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This work presents a detailed theoretical investigation of the structural, electronic, and optical properties of thallium-based (TlX) and 
boron-based (BX) compounds, where X = N, P, As, within the zinc-blende crystal structure. First-principles calculations were 
performed using density functional theory (DFT) within the generalized gradient approximation (GGA). The obtained results reveal 
that Tl-based compounds exhibit lower total energies compared to BX compounds, indicating higher structural stability. In terms of 
electronic behavior, BX compounds maintain their semiconducting nature. In contrast, TlX compounds show metallic or near-metallic 
characteristics due to the absence of an energy gap at the Fermi level. Furthermore, optical investigations demonstrate that TlX 
compounds possess higher static refractive indices and stronger absorption features in the low-energy region. These findings highlight 
the potential of Tl-based compounds for future applications in optoelectronic and photonic devices. Overall, this comparative study 
provides valuable insights for the design of advanced materials for electronic and energy-related technologies. 
Keywords: Thallium compounds; Boron compounds; First-principles calculations; Density functional theory (DFT); Electronic 
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1. INTRODUCTION
In recent years, the investigation of the structural, electronic, and optical properties of III-V semiconductors has 

attracted considerable attention due to their potential applications in advanced electronic and optoelectronic devices. Among 
these compounds, boron-based (B-V) and thallium-based (Tl-V) materials have emerged as promising candidates thanks to 
their unique electronic band structures, wide-ranging energy gaps, and favorable optical characteristics. These compounds 
have been extensively studied through both experimental techniques and first-principles calculations, especially those based 
on density functional theory (DFT), which remains a reliable and widely used approach for predicting the fundamental 
properties of materials at the atomic scale. It is evident that there has been a significant interest in using first-principles 
calculations [2, 11, 12, 14], including density functional theory (DFT) [9, 13], to investigate the structural and electronic 
properties of III-V semiconductors and superlattice structures. The physical properties of B-V and Tl-V compounds have 
been the subject of extensive theoretical and experimental research. In this context, several relevant studies can be mentioned, 
such as the work of Akshay [1], who focused on the structural and electronic properties of BN compounds, as well as the 
theoretical studies of Yousra Megdoud [6], which were dedicated to the structural and electronic investigation of BX 
compounds where X = N, P, As. Furthermore, Nawel Saidi [3] has conducted an in-depth study on Tl-V compounds, 
emphasizing the influence of structural aspects on their electronic behavior. Within this scientific context, the present work 
is devoted to a comprehensive first-principles investigation of the structural, electronic, and optical properties of boron-based 
(BX with X = N, P, As) and thallium-based (TlX with X = N, P, As) compounds in the zinc blende phase. In all calculations 
carried out in this study, the density functional theory (DFT) framework has been adopted, employing the generalized 
gradient approximation (GGA) to describe the exchange-correlation effects accurately.  

The aim is to provide a systematic and comprehensive comparison between thallium-based (TlX) and boron-based 
(BX) compounds, where X = N, P, As, focusing on their structural stability, electronic band structures, density of states, 
and optical response. The novelty of this study lies in its unified theoretical approach, as most previous investigations 
have considered each compound separately, without drawing a direct comparison between these two families.  

By adopting this comparative perspective, the present work seeks to highlight both the key differences and possible 
similarities, thereby evaluating their suitability for future optoelectronic applications. 

2. METHOD
The theoretical calculations in this study were performed using the WIEN2k Software package [8], which empioys 

the (FP-LAPW) technique under the theoretical framework of density functional theory (DFT). This method is considered 
one of the most accurate for studying the structural and electronic properties of crystalline solids, as it imposes no shape 
approximation on the potential or electron density, making it particularly well-suited for systems containing heavy atoms 
such as thallium. The generalized Gradient Approximation (GGA) in the Perdew-Burke-Erzerhof (PBW) form was 
adopted to describe the exchange-correlation interactions between electrons [5]. This functional has proven effective in 
accurately modeling the ground state properties of semiconductors and complexes compounds. 
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(i) Crystal Structure setup: the made compounds TlX and BX were modeled in the zinc blend (ZB) structure, which 
belongs to the F-43m (No.216) space group. This cubic arrangement is widely observed in III-V semiconductors 
[10]. In this structure, the thallium and boron atoms occupy the positions of a face-centered cubic (FCC) lattice, 
while the group V atoms (N, As, P) are shifted by (0.25, 0.25, 0.25) within the unit cell, thus occupying the 
tetrahedral sites of the FCC lattice. 

