

TlxGa₁₋ₓAs alloys with x < 0.75, the direct band gap 

semiconductor nature is preserved, whereas compositions 

with x ≥ 0.75 exhibit semi-metallic behavior. Significant 

changes in absorption, reflectivity, and refractive index 

were also reported, highlighting the considerable potential 

of these alloys for optoelectronic applications, particularly 

in infrared detection [3].  

First-principles calculations comparing TlGaAs and 

InGaAs further demonstrated that Tl₀.₂₅Ga₀.₇₅As exhibits 

higher quantum efficiency for infrared detection at a 

wavelength of approximately 2500 nm than its 

counterparts [4].  

Additionally, B₁₋ₓTlₓN alloys have been proposed as 

promising materials for both infrared and visible spectral 

ranges, as analysis of the dielectric function and refractive 

index revealed strong optical activity in these regions [6]. 

Moreover, the thallium content in compounds such as 

TlxAl₁₋ₓP has been shown to affect the curvature 

parameters of the electronic band gap, thereby influencing 

their optical properties [7].  

Several theoretical studies have also investigated the 

electronic properties of zinc-blende semiconductor alloys 

using pseudopotential methods, demonstrating that the 

electronic parameters may vary non-linearly with alloy 

composition [28]. 

Based on this background, the present work aims to 

conduct a comprehensive study of the structural, 

electronic, and optical properties of Tl₁₋ₓBₓN alloys at 

different compositions, including the effects of spin–orbit 

coupling (SOC) on the electronic structure. Other 

important electronic parameters, such as electron and hole 

effective masses, which are crucial for carrier transport and 

device applications, will be addressed in a future study.  

The findings are expected to contribute to the scientific 

understanding of these materials and open new possibilities 

for designing tailored optical and optoelectronic materials 

for future technological applications. 

 

2. Computational method 

 

The calculations were performed within the framework of 

density functional theory (DFT) by solving the Kohn–

Sham equations using the full-potential linearized 

augmented plane wave (FP-LAPW) method as 

implemented in the WIEN2k simulation package [1, 8]. 

The exchange–correlation potential was described within 

the generalized gradient approximation (GGA) using the 

Perdew–Burke–Ernzerhof (PBE) parameterization [9]. In 

addition, the Engel–Vosko generalized gradient 

approximation (EV-GGA) was employed to provide a 

more accurate description of the electronic structure, 

particularly for the evaluation of electronic and optical 

properties [26].   

The compounds were modeled in the zinc-blende (ZB) 

structure.  

To simulate different boron concentrations (x = 0.25, 0.5, 

and 0.75), a 2×2×2 supercell was constructed. Selected 

boron (B) atoms were replaced by thallium (Tl) atoms to 

achieve the desired compositions while preserving periodic 

boundary conditions and crystal symmetry [10].  

The muffin-tin radii (RMT) were carefully chosen to avoid 

sphere overlap, and the plane-wave cutoff parameter was 

set to RMT·Kmax = 7.0.  

The energy cutoff separating core and valence states was 

fixed at –6.0 Ry. 

Brillouin zone integrations were performed using a 

Monkhorst–Pack k-point mesh of 11×11×11, 

corresponding to 56 irreducible k-points [11].  

The valence electronic configurations of the constituent 

atoms were considered as follows: Tl: [Xe] 4f¹⁴5d¹⁰6s²6p¹, 

B: [He] 2s²2p¹, and N: [He] 2s²2p³.  

These configurations ensure the inclusion of orbitals that 

mainly contribute to interband transitions, particularly the 

Tl 6p states, which play a significant role in the formation 

of the conduction band [12].  
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Finally, the optical properties of all investigated 

compounds were calculated in the photon energy range of 

0–14 eV. 

 

3. Results and discussion 

 

3.1. Structural properties 

 

The optimized lattice parameter (a) and bulk modulus (B₀) 

of Tl₁₋ₓBₓN alloys calculated within the GGA and 

GGA+SOC approximations are summarized in Table 1. 

The structural parameters were obtained through a 

geometry optimization procedure in which the total energy 

of the unit cell was minimized with respect to the unit cell 

volume within the GGA-PBE approximation [27].  From 

the obtained results, it is clearly observed that the lattice 

constant decreases progressively with increasing boron 

concentration (x = 0.25–0.75).  

Specifically, the lattice parameter decreases from 4.94675 

Å for Tl₀.₇₅B₀.₂₅N to 4.11640 Å for Tl₀.₂₅B₀.₇₅N (GGA 

results).  

