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Abstract

In this study, we present a theoretical investigation of the structural, electronic, and optical
properties of the ternary compound Tl—BxAs (0 < x < 1) crystallizing in the zinc blende (ZB)
structure, using density functional theory (DFT) within both the generalized gradient
approximation (GGA) and the modified Becke—Johnson (mBJ-GGA) potential. The calculated
results reveal that the crystal lattice maintains its structural stability across all studied boron
concentrations. Within the GGA approach, the alloy exhibits a metallic nature with no distinct
band gap between the valence and conduction bands. However, when the mBJ-GGA correction
is applied a remarkable direct band gap emerges at the boron concentration of x = 0.75,
highlighting its semiconducting behavior. From an optical point of view the imaginary part of
the dielectric function indicates that the absorption edge starts from zero energy for low boron
concentrations (x = 0.25 and 0.5) and extends up to around 8 eV while it shifts to approximately
10 eV for x = (.75, indicating a wider absorption range. This broad optical response combined
with structural stability and tunable electronic properties suggests that TliBxAs alloys are
promising materials for advanced technological applications particularly in optoelectronic and
semiconductor—metal transition devices.
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1.

Introduction

(T1)-based compounds and alloys have emerged as a

In recent years, III-V semiconductor compounds have
received considerable attention owing to their remarkable
structural, electronic, and optical characteristics, which
position them as strong contenders for advanced
technological applications. Within this family, thallium

distinct class of semiconductors that have been the focus of
extensive theoretical and experimental investigations. A
growing body of research has emphasized the potential of
Tl-V materials for integration into optoelectronic and
microelectronic devices such as photodetectors, diodes,
and laser sources used in optical communication systems
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[1,2]. For instance, Krishnamurthy et.al. [3] and
Schilfgaarde et al. [4] explored the electronic properties of
Tl-containing I1I-V compounds synthesized via molecular
beam epitaxy (MBE). Houat et al. [5] examined the
structural behavior of TlGaN alloys in the wurtzite phase,
while Schilfgaarde et al. [4] identified TIInP as a promising
candidate for infrared detection. Further contributions by
Koh et al. [6] extended the investigation to ternary and
quaternary alloys such as TlInP, T1GaP, and TlInGaP,
whereas Takushima et al. [7] reported the successful
growth of TlInAs alloys using low-temperature MBE.
From a theoretical standpoint, Erden Gulebaglan [§]
evaluated the electronic characteristics of TI,Ali-«As alloys
crystallizing in the zinc blende phase within the framework
of density functional theory (DFT), while Mankefors and
Svensson [9] analyzed the structural and electronic
properties of Gai~Tl:As alloys employing the local density
approximation (LDA). Additionally, Schilfgaarde et al.
[10] highlighted InTIP alloys as potential candidates for
infrared detection, whereas Souza Dantas et al. [11]
investigated the structural, electronic, and optical
properties of AliTIN alloys within DFT, demonstrating
their relevance for optoelectronic applications. Beyond the
role of thallium in tailoring electronic and optical
performance, boron (B) has recently emerged as a key
element for engineering the properties of III-V
semiconductors. Due to its small atomic radius and strong
covalent bonding, boron incorporation can effectively
modulate the lattice constant, band gap, and mechanical
stability of semiconductor alloys. Previous studies have
confirmed that boron doping not only enhances structural
robustness but also introduces novel electronic and optical
features desirable for next-generation optoelectronic
technologies. Within this framework, the investigation of
the ternary compound TIBAs at different boron
concentrations (x = 0.25, 0.5, and 0.75) represents a
significant step toward understanding the influence of
boron on the electronic and optical responses of Tl-based
materials, thereby opening new pathways for the design of
innovative semiconductors for future device applications.
Furthermore, the present study provides the first detailed
insight into the effect of boron incorporation on the
electronic nature of Tl-based III-V alloys. Our results
demonstrate that the Tli-\BxAs alloy exhibits a remarkable
composition-dependent  electronic  transition  with
increasing boron content. While the intermediate
compositions (x = 0.0, 0.25, and 0.5) show semimetallic
behavior with no band gap at the Fermi level, the system at
x = 0.75, according to the improved mBJ-GGA
approximation, begins to exhibit a direct band gap,
indicating a progressive evolution in the electronic
character of the compound. At the binary limit, BAs (x =
1), the material clearly reveals semiconducting behavior.