(ii) Numerical parameters: To avoid overlap between atomic spheres, the muffin-tin radii (RMT) were carefully chosen 
for each atom, the product RMT x Kmaa = 7.0. The Brillouin Zone (BZ) was sampled using a Monkhorst-Pack k-point 
mesh [10] of at least 11x11x11 to guarantee convergence of total energy and electronic properties. 
A total of 56 k-points were employed for the integration over the irreducible part of the Brillouin zone. The 
convergence of the total energy with respect to ensure the accuracy of the calculations. 

(iii) Structural optimization: The optimal lattice constant was obtained by evaluating the total energy as a function of 
the unit cell volume. The resulting energy-volume data were then fitted using the Murnaghan equation of state [7] 
to identify the minimum energy and the corresponding equilibrium structural parameters. All subsequent 
calculations were carried out using this optimized geometry. 

 𝐸ሺ𝑉ሻ − 𝐸ሺ𝑉଴ሻ =  ஻బ௏஻బᇲ ቈ൫𝑉଴ห𝑉൯ಳబᇲ஻బᇲିଵ + 1቉ − ஻బ௏బ஻బᇲିଵ, (1) 

 𝐵଴ = 𝑉 డమாడ௏మ =  ସଽ௔ డమாడ௔మ  (2) 

Where B0 is the bulk modulus given by the relation (1-b) at zero pressure (P=0), V0 is the equilibrium volume, E (V0) is 
the energy corresponding to equilibrium volume, 𝐵଴ᇱ  is the pressure derivative of the bulk modulus at P=0 and, a is lattice 
constant. 

(iv) Electronic Properties: with the optimized structure; self-consistent field (SCF) calculations were performed to 
obtain the band structure along high-symmetry directions in the Brillouin zone, as well as the total and partial 
density of states (DOS). These results provided insights into the nature of the band gap (direct or indirect), its 
magnitude, and the orbital contributions from different atomic states near the valence and conduction bands [4]. 

(v) Optical Properties: the optical properties were evaluated using the optics module of WIEN2K, which computes 
the complex dielectric function based on the electronic structure. From the real and imaginary parts of the dielectric 
function, various optical constants were extracted, including the refractive index, absorption coefficient, 
reflectivity, and energy loss function [4]. These quantities are essential for materials in optoelectronic and photonic 
application.  

In this work, different muffin-tin radii were chosen for each atom in order to improve the accuracy of the calculations 
within the WIEN2K framework [8]. These values were selected to avoid overlap between spheres and to ensure numerical 
stability during the DFT simulation. The Table 1 summarizes the selected muffin-tin radii for each atomic species, along 
with their corresponding electronic configuration to properly define valence states. 
Table 1. Atomic muffin-tin radii and corresponding electronic configurations 

Element Rmt (a.u.) Z Full Electronic Configuration Valence Electrons Treated in DFT 
Tl 2.50 81 [Xe] 4f14 5d10 6s2 6p1 5d10 6s2 6p1 
B 1.60 5 1s2 2s2 2p1 2s2 2p1 
N 1.55 7 1s2 2s2 2p3 2s2 2p3 
P 1.85 15 [Ne] 3s2 3p3 3s2 3p3 
As 1.90 33 [Ar] 3d10 4s2 4p3 3d10 4s2 4p3 

 
3. ANALYSIS AND INTERPRETATION OF RESULTS 

3.1. Structural parameters 
Figure 1  illustrates the crystal structures of the TlX and BX compounds where X = N, P, As. All these compounds 

crystallize in the zinc-blende (B3) structure. This structure belongs to the face-centered cubic (FCC) system and consists 
of two interpenetrating cubic sublattices displaced by one quarter of the body diagonal of the unit cell. 

In the primitive cell, the B and X atoms in the BX compounds, as well as the Tl and X atoms in the TlX compounds 
occupy the Cartesian positions (0, 0, 0) and (a/4, a/4, a/4) respectively, where a denotes the conventional cubic lattice 
parameter. Each unit cell contains four boron atoms and each boron atom is surrounded by four X atoms arranged in a 
tetrahedral configuration. Thus, the unit cell contains sixteen X atoms distributed around the boron atoms. 

A similar arrangement is observed for the TlX compounds where each thallium atom is coordinated to four X atoms 
in the same tetrahedral geometry. This atomic arrangement gives these compounds a high degree of crystalline symmetry 
belonging to the space group (F-43m) which is characteristic of the zinc-blende structure. 

