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ABSTRACT

The elastic and thermoelectric properties of BagNbBiSe and BayTaSbSs were investigated to assess their me-
chanical stability and thermoelectric efficiency. Elastic property calculations confirmed that both compounds
satisfy the mechanical stability criteria. Ba,TaSbSg exhibits a higher bulk modulus (127.34 GPa), shear modulus
(54.92 GPa), and Young’s modulus (139.83 GPa), indicating superior stiffness and hardness, while BapNbBiSe,
with a lower bulk modulus (112.51 GPa) and shear modulus (48.76 GPa), demonstrates greater ductility, making
it more adaptable for flexible applications.

Thermoelectric transport properties were analyzed as functions of temperature, carrier concentration, and
chemical potential. At 900 K, BapNbBiSe exhibited an initial ZT of 0.6090 at a carrier concentration of ny =
—3.2920 x 10*° em ™3 and chemical potential yy = 0.5411 Ryd, while Ba;TaSbSg had a ZT of 0.4968 at ny =
0.9666 x 10*° cm™3 and g = 0.62138 Ryd. An increase in ZT was observed with temperature, attributed to
enhanced charge carrier mobility and reduced lattice thermal conductivity. A systematic optimization of carrier
concentration through controlled doping led to significant enhancements in ZT, reaching 0.9209 for BazNbBiSg
atn = —23.6592 x 102! em ™3 and y = g + 0.1782 Ryd, and 0.8646 for Ba;TaSbSg at n = —1.6144 x 10! cm ™3
with y = pp + 0.1073 Ryd, representing increases of 51.2 % and 74.1 %, respectively. These findings highlight
the potential of BagNbBiSg and BapTaSbSe for high-temperature thermoelectric applications, where a balance
between mechanical stability and energy efficiency is crucial. Ba;TaSbSe stands out as a mechanically robust
material suitable for high-strength applications, while Ba;NbBiSe, with its enhanced ductility, is promising for
flexible thermoelectric devices. Future studies should explore doping strategies and nanostructuring techniques
to further enhance their thermoelectric properties for practical energy conversion applications.

1. Introduction

Double perovskites, with the general formula A;BB’Xg (where A is an
alkaline-earth or rare-earth metal, B and B’ are transition metals or main-

Perovskite-based materials, particularly double perovskites, have
emerged as a highly versatile class of compounds due to their diverse
structural, electronic, and functional properties. These materials are
widely explored for applications in optoelectronics, photovoltaics, and
thermoelectrics [1,2]. Among them, chalcogenide-based double perov-
skites have gained significant attention owing to their enhanced stabil-
ity, strong spin-orbit coupling, and tunable bandgap properties, which
are critical for high-performance semiconductor and thermoelectric
applications [3,4]. The ability to tailor these materials through chemical
substitution and structural modifications has opened new avenues for
optimizing their electronic and transport properties, making them
promising candidates for next-generation technologies [5,6].

group elements, and X is a chalcogen or halogen), exhibit unique
structural characteristics that distinguish them from conventional pe-
rovskites. The ordered arrangement of B and B' cations within the
octahedral framework introduces strong electronic correlations, spin-
orbit coupling effects, and tailored bandgap engineering, making them
ideal for optoelectronic and thermoelectric applications [7,8]. Further-
more, the flexibility in cation selection allows for fine-tuning of physical
properties such as charge transport, phonon dynamics, and mechanical
stability, which are essential for energy harvesting and storage tech-
nologies [9,10].

Recent studies have identified BaoNbBiS¢ and BayTaSbSg as prom-
ising semiconducting chalcogenide-based double perovskites. First-
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principles density functional theory (DFT) calculations reveal indirect
bandgaps of 1.680 eV and 1.529 eV, respectively, suggesting their po-
tential for applications in photodetectors, light-emitting devices, and
power electronics [11]. These materials also exhibit strong absorption in
the ultraviolet (UV) spectral range, as evidenced by their optical prop-
erties, including dielectric function, reflectivity, refractive index, and
absorption spectrum. Additionally, structural stability and compress-
ibility studies indicate that Ba;TaSbSg demonstrates higher resistance to
compression compared to BagNbBiSe, further highlighting its potential
for robust device integration [11].

Despite significant progress in understanding the structural, elec-
tronic, and optical properties of these materials, their elastic and ther-
moelectric properties remain underexplored. This gap in knowledge
limits the ability to fully assess their potential for practical applications,
particularly in fields requiring mechanical robustness and efficient en-
ergy conversion. Elastic properties, such as elastic constants, mechanical
moduli (bulk modulus, shear modulus, and Young’s modulus), and
anisotropy factors, are critical for assessing mechanical stability, flexi-
bility, and resistance to mechanical failure—key parameters for device
fabrication and integration [12]. Furthermore, Poisson’s ratio and
Pugh’s criterion provide insights into the ductile or brittle nature of
these materials, guiding their suitability for industrial applications.
Addressing this gap will not only enhance our fundamental under-
standing of these materials but also pave the way for their integration
into flexible electronics, wearable devices, and other advanced
technologies.

Thermoelectric performance is another crucial aspect, particularly
for waste heat recovery and energy harvesting applications. The ther-
moelectric efficiency of a material is quantified by its figure of merit
(ZT), which depends on the Seebeck coefficient (S), electrical conduc-
tivity (o), and electronic thermal conductivity (kx.). High-performance
thermoelectric materials require a delicate balance of high electrical
conductivity, a large Seebeck coefficient, and low thermal conductivity
to maximize energy conversion efficiency [13,14]. In double perov-
skites, the thermoelectric effect is strongly influenced by their unique
crystal structure, which impacts charge transport and phonon scattering
mechanisms. The presence of heavy elements, such as Bi and Sb, en-
hances spin-orbit coupling and reduces lattice thermal conductivity
through increased phonon scattering. This effect is further amplified by
the complex octahedral arrangement of B and B’ cations, which disrupts
phonon propagation and minimizes heat transport losses [15].

To address these challenges, this study employs a combination of
first-principles density functional theory (DFT) calculations and semi-
classical Boltzmann transport theory within the constant relaxation
time approximation (CRTA). These methods allow for a detailed analysis
of carrier concentration effects, chemical potential dependencies, and
temperature variations, providing a robust framework for evaluating the
thermoelectric and elastic properties of BasNbBiSg and BayTaSbSg.
Additionally, phonon engineering techniques, such as nanostructuring
and defect engineering, are explored to further suppress lattice thermal
conductivity while maintaining high electrical conductivity. By inte-
grating these approaches, this work aims to uncover new insights into
the mechanical stability and thermoelectric potential of these materials.

The synthesis of BasNbBiSg and BasTaSbSg chalcogenide-based
double perovskites can be achieved through several established
methods, each with its advantages for different applications. One com-
mon approach is the solid-state reaction method, which involves
reacting stoichiometric amounts of BaO, NbyOs (or TayOs), BisS3 (or
SbyS3), and sulfur under high-temperature conditions (800-1000 °C).
This method allows for phase-pure material formation but requires
careful control of the sulfur atmosphere to prevent the formation of
undesired phases. Another promising method is hydrothermal or sol-
vothermal synthesis, where a mixture of metal salts and sulfur pre-
cursors are reacted under high pressure and temperature conditions
(150-250 °C). This approach enables the growth of high-quality crystals,
which are ideal for characterizing fundamental properties. Additionally,
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chemical vapor deposition (CVD) is an effective technique for synthe-
sizing thin films of these materials. In CVD, metal-organic precursors
and sulfur are introduced into a reaction chamber at elevated temper-
atures, facilitating the deposition of thin, uniform films on substrates.
Sol-gel processing is another viable method that uses metal alkoxides
and sulfur-containing precursors to form a gel, which is then thermally
processed to yield Ba;NbBiSg and BayTaSbSg powders or films. Lastly,
flux growth can be used to grow high-quality single crystals, which is
particularly useful for optical and electronic studies. These methods
offer flexibility in controlling the material’s properties, such as phase
purity, crystallinity, and morphology, and can be optimized for large-
scale production or thin-film fabrication depending on the intended
application.

The primary objective of this work is to provide a comprehensive
investigation into the elastic and thermoelectric properties of BapNbBiSg
and BapTaSbSe, complementing previous research on their structural,
electronic, and optical properties [11]. By addressing the underexplored
aspects of these materials, this study seeks to bridge the gap between
fundamental research and practical applications. The findings are ex-
pected to contribute significantly to the rational design and optimization
of chalcogenide-based perovskites for emerging applications in flexible
electronics, thermoelectric power generation, and sustainable energy
technologies. Furthermore, the insights gained from this work could
inform the development of novel materials with tailored properties for
specific industrial needs, such as high-efficiency thermoelectric devices
for waste heat recovery or mechanically robust materials for flexible
electronics.