d7)10.57647/jtap.2026.2001.05

This finding indicates that boron plays a crucial role in
modulating the band topology and orbital interactions
within the alloy system. The composition-dependent
transition from metallic to direct and then indirect
semiconducting behavior has not been reported previously
for TI-V-B systems, underscoring the novelty and
scientific significance of the present work. The paper is
organized as follows: The «method of calculation» section
present a detailed description of the theoretical
methodology adopted in the calculations. The « Results
and discussion » section focuses on the analysis of the
obtained results, including the study of structural,
electronic, and optical properties of the investigated
compounds. Finally, the «Conclusion» section summarizes
the main findings and highlights the key outcomes of this
study [55].

2. Calculation

To investigate the TI\Bi«As alloy in the zinc blende
structure, a (2x2x2) super cells was constructed from the
primitive cell of TlAs in the same structure, containing
eight atoms. Partial substitution of thallium atoms by boron
was performed to simulate different concentrations (x =
0.25, 0.50, and 0.75), corresponding to a substitutional
alloy [13]. The substituted atomic sites were selected to
minimize the loss of local symmetry, as this directly affects
the total energy and, consequently, the structural stability
and electronic properties of the compound. All calculations
were carried out within the framework of density
functional theory (DFT) using the WIEN2k code [12, 45,
46], based on the full-potential linearized augmented plane
wave (FP-LAPW) method [47, 48]. The generalized
gradient approximation (GGA) was employed to describe
the exchange—correlation interactions [49, 50, 55]. To
obtain a more accurate description of the electronic band
structure and to correct the well-known underestimation of
the band gap within GGA, the modified Becke—Johnson
potential (mBJ-GGA) was also applied in a second step for
the electronic and optical property calculations. The
product of the smallest muffin-tin radius and the maximum
plane-wave vector was set to Rmt-Kmax = 7.0 to ensure
adequate convergence of the basis set. A dense k-point
mesh of 1500 points (56 irreducible k-points) in the
Brillouin zone was used, with an energy cutoff of —6 Ry.
After atomic substitution, all structures were fully relaxed
with respect to both lattice parameters and atomic positions
until the residual forces on each atom became negligible.
This procedure ensures the determination of the most
energetically stable configuration in the zinc blende
structure prior to the detailed analysis of the electronic and
optical properties obtained within both GGA and mBJ-
GGA approaches.
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The electronic valence configurations of the constituent
atoms were treated as follows:

e  Thallium (TI): [Xe] 4% 5d'° 6s? 6p'

e Boron (B): [He] 25> 2p!

e  Arsenic (As): [Ar] 3d'° 4s? 4p®
These configurations ensure an accurate description of the
orbitals most relevant for interband optical transitions,
particularly the TI-6p states, which play a significant role
in shaping the conduction band structure [14]. Finally, the
optical response parameters were calculated for all studied
compounds over the photon energy range of 0—14 eV. This
computational setup provides a reliable framework for
exploring the structural stability, electronic band
dispersion, and optical behavior of T1\Bi—As alloys.

3. Results and discussion

3.1. Structural properties

In this section, we investigate the structural properties of
the Tli«BxAs alloy within the GGA framework. Ordered
supercells containing eight atoms were constructed to
represent different concentrations (x = 0.25, 0.5, 0.75) and
periodically repeated in space. To determine the
equilibrium lattice constants the total energies were
calculated for a range of volumes and then fitted using the
Murnaghan equation of state [15].

Our results reveal that the calculated lattice constants of the
alloy do not strictly follow Vegard’s law [16] ,which
assumes a linear variation between the binary compounds
(T1As and BAs). As shown in Figure 1 the dependence of
the lattice constant on composition exhibits a noticeable
deviation from linearity, with a bowing parameter
estimated at b = — 0.10209 A from the fitting procedure.
The partial fits further indicate that the bowing values vary
with composition, ranging between — 0.015720 A and —
0.20147 A. The negative sign of the bowing parameter
corresponds to upward bowing, meaning that the computed
lattice constants are slightly larger than those predicted by
linear interpolation.