The lattice constant (a), equilibrium volume (V0), bulk modulus (B0), its pressure derivative (B0'), and the total 
ground-state energy (E) were calculated using density functional theory (DFT) within the generalized gradient 
approximation (GGA), for BX and TlX compounds (X = N, P, As) in the zinc-blende (ZB) structure. The results are 
summarized in the Table 2 and 3. 
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Figure 1. Optimized crystal structures of BX and of TlX compounds obtained from our calculations using the GGA approximation 

Table 2. Values of lattice parameter a (Ǻ), bulk modulus (B0), pressure derivative of the bulk modulus (B0’) equilibrium volume (V0), 
and total energy of TlX compounds: 

 a (Bohr) a (Ǻ) B0 (GPa) B0’ V0 (Ry) E (Ry) 

TlN Calculations 9.9803 5.2814 89.3550 4.9537 248.5287 -40687.222951 

Other 
calculatios 

- 
- 

5.2723 [15] 
5.297 [16] 
5.267 [20] 

94.06 [15] 
89.723 [16] 
101.5 [20] 

4.3038 [15] 
5.026 [16] 
3.9 [20] 

- 
- 
 

-40687.232557 [15] 
- 

TlP calculations 11.5659 6.1208 45.9402 4.9292 386.869 -41262.006475 

Other 
calculatios 

- 
- 

6.135 [16] 
5.96 [19] 
6.124 [3] 

44.981 [16] 
57 [19] 

46.75 [3] 

4.8771 [16] 
- 
- 

- 
- 
- 

- 
- 
- 

TlAs calculations 12.0088 6.3548 38.1483 4.8986 432.9475 -45099.985275 
Other 
calculatios 

- 
- 

6.374 [16] 
6.170 [21] 

37.196 [16] 
50.2 [21] 

4.910 [16] 
- 

- 
- 

- 
- 

Table 3. Values of lattice parameter a (Ǻ), bulk modulus (B0), pressure derivative of the bulk modulus (B0’) equilibrium volume (V0) 
and total energy of BX compounds 

 a (bohr ) a (Ǻ) B0 (GPa) B0’ V0 (Ry) E (Ry) 

BN calculations 6.855 3.6280 373.1226 3.7538 80.5613 -159.394567 
experimental  3.615 [22] 369 [22] 4 [22] - - 
Other 
calculatios 

- 
- 

3.530 [17] 
3.606 [18] 

417.44 [17] 
367 [18] 

3.78 [17] 
- 

- 
- 

- 
- 

BP calculations 8.5986 4.5502 161.5866 3.6769 158.9336 -733.960301 
experimental  4.538[23]     
Other 
calculatios - 4.558[18] 

4.425[17] 
166[18] 

182.81[17] 
- 

3.77[17] 
- 
- 

- 
- 

BAs calculations 9.0947 4.8127 130.9268 4.0777 188.0645 -4571.898798 
experimental  4.777 [24] - - - - 
Other 
calculatios 

- 
- 

4.668[17] 
4.777 [18] 

154.30[17] 
145 [18] 

3.87[17] 
- 

- 
- 

- 
- 

The obtained data, illustrated in Figures 2 and 3 and supported by the results shown in Tables 2 and 3, clearly 
demonstrate a significant contrast in the structural stability and total energy between thallium-based compounds (TlX) 
and boron-based compounds (BX), where X = N, P, As. Thallium compounds exhibit much more negative total energies, 
which indicates higher thermodynamic and dynamical stability. For instance, the total energy of TlN is about −40637.22 
Ry, while that of TlP and TlAs reaches −43461.54 Ry and −45099.98 Ry respectively, compared to the boron-based 
compounds BN (−159.39 Ry), BP (−4414.99 Ry), and BAs (−4571.89 Ry), confirming the superior energetic stability of 
Tl-based materials. 

Regarding mechanical properties, the calculated equilibrium volume (Vo) and bulk modulus (Bo) reveal 
fundamental structural differences between the two families. TlX compounds are characterized by larger equilibrium 
volumes and lower bulk moduli, indicating relatively softer crystal structures. For example, TlP has a Vo of 271.37 a.u³ 
and Bo of 33.14 GPa, while TlAs displays an even larger Vo (296.76 a.u³) and a lower Bo (28.21 GPa). In contrast, BX 
compounds are more compact and mechanically robust, particularly BN, which shows the smallest Vo (80.56 a.u³) and 
the highest Bo (373.12 GPa), pointing to high mechanical hardness and strong covalent bonding.  
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Figure 2. Variation of total energy as a function of atomic volume for BX compounds in the zinc blend structure 
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Figure 3. Variation of total energy as a function of atomic volume for TlX compounds in the zinc blend structure 

Based on these results, one can conclude that TlX compounds exhibit clear advantages in terms of total energy and 
thermal stability, making them suitable for optoelectronic applications requiring flexibility and robustness. Conversely, 
BX compounds—especially BN—are more appropriate for extreme conditions that demand high mechanical performance. 
This complementary contrast in physical properties paves the way for future hybrid applications that exploit the strengths 
of both compound families. 