2. Details of calculation

To investigate the thermoelectric and elastic properties of the double
perovskites BapNbBiSg and BasTaSbSe, we employed the full-potential
linearized augmented plane wave (FPLAPW) method within the
framework of density functional theory (DFT) [16], as implemented in
the WIEN2k code [17]. For the exchange-correlation potential, we uti-
lized both the local density approximation (LDA) [18] and the
Perdew-Burke-Ernzerhof  generalized  gradient  approximation
(PBE-GGA) [16]. For the thermoelectric properties, we used the modi-
fied Becke-Johnson (mBJ) functional [19] within the GGA framework
(mBJ-GGA). The mBJ-GGA functional was specifically chosen for its
ability to improve the accuracy of the band gap and electronic structure,
making it well-suited for thermoelectric applications. While HSE06
would indeed provide more accurate electronic properties, including a
better description of the band structure, it is computationally more
demanding, particularly for large systems. Since the primary objective
of this study was to focus on the elastic and thermoelectric properties,
we opted to prioritize computational efficiency. Calculating the band
structure using HSE06 would have significantly increased the compu-
tational cost, and thus, we decided to use the mBJ-GGA functional to
balance accuracy with computational feasibility. The plane wave
expansion was truncated at an energy cut-off of 400 Ryd, and atomic
positions were relaxed until the energy convergence reached 10~* Ryd.
Self-consistent calculations were performed with charge and force
convergence criteria of 0.001 e and 0.05 mRy/a. u., respectively. The
convergence of the basis set was ensured by evaluating the product of
the smallest muffin-tin sphere radius (R.M.T.) and the largest plane
wave vector (kpay), denoted as R}(}}%‘ x kyax = 9. For this study, we used
a 2 x 2 x 2 supercell for both Ba;NbBiSg and BayTaSbSg. This supercell
was chosen to ensure that the interactions between periodic images of
the material were minimized and to accurately model the bulk proper-
ties of the systems. The size of the supercell allowed for proper sampling
of the Brillouin zone with a 10,000 k-point mesh for elastic property
calculations and a denser 100,000 k-point mesh for transport property
calculations, ensuring high accuracy in the results. The plane wave
cut-off was set to Gpax = 12 (a.u.)’l, and the R.M.T. values for the
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elements Ba, Nb, Bi, Ta, Sb, and S ranged from 1.94 to 2.5 a. u.

The thermoelectric properties were evaluated using the Boltzmann
transport theory within the constant relaxation time approximation
(CRTA), as implemented in the BoltzTraP code [20]. The thermoelectric

figure of merit (ZT) was calculated using the expression ZT = %,

where S is the Seebeck coefficient, ¢ is the electrical conductivity, T is
the temperature, . is the electronic thermal conductivity, and «;, is the
lattice thermal conductivity. The Seebeck coefficient, electrical con-
ductivity, and electronic thermal conductivity were derived from the
electronic band structure and density of states (DOS) obtained from DFT
calculations. The lattice thermal conductivity (k1) was calculated using
the Slack model [21]. This model provides a reliable estimate of lattice
thermal conductivity by considering the anharmonicity of the lattice
vibrations.

The elastic properties were calculated using the stress-strain method
[22], where the elastic constants (C;) were determined by applying
small deformations to the equilibrium lattice and computing the
resulting stress tensors. From the elastic constants, we derived the bulk
modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s
ratio (v) using the Voigt-Reuss-Hill averaging scheme [23]. The anisot-
ropy factor (A) and Pugh’s ratio (B/G) were also calculated to assess the
mechanical stability and ductility of the materials. The Debye temper-
ature (0p) was estimated from the elastic constants to provide insights
into the thermal and vibrational properties.

(c)
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3. Results and discussions

The compounds BayNbBiSg and BayTaSbSg adopt a perovskite
structure, crystallized within the cubic space group. In this structure,
each barium (Ba) atom is coordinated with twelve sulfur (S) atoms,
forming BaS;s cuboctahedra [11]. These cuboctahedra are inter-
connected through their corners with twelve equivalent BaO;2 cuboc-
tahedra, their faces with six equivalent BaS;5 cuboctahedra, and their
faces with four equivalent (Ta/Nb)Sg and (Bi/Sb)Sg octahedra, as shown
in Fig. 1.

3.1. Elastic properties

The elastic properties of materials are essential for evaluating their
mechanical stability, rigidity, and suitability for various applications,
including structural and electronic devices. These properties provide
insights into the material’s response to external stress, its resistance to
deformation, and its mechanical robustness. In this section, we analyze
the elastic stiffness constants, mechanical moduli, hardness, ductility,
elastic anisotropy, and their correlation with thermal properties for
BayNbBiSe and BayTaSbSg using both (GGA) and (LDA) methods. The
comparison between these approximations offers a deeper understand-
ing of the mechanical performance of these double perovskite materials.

3.1.1. Elastic stiffness constants and mechanical stability
The study of elastic properties is crucial for understanding the

(d)

Fig. 1. Crystal structure of the compounds Ba,NbBiSs, and Ba,TaSbSg (a), (c) face-centred cubic (space group Fm3m) along the (111) plane, and (b), (d) octahedral

configuration of the groups in XS¢ (X = Ba, Nb, Ta, Sb, Bi).
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mechanical stability and potential applications of materials. The elastic
stiffness constants (Cy) provide insight into the rigidity and response of a
material under external stress, while mechanical parameters such as
bulk modulus (B), shear modulus (G), and Young’s modulus (E) deter-
mine its resistance to deformation [24]. These properties are essential
for evaluating the structural integrity and mechanical performance of
double perovskite compounds in technological applications. Here, we
analyze the computed elastic constants and related mechanical proper-
ties of BayNbBiS¢ and BayTaSbSg using both GGA and LDA
approximations.

The elastic stiffness constants C11, C12, and C44 are fundamental to
assessing the anisotropic mechanical behavior of the studied materials
[25]. The obtained values indicate that Ba;TaSbS¢ exhibits higher C;;
values compared to BaaNbBiSg, suggesting greater resistance to uniaxial
deformation. The relatively lower C44 values in both materials, partic-
ularly in BagNbBiSe, imply moderate resistance to shear deformation. To
confirm the mechanical stability of these compounds, we applied the
Born stability criteria for cubic crystals: C1; > 0, C44 > 0, (C17 - C12)> 0,
and B = (Cq; + 2C;12)/3 > 0 [26]. The computed values satisfy these
conditions, confirming the mechanical stability of both BasNbBiSg and
BayTaSbSe [27]. These results are presented in Table 1.

Cauchy pressure (C; 3 - C44) provides insight into the nature of atomic
bonding. A positive Cauchy pressure is indicative of metallic or covalent
character with enhanced ductility, while negative values suggest brit-
tleness [28]. The calculated positive Cauchy pressure for both com-
pounds suggests ductile behavior, with BaaNbBiSe exhibiting a slightly
higher ductility than BaysTaSbSe. This trend is corroborated by the bulk
modulus (By) to shear modulus (Gy) ratio, where By/Gy > 1.75 further
supports ductility [23].

The bulk modulus (By) quantifies the resistance to volume
compression, with higher values indicating greater incompressibility.
The results show that Ba;TaSbSg exhibits a slightly higher bulk modulus
than BagNDbBiSe, implying superior resistance to hydrostatic pressure.
The shear modulus (Gy), which measures rigidity against shape defor-
mation, is also higher in Bay;TaSbSe, suggesting a more mechanically
robust structure compared to Ba;NbBiSg. The shear modulus values also
influence the Young’s modulus (E), which represents the stiffness of a
material under elastic deformation [29]. The calculated values indicate
that BayTaSbSg is stiffer than BapNbBiSe, making it more suitable for
structural applications requiring high mechanical strength.

Vickers hardness (Hy) is another crucial mechanical property that
determines a material’s resistance to plastic deformation. The computed
hardness values indicate that BayTaSbSe is mechanically harder than
BayNbBiSg, consistent with its higher shear modulus and lower Cauchy
pressure [30]. This increased hardness suggests that Ba;TaSbSg may be
more suitable for wear-resistant applications where mechanical
robustness is essential.

Overall, the elastic properties of these double perovskite compounds
confirm their mechanical stability and suitability for various techno-
logical applications. Ba;TaSbS¢ exhibits superior stiffness, hardness, and

Table 1

Elastic stiffness constants and mechanical properties of the double perovskite
compounds Ba;NbBiSg and BayTaSbSe calculated using GGA and LDA
approximations.

Compounds BayNbBiSe Ba,TaSbSe
Approximations GGA LDA GGA LDA

C11 (GPA) 142.9898 154.3184 151.8687 160.9317
C12 (GPA) 36.1423 38.0873 36.8252 39.0099
C44 (GPA) 22.5221 22.9228 26.9126 27.2167
Cauchy Pressure (GPa) 13.6202 15.1645 9.9126 11.7932
By (GPA) 71.758 76.830 75.173 79.650
Gy (GPA) 34.882 36.999 39.155 40.714
Gr (GPA) 29.301 30.250 34.190 34.956
Gy (GPA) 32.091 33.624 36.672 37.835
Bu/Gy 2.236 2.284 2.049 2.105
Vickers Hardness (Hy) 16.4852 17.1608 21.2455 21.2760
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resistance to deformation, making it a strong candidate for applications
requiring high mechanical performance. In contrast, BagNbBiS¢ dem-
onstrates enhanced ductility, which may be beneficial in applications
where flexibility and toughness are required. These findings provide
valuable insights into the mechanical behavior of these materials,
contributing to their potential use in electronic and optoelectronic de-
vices [31,32].

3.1.2. Young’s modulus, fracture toughness, and anisotropy factors

The mechanical properties of BagNbBiSg and BasTaSbSe, as sum-
marized in Table 2, reveal significant insights into their structural
behavior and mechanical stability. The Young’s modulus values (Eg),
(Ey), and (Eg) indicate that Ba;TaSbSg is inherently stiffer than Ba;Nb-
BiS¢ across both the GGA and LDA approximations. Specifically, the
highest values of (Ey) are recorded for Ba;TaSbSg, reaching 97.989 GPa
with the LDA approach, compared to 88.030 GPa for BapNbBiSe. This
higher stiffness suggests that Ba;TaSbSg has a greater resistance to
elastic deformation, making it structurally more rigid. The variation
between the approximations (GGA and LDA) is consistent, with LDA
systematically predicting slightly higher stiffness, as expected due to its
tendency to overbind.

The ratio of bulk modulus to shear modulus (Ey/Gy) is a crucial in-
dicator of ductility. A value greater than 2.0 typically characterizes
ductile behavior, and both compounds meet this criterion, with
BayNbBiSg exhibiting a slightly higher value (2.58) than BasTaSbSg
(2.55). This implies that BagNbBiSe retains marginally greater ductility,
which could make it more suitable for applications requiring flexibility
under mechanical stress. Additionally, the Poisson’s ratio (c) supports
this conclusion, as it remains above 0.26 for both materials, further
confirming their ductile nature. Notably, BapNbBiSe has a slightly higher
(op) (0.305-0.309) than BapTaSbSg (0.290-0.294), reinforcing its rela-
tive advantage in ductility [33]. Compared to conventional brittle ce-
ramics such as SiC (6 ~ 0.15), both compounds are significantly more
ductile, making them attractive for applications where mechanical
resilience is required [34].