This deviation can be attributed to the significant
difference between the lattice parameters of the binary
compounds emphasizing the limitations of Vegard’s law in
describing this alloy. Therefore, it can be concluded that
the Tli«BxAs alloy similar to other semiconductor alloys
where comparable deviations have been reported both
experimentally [17] and theoretically [18] exhibits a
nonlinear variation of the lattice constant with composition
making the bowing parameter a key factor for accurately
describing its structural behavior. The following form can
approximate the lattice parameter data:

@) 10.57647/jtap.2026.2001.05

aripas(X) = xagas + (1 — x)apyas —bx(1—x) (1)

Figure 2 Shows the variation of the bulk modulus as a
function of boron concentration x.

The results reveal that the bulk modulus increases with
increasing boron content (0 < x < 1) indicating that the
alloy becomes less compressible and mechanically stiffer
as x approaches 1 (BAs). This behavior reflects the
strengthening of the interatomic bonding due to the
incorporation of boron atoms.

Bripas = XxBpas + (1 — x)Brjgs — bx(1 — x) 2

The obtained results show a good agreement with the
available theoretical and experimental data reported in the
literature for both the lattice constant and the bulk modulus
as summarized in Table 1.

This consistency demonstrates the accuracy and reliability
of the present calculations performed within the GGA
framework of density functional theory (DFT).

The calculated lattice constants are very close to those
previously reported, with only minor deviations that can be
attributed to differences in the exchange - correlation
functionals or computational settings used in other studies
such as the k-point mesh density of the Rmt-Kmax value.

—i— Supercell

=4 4
‘ —F— ‘egards |law

Lattice constant/A”

T T T T
[=k= oz (=T ] [=1-] as 1.0

Conoentration {3
Figure 1. Composition dependence of the calculated lattice constant of T1
1xB xAs alloy compared with Vegard’s law
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Figure 2. Composition dependence of the calculated bulk modulus of Tl
1xB xAs alloy compared with Vegard’s law
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Table 1. Calculated lattice parameter (a) and bulk modulus (B) for T11-
xBxAs alliy compounds. Available experimental and theoretical data
from the literature are also included for comparison

Alloy Parameters

a(A°) B/GPa
T1As (this work) 6.3548 38.1483
TIAs!4] 6.374* 37.196*
TlAs 6.170° 50.2¢
TlAs 5.946¢ 494
TlAs 6.088f 55.18f
Tlo.75Bo.2sAs 5.99875 47.5806
TlosBosAs 5.58755 63.6617
Tlo25Bo.75As 5.236 91.4741
BAs (this work) 4.8127 130.9268
BAs 4.668° 154.30°
BAs 4.777¢ 145¢
BAs 4.784h 137"
BAs 47281 1441
BAs (exp) 4.777¢ -

aRef[19], ® Ref[20], © Ref[21], 9 Ref[22], © Ref[23],f Ref[24], ¢
Ref[25],h Ref[26], | Ref[27]

Similarly, the obtained bulk modulus follows the same
trend observed in earlier theoretical and experimental
works, further confirming the robustness of the present
structural results.

Overall, this agreement indicates that the adopted
computational approach is sufficiently accurate to describe
the structural properties of the studied alloy thereby
providing strong confidence in the reliability of the
subsequent electronic and optical analyses presented in this
work.

Moreover, the slight deviations observed between the
present results and previously reported data can also be
attributed to the difference in atomic interactions and
bonding character resulting from the partial substitution of
B by TI.

The incorporation of heavier Tl atoms with larger atomic
radii tends to increase the lattice constant and slightly
reduce the bulk modulus due to weaker covalent bonding
strength.

This behavior is consistent with the general trend observed
in III-V alloys, where increasing the cation size leads to a
lattice expansion and lower compressibility.

3.2. Electronic properties

The electronic band structure calculations performed
within the GGA approximation reveal that all the
investigated compounds exhibit semimetallic behavior,
with no distinct band gap at the Fermi level, except for the
BAs compound, which displays an indirect band gap of
about 1.20 eV.

d7)10.57647/jtap.2026.2001.05

In this material, the valence band maximum is located at
the I point, while the conduction band minimum appears
at the X point (I'>X).This feature indicates that the
electronic structure of BAs is governed by a different type
of orbital hybridization compared to the other compounds,
leading to its indirect semiconducting nature.