Our results are in good agreement with previous theoretical studies, confirming their reliability, however there is no 
experimental result available for the III-V compounds. 
 

3.2. Electronic parameters 
Figures 4 to 7 present the calculated electronic band structures and density of states for BX and TlX compounds in 

the zinc blende structures. The analysis begins with the boron-based compounds, which exhibit wide band gaps, followed 
by the thallium-based compounds, whose electronic behavior is influenced by relativistic effects. These results help 
identify the nature and origin of the band gaps, as will be discussed in the following sections. 

-8

-6

-4

-2

0

2

4

6

8

0.2 0.4 0.6 0.8 1.0           W          L             Γ               X     W   K

BN

En
er

gy
 (e

V)

 Dos Total

Dos (states/eV)

EF

 

Figure 4. Calculated band structure and total density of states of BX (X=N, P, As) compound 
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Figure 4. Calculated band structure and total density of states of BX (X=N, P, As) compound (continued) 

The results are given in Table 3 show that BX (X= N, P, and As) are an indirect gap semiconductor with the minimum 
of conduction band at Г, X point.  
Table 3. Band gaps of BN, BP, and Bas in the zinc blende structure (all energies are in eV) 

compounds calculations Other calculations Nature of the band gap 
BN 4.4593 4.85 [25], 4.35 [46] (Г===X) : indirect 
BP 1.25317 1.24 [26], 1.14 [27] (Г===X) : indirect 
BAs 1.20819 1.21 [26], 1.23 [30], 1.25 [18], 1.36 [42] (Г===X) : indirect 

The electronic band structure calculations reveal that boron-based compounds BX (X = N, P, As) crystallizing in 
the zinc blende structure exhibit indirect band gaps. Among these materials, BN possesses the widest band gap, followed 
by BP and finally BAs with the smallest gap. This decreasing trend in the band gap values is mainly attributed to the 
increasing atomic number of the group V element. These findings are consistent with recent DFT studies reported in the 
literature [6. 29]. To gain deeper insights into the electronic structure, the total and partial density of states for BN, BP, 
and Bas were calculated and illustrated in Figure 5 using the GGA approximation. 
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Figure 5. Total and partial densities of states of BX (X=N, P, As). Compound within GGA approximation 
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Figure 5. Total and partial densities of states of BX (X=N, P, As). Compound within GGA approximation (continued) 

Figure 5 presents the total and partial density of states for the BN, BP, and Bas compounds in the Zinc blende 
structure. For BN, the valence band region, spanning from -8 eV to 0 eV, is strongly dominated by the p orbitals of the 
nitrogen atom (N-p), with a smaller contribution from the p orbitals of boron (B-p). This indicates a significant ionic 
character in the B-N bond, driven by the high electronegativity difference between the constituent atoms. In contrast, the 
conduction band (5-8eV) shows only weak contributions from al orbitals, suggesting a relatively low density of available 
states for electronic conduction in this energy range. 

For BP, both B-p and P-p orbitals contribute significantly within the same valence band range (-8 to 0 eV), while 
the conduction band (1.25-8 eV) displays distributed contributions from multiple orbitals. This reflects a more covalent 
and delocalized nature of bonding compared to BN. As for Bas, the valence band is characterized by overlapping 
contributions from p orbitals of both boron and arsenic (B-p and As-p) within the -8 eV to 0 eV range, whereas the d 
orbitals of arsenic (As-d) exhibit nearly negligible participation. In the conduction band region (1.2-8eV), the electronic 
density remains distributed across the same previously mentioned orbitals, indicating similar bonding characteristics to 
BP but with a different electronic distribution profile. 

After completing the analysis of the structural properties of the BX compounds (BN, BP, BAs), we now move on to 
the study of the TlX compounds (TlN, TlP, TlAs), in order to highlight the fundamental differences between these two 
families of materials. Unlike the BX compounds, which exhibit typical characteristics of light-element semiconductors, 
such as small lattice constants and wide band gaps, the structural properties of the TlX compounds clearly reflect the 
influence of the heavier thallium atom, resulting in noticeably different behavior. These structural differences are expected 
to have a direct impact on the electronic and optical properties of these materials. 