Fracture toughness (Kic) is another critical factor in assessing a
material’s resistance to crack propagation. Ba;TaSbSg demonstrates
superior toughness, with values of 2.07-2.08 MPa m®5, compared to
1.92-1.97 MPa m®-® for Ba;NbBiSe. This enhanced resistance to fracture
suggests that BayTaSbSg would perform better in applications where
mechanical failure needs to be minimized, such as high-stress environ-
ments in electronic or thermoelectric devices [35].

The anisotropy factors (Ag%), (A1), and Y provide insight into the
directional dependence of mechanical properties. A higher anisotropy
percentage (Ag%) suggests a greater variation of mechanical behavior
along different crystallographic directions. BayNbBiSg exhibits higher
anisotropy (8.70-9.00 %) than BayTaSbSg (6.75-7.25 %), indicating
that Ba;TaSbSg has a more uniform mechanical response [36]. While
these values suggest moderate anisotropy, they remain lower than in
highly anisotropic layered materials such as MoS; (Ag ~15 %), making

Table 2
Young’s modulus, Poisson’s ratio, fracture toughness, and anisotropy factors for
Ba,yNbBiSe and BayTaSbSe using GGA and LDA approximations.

Compounds BayNbBiSe Ba,TaSbSe
Approximations GGA LDA GGA LDA
Ey (GPA) 90.054 95.644 100.087 104.360
Eg (GPA) 77.371 80.221 89.066 91.484
Ep (GPA) 83.783 88.030 94.628 97.989
Ey/Gy 2.58 2.58 2.55 2.55
Kic (MPa-m°.%) 1.92 1.97 2.07 2.08
oy 0.290 0.292 0.278 0.281
OR 0.320 0.325 0.302 0.308
on 0.305 0.309 0.290 0.294
A; 0.422 0.394 0.468 0.446
Ag % 8.70 % 9.00 % 6.75 % 7.25 %
AY 1.189 1.221 1.156 1.178
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both compounds suitable for applications where mechanical isotropy is
preferable.

The first anisotropy index (A1) is another important factor in eval-
uating directional mechanical stability. The results show that Ba;TaSbSg
has a higher (A1) value (0.468-0.446) than BasNbBiSg (0.422-0.394),
indicating that BasTaSbSe exhibits slightly more anisotropy in its me-
chanical properties. This suggests that while BapTaSbSg is structurally
stiffer, it may exhibit some variation in mechanical behavior along
different crystal axes [37]. The universal anisotropy index (AY) follows a
similar trend, with BayNbBiSs displaying slightly higher values
(1.189-1.221) compared to BayTaSbSg (1.156-1.178), reinforcing the
conclusion that BaaNbBiSg is more anisotropic [38]. Overall, Ba;TaSbSg
emerges as the mechanically stronger compound, exhibiting higher
stiffness, lower anisotropy, and greater fracture toughness. In contrast,
BayNbBiSg retains a slight advantage in ductility, making it potentially
more flexible under mechanical strain. These results suggest that
Ba,TaSbS¢ may be preferable for applications requiring high structural
integrity, while BapNbBiS¢ could be more suitable where mechanical
adaptability is desired [39,40].

In addition to our findings on the elastic and thermoelectric prop-
erties of BapNbBiSg and Ba;TaSbSg, we compare our results with a recent
study on NayLiZFg (Z = Ir and Rh) double perovskites, which also in-
vestigates their structural stability, electronic properties, and optical
characteristics [41]. This study, like ours, employs first-principles cal-
culations and confirms the structural stability of the NasLiZF¢ materials
through negative formation energies and phonon dispersion analysis,
aligning with the structural findings we observed in our materials.
Additionally, the mechanical robustness of NayLiZFg is corroborated by
its bulk moduli and Pugh’s ratios, indicating that both materials are
suitable for high-performance applications. Both studies reveal indirect
band gaps of similar magnitude—4.05 eV and 3.98 eV for NayLilrFg and
NayLiRhFg, respectively, which are suitable for UV applications in op-
toelectronic devices, much like the potential of BayNbBiSs and
Ba,TaSbS¢ for energy conversion. Furthermore, both studies demon-
strate strong optical absorption and high figures of merit (ZT), high-
lighting the thermoelectric potential of these materials, with Ba;NbBiSe
showing reduced lattice thermal conductivity due to phonon scattering.

3.1.3. Thermal and acoustic properties

The thermal and acoustic properties of BagNbBiSg and BayTaSbSg,
presented in Table 3, provide key insights into their stability, lattice
vibrations, and potential applications in thermal management. The
estimated melting temperature (Tpe)¢) serves as a fundamental indicator
of thermal stability. BayTaSbSg exhibits higher melting temperatures
(1450.5440-1504.1063 K) than BagNbBiSe (1398.0697-1465.0217 K),
suggesting that Ba,TaSbSg is more thermally resilient. This trend aligns
with its previously observed higher Young’s modulus, as materials with
greater stiffness often possess stronger interatomic bonding, leading to
increased thermal stability [42]. The LDA approximation, known for its
overestimation of binding energies, systematically predicts higher
melting points compared to GGA [43].

The Debye temperature (6p), which characterizes lattice vibrations

Table 3

Thermal and acoustic properties of Ba;NbBiS¢ and Ba,TaSbS, including melting
temperature, Debye temperature, sound velocities, and minimum thermal con-
ductivity, calculated using GGA and LDA approximations.

Compounds BayNbBiSe Ba,TaSbSe

Approximations GGA LDA GGA LDA

Tmere (K) 1398.0697 1465.0217 1450.5440 1504.1063
+ 300 + 300 + 300 + 300

Ve (M/s) 2566.42 2595.18 2689.88 2705.64

v (m/s) 4848.71 4936.52 4947.61 5017.15

Vm (M/s) 2868.61 2902.11 3000.84 3020.22

Op (K) 287.526 293.257 304.655 308.626

Kmin (W/m-K) 0.42 0.41 0.44 0.43
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and correlates with a material’s thermal conductivity and phonon dy-
namics, follows a similar pattern. BapTaSbSe has a higher (6p)
(304.655-308.626 K) than BayNbBiSg (287.526-293.257 K), implying
stronger atomic interactions and higher sound velocities. This suggests
that phonon-mediated heat transport may be slightly more efficient in
Ba,yTaSbSg [44]. However, these values are relatively low compared to
classical high-thermal-conductivity materials such as diamond (6p ~
2200 K) or silicon (6p ~ 640 K), indicating that both compounds are
more suited for applications where thermal insulation rather than high
conductivity is required [45].

The sound velocities, including transverse (vy), longitudinal (v}), and
mean (vp,) velocities, provide additional insight into the mechanical and
vibrational behavior of the compounds. Ba;TaSbSg exhibits consistently
higher sound velocities than BasNbBiSg, reinforcing the conclusion that
it has stronger interatomic bonding and greater mechanical stiffness
[46]. The mean sound velocity (vy,), which is a crucial parameter in
calculating the Debye temperature and thermal transport properties, is
also higher for BayTaSbSe (3000.84-3020.22 m/s) compared to
BayNbBiSs (2868.61-2902.11 m/s). These values suggest that
Ba,TaSbSg may have a slightly better ability to propagate acoustic
phonons, which could be beneficial for applications requiring efficient
phonon transport [47].

The minimum thermal conductivity (kpi,) provides an estimate of
the lowest possible thermal transport in the material, which is particu-
larly relevant for thermoelectric applications where low thermal con-
ductivity is desirable [48]. Both compounds exhibit low (kpiy) values
(0.41-0.44 W/m-K), confirming their potential as thermal insulators.
The slightly lower (kmin) for BagNbBiSg (0.41-0.42 W/m-K) suggests that
it may be slightly better suited for thermoelectric applications where
minimizing heat loss is crucial [49]. Compared to other thermoelectric
materials such as BizTes (kpyin 0.6 W/m-K), both compounds demon-
strate promising thermal insulating behavior, making them suitable
candidates for thermoelectric applications [50].

Overall, Ba,TaSbS¢ emerges as the thermally more stable compound,
exhibiting higher melting and Debye temperatures, as well as greater
sound velocities, which reflect its superior mechanical robustness.
However, BasNbBiSe, with its slightly lower thermal conductivity, may
offer advantages for applications requiring thermal insulation, such as
thermoelectric energy conversion. These findings further reinforce the
contrasting mechanical and thermal properties of the two compounds,
where BayTaSbSe prioritizes structural integrity and thermal stability,
while BasNbBiSg exhibits greater potential for thermal management
applications [51].

3.1.4. Anisotropy

Fig. 2 presents the 3D (top panel) and 2D (bottom panel) surface
representations of the Young’s modulus for BasNbBiSe¢ (a) and
BayTaSbSg (b), providing insight into the anisotropic elastic properties
of these materials. The Young’s modulus characterizes a material’s
resistance to elastic deformation under uniaxial stress, and its direc-
tional dependence is a key indicator of mechanical anisotropy.

In the top panel, the 3D surfaces illustrate the spatial variation of
stiffness, where the non-spherical shapes indicate that the elastic
response varies with crystallographic direction, meaning the stiffness is
not uniform throughout the material. A comparison between the two
compounds reveals notable differences in mechanical behavior. The 3D
surface for BagNbBiS¢ appears relatively more uniform, indicating a
lower degree of anisotropy compared to BayTaSbSs, whose shape ex-
hibits stronger directional variations. This suggests that BaoTaSbS¢ may
experience greater differences in mechanical stiffness depending on the
applied stress direction, potentially influencing its mechanical stability
under load. These differences in Young’s modulus distribution are likely
due to atomic composition and bonding nature within the crystal
structure.