Conversely, the absence of a band gap in the remaining
systems results from the overlap between the valence and
conduction bands, which drives them toward semimetallic
behavior.

Although it is well known that GGA tends to underestimate
band gaps due to its limited ability to accurately describe
the exchange correlation potential [28, 29], it remains a
reliable and consistent approach for predicting qualitative
electronic characteristics such as the nature of the band
gap, the dispersion of bands, and the hybridization between
atomic orbitals. GGA offers a balanced compromise
between computational efficiency and accuracy,
particularly suitable for comparative investigations and for
systems containing heavy elements like thallium, where
relativistic effects and spin orbit coupling already impose
a significant computational cost. To improve the
quantitative accuracy of the electronic band gap
calculations, the modified Becke—Johnson (mBJ) potential
[51] was also employed in this study. Interestingly, the
mBJ-GGA results at a boron concentration of x = 0.75
revealed that the TIBAs compound undergoes a transition
from semimetallic to direct semiconducting behavior,
indicating that increasing the boron content significantly
alters the orbital hybridization and redistributes the
electronic states around the Fermi level. More
sophisticated approaches such as hybrid functionals
(HSE06) [52] or many-body GW corrections [53] could
yield even more accurate quantitative predictions of band
gaps; however, these are computationally demanding and
not essential when the primary goal is to determine the
qualitative electronic nature, as in the present work.
Moreover, several previous theoretical studies have
successfully applied the GGA approximation to describe
the semimetallic and semiconducting behaviors of related
III-V and thallium-based compounds, showing good
agreement with experimental data, which supports the
validity of this methodological choice. Accordingly, the
combined GGA and mBJ results presented here are
sufficient to clearly differentiate between BAs, which
behaves as an indirect semiconductor, and the other
TlL~BxAs alloys that exhibit metallic or semimetallic
features, with the notable exception of TIBAs at x = 0.75,
showing a direct semiconducting character. Figures 3-5
highlight these distinctions by illustrating the band overlap
in most systems and the indirect-to-direct energy gap
evolution, thereby validating the qualitative and
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quantitative accuracy of the adopted computational
framework.

It is worth noting that the metallic or semimetallic behavior
observed in most compounds arises mainly from the strong
hybridization between atomic orbitals, which causes a
broad dispersion of electronic states around and across the
Fermi level.

In contrast, the emergence of an energy gap in BAs and the
direct gap in TIBAs (x = 0.75) indicates weaker orbital
interactions and a reduced overlap between the valence and
conduction bands, leading to their semiconducting
character [54]. No experimental or theoretical data are
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The calculated energy gap values using the GGA and mBJ—
GGA approximations are presented in Table 2.

In general, the trend shown in Table 2 indicates that
increasing the boron content leads to a gradual transition
from metallic to semiconducting behavior, with a small
direct band gap appearing at intermediate compositions

@) 10.57647/jtap.2026.2001.05

and a clear indirect gap at x = 1. Moreover, the obtained
results show good agreement with the available literature,
confirming the reliability of the mBJ approximation in
improving the description of the electronic structure and
correcting the well-known underestimation of the energy
gap values obtained using conventional GGA.
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Table 2. Calculated band gap energy for T11-xBxAs alloy

Alloy Band Gap Eg (eV)

This work Other
GGA MbJ-GGA calculations

TlAs ~0.00 ~0.00 ~0.000 *
~ 0.000°
~ 0.000 ©

Tl 0.75B 0.25As ~0.00 ~0.00 -

T10.5B 05As ~0.00 ~0.00 -

Tl 0.25B 0.75As ~0.00 0.10763 -

BAs 1.20819 1.71103 1.4104
1.460 ©
1.930F
1.220¢
1.200 "
1.2101
1.2301
1.250k
1.360!