Therefore, it is important to provide a detailed and precise analysis of the TlX compounds in order to clarify how 
the incorporation of thallium affects the crystal structure and distinguishes them from their boron-based counterparts. 
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The bands structure of TlX compounds for ZB phase is show in Fig. 6. Electronic structure calculations based on 
the GGA approximation reveal that the TlN, TlP, and TlAs compounds, crystallizing in the zinc blende (ZB) structure, 
exhibit a metallic or semi-metallic character, as indicated by the intersection of the Fermi level (EF) with the conduction 
band. These results confirm the absence of an energy band gap, with a calculated band gap value of 0 eV for all three 
materials. These findings are consistent with previous theoretical studies, which have also reported a zero-gap behavior 
in TlX compounds within the same crystal structure, using both GGA and more advanced functional such as mBJ and 
HSE 06 [3, 30, 31]. 
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Figure 6. Calculated band structure and total density of states of TlX (X=N, P, As). Compound 

To explore the electronic structures in greater detail, the total and partial density of states for TlN, TlP, and TlAs 
were calculated within the GGA approximation, as illustrated in Figure 7. 
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Figure 7. total and partial densities of states of TlX (X=N, P, As). Compound within GGA approximation 
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Figure 7. total and partial densities of states of TlX (X=N, P, As). Compound within GGA approximation (continued) 

A detailed inspection of the partial densty of states for the TlX compounds reveals a clear distinction in the orbital 
contributions across the valence and conduction bands, which is essential for understanding their electronic behavior and 
bonding nature. 

In the case of thallium nitride, the valence band can be divided into two main regions: 
(i) The lower valence band, spanning from approximately -11 to -9 eV is primarily dominated by the Tl-d, N-s, 

and N-p states. This indicates strong hybridization between thallium and nitrogen deep core levels, reflecting 
a notable covalent character. 

(ii) The upper valence region, from -6 eV to 0 eV, the dominant contributions arise from the Tl-s and N-s orbitals, 
with a moderate participation of Tl-d and N-s states. 

As for the conduction band, starting just above the Fermi level (0 eV) and extending up to 12 eV, it is mainly 
composed of Tl-p, Tl-s and N-p orbitals. A minor yet noticeable contribution from the Tl-f states is also observed at higher 
energies, suggesting possible f-character at conduction states in excited conditions. 
For TlP the the PDOS profile shows: 

(i) A deep valence band segment between-12eV and -9.5 eV,where Tl-d and P-s states dominate, while Tl-s and 
P-p exhibit weaker contributions. 

(ii) In the valence band range from -7eV to 0eV, there is a pronounced mixing for Tl-6p, Tl-s, P-s, and P-p states, 
with a slight presence of Tl-d this highlights the significant hybridization between thallium and phosphorus 
s-and p-orbitals near the Fermi level. 

In the conduction band, contribution mainly stem from Tl-p, Tl-s, P-s, while Tl-d and Tl-f states appear marginal, 
indicating limited involvement of deeper core orbitals in the conduction process. 

Finally, the PDOS spectrum of thallium arsenide closely resembles that of TlP: 
(i) The lower valence band region (-12eV to-9eV) is predominantly characterized by As-s and Tl-d states, 

marking the interaction between deeper core levels of the two atoms. 
(ii) Moving to the upper valence range (-6.5eV to 0eV), significant contributions from Tl-s and As-p are noted, 

with secondary inputs from Tl-p and As-s  
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So, in the conduction band (0 to ~8eV), the most pronounced contributions arise from Tl-s, T-p and As-4p, reflecting 
strong s-p hybridization, essential for the conduction mechanism. Additionally modest involvement of Tl-d, Tl-f, and As-
d orbitals is identified at higher energy levels. 

The analysis of the electronic band structures alongside the total and partial density of states for TlN, TlP, and TlAs 
demonstrates that the valence and conduction bands either intersect or come into direct contact at the Fermi level. This 
particular feature suggests the absence of a real band gap, placing these materials within the category of semi-metallic 
systems. Such behavior is typically associated with weak orbital hybridization and the influence of relativistic effects 
linked to the heavy. 

So, these differences in the electronic distribution are directly reflected in the physical properties of the compounds. 
While the BX compounds retain a tunable semiconducting behavior, the TlX compounds appear unsuitable for 
conventional electronic applications, but they may be exploited in systems with metallic or semi-metallic character.  
 

3.3. Optical parameters 
Optical properties play a crucial role in evaluating the potential of materials for electronic and optoelectronic 

applications, such as detectors and photonic devices. These properties are derived from the energy-dependent dielectric 
function. In the following, we analyze key optical parameters including reflectivity R(ω), absorption coefficient α(ω), 
energy loss function L(ω, and ε1(ω) and ε2(ω the real and imaginary parts of the refractive index n(ω). These optical 
properties were investigated for the studied compounds within the photon energy range of 0 to 14 eV. 