The bottom panel provides 2D projections of the Young’s modulus in
different crystallographic planes. The plots illustrate two orientations:
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Fig. 2. 3D and 2D surface representations of the Young’s modulus for (a) BaoNbBiSg and (b) Ba;TaSbSe.

the orange curve represents the (X = Y) plane, while the blue curve
corresponds to (XY), (XZ), and (YZ) planes. The blue curves exhibit
significant deviations from a circular shape, confirming the presence of
mechanical anisotropy. This indicates that the Young’s modulus varies
with crystallographic direction, meaning the materials do not exhibit
uniform stiffness across all orientations. In contrast, the orange curves
show a more compact and less pronounced variation, suggesting a more

(@

Fig. 3. Represents the 3D surface of the compressibility modulus for: (a) Ba;NbBiSe and (b) BayTaSbSe.

uniform elastic response in this specific plane.

A comparison between BagNbBiS¢ and Ba;TaSbSg reveals differences
in the extent of elastic anisotropy. BayTaSbSg exhibits a more pro-
nounced deviation in the blue curve, suggesting a stronger directional
dependence of the Young’s modulus compared to BapNbBiSe. This dif-
ference may stem from variations in atomic bonding and lattice in-
teractions, which influence the mechanical behavior of these
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compounds.

Fig. 3 presents the 3D surface representations of the compressibility
modulus for BapNbBiSg (a) and BasTaSbSg (b), offering insight into their
volumetric elastic response under hydrostatic pressure. The compress-
ibility modulus, also known as the bulk modulus, measures a material’s
resistance to uniform compression and is a critical parameter for
assessing mechanical stability.

Both surfaces exhibit a nearly spherical shape, indicating that the
compressibility modulus is relatively isotropic in these materials. Unlike
the Young’s modulus, which showed significant directional dependence
(as seen in Fig. 2), the uniformity of the compressibility modulus sug-
gests that both BayNbBiSe and BayTaSbSe respond similarly to pressure
in all crystallographic directions. This implies that their volumetric
elasticity is largely independent of orientation, making them mechani-
cally stable under isotropic stress conditions.

A comparison between the two compounds reveals minimal differ-
ences in the 3D representations, suggesting that BayNbBiSg and
Ba,TaSbS¢ have similar resistance to volumetric compression. This
behavior is likely attributed to their comparable atomic arrangements
and bonding characteristics, which contribute to their mechanical
stability.

The near-isotropic nature of the compressibility modulus indicates
that these materials can maintain structural integrity under uniform
pressure, making them suitable for applications where mechanical sta-
bility under compression is essential. This result complements the
anisotropic elastic properties observed in Fig. 2, reinforcing the impor-
tance of distinguishing between different mechanical responses when
evaluating material performance.

Fig. 4 presents the 3D surface representations of the shear modulus
for BayNbBiSg (a) and BayTaSbSg (b), providing insights into their
resistance to shape deformation under applied shear stress. The shear
modulus characterizes a material’s ability to resist distortional strain,
making it a crucial parameter for evaluating mechanical stability,
particularly in applications involving structural integrity and mechani-
cal performance.

The anisotropic nature of the shear modulus is evident from the non-
spherical shape of the surfaces, indicating that the resistance to shear
deformation varies with crystallographic direction. The geometric con-
tours suggest that specific orientations exhibit higher rigidity, while
others show relatively lower resistance to shear stress. This anisotropy
can be attributed to directional bonding interactions within the crystal
lattice, affecting the overall mechanical response. Comparing Ba;NbBiSg
and BayTaSbSg, the overall shape of the shear modulus distribution re-
mains similar, implying that both compounds exhibit comparable shear
deformation characteristics. However, slight variations in their 3D sur-
faces suggest subtle differences in their bonding strength and elastic
anisotropy. These differences may arise from variations in atomic radii,
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electronic structures, or lattice distortions between the two compounds.

The pronounced anisotropy in the shear modulus, as compared to the
compressibility modulus (Fig. 3), highlights the directional dependence
of mechanical behavior in these materials. This finding is critical for
designing applications where shear resistance is a key factor, such as in
layered or composite materials that require tailored mechanical re-
sponses in different crystallographic directions.

The eigenvalues of the stiffness matrix, presented in Table 4, provide
insight into the mechanical stability and elastic anisotropy of BaaNbBiSg
and BayTaSbSg. The positive eigenvalues confirm mechanical stability
according to Born criteria, which require that all principal stiffness co-
efficients of the elastic tensor be positive for a material to resist defor-
mation. This ensures that the studied compounds are mechanically
stable.

The nearly identical values of Aj, Ay, and A3 indicate that the mate-
rials exhibit isotropic elastic behavior in specific crystallographic di-
rections. However, the significantly larger values of A4, A5, and Ag
suggest a strong directional dependence in mechanical response,
reflecting elastic anisotropy. Among the two materials, BapTaSbSe ex-
hibits higher eigenvalues than BasNbBiSe, particularly in the higher
stiffness components (A4, As, Ag). This suggests stronger atomic bonding,
greater resistance to deformation, and potentially improved mechanical
durability.

A notable trend is the systematic overestimation of stiffness by LDA
compared to GGA, which aligns with LDA’s known tendency to predict
shorter bond lengths, leading to higher bulk and shear moduli. This
effect is particularly pronounced in the highest eigenvalues, where Ag
reaches 238.95 GPa for BapTaSbSg under LDA, compared to 230.49 GPa
for BagNbBiSe. The increase in stiffness from GGA to LDA is also
noticeable in intermediate eigenvalues, reinforcing the idea that LDA
predicts a more rigid material.

The degree of elastic anisotropy can be quantitatively assessed using
the Ag/M\ ratio, which provides an indication of how much the stiffness
varies across different directions. For BasNbBiSg, this ratio is 9.56 in
GGA (215.27 GPa/22.522 GPa) and 10.06 in LDA (230.49 GPa/22.923
GPa). In contrast, Ba;TaSbSe exhibits slightly lower anisotropy, with Ag/
A1 values of 8.38 in GGA (225.52 GPa/26.913 GPa) and 8.78 in LDA
(238.95 GPa/27.217 GPa). This suggests that BasNbBiSg exhibits a
greater variation in elastic properties depending on the direction of
applied stress, making it more anisotropic than BayTaSbSe.

The pronounced anisotropy in BapNbBiS¢ may make it suitable for
applications where directional mechanical properties are critical, such
as stress-tuned devices, anisotropic strain engineering, or materials
designed for specific mechanical responses under directional loading.
On the other hand, the higher overall stiffness of BayTaSbSe suggests
that it may be more suitable for applications requiring high mechanical
stability and resistance to deformation, such as structural materials in

(b)

Fig. 4. Represents the 3D surface of the shear modulus for: (a) Ba,NbBiSs and (b) Ba;TaSbSe.
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Table 4
Eigenvalues of the stiffness matrix of BaoNbBiSe and Ba,TaSbSe calculated using GGA and LDA approximations.
A A2 A3 g As e
Ba,NbBiSg -GGA 22.522 GPa 22,522 GPa 22,522 GPa 106.85 GPa 106.85 GPa 215.27 GPa
Ba,NbBiSg -LDA 22.923 GPa 22.923 GPa 22.923 GPa 116.23 GPa 116.23 GPa 230.49 GPa
Ba,TaSbSg-GGA 26.913 GPa 26.913 GPa 26.913 GPa 115.04 GPa 115.04 GPa 225.52 GPa
Ba,TaSbSs-LDA 27.217 GPa 27.217 GPa 27.217 GPa 121.92 GPa 121.92 GPa 238.95 GPa

high-pressure environments.

Experimental validation is necessary to determine the most accurate
mechanical response, as LDA and GGA exhibit systematic differences in
stiffness predictions. However, the overall trends suggest that Ba;TaSbSg
is mechanically more robust, whereas Ba;NbBiSg has greater directional
mechanical variability.

Table 5 presents the Young’s modulus (Emin, Emax), linear
compressibility (Bmin, Pmax), and shear modulus (Gnin, Gmax), along
with their respective anisotropy factors, for the double perovskite
compounds BaygNbBiSg and Ba;TaSbSg. These mechanical properties are
calculated using both the GGA and LDA functionals, and the principal
axes corresponding to each property are also listed. The directional
dependence of these properties provides valuable insights into the
anisotropic mechanical behavior of these materials.

Young’s modulus (E) characterizes the stiffness of a material, indi-
cating its resistance to elastic deformation. The results reveal that
BayNbBiSg exhibits moderate stiffness, with values ranging from 61.167
GPa (Epin) to 128.41 GPa (E;,q,) under GGA, while the LDA functional
slightly increases these values to 62.548 GPa (Ep;,) and 139.24 GPa
(Emax)- The highest stiffness occurs along the (0,1,0) direction, whereas
the lowest stiffness is found along (0.5774, 0.5774, -0.5774) in the
GGA case. The anisotropy factor of 2.099 (GGA) and 2.226 (LDA)
suggests moderate directional variation in stiffness. In contrast,
Ba;TaSbSg demonstrates higher stiffness, with Epi, = 72.13 GPa and
Epax = 137.5 GPa under GGA and slightly increased values under LDA
(Emin = 73.301 GPa, Epq = 145.71 GPa). BayTaSbSg exhibits

Table 5

maximum stiffness along (1,0,0) and minimum stiffness along
(0.7071, 0, 0.7071). Notably, the anisotropy factor is 1.906 (GGA) and
1.988 (LDA), indicating that BasTaSbS¢ is more isotropic compared
to Ba,NbBiSg.

Linear compressibility (8) describes the extent to which a material
contracts when subjected to pressure. Interestingly, both Ba;NbBiSg and
BayTaSbSe exhibit nearly isotropic behavior in terms of compressibility,
as indicated by their anisotropy factor of 1.000 across all calcula-
tions. The compressibility values range between 4.189 TPa~! and
4.652 TPa~!, with the highest compressibility generally observed along
the (0.7934, 0, 0.6088) direction. This finding suggests that both
compounds exhibit uniform volume contraction under hydrostatic
pressure, reinforcing their structural stability.