This behavior can be attributed to the significant difference 

in atomic radii between Tl and B atoms, where boron has a 

much smaller atomic radius than thallium.  

Consequently, increasing the boron content leads to a 

contraction of the crystal lattice.  

In contrast, the bulk modulus (B₀) exhibits an opposite 

trend, increasing from 112.0870 GPa to 240.9058 GPa as 

the boron concentration increases.  

This indicates that the material becomes mechanically 

harder and less compressible with higher boron content. 

The increase in B₀ suggests stronger bonding interactions 

due to the shorter bond lengths and the enhanced covalent 

character introduced by boron atoms. 

The inclusion of spin–orbit coupling (SOC) produces only 

minor variations in the lattice parameter and bulk modulus, 

indicating that SOC has a negligible influence on the 

structural properties of Tl₁₋ₓBₓN alloys.  

This behavior is expected since SOC mainly affects the 

electronic structure rather than the equilibrium geometry. 

The total energy values confirm the stability of the 

optimized structures for all studied compositions.  To the 

best of our knowledge, no previous theoretical or 

experimental studies have reported structural data for 

Tl₁₋ₓBₓN alloys in the zinc-blende phase. Therefore, a 

direct comparison with earlier results is not possible, and 

the present calculations may serve as reference data for 

future investigations.  

As shown in Table 1, the inclusion of spin–orbit coupling 

(SOC) produces only minor variations in the lattice 

parameter and bulk modulus.  

This confirms that SOC has a negligible effect on the 

structural properties of Tl₁₋ₓBₓN alloys.  

The calculated total energy values further support the 

stability of the optimized structures for all studied 

compositions.  

The gradual decrease in the lattice constant with increasing 

boron concentration can be primarily attributed to the large 

difference in atomic radii between boron and thallium. 

Since the boron atom is considerably smaller than thallium, 

its incorporation into the lattice leads to a contraction of the 

crystal structure [25].  

This behavior is approximately consistent with Vegard’s 

law [24], indicating a nearly linear variation of the lattice 

parameter with composition.   

Furthermore, the reduction in crystal volume is 

accompanied by a strengthening of the interatomic 

interactions due to the enhanced overlap of electronic 

orbitals.  

This increase in the electronic density within the bonds 

results in a higher bulk modulus (B₀). Therefore, as the 

boron concentration increases in Tl₁₋ₓBₓN alloys, the 

material becomes mechanically stiffer and less 

compressible, reflecting an improvement in structural 

cohesion.  

The compositional dependence of the lattice parameter and 

bulk modulus is further illustrated in Figures 1 and 2. The 

nearly linear variation of the lattice constant confirms the 

approximate validity of Vegard’s law, while the monotonic 

increase in the bulk modulus (B₀) reflects the progressive 

strengthening of interatomic bonding with increasing 

boron concentration. 

 

Table 1. Optimized structural parameters of Tl₁₋ₓBₓN alloys in the zinc-blende phase calculated using GGA and GGA+SOC methods 

Material Method a (A°) B0 (GPa) E (Ry) 

Tl075B0.25N GGA 4.94675 112.0870 -244441.590256 

GGA+ SOC 4.94805 110.3503 -244438.112667 

Tl0.5B0.5N GGA 4.45280 178.2332 -163382.687595 

GGA+ SOC 4.45525 182.1452 -163383.243294 

Tl0.25B0.75N GGA 4.11640 240.9058 -82328.301905 

GGA+ SOC 4.1176 246.2844 -82328.522996 
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Figure 1. Calculated lattice constant of the Tl₁₋ₓBₓN alloy as a function of composition, compared with Vegard’s law 

 

 
Figure 2. Calculated bulk modulus of the Tl₁₋ₓBₓN alloy as a function of composition 

 

3.2. Electronic properties 

 