The complex dielectric function is used to describe the linear response of a material under an external 
electromagnetic field. It distinguishes between the contributions of intra-band and inter-band transitions and is represented 
by its real (ε1) and imaginary (ε2) parts [32]. Generally, the ε1(ω) is closely related to the polarization, while ε2(ω) is 
closely related to the absorption properties [38]: 

 𝜀ሺ𝜔ሻ = 𝜀ଵሺ𝜔ሻ + 𝑖𝜀ଶ(𝜔) (3) 

The imaginary component of the dielectric function at low photon energies is evaluated through electronic structure 
computations, relying on the joint density of states and the transition matrix elements between filed and empty electronic 
states. Subsequently, the real part is derived using the Kramers-Kronig transformation [33]. 

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 (4) and (5), respectively. 

 𝑛(𝜔) = ቬఌభ(ఠ)ଶ + ටఌభమ(ఠ)ାఌమమ(ఠ)ଶ ቭଵ ଶ⁄
 (4) 

 𝛼(𝜔) = ସగఒ 𝑘(𝜔) (5) 

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 [34, 35, 36]. 

The calculated Real and Imaginary Parts of the Dielectric Function ε1(ω) and ε2(ω), Refractive Index n(ω), Energy 
Loss Function L(ω), Reflectivity R(ω), and Absorption Coefficient α(ω) of BX(X=N, P, As) shown in Fig. 8. 
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Figure 8. Real and Imaginary Parts of the Dielectric Function ε1(ω) and ε2(ω), Refractive Index n(ω), Energy Loss Function L(ω), 
Reflectivity R(ω), and Absorption Coefficient α(ω) of BX(X=N, P, As) (continued) 

Imaginary Part ε2(ω): For BN compound, it is observed that the absorption starts in the ultraviolet region, around 
9 eV, which clearly indicates the presence of a wide energy gap. Moreover, the low values of the imaginary part of the 
dielectric function (ε₂) up to this energy confirm the transparency of the material in the infrared, visible, and near-
ultraviolet ranges.  Beyond this point, ε₂ gradually increases, reaching its maximum around 12 eV, reflecting sharp and 
intense electronic transitions in the deep ultraviolet region. These results are in good agreement with the work reported 
by Artús et al. [45]. 

For both BP and BAs compounds, it is observed that the onset of optical absorption starts at an energy value of 
approximately 3.5 eV for each, indicating that their energy gaps are smaller compared to BN. Moreover, two prominent 
absorption peaks are recorded for both compounds within the energy range of 5 to 6 eV, with the maximum absorption 
intensity reaching around 40 for BP and about 35 for BAs. Beyond these peaks, a gradual decrease in absorption is 
observed until it becomes almost negligible in the deep ultraviolet region for both compounds. 

Real Part ε1 (ω): For the BN compound in the energy range between 0 and 6 eV (from the infrared to the near-
ultraviolet region), the real part ε₁ remains approximately constant. Subsequently, this value increases gradually, reaching 
a maximum of about 12.5 at energy of approximately 10 eV, which corresponds to the deep ultraviolet region. Beyond 
this point, ε₁ decreases significantly and becomes negative at higher photon energies, indicating the occurrence of 
plasmonic response in this energy range. For the BP and BAs compounds At 0 eV, the imaginary part ε₂ is around 9 for 
BP and approximately 10 for BAs. These values remain nearly constant in both the infrared and visible regions. As the 
photon energy increases, ε₂ starts to rise gradually until two pronounced peaks appear in the near-ultraviolet region: 

(i) A pronounced peak around 25 is observed for BP within the energy range of 5-6 eV. 

(ii) Another peak around 20 for BAs, located in the energy range between 3 and 4 eV. 

Refractive Index n(ω): For BN, the static refractive index is n(0) = 2.1. This value remains almost constant up to 
(≈ 9 eV), beyond which it increases, reaching its maximum peak at around 12 eV. After this point, the refractive index 
decreases rapidly. In the case of BP, the static refractive index is n(0) = 3. This value remains nearly unchanged in the 
low-energy region up to about 4 eV, where the first peak appears with a refractive index of 4. Subsequently, the highest 
peak emerges at around 5.7 eV with a maximum value of n = 5.5, followed by a continuous decrease.  For BAs, the static 
refractive index is n (0) = 3.1. A distinct peak appears at around 5.5 eV. These results are in good agreement with the 
work reported by Artús et al. [45] 
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Absorption Coefficient α(ω): The curves illustrating the variation of the absorption coefficient as a function of 
photon energy reveal the following behavior: For BN, no absorption is observed up to approximately 9 eV in the 
ultraviolet (UV) region. Beyond this energy, the absorption gradually increases, reaching its maximum peak around 12 
eV in the deep UV region. For BP, the absorption remains negligible up to about 2 eV. It then increases progressively, 
reaching a maximum value of approximately 250 at around 3.2 eV, followed by a decrease. 