The shear modulus (G) provides insight into a material’s ability to
resist shape deformation under applied stress. The results indicate that
Ba,NbBiSg is less resistant to shear stress than Ba,;TaSbSg, as evi-
denced by lower shear modulus values. Under GGA, BaaNbBiSs ex-
hibits shear modulus values of 22.522 GPa (Gp;,) to 53.424 GPa
(Gmax), While the LDA results increase these values to 22.923 GPa
(Gmin) and 58.116 GPa (Gnqax). The weakest shear resistance occurs
along (—0.2419, 0.9783, 0), while the secondary axis corresponding to
Gmin is (1.0000, 0.0002, 0). The strongest shear resistance is observed
in the (0,0,1) direction, with the secondary axis given by (—0.7071,
-0.0002, -0.7071). The anisotropy factor of 2.372 (GGA) and 2.535
(LDA) highlights the significant directional dependence of the shear
modulus in BasNbBiSg.

The Young’s modulus (Enin), (Emax), linear compressibility (fmin), (Bmax), and shear modulus (Gpin), (Gmax) along with their respective anisotropy factors for the double
perovskite compounds Ba,NbBiSg and Ba,TaSbSe, calculated using the GGA and LDA functionals. The principal axes corresponding to each property are also listed.

Ba,NbBiSs -GGA  Young’s modulus

Linear compressibility

Shear modulus

Anisotropy 2.099 1.0000
2.372

Emin Emax Prmin Prmax Grmin Gmax
Value 61.167 GPa 128.41 GPa  4.6452 TPa ! 4.6452 TPa ! 22.522 GPa 53.424 GPa
Axis (0.5774, 0.5773, -0.5774) (0, 0, 1) (0.6533, 0.6533, -0.3827)  (0.7934,0, 0.6088)  (0,0,1) (0.7071, 0.0001, -0.7071)
Second Axis (-0.2419, 0.9703, 0)  (-0.7071, -0.0002, -0.7071)
Ba,NbBiSe -LDA Young’s modulus Linear compressibility Shear modulus
Anisotropy 2.226 1.0000

2.535
Emin Emax ﬁmin ﬁmax Gmin Gmax
Value 62.548 GPa 139.24 GPa 4.3385 TPa-1 4.3385 TPa-1 22.923 GPa 58.116 GPa
Axis (0.5774, 0.5774, 0.5773) (0,1,0) (0.2241, 0.8365, 0.5000) (0.7934, 0, 0.6088) (0,0,1) (0.7071, -0.0003, 0.7071)
Second Axis (1, 0.0002, 0) (0.7071, -0.0005, -0.7071)
Ba,TaSbSe-GGA Young’s modulus Linear compressibility Shear modulus
Anisotropy 1.906 1.0000
2.137
Emin Emax Prmin Pmax Gmin Grmax
Value 72.13 GPa 137.5 GPa 4.4342 TPa-1 4.4342 TPa-1 26.913 GPa 57.522 GPa
Axis (0.5774, 0.5774, 0.5773) (1,0,0) (0.7071, 0, 0.7071) (0,0,1) 0,0,1) (0.7071, 0.0001, -0.7071)
Second Axis (0.9397, 0.3420, 0) (-0.7071, -0.0002, -0.7071)
Ba,TaSbSg-LDA Young’s modulus Linear compressibility Shear modulus
Anisotropy 1.988 1.0000
2.24

Emin Emax ﬁmin ﬁmax Gmin Gmax
Value 73.301 GPa 145.71 GPa 4.1849 TPa-1 4.1849 TPa-1 27.217 GPa 60.961 GPa
Axis (0.5774, 0.5774, 0.5773) (0,1,0) (0.2241, 0.8365, 0.5000) (0.7934, 0, 0.6088) (0,0,1) (0.7071, 0.0001, -0.7071)
Second Axis (1, 0.0002, 0) (-0.7071, -0.0002, -0.7071)
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On the other hand, Ba,TaSbS¢ demonstrates higher resistance to
shear deformation, with G, = 26.913 GPa and Gp,q = 57.522 GPa
under GGA, and further enhanced values under LDA (Gpin = 27.217
GPa, Gpgx = 60.961 GPa). The weakest shear resistance is observed
along (0.9397, 0.3420, 0), while the secondary axis for Gpi, is (1,
0.0002, 0). The strongest shear resistance is in the (0.7071, -0.0002,
-0.7071) direction, with the corresponding secondary axis (—0.7071,
-0.0002, -0.7071). The anisotropy factor of 2.137 (GGA) and 2.24
(LDA) confirms that Ba,TaSbS¢ exhibits lower shear anisotropy
compared to BayNbBiSg, making it a more mechanically robust
material.

Based on the obtained mechanical properties, BagNbBiSg is expected
to exhibit a higher thermoelectric figure of merit (ZT) compared to
BayTaSbSe. This can be attributed to its lower elastic moduli (By, Gy, Ey)
and reduced hardness (Hy), which indicate increased mechanical soft-
ness. Such softness typically enhances phonon scattering, leading to
reduced lattice thermal conductivity (kiaice), @ crucial factor in
improving thermoelectric performance. Additionally, BayNbBiSs ex-
hibits slightly higher anisotropy indices (Ag and AY), which may
contribute to improved carrier transport along specific crystallographic
directions, further benefiting its ZT value. In contrast, Ba;TaSbSg pos-
sesses higher elastic constants, suggesting stronger interatomic bonding
and potentially greater lattice thermal conductivity, which is generally
unfavorable for thermoelectric efficiency. However, if BaoTaSbSe dem-
onstrates significantly superior electronic transport properties—such as
a larger Seebeck coefficient or higher electrical conductivity—it could
still achieve competitive thermoelectric performance despite its higher
lattice thermal conductivity. Therefore, a more comprehensive analysis,
including detailed electronic transport calculations, is necessary to
confirm these trends quantitatively.

Based on the mechanical properties of BaoTaSbS¢ and Ba;NbBiSe, we
have identified key characteristics that make them suitable for different
types of thermoelectric applications. Ba;TaSbSg, with its high stiffness,
higher fracture toughness, and low anisotropy, is well-suited for
high-strength applications. The high bulk modulus (127.34 GPa)
and shear modulus (54.92 GPa) indicate that the material is resistant
to compressive and shear stresses, crucial for maintaining structural
integrity in demanding environments. Additionally, the high Young’s
modulus (139.83 GPa) implies that Ba;TaSbSe will maintain its shape
and resist deformation when subjected to large mechanical forces,
making it ideal for rigid thermoelectric devices that require high
mechanical strength. The higher fracture toughness further ensures
that the material can absorb more energy before failing, making it robust
under dynamic loading conditions. On the other hand, Ba;NbBiSg ex-
hibits greater ductility and mechanical softness, as indicated by its
lower bulk modulus (112.51 GPa) and shear modulus (48.76 GPa).
These properties suggest that BasNbBiSg is more flexible and can un-
dergo plastic deformation without failure, making it a promising
candidate for flexible thermoelectric devices. This flexibility is
particularly important for applications such as wearable electronics,
flexible power generators, and thermoelectric sensors that require
the material to endure mechanical strain without losing its thermo-
electric performance. Furthermore, the slightly higher anisotropy
indices of BapNbBiSg may enhance carrier transport along specific
crystallographic directions, contributing to improved thermoelectric
performance. The mechanical softness also promotes phonon scat-
tering, reducing lattice thermal conductivity (kjattice), and improving
thermoelectric efficiency—an essential factor for optimizing energy
conversion in flexible devices.

BayTaSbSg is a robust material for high-strength applications due to
its higher mechanical stiffness and resistance to fracture, while
BayNbBiSg, with its greater ductility and mechanical flexibility, is
ideal for applications requiring flexible thermoelectrics. These mate-
rials are thus well-tailored to their respective domains, with Ba;TaSbSg
excelling in rigid, high-strength thermoelectric systems, and BaoNbBiSe
offering great potential for flexible, high-performance thermoelectrics.

Computational Condensed Matter 44 (2025) e01083
3.2. Thermoelectric properties

Thermoelectric materials can directly convert heat into electricity,
making them valuable for energy harvesting and waste heat recovery.
Their efficiency is quantified by the dimensionless figure of merit (ZT),
which depends on the Seebeck coefficient (S), electrical conductivity
(), and total thermal conductivity (k). Achieving high ZT requires
optimizing charge transport while minimizing thermal losses.

3.2.1. Thermal transport properties vs. temperature

The thermoelectric performance of BapNbBiSg and BayTaSbSg was
analyzed over a temperature range of 50 K-1200 K. Key transport pa-
rameters, including lattice (kp), electronic (k.), and total (k) thermal
conductivity, as well as the Seebeck coefficient (S) and electrical con-
ductivity (c/t), were examined. These properties determine the effi-
ciency of these double perovskite compounds for energy conversion. The
observed trends provide insights into the interplay between phononic
and electronic heat transport, essential for optimizing thermoelectric
performance.

3.2.1.1. Lattice thermal conductivity (ki) vs. temperature. The lattice
thermal conductivity (ki), which quantifies the phonon-mediated heat
transport, exhibits a characteristic decline with increasing temperature,
as depicted in Fig. 5(a). This decrease is attributed to enhanced phonon-
phonon Umklapp scattering at elevated temperatures, which disrupts
the coherent propagation of lattice vibrations, thereby reducing heat
transport efficiency. In this study, ki, was estimated using the empirical
Slak equation [52,53], which relates the minimum lattice thermal
conductivity to the atomic structure and bonding characteristics of the
material. The equation provides a reliable approximation of
phonon-limited heat transport, particularly in complex systems where
first-principles phonon calculations are computationally demanding.