The study of the electronic properties of Tl₁₋ₓBₓN alloys is 

essential for understanding the behavior of these ternary 

compounds, which combine elements with strong contrasts 

in electronegativity and atomic size, namely thallium and 

boron. In the zinc-blende structure, the energy band 

distribution results from a significant hybridization 

between the heavy thallium orbitals and the lighter boron 

contributions, making the band gap particularly sensitive 

to the computational approach employed. Therefore, the 

analysis of the band structure and the electronic density of 

states (DOS) was carried out using the GGA 

approximation, both with and without spin–orbit coupling 

(SOC). This comparative approach allows us to highlight 

the influence of SOC on the band edges and provides a 

clear baseline for understanding the electronic behavior of 

Tl₁₋ₓBₓN alloys as a function of boron concentration. 
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Figure 3. Band structures and total density of states (DOS) of Tl₁₋ₓBₓN alloys for different boron concentrations (x = 0.25, 0.5, 0.75) calculated using GGA 

and GGA+SOC: (a) x = 0.25, (b) x = 0.5, (c) x = 0.75 
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Table 2. Calculated band gaps (E₉) at the Γ–Γ point for Tl₁₋ₓBₓN alloys 

using GGA and GGA+SOC 

Material 
Eg Γ–Γ (eV) 

GGA GGA+SOC 

Tl₀.₇₅B₀.₂₅N Semi-metal Metal 

Tl₀.₅B₀.₅N Semi-metal Semi-metal 

Tl₀.₂₅B₀.₇₅N 2.86557 2.78433 

 

The calculated band structures, along with the total density 

of states (DOS), for all studied boron concentrations are 

illustrated in Figure 3.  

Figure 3 presents the results for (a) x = 0.25, (b) x = 0.5, 

and (c) x = 0.75. Although DOS is included in the figure, 

the focus here is on the evolution of the conduction and 

valence bands, which clearly demonstrates the transition 

from semi-metallic to semiconducting behavior with 

increasing boron content 

The calculated band gaps at the Γ–Γ point are summarized 

in Table 2. For the lowest boron concentration (x = 0.25), 

the alloy exhibits semi-metallic behavior under both GGA 

and GGA+SOC approximations, indicating a negligible or 

zero band gap. This is attributed to the dominance of 

thallium orbitals in the conduction band, which strongly 

hybridize with the valence states, leading to band overlap 

and metallic character.  At an intermediate composition (x 

= 0.5), the alloy remains semi-metallic, suggesting that the 

increasing boron content is not yet sufficient to open a 

significant band gap. The electronic structure in this regime 

reflects a competition between the small atomic radius and 

high electronegativity of boron, which tends to localize the 

valence states, and the delocalized thallium orbitals, which 

favor metallic conduction.  For the highest boron 

concentration (x = 0.75), a direct band gap emerges at the 

Γ point, with values of 2.86557 eV for GGA and 2.78433 

eV for GGA+SOC.  

The slight reduction in the band gap when including SOC 

indicates that relativistic effects slightly perturb the 

conduction band minimum and valence band maximum, 

without drastically changing the overall electronic nature 

of the alloy. The opening of the band gap with increasing 

boron content can be attributed to the smaller atomic size 

and higher electronegativity of boron compared to 

thallium, which enhances orbital localization and increases 

the energy separation between valence and conduction 

bands.   

Overall, these results reveal a composition-dependent 

transition from semi-metallic to semiconducting behavior 

in Tl₁₋ₓBₓN alloys. This trend suggests that tuning the 

boron concentration is an effective strategy to engineer the 

band gap, which is critical for potential applications in 

optoelectronic devices, such as infrared detectors and solar 

cells. Moreover, the minor effect of SOC implies that 

relativistic corrections primarily influence the fine 

structure of electronic states, rather than the overall band 

gap magnitude. 

 

3.3. Optical properties 

 

Before analyzing the optical properties of the Tl1-xBxN 

alloys, it is relevant to briefly recal the key electronic 

features obtained from our structural optimization, 

performed within the GGA approximation, and subsequent 

band structure calculations. For the composition with 

x=0.75, the results reveal a direct semiconducting gap of 

Eg≈2.87 eV (Г-Г transition), whereas the alloys with 

x=0.25 and x=0.50 display a semi metallic character with 

negligible band separation. These differences in the 

electronic nature are expected to govern the onset of 

interband transitions and, therefore, have a strong influence 

on the optical response. A detailed investigation of the 

structural and electronic properties will be presented in a 

separate scientific article, while the present work focuses 

exclusively on the optical behavior. Based on these 

electronic trends; the following sections present and 

discuss the calculated dielectric function, refractive 

indices, absorption coefficients, reflectivity, and energy-

loss spectra for the studied compositions. 