For BAs, the absorption is absent in both the infrared and visible regions. It starts to increase at higher photon 
energies, reaching a maximum value of approximately 250, and then gradually decreases thereafter. 

Reflectivity R(ω): The optical reflectivity of the compounds BN, BP, and BAs exhibits distinct behaviors for each 
material. For BN, at the zero-energy limit, the reflectivity is approximately 0.06% in the infrared region, and it gradually 
increases with photon energy, reaching about 0.5% in the deep ultraviolet region. For BP, the reflectivity at zero energy 
is R(0) = 0.25%. Nearly equal peaks of about 0.65% are observed within the energy range between 6 and 14 eV.  

For BAs, the zero-energy reflectivity is approximately R(0) = 0.28%. It gradually increases beyond 5.5 eV, reaching 
values between 0.5% and 0.7%. The absence of absorption in the infrared region, along with the low reflectivity values, 
highlights the potential of these materials for use as cold, anti-reflective coatings in optical fiber technologies. 

Energy Loss Function L(ω): Based on the analysis of the electron energy loss function (EELF) data, it is observed 
that the maximum peak for BN appears at approximately 14 eV. In contrast, for the compounds BP and BAs, the main 
peaks of the energy loss function are located within the energy range of 13.5 to 14 eV, indicating a similar optical behavior 
in this energy interval, which is typically associated with the plasmon excitation energies of these materials.  

It is worth mentioning that some of the obtained results are in good agreement with several recent studies, which 
reinforces the validity of the reliability of the achieved findings [39, 40, 41, 42]. In this section, we will analyze the optical 
calculation results of thallium compounds So that the calculated Real and Imaginary Parts of the Dielectric Function ε1(ω) 
and ε2(ω), Refractive Index n(ω), Energy Loss Function L(ω), Reflectivity R(ω), and Absorption Coefficient α(ω) of 
TX(X=N, P, As) shown in Figure. 9. 
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Figure 9. Real and Imaginary Parts of the Dielectric Function ε1(ω) and ε2(ω), Refractive Index n(ω), Energy Loss Function L(ω), 
Reflectivity R(ω), and Absorption Coefficient α(ω) of TX(X=N, P, As) and TlX(X=N, P, As) 
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Figure 9. Real and Imaginary Parts of the Dielectric Function ε1(ω) and ε2(ω), Refractive Index n(ω), Energy Loss Function L(ω), 
Reflectivity R(ω), and Absorption Coefficient α(ω) of TX(X=N, P, As) and TlX(X=N, P, As) (continued) 

Imaginary Part ε2(ω): The thallium compounds exhibit remarkable optical activity in the low-energy range. For 
TlN, distinct peaks are observed up to approximately 10 eV, with the most intense peak occurring below 1 eV, which 
corresponds to the infrared region. As for TlP and TlAs, noticeable peaks appear up to around 6 eV, after which the 
intensity gradually decreases. 

Real Part ε1(ω): The real part of the dielectric function ε1(ω) is considered a key factor in understanding the optical 
behavior of this class of compounds, as it reflects the material’s ability to polarize under the influence of external 
electromagnetic fields. 

According to the obtained results, the highest values of ε1 are recorded at 0 eV, which corresponds to the infrared 
region, indicating a strong capacity of these materials to store electric energy in this energy range. Among the studied 
compounds, the highest static dielectric constant was observed for TlAs, with ε1(0) = 45, followed by TlN with a value 
of approximately ε1(0) = 35, and finally TlP with ε1(0) = 25. These results highlight the differences in polarization ability 
among the compounds, where TlAs exhibits a stronger polarizability compared to TlN and TlP, which is reflected in their 
distinct electromagnetic responses at low frequencies 

Index n(ω): In this study, the refractive index at zero photon energy is extracted from the optical spectra as follows: 
n(0) = 6.7 for TlN, n(0) = 5 for TlAs, and n(0) = 5 for TlP. These values highlight the relatively high refractive indices of 
the thallium-based compounds in comparison with boron-based compounds, especially in the low-energy region. With 
increasing photon energy, the refractive index decreases progressively to reach values as low as 0.5 beyond 10 eV, 
indicating a weak refractive response at high energies.4. These results are in good agreement with the findings reported 
in 2023, which confirmed that materials with small or negligible band gaps generally exhibit high refractive index values 
at low photon energies, followed by a gradual decrease as the photon energy increases, according to the Wemple–
DiDomenico model [44]. 