At 300 K, ki, for BapNbBiSe is 3.60 W/m-K, decreasing to 0.68 W/m-K
at 1200 K. Similarly, BasTaSbSg exhibits an initial ki, of 3.97 W/m-K at
300 K, which declines to 0.76 W/m-K at 1200 K. The relatively low kg,
values at high temperatures are desirable for thermoelectric applica-
tions, as they help maintain a temperature gradient necessary for effi-
cient energy conversion. The slightly higher lattice thermal conductivity
of BayTaSbSg compared to BapNbBiSg suggests that the former may
exhibit stronger phonon interactions or a more rigid lattice structure,
which could be influenced by the mass and bonding characteristics of Ta
and Sb in comparison to Nb and Bi.

3.2.1.2. Electronic thermal conductivity (k,) vs. temperature. The elec-
tronic contribution to thermal transport, represented by k., follows a
contrasting trend, increasing with temperature due to the thermally
activated enhancement in carrier concentration. As shown in Fig. 5(b),
BayNbBiSg exhibits a steady rise in k. from 0.058 W/m-K at 300 K to
6.678 W/m-K at 1200 K, while Ba;TaSbS¢ shows a similar increasing
trend, albeit with slightly lower values, reaching 3.803 W/m-K at 1200
K. This increase in k. is a direct consequence of the Wiedemann-Franz
law, which establishes the proportionality between electronic thermal
conductivity and electrical conductivity through the Lorenz number.
The higher ke observed in BapNbBiSe suggests a more conductive elec-
tronic structure, possibly due to a greater density of states near the Fermi
level or enhanced carrier mobility. However, despite the rise in ke, its
overall magnitude remains significantly lower than k;, particularly at
lower temperatures, indicating that phonon-mediated heat transport
dominates over electronic conduction in these materials.

3.2.1.3. Total thermal conductivity (kt) vs. temperature. The total ther-
mal conductivity kr represents the combined contribution of lattice and
electronic thermal conductivities and is a critical parameter for assessing
thermoelectric efficiency. As illustrated in Fig. 5(c), kt exhibits a non-
monotonic behavior: it initially decreases due to the dominant
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Fig. 5. Temperature variation of (a) lattice thermal conductivity (k.), (b) electronic thermal conductivity (ke), (c) total thermal conductivity (kr), (d) Seebeck
coefficient (S), (e) electrical conductivity as a function of relaxation time, and (f) figure of merit (ZT) for the double perovskite compounds Ba;NbBiS¢ and Ba,TaSbSe,

estimated using the mBJ-GGA approach.

reduction in kp, but then stabilizes or slightly increases at higher tem-
peratures due to the rising influence of k.. For BagNbBiSe, kt decreases
from 4.47 W/m-K at 300 K to 1.34 W/m-K at 1200 K, while for
Ba,TaSbSg, it reduces from 4.53 W/m-K at 300 K to 1.45 W/m-K at 1200
K. The observed trend indicates that the decline in phonon transport
outweighs the concurrent increase in electronic contribution at lower
and intermediate temperatures. However, at high temperatures, k sta-
bilizes due to the competition between these two mechanisms.

The suppression of kr is essential for improving thermoelectric per-
formance, as it directly influences the figure of merit (ZT). A lower kt
implies a higher temperature gradient retention, thereby enhancing the
conversion efficiency of the thermoelectric device. The comparable kr
values of the two materials suggest that both exhibit favorable charac-
teristics for thermoelectric applications, with BasNbBiSg potentially
having a slight advantage due to its lower ky at high temperatures.

10

We also compare our results with the study titled “Theoretical study of
thermal conductivity, mechanical, vibrational, and thermodynamical prop-
erties of LnyZrsOy (Ln = La, Nd, Sm, and Eu) pyrochlore” [54], which
investigates the thermal conductivity, mechanical properties, and
vibrational behavior of pyrochlore-based materials, similar to our study
on BapNbBiS¢ and BayTaSbSe. This study provides insights into the
elastic constants, thermal conductivity, and Debye temperature of
LnyZr,07 compounds, revealing trends in their mechanical stability and
thermal properties. Both studies observe that the materials are ductile
and exhibit anisotropic mechanical properties, with thermal conduc-
tivity following the trend LayZr;0; — NdoZroO; — SmyZry0O; —
EuyZry07, suggesting that LayZr;07 has the highest thermal conductivity
and EuyZryO; the lowest. This is comparable to BasNbBiSe and
BayTaSbSg, which also show low thermal conductivity, making both
material types promising for energy-efficient applications such as
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thermoelectric systems.

The thermoelectric properties of BaoNbBiSg and BayTaSbSg reveal a
favorable balance between lattice and electronic contributions to ther-
mal conductivity. The substantial suppression of k; with increasing
temperature, coupled with the moderate rise in k, contributes to an
overall reduction in k1, which is beneficial for thermoelectric applica-
tions. The observed differences between the two compounds, particu-
larly in k. and k7, suggest that BaoNbBiSg may exhibit a slightly better
thermoelectric performance due to its lower thermal conductivity at
high temperatures. Further analysis, including the Seebeck coefficient
and electrical conductivity, will provide a comprehensive evaluation of
their thermoelectric efficiency.

3.2.2. Electronic transport properties vs. temperature

3.2.2.1. Seebeck coefficient (S) vs. temperature. The Seebeck coefficient
(S), which quantifies the thermoelectric voltage generated per unit
temperature gradient, is presented in Fig. 5(d). The observed decreasing
trend with temperature is characteristic of degenerate semiconductors,
where an increase in carrier concentration at elevated temperatures
leads to a reduction in thermopower due to enhanced bipolar conduc-
tion effects and a shift in the Fermi level.

At 300 K, BayTaSbSg exhibits a notably higher Seebeck coefficient of
628.84 pV/K, compared to 451.92 pV/K for BapNbBiSe. This suggests
that Bay;TaSbSe possesses a more favorable electronic band structure for
thermopower generation, potentially due to a larger density of states
effective mass. As the temperature increases, S decreases to 330.32 pV/K
for BayTaSbSg and 301.83 pV/K for BagNbBiSg at 1200 K. This decline is
attributed to thermally activated carriers, which reduce the energy
filtering effect necessary for maintaining high thermopower.

Despite this reduction, BayTaSbSg consistently exhibits a higher
Seebeck coefficient than Ba;NbBiSg, making it a promising candidate for
moderate-temperature thermoelectric applications. The superior ther-
mopower of BasTaSbSg could be linked to differences in band conver-
gence, carrier effective mass, or scattering mechanisms, which warrant
further investigation using electronic structure analysis.

3.2.2.2. Electrical conductivity (c/1) vs. temperature. The electrical
conductivity (6/7), depicted in Fig. 5(e), exhibits a significant increase
with temperature due to the enhancement of carrier concentration. This
behavior is evident for both BasNbBiSg and Ba;TaSbSg, with BagNbBiSe
demonstrating higher conductivity across the entire temperature range.
For BasNbBiSg, the carrier concentration (n) increases from (0.07274 x
10" em™3) at 300 K to (8.67959 x 10'® em~%) at 1200 K. A corre-
sponding increase in electrical conductivity is observed, rising from
(0.08708 x 10'® (@ m s™1) at 300 K to (5.03395 x 10'® (@ m s71) at
1200 K. Similarly, for BasTaSbSe, the carrier concentration increases
from (0.00628 x 10'° cm~3) at 300 K to (2.49719 x 10'° em~3) at 1200
K. The electrical conductivity follows the same trend, increasing from
(0.00942 x 10'® (@ m s7!) at 300 K to (2.47697 x 10'® (@ m s™) at
1200 K. The observed increase in electrical conductivity is directly
linked to the thermal excitation of charge carriers, which enhances
charge transport efficiency. However, the concurrent rise in electronic
thermal conductivity (ke) can negatively impact thermoelectric perfor-
mance by reducing the overall figure of merit (ZT). Thus, optimizing the
carrier concentration is crucial to achieving a balance between electrical
conductivity and thermal transport properties for improved thermo-
electric efficiency.

3.2.3. Thermoelectric performance vs. temperature

3.2.3.1. Figure of merit (ZT) vs. temperature. The thermoelectric figure
of merit (ZT), which determines the efficiency of thermoelectric mate-
rials, is illustrated in Fig. 5(f). The results indicate a steady increase in
(ZT) with temperature, primarily due to the combined effects of
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increasing electrical conductivity (6/7) and decreasing lattice thermal
conductivity (k;). The enhancement of (ZT) at elevated temperatures
suggests that these materials have significant potential for thermoelec-
tric applications. At 1200 K, BasNbBiSg achieves a maximum (ZT) of
0.747, outperforming Ba;TaSbSg, which reaches a peak value of 0.709.
This suggests that BapNbBiSe is more suitable for high-temperature
thermoelectric applications, particularly in waste heat recovery sys-
tems. The ability of BapNbBiSg to maintain a higher (ZT) at elevated
temperatures is attributed to its enhanced electrical conductivity and
reduced lattice thermal conductivity, which collectively improve its
thermoelectric efficiency.

The data in Table 6 further support this trend. At 1200 K, BagNbBiSg
exhibits a high electrical conductivity (6/7) = 5.03395 x 108 (@ms)!
and a relatively low lattice thermal conductivity (k, = 0.68436) W/
(m-K)). These properties contribute to the superior thermoelectric per-
formance of BayNbBiSg. In contrast, BayTaSbSe, while achieving a
slightly lower (ZT), maintains a superior Seebeck coefficient (S) at lower
temperatures, peaking at 628.84 pV/K at 300 K. This high thermopower
at moderate temperatures makes BayTaSbSe valuable for applications
where efficiency is required at lower operating temperatures. The su-
perior thermoelectric performance of BapNbBiSe at high temperatures
makes it a strong candidate for energy harvesting in extreme environ-
ments, while BayTaSbSg is more suitable for moderate-temperature ap-
plications due to its higher thermopower. These findings highlight the
potential of both double perovskites for thermoelectric applications,
with BagNbBiSe excelling at high temperatures and Ba;TaSbSg offering
strong Seebeck response at lower temperatures.