To accurately interpret these optical properties, we first 

present the fundamental equations used to calculate the key 

optical parameters, starting with the dielectric function: 

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) (1) 

The imaginary part 𝜀2(𝜔) was computed using the 

momentum matrix elements between occupied and 

unoccupied states, while the real part 𝜀1(𝜔) was obtained 

by applying the Kramers-kronig transformation [13]. all 

calculations were performed with high precision, using a 

total energy convergence criterion of 10-4Ry. As previously 

mentioned, this work provides a detailed presentation and 

analysis of the main optical properties, such as the 

refractive index and the absorption coefficient, which are 

determined according to relations (2) and (3), respectively. 

𝑛(𝜔) = ⟦
𝜀1(𝜔)

2
+

√𝜀1
2(𝜔) + 𝜀2

2(𝜔)

2
⟧

1 2⁄

 (2) 

𝛼(𝜔) =
4𝜋

𝜆
𝑘(𝜔) (3) 

In these relations, k represents the extinction coefficient, 

while λ refers to the wavelength of light in vacuum. Further 

details on the methodology used to calculate these optical 

properties can be found in the works of Ambrosch-Draxl 

and Sofo [14, 15, 16]. On the other hand, the reflectivity 

R(ω) is one of the key optical parameters that reflects the 

interaction of light with the electronic structure of a 
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material. This parameter directly depends on both the real 

refractive index n(ω) and the absorption coefficient k(ω), 

and in the general case is given by: 

𝑅 =  
(𝑛 − 1)2 + 𝑘2

(𝑛 + 1)2 + 𝑘2
 (4) 

In the special case whee the material is transparent or 

nearly transparent, i.e, when the absorption coefficient is 

neglected (k=0), the expression simplifies to: 

𝑅 = (
𝑛 − 1

𝑛 + 1
) (5) 

Reflectance spectroscopy is a powerful technique for 

studying electronic systems, providing insights into 

interband transitions, band structure, and the material’s 

intrinsic optical properties [17].  

To check the optical properties of solids the energy –Loss 

function (L(ω)) is one of the most important quantities. The 

energy –Loss function is proportional to the probability of 

energy loss (E) in unit of length as an electron is moving 

through the environment and it is given by: 

𝐿(𝜔) = 𝑙𝑚 (−
1

𝜀(𝜔)
) =

𝜀2
2

𝜀1
2 + 𝜀2

2 (6) 

The primary peak in the energy-loss function, referred to 

as the Plasmon peak, reflects the excitation of the bulk 

charge density within the crystal. 

In the design of optoelectronic devices, a precise 

understanding of key optical parameters is essential. These 

properties can be evaluated based on electronic transitions, 

as described by the time-dependent perturbation of the total 

electronic state [18] . 

Firstly, we will investigate the optical properties of Tl1-

xBxN Alloys at concentrations x= 0.25, 0.50, and 0.75, by 

analyzing the real 𝜀1(𝜔) and imaginary 𝜀2(𝜔) parts of the 

dielectric function, as well as the refractive index 𝑛(𝜔) 

over a wide energy range [0-14 eV].  

This analysis will allow us to determine the effect of 

varying boron concentration on the optical response of the 

materials across different regions of the electromagnetic 

spectrum. 

The calculated imaginary part  𝜀2(𝜔), the real part 𝜀1(𝜔) , 

and the refractive index are shown in Figure 4, 5 and 6 of 

Tl0.75B0.25N, Tl0.5B0.5N, and Tl0.25B0.75N respectively. 

The results revealed a gradual transition from 

semiconducting to semimetallic behavior with decreasing 

boron concentration.  

For the compound at x= 0.75 (Tl0.25B0.75N), absorption 

starts at around 3 eV, with pronounced peaks in the range 

of 7-10.5 eV, indicating a direct band gap of about 3 eV. 

At x = 0.5 (Tl0.5B0.5N), absorption begins at lower energies 

(~1 eV) with a strong peak at 4 eV, then stabilizes at 

relatively low values within the 10-14 eV range, reflecting 

a semi metallic character.  

In contrast, the compound at x = 0.25 (Tl0.75B0.25N) exhibits 

absorption nearly from zero with distinct peaks below 2.5 

eV, followed by a gradual decrease up to 14 eV, confirming 

metallic behavior.  

Moreover, the real part of the dielectric function at zero 

increases as the boron concentration decreases, taking 

values of 6, 9, and 19 for the three compounds, 

respectively.  

The static imaginary dielectric constant in the studied 

compounds decreases as band gap increases [20].  