Absorption Coefficient α(ω): The optical absorption of the studied compounds starts within the infrared region and 
gradually increases, exhibiting pronounced peaks in the energy range between 3.5 and 6.5 eV. Additionally, for TlN, a 
distinct absorption peak appears around 13 eV, indicating active electronic transitions within these energy regions. For 
the compounds TlP and TlAs, two sharp peaks are observed near 6 eV for each, followed by a gradual decrease in the 
absorption coefficient. This behavior reflects a reduction in the density of electronic transitions in this energy range [43]. 

Reflectivity R(ω): The initial reflectivity values for the three compounds are approximately similar, with about 0.5 
for TlN, 0.45 for TlP, and 0.51 for TlAs at zero photon energy. For TlN, two distinct reflectivity peaks are observed: the 
first located around 7 eV, and the second between 10 and 12 eV. In contrast, TlP and TlAs exhibit less pronounced and 
more gradually diminishing peaks as the photon energy increases. Notably, unlike TlP and TlAs, the reflectivity of TlN 
decreases between 11 and 12.5 eV, but shows a slight increase beyond this range. 

Energy Loss Function L(ω): The energy loss function exhibits a low initial peak for all the compounds (TlN, TlP, 
and TlAs), followed by a clear increase starting from around 8 eV. A prominent and well-defined main peak is identified 
for each compound at approximately 14 eV, indicating strong energy loss behavior in this energy region. 
 

4. CONCLUSIONS 
In this study, the structural, electronic, and optical properties of thallium-based compounds TlX (X = N, P, As) and 

boron-based compounds BX (X = N, P, As) in the zinc-blende structure were systematically investigated using density 
functional theory (DFT) within the GGA approximation. The obtained results reveal that boron compounds exhibit a 
typical semiconductor behavior with well-defined energy gaps, while thallium compounds exhibit a nearly metallic 
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behavior with a vanishing energy gap. From the optical perspective, all compounds show a decreasing trend in the 
refractive index as photon energy increases, starting from relatively high values at low energies, which indicates a weak 
optical response at high photon energies. Furthermore, the analyses of the absorption spectra and dielectric functions 
highlighted the presence of significant electronic transitions at specific energy ranges for each compound, reflecting the 
density of available electronic states. These findings clearly demonstrate the distinct electronic and optical behaviors 
between thallium-based and boron-based compounds, underscoring their potential relevance for advanced electronic and 
optoelectronic applications. Moreover, the observed trends are largely consistent with recent theoretical studies cited 
throughout this work. 
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ДОСЛІДЖЕННЯ СПОЛУК TlIX ТА BX (X= N, P, As) НА ОСНОВІ DFT: ПОРІВНЯЛЬНИЙ ОГЛЯД СТРУКТУРНОЇ, 
ЕЛЕКТРОННОЇ ТА ОПТИЧНОЇ ПОВЕДІНКИ 
Абед Зуліха, Лачабі Абдельхаді, Абделалі Лаїд 

Лабораторія прикладних матеріалів, дослідницький центр, Університет Сіді-Бель-Аббес, 22000, Алжир 
У цій роботі представлено детальне теоретичне дослідження структурних, електронних та оптичних властивостей сполук на 
основі талію (TlIX) та бору (BX), де X = N, P, As, у кристалічній структурі цинкової суміші. Розрахунки з перших принципів 
були виконані з використанням теорії функціоналу густини (DFT) в узагальненому градієнтному наближенні (GGA). 
Отримані результати показують, що сполуки на основі Tl демонструють нижчі загальні енергії порівняно зі сполуками BX, 
що вказує на вищу структурну стабільність. З точки зору електронної поведінки, сполуки BX зберігають свою 
напівпровідникову природу. На відміну від цього, сполуки TlX демонструють металеві або майже металеві характеристики 
через відсутність енергетичної щілини на рівні Фермі. Крім того, оптичні дослідження показують, що сполуки TlX мають 
вищі статичні показники заломлення та сильніші характеристики поглинання в області низьких енергій. Ці результати 
підкреслюють потенціал сполук на основі Tl для майбутнього застосування в оптоелектронних та фотонних пристроях. 
Загалом, це порівняльне дослідження надає цінні знання для розробки передових матеріалів для електронних та енергетичних 
технологій. 
Ключові слова: сполуки талію; сполуки бору; розрахунки з перших принципів; теорія функціоналу густини (DFT); електронні 
властивості; зонна структура; напівпровідники; TlX; BX 