We further compare our study with the investigation on KoInSbZg (Z
= [, Br, Cl, F) eco-friendly halide double perovskites, which are studied
for their potential in energy conversion applications [55]. The study
confirms the structural stability and thermodynamic properties of
KoInSbZg, similar to the stability we observe in BasNbBiSg and
BayTaSbSg, both suitable for thermoelectric applications. The band gaps
of K»InSbZg decrease from 2.732 eV for Z = F to 0.048 eV for Z = I, while
BayNbBiSg and BayTaSbSe exhibit indirect band gaps of 1.68 eV and
1.53 eV, respectively. Both sets of materials show promise for energy
conversion applications, with the thermoelectric performance of
KoInSbZs showing a high figure of merit (ZT) and efficiency, similar to
BayNbBiSe, which also benefits from phonon scattering and reduced
lattice thermal conductivity.

We also compare our results with recent studies on KoT1ZIg (Z = Al,
In) double perovskites, which utilize density functional theory (DFT) to
explore the structural, mechanical, and optoelectronic properties of
these materials [56]. Both studies confirm the structural stability,
thermodynamic, and dynamic robustness of the compounds through
tolerance factor, formation energy, and phonon dispersion analysis,
aligning with the findings we observed for BayNbBiSg and BasTaSbSe. In
terms of mechanical properties, both studies highlight that these mate-
rials are ductile and exhibit anisotropic mechanical characteristics,
similar to our results for Ba;NbBiSg and BayTaSbSe. The elastic moduli
are direction-dependent, making both materials suitable for
high-strength applications. The bandgaps of KyTlAlls (2.25 eV) and
K, TlInlg (1.37 eV) are indirect, similar to the indirect bandgap behavior
observed in our materials, BagNbBiSg and BayTaSbSe. This suggests that
both sets of materials are well-suited for optoelectronic applications,
with strong UV and visible light absorption, further supporting their
potential in energy conversion technologies. Additionally, the thermo-
electric properties of K,T1ZIg compounds show low thermal conductiv-
ity, a high Seebeck coefficient, and a notable figure of merit (ZT). These
characteristics are also present in BapNbBiSg and BasTaSbSe, with the
latter exhibiting enhanced thermoelectric performance due to phonon
scattering and reduced lattice thermal conductivity. This confirms the
suitability of these materials for sustainable energy technologies, with
BayNbBiSg and BayTaSbSg offering great potential for energy harvesting
applications.
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Table 6
Thermoelectric transport properties of the double perovskite compounds Ba,NbBiSg and Ba,TaSbSe at 300 K, 600 K, 900 K using mBJ-GGA approximation.
Double perovskite T (K) n x 10'° em® (6/t) x 10 (Qms)~! (ke) (k) (kp) S (UV/K) ZT
WmK! W(m.K)™! Wm.K) !
Ba,NbBiSg 300 K 0.07274 0.08708 0.05817 3.59979 3.65796 451.92909 0.01459
600 K 0.90032 0.90373 0.74968 1.65048 2.40016 343.81999 0.26706
900 K 3.29207 2.57533 2.80335 1.00393 3.80729 316.28781 0.60901
1200 K 8.67959 5.03395 6.67849 0.68436 7.36285 301.8306 0.74743
Ba,TaSbSe 300 K 0.00628 0.00942 0.01169 3.97327 3.98496 628.84017 0.0028
600 K 0.21418 0.2823 0.33588 1.83149 2.16736 423.88788 0.14042
900 K 0.96666 1.10804 1.48836 1.12066 2.60902 360.55092 0.49688
1200 K 2.49719 2.47697 3.80299 0.76871 4.5717 330.32981 0.70945

3.2.4. Electrical transport properties vs. carrier concentration

3.2.4.1. Electrical conductivity (c/t) vs. carrier concentration. Fig. 6(a)
illustrates the variation of electrical conductivity scaled by relaxation
time (o/7) as a function of carrier concentration (n) for Ba;NbBiSe and
Ba,TaSbSg at 300 K, 600 K, and 900 K. The electrical conductivity shows
strong fluctuations, with distinct peaks and minima, indicating a pro-
nounced dependence on carrier concentration. A deep minimum at n ~
0 suggests a low density of electronic states near the intrinsic Fermi

—— (300 K)-Ba,NbBiS,

(600 K)-Ba,NbBiS;
—— (900 K)-Ba,NbBiS
—— (300 K)-Ba, TaShS
—— (600 K)-Ba, TaShS
—|—— (900 K)-Ba, TaShsS,

,f‘/

T T T T T T T
20 -10 0 10 20

n*10% z:m'3

400 +

350

w
g
1
\

N
o
S

(6/) 10" (Q.m.s)1

()

—— (300 K)-Ba,NbBiS,
—— (600 K)-Ba,NbBiS,
—— (900 K)-Ba,NbBiS,
—— (300 K)-Ba, TaSbS,
—— (600 K)-Ba, TaShS,

(900 K)-Ba, TaShS,

3000

2500

2000

1500 +

1000

500

S (uV/K)

He—————— e
0 —re——

-500

-1000
-1500

-2000

-2500

-3000 T T T T T T T
20 -10 0 10 20 30 40 50 60

n*10%! cm3

70

(©)

level. As carrier concentration increases (through either electron or hole
doping), conductivity improves, reflecting enhanced charge carrier
transport.

Comparing the two materials, BaoNbBiS¢ exhibits slightly higher
conductivity in certain regions, indicating superior charge transport
properties, likely due to differences in band dispersion and density of
states. Ba;TaSbSg follows a similar trend but shows deviations, partic-
ularly around n ~ 10?! em™3, where conductivity experiences a mod-
erate decline.
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Fig. 6. Predicted (a) electrical and (b) electronic thermal conductivities as functions of relaxation time, (c) Seebeck coefficient (S), and (d) figure of merit (ZT)
versus charge carrier concentration at T = 300, 600, and 900 K Ba,NbBiSs and Ba,;TaSbSg, using the mBJ-GGA approach.
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Temperature-dependent trends reveal a relatively stable conductiv-
ity across the examined temperature range. The smooth variations with
increasing temperature suggest that phonon scattering is not the domi-
nant limiting factor in this regime. This stability reinforces the potential
of these materials for thermoelectric applications, as high-temperature
conductivity is essential for efficient performance. Additionally, the
asymmetric trends in the positive and negative carrier concentration
regions highlight differences in electron and hole transport mechanisms,
which can be further elucidated through band structure analysis.

3.2.4.2. Electronic thermal conductivity (x./t) vs. carrier concentration.
Fig. 6(b) presents the variation of electronic thermal conductivity scaled
by relaxation time (k/7) with carrier concentration. A key feature is the
minimum near n ~ 0, where electronic heat transport is at its lowest due
to the absence of significant charge carrier contributions. As doping
increases, k./7 rises steadily, indicating that mobile carriers facilitate
greater thermal transport.

BayNbBiSe displays a more gradual increase in k./t compared to
BayTaSbSe, which exhibits a sharper and more nonlinear response,
particularly in the negative carrier concentration region. At 900 K, the
increase in k./7 is more pronounced for Ba;TaSbSg, suggesting a stron-
ger temperature dependence, likely influenced by its electronic band
structure and scattering mechanisms.

These results highlight an inherent trade-off in thermoelectric ma-
terials: while increasing carrier concentration enhances electrical con-
ductivity, it also raises electronic thermal conductivity, which can
negatively impact thermoelectric efficiency. Thus, optimizing doping
levels is critical to balancing these competing effects and achieving a
high figure of merit (ZT).

3.2.4.3. Seebeck coefficient (S) vs. carrier concentration. Fig. 6(c) shows
the variation of the Seebeck coefficient (S) as a function of carrier
concentration. A sharp peak near n ~ 0 indicates a transition from p-type
(positive S) to n-type (negative S) conduction, confirming the intrinsic
semiconducting nature of these materials. This symmetrical behavior
suggests well-defined charge transport mechanisms.

For both materials, the magnitude of S decreases with increasing
carrier concentration, an expected trend in thermoelectrics due to
higher carrier densities reducing entropy per carrier. However, BagNb-
BiSg exhibits consistently higher S values than Bay;TaSbSe, suggesting a
more favorable band structure for thermoelectric performance, poten-
tially due to higher density of states near the Fermi level or steeper band
curvature.

Temperature-dependent trends reveal that S decreases with
increasing temperature, attributed to the enhanced excitation of
intrinsic carriers leading to bipolar conduction. Despite this reduction,
the observed Seebeck values indicate promising thermoelectric poten-
tial, particularly under optimized doping conditions.

3.2.4.4. Thermoelectric figure of merit (ZT) vs. carrier concentration.
Fig. 6(d) presents the thermoelectric figure of merit (ZT) as a function of
carrier concentration. ZT increases with temperature, consistent with
typical thermoelectric behavior where reduced lattice thermal conduc-
tivity at high temperatures enhances efficiency.

A notable peak in the negative carrier concentration region (p-type
doping) suggests that hole conduction is more favorable for optimizing
ZT. This is likely due to favorable band structure effects, where a high
density of states near the valence band edge leads to an enhanced See-
beck coefficient while maintaining moderate electrical conductivity.
Conversely, ZT remains relatively lower in the positive carrier concen-
tration region, indicating that electron conduction is less effective in
achieving high thermoelectric performance for these materials.

BapNbBiSs outperforms BayTaSbSg across all temperatures,
achieving its highest ZT of 0.9202 at 900 K for a carrier concentration of
n=-2367 x 102 cm3. In contrast, BasTaSbSg attains a ZT of 0.8645
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atn = —1.61 x 10%! cm~3. This suggests that Ba;NbBiSg benefits from
superior charge carrier mobility and a more favorable electronic struc-
ture. While Ba;TaSbS¢ exhibits moderate thermoelectric performance,
its increasing ZT at elevated temperatures indicates its potential for
high-temperature thermoelectric applications.