In parallel, the Plasmon energy (where 𝜀1 vanishes) shifts 

from about 9.5 eV at x = 0.75 to ~7.1eV at x = 0.5, and 

further decreases to below 2.5 eV at x = 0.25. From our 

results, the compound with boron concentration x= 0.75 

exhibits a clear energy band gap in the visible range and is 

consistent with Penn’s model 𝜀1(0) = 1 + (
ℎ𝜔𝑝

𝐸𝑔
)2 [22]. 

The static refractive index takes the values n (0) ≈ 2.5, 3.0, 

and 4.4 respectively, then gradually decreases with 

increasing photon energy, reaching its minimum around 14 

eV, Overall, these results demonstrate that controlling the 

boron concentration enables tuning of the optical response 

of Tl1-xBxN compounds, allowing the transition from a 

direct-gap semiconductor to a semimetal with strong 

plasmonic features. 

This makes the series promising for advanced optical and 

photonic applications, in agreement with previous studies 

on ENZ phenomena and plasmons in similar systems [19]. 

After completing the study and analysis of the previously 

discussed optical properties, we proceed to examine and 

analyze the behavior of the remaining optical parameters, 

including the absorption coefficient, reflectivity, and 

energy loss function.  

 

0

10

20

30

e 1(w
)

e 2(w
)

(c)

(b)

(a)

10

20

0 2 4 6 8 10 12 14
0

2

4

6

Tl
0.75
B
0.25
N

n
 (

w
)

Energy, E(eV)
 

Figure 4. a, b, c. Real and Imaginary Parts of the Dielectric Function ε1(ω) 

and ε2(ω), and Refractive Index n(ω) of the Tl0.75B0.25N compound

  

https://doi.org/10.57647/jtap.2026.2004.06


410                                                                                                                                                                        Abed et al., J. Theor. Appl. Phys., 2026; 20(4) 

 

      10.57647/jtap.2026.2004.06 

0

5

10

15

e 1
(w

)
e 2

(w
)

(c)

(b)

(a)

5

10

15

0 2 4 6 8 10 12 14
0

2

4

Tl0.50B0.50N

n
 (

w
)

Energy, E(eV)
 

Figure 5. a, b, c. Real and Imaginary Parts of the Dielectric Function ε1(ω) 

and ε2(ω), and Refractive Index n(ω) of the Tl0.5B0.5N compound 
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Figure 6. a, b, c. Real and Imaginary Parts of the Dielectric Function ε1(ω) 

and ε2(ω), and Refractive Index n(ω) of the Tl0.25B0.75N compound 

 

These quantities show evident variations in figures 7, 8, 

and 9, for the same compounds and for the concentrations 

0.25, 0.5, and 0.75, respectively.  

The absorption coefficient is one of the key properties of 

optoelectronic materials, defined as the amount of light 

absorbed per unit length of the material [18]. 

When optoelectronic materials absorb light, electrons are 

excited from one energy band to another.  

A good absorber material can capture all incident 

electromagnetic radiation, allowing the complete 

excitation of electrons.  

However, if the photon energy is lower than the material’s 

bandgap, the light absorption to occur; the photon energy 

must be greater than the bandgap energy [20]. Through the 

study of the absorption coefficient of the Tl1-xBxN 

compounds (x=0.75, 0.5, 0.25) it is evident that the optical 

behavior varies according to the boron concentration.  

The Tl0.75B0.25N compound exhibits the onset of absorption 

at a low photon energy of about 1 eV, reflecting early 

electronic transitions related to its semimetallic nature 

Prominent peaks are also observed at higher energies (>10 

eV) where the absorption exceeds 150104 cm-1 which is 

associated with transitions between deep valence bands 

and the conduction band. 

For Tl0.5B0..5N compound absorption begins at a slightly 

higher energy (~1.3 eV) with strong peaks appearing in the 

9.5-14eV range. the absorption intensity in this region 

surpasses 250x104cm-1 , indicating a high density of optical 

transitions in this energy domain  .in contrast , the 

Tl0.25B075N  compound (semiconducting) requires a larger 

photon energy (~3eV) to initiate absorption , consistent 

with the nature of semiconductors possessing wider band 

gaps its most pronounced peaks occur at higher energies ( 

> 9eV) with values also exceeding 250x104 cm-1 showing 

a trend similar to the other two compositions but shifted to 

higher energies. Regarding reflectivity the three 

compounds display clear differences at low photon 

energies (0eV), with values of about 0.4 for Tl0.75B0.25N, 

0.25for Tl0.5B0.5N and less than 0.2 for Tl0.25B0.75N. These 

results directly reflect the variation in electronic density at 

the Fermi level. Moreover, the reflectivity peaks correlate 

with those observed in the imaginary part of the dielectric 

function (ε2) confirming the strong link between absorption 

and reflectivity. 