BAs (exp) 1.46 ind ™

BAs (exp) 0.67 ind "

3 Ref[30], ® Ref[31], ¢ Ref[32], ‘Ref[33], ¢ Ref[34], TRef[35], Ref[36],
h Ref[37], 'Ref[38], 'Ref[39], ¥ Ref[40], ' Ref[41], ™ Ref[42], " Ref[43]

3.3. Optical properties

The study of optical properties of solid materials is a

between their electronic structure and their response to
electromagnetic radiation. These properties are commonly
described by the complex dielectric function:

e(w) = & (w) + igy(w) 3)

Where the imaginary part &; () represents the contribution
of allowed electronic transitions and is directly calculated
using the joint density of states and the optical matrix
elements. The real part & (@) can be derived from &; (®)
through the Kramers—Kronig relation [44].

This relationship provides a solid foundation for
calculating other important optical functions notably the
refractive index n(w) which can be expressed as:

() = ’s(w) +2is1 (w) )

In this work, these optical properties were investigated
within the energy range from 0 eV to 14 eV allowing a
detailed analysis of the variation of the dielectric function
and the refractive index with energy.

This approach enables an in-depth understanding of the
intrinsic optical behavior of the studied compounds and
their potential applicability in technological devices such
as optical components spectral filters and photovoltaic
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As shown in Figures 6, 7, 8, 9, and 10 the analysis of the
real part of the dielectric function & (®) for ThLi-«BsAs
alloys at different concentrations (x =0, 0.25, 0.5, 0.75, and
1) reveals positive values with distinct maxima located at
0.2,1,2.3,2.6,and 3.5 eV, respectively. The highest peak
is observed for T1As, reaching about 45 at very low photon
energies. Regarding the imaginary part & (o), the
absorption begins at zero photon energy for all alloys
except for BAs, where it starts around 3.2 eV, highlighting
its semiconducting nature. The absorption maxima are
recorded at 25 (1 eV) for TlAs, 35 (5.5 eV) for BAs, and at
27.5, 25, and 25 forx =0.25, 0.5, and 0.75 at 0.75, 1.2, and
3 eV, respectively. These absorption peaks originate from

d. 10.57647/jtap.2026.2001.05

interband electronic transitions between the occupied
states in the valence band and the unoccupied states in the
conduction band. The refractive index n (w) shows a
consistent trend with the real part of the dielectric function,
where the maximum occurs at very low photon energies for
T1As ( 0 eV), while BAs exhibits its highest value at 5.5
eV. For intermediate concentrations (x = 0.25 and 0.5), the
refractive index attains its maximum at photon energies
close to zero, whereas for x = 0.75, the peak shifts toward
approximately 3 eV. This behavior indicates that boron
incorporation into the TIAs matrix significantly modifies
the optical response, leading to a redistribution of
absorption spectra and a tunable shift in the refractive
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index peaks. Such tunability highlights the potential of
Tli-«BxAs alloys for advanced optoelectronic applications,
where precise control over refractive index and absorption
properties is crucial. It is worth noting that this
composition-dependent optical tunability has not been
previously reported in TIBAs systems, highlighting the
novel and original aspect of the present research work.

4. Conclusion

In this work, a comprehensive theoretical study of
Tli«BxAs (0 <x < 1) alloys in the zinc blende structure was
conducted using density functional theory (DFT) within
the GGA and mBJ approximations. The obtained results
show excellent agreement with previous theoretical and
experimental data, confirming the reliability of the adopted
computational approach. The incorporation of boron into
the T1As lattice leads to a decrease in lattice constant and
an increase in bulk modulus, indicating enhanced structural
rigidity. Electronic structure calculations within GGA
reveal that most compounds exhibit semimetallic behavior,
except for BAs, which shows an indirect band gap (~1.20
eV). Interestingly, the mBJ correction indicates that at a
boron concentration of x = 0.75, the Tlo.2sBo.7sAs alloy
exhibits a direct semiconducting behavior, marking a
notable and novel finding in this material system. Optical
analyses show that the positions of the main peaks in the
dielectric and refractive index spectra vary with boron
content, reflecting a tunable optical response through
compositional control. Overall, the present findings
highlight that TliBxAs alloys exhibit highly tunable
electronic and optical characteristics, positioning them as
promising candidates for next-generation optoelectronic
and photonic devices
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