It should be noted that plasma oscillation in metals or 

plasmas within the ultraviolet region always decouple from 

the lattice framework due to the rapid movements of 

electrons. This phenomenon explains why the plasmonic 

response appears independently of the crystal lattice and 

strongly influences both the absorption and reflectivity 

spectra [23]. For instance in Tl0.75B0.25N, a sharp drop 

occurs at 2.1 eV which coincides with the energy where ε1 

changes sign from positive, marking the onset of plasmonic 

response. For Tl0.25B0.75N regular oscillations in reflectivity 

emerge starting from 3eV, which is the same energy at 

which absorption begins.  

These oscillations persist at higher energies, with 

reflectivity reaching about 0.5 near 7 eV. As for the energy-

loss spectra their evolution closely follows the trend of the 

absorption coefficient with the positions of the peaks 

coinciding with those in absorption this correspondence 

reflects the collective nature of electronic excitations 

(Plasmon excitations).The value of the electron energy-

loss spectroscopy is related to the feature coupled with 

plasma oscillation [21].   

From these findings it can be concluded that increasing 

boron content gradually drives the compounds from semi 

metallic toward semiconducting behavior which explains 

the differences observed in the onset of absorption and 

reflectivity among the three compositions. 
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Figure 7. d, e, f. The absorption coefficient𝛼(𝜔), reflectivity R(ω), and 

energy loss function L(ω) of the Tl0.75B0.25N compound 

 

0,0

0,2

0,4

0,6

R
(w

)
a
 (

1
0

4

.c
m

-1

)

(f)

(e)

(d)

100

200

300

0 2 4 6 8 10 12 14
0,0

0,4

0,8

Tl0.50B0.50N

L
(w

)

Energy, E(eV)
 

Figure 8. d, e, f. the absorption coefficient 𝛼(𝜔), reflectivity R(ω), and 

energy loss function L(ω of the Tl0.5B0.5N compound 
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Figure 9. d, e, f.  the absorption coefficient 𝛼(𝜔), reflectivity R(ω), and 

energy loss function L(ω of the Tl0.5B0.5N compound 

4. Conclusion 

 

In this work, a comprehensive first-principles investigation 

of the structural, electronic, and optical properties of 

Tl₁₋ₓBₓN alloys in the zinc-blende phase has been carried 

out for different boron concentrations (x = 0.25, 0.50, and 

0.75). The structural optimization revealed a progressive 

decrease in the lattice parameter with increasing boron 

content, accompanied by a significant increase in the bulk 

modulus, indicating enhanced structural rigidity and 

stronger interatomic bonding. The calculated lattice 

parameters follow approximately Vegard’s law, 

confirming the compositional dependence of the structural 

properties.  The electronic band structure analysis shows a 

composition-dependent transition from semi-metallic to 

semiconducting behavior. Alloys with lower boron 

concentrations (x = 0.25 and 0.50) exhibit semi-metallic 

characteristics, whereas the composition with x = 0.75 

displays a direct band gap of about 2.87 eV at the Γ point. 

The inclusion of spin–orbit coupling produces a slight 

reduction in the band gap but does not significantly modify 

the overall electronic character of the alloys.  The 

calculated optical properties reveal a strong dependence on 

boron concentration. The evolution of the dielectric 

function, refractive index, absorption coefficient, 

reflectivity, and energy-loss spectra clearly reflects the 

underlying electronic structure. In particular, the 

absorption edge shifts toward higher photon energies as the 

boron content increases, consistent with the opening of the 

band gap.  

The plasmon peaks observed in the energy-loss spectra 

further confirm the collective electronic excitations within 

the studied compounds. 

Overall, the results demonstrate that tuning the boron 

concentration provides an effective strategy for controlling 

the electronic and optical response of Tl₁₋ₓBₓN alloys. The 

combination of tunable band gap, strong optical activity, 

and plasmonic features suggests that these materials could 

be promising candidates for advanced optoelectronic and 

photonic applications, including infrared detectors, optical 

sensors, and energy conversion devices. The present study 

provides valuable theoretical insights and reference data 

that may stimulate further theoretical and experimental 

investigations on thallium-based nitride alloys. 
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