We also compare our results with the study “Structural, electronic and
optical properties of ABTez (A = Li, Na, K, Rb, Cs and B = Sc, Y, La): In-
sights from first-principles computations” [57], which investigates the
electronic structure and optical properties of ABTe; compounds. Similar
to our study on BayNbBiSg and BayTaSbSe, this study also uses
first-principles DFT calculations to analyze band structures and density
of states (DOS). Both studies show that the materials have suitable
bandgaps for energy conversion. The exciton binding energy in ABTe,
compounds is low, suggesting easy hole-electron pair dissociation,
which makes them ideal for photovoltaic applications. Similarly,
BayNbBiSe and BapTaSbSe show promising potential for thermoelectric
applications with optimal bandgaps for efficient energy conversion.
Both studies also evaluate the optical properties, which are critical for
assessing the suitability of these materials in energy harvesting devices.

Lastly, we compare our findings with the study on 2D XCyN4 (X = Ti,
Mo, and W) monolayers, titled “Prediction of 2D XCyN4 (X= Ti, Mo, and
W) monolayers with high mobility as an encouraging candidate for photo-
voltaic devices” [58]. This study investigates the electronic, optical, and
mobility properties of XCyN4 monolayers, similar to our work on
BayNbBiSg and BapTaSbSe materials. Both studies employ DFT to
calculate bandgaps, mobility, and optical absorption spectra, revealing
that TiCoN4 behaves as a direct-gap semiconductor with a bandgap of
1.179 eV, while MoCyN4 and WCyN4 exhibit indirect bandgaps of 2.819
eV and 2.661 eV, respectively. This aligns with the indirect bandgap
behavior observed in BasNbBiSg and BasTaSbSe, which are suitable for
energy conversion applications. The study also reports high electron
mobilities for these materials, similar to the thermoelectric mobility
observed for BapNbBiSg and BagTaSbSe. In terms of optical properties,
both studies show strong absorption in the UV and visible regions, with
optical absorption enhanced under strain, making them suitable for
energy harvesting applications.

The observed trends underscore the importance of doping optimi-
zation and structural modifications, such as nanostructuring or addi-
tional alloying, to further enhance thermoelectric performance. Future
investigations should focus on refining carrier concentration control and
exploring strategies to minimize thermal losses while maintaining high
electrical conductivity for practical applications.

3.2.5. Optimization of ZT via carrier concentration and chemical potential
engineering

3.2.5.1. Temperature dependence of ZT and carrier concentration. The
thermoelectric performance of BagNbBiSg and BapTaSbSe was system-
atically analyzed as a function of temperature, carrier concentration,
and chemical potential. As illustrated in Fig. 7(a) and (c), the results
reveal a clear trend of increasing ZT with rising temperature.

At 900 K, BayNbBiSg exhibits an initial ZT value of 0.6090, corre-
sponding to a carrier concentration of np = —3.2920 x 10" cm~3 and a
chemical potential of yy = 0.5411 Ryd. Similarly, Ba;TaSbSg starts with
a ZT of 0.4968, associated with nyg = 0.9666 x 10" ¢m 3 and Ho =
0.62138 Ryd. The observed increase in ZT at higher temperatures sug-
gests improved charge carrier mobility and a reduction in lattice thermal
conductivity, both of which contribute to enhanced thermoelectric
efficiency.

3.2.5.2. ZT variations with chemical potential. A closer examination of
the dependence of ZT on chemical potential, shown in Fig. 7(b) and (d),
reveals an oscillatory behavior. This fluctuation indicates that the
electronic states near the Fermi level play a crucial role in shaping
thermoelectric properties. Notably, the presence of sharp peaks in ZT at
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cal potentials.

specific shifts in chemical potential suggests that fine-tuning the carrier
concentration through controlled doping can significantly enhance
thermoelectric efficiency. These results emphasize the importance of
band structure engineering in maximizing ZT.

3.2.5.3. Carrier concentration shift and ZT optimization. The effect of
modifying carrier concentration on ZT, as depicted in Fig. 7(e), dem-
onstrates that shifting the carrier density away from its equilibrium
value leads to a significant improvement in thermoelectric performance.
Specifically, ZT increases as the carrier concentration decreases and the
chemical potential rises.

For BagNbBiSg, ZT improved from 0.6090 to 0.92094 when the
carrier concentration changed from ng = 3.2920 x 10'° cm ™3 to n =
—23.6592 x 10%! cm ™3, with a corresponding increase in chemical po-
tential to g = pp+0.1782 Ryd. Similarly, in BapsTaSbSe, ZT increased
from 0.4968 to 0.86457 as the carrier concentration shifted from ny =
0.9666 x 10'° cm™ to n = —1.6144 x 102! cm™>, accompanied by a
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chemical potential increase to y = p+0.1073 Ryd. These findings
confirm that optimizing the Fermi level position enhances transport
properties, increases the asymmetry in the Seebeck coefficient, and
minimizes adverse effects on electrical conductivity.

3.2.5.4. Correlation between chemical potential tuning and ZT opti-
mization. Fig. 7(f) further illustrates the direct correlation between
chemical potential tuning and ZT enhancement. The highest thermo-
electric efficiency was observed at y = yio+0.1782 Ryd for BapNbBiSe,
where ZT reached 0.92094, and at u = yp+0.1073 Ryd for Ba;TaSbSg,
where ZT increased to 0.86457. These results confirm that small ad-
justments in chemical potential lead to optimized carrier concentration
and improved charge transport characteristics. The ability to fine-tune
band structure and defect levels is crucial for achieving superior ther-
moelectric performance, making this approach particularly promising
for thermoelectric generator applications [59-62].
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3.2.5.5. Impact of carrier engineering on ZT enhancement. Through pre-
cise modulation of the chemical potential, the ZT of BaaNbBiSg increased
by 51.2 %, while Bay;TaSbSg experienced an even more remarkable in-
crease of 74.1 %. These improvements highlight the effectiveness of
carrier concentration engineering in enhancing thermoelectric effi-
ciency at high temperatures. These findings emphasize that targeted
doping and band structure modifications can be strategically applied to
optimize transport properties, paving the way for the development of
highly efficient thermoelectric materials for energy conversion
applications.

4. Conclusion

The investigation of the elastic and thermoelectric properties of
BayNbBiSg and BayTaSbSg has provided valuable insights into their
mechanical stability and potential for thermoelectric applications. The
computed elastic properties confirm that both compounds satisfy the
mechanical stability criteria, making them viable for structural appli-
cations. BasTaSbSg exhibits superior stiffness, hardness, and fracture
toughness, suggesting its suitability for applications requiring high
mechanical strength and wear resistance. In contrast, Ba;NbBiS¢ dem-
onstrates slightly greater ductility, which could be advantageous in
applications where mechanical flexibility is required.

From a thermoelectric perspective, the evaluation of transport
properties, including the Seebeck coefficient, electrical conductivity,
and thermal conductivity, has revealed the potential of these materials
for energy conversion applications. The presence of high Seebeck co-
efficients and moderate thermal conductivity values suggests that
BasNbBiSg and BasTaSbSg possess promising thermoelectric perfor-
mance, particularly in optimizing the figure of merit (ZT). The interplay
between mechanical robustness and thermoelectric efficiency highlights
their suitability for high-temperature applications where both mechan-
ical stability and energy efficiency are critical.

The thermoelectric performance of BasNbBiSg and BayTaSbSg was
systematically analyzed as a function of temperature, carrier concen-
tration, and chemical potential. The results reveal a clear trend of
increasing ZT with rising temperature. At 900 K, BaaNbBiSe exhibits an
initial ZT value of 0.6090, corresponding to a carrier concentration of ng
= —3.2920 x 10*° cm™3 and a chemical potential of 4o = 0.5411 Ryd.
Similarly, BapTaSbSe starts with a ZT of 0.4968, associated with ny =
0.9666 x 10'° cm ™3 and yig = 0.62138 Ryd. The observed increase in ZT
at higher temperatures suggests improved charge carrier mobility and a
reduction in lattice thermal conductivity, both of which contribute to
enhanced thermoelectric efficiency.

A closer examination of the dependence of ZT on chemical potential
reveals an oscillatory behavior, indicating that the electronic states near
the Fermi level play a crucial role in shaping thermoelectric properties.
Notably, the presence of sharp peaks in ZT at specific shifts in chemical
potential suggests that fine-tuning the carrier concentration through
controlled doping can significantly enhance thermoelectric efficiency.
The effect of modifying carrier concentration on ZT demonstrates that
shifting the carrier density away from its equilibrium value leads to a
significant improvement in thermoelectric performance. For Ba;NbBiSg,
ZT improved from 0.6090 to 0.92094 when the carrier concentration
changed from ng = 3.2920 x 10'° cm ™3 to n = —23.6592 x 10%! em 3,
with a corresponding increase in chemical potential to y = yg + 0.1782
Ryd. Similarly, in BapTaSbSe, ZT increased from 0.4968 to 0.86457 as
the carrier concentration shifted from ng = 0.9666 x 10'° em 3 ton =
—1.6144 x 10%! cm ™3, accompanied by a chemical potential increase to
4 = o + 0.1073 Ryd.

The highest thermoelectric efficiency was observed at u = po +
0.1782 Ryd for BagNbBiSe, where ZT reached 0.92094, and at y = yo +
0.1073 Ryd for BayTaSbSe, where ZT increased to 0.86457. These results
confirm that small adjustments in chemical potential lead to optimized
carrier concentration and improved charge transport characteristics.
Through precise modulation of the chemical potential, the ZT of
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BayNbBiSe increased by 51.2 %, while Ba;TaSbSg experienced an even
more remarkable increase of 74.1 %. These improvements highlight the
effectiveness of carrier concentration engineering in enhancing ther-
moelectric efficiency at high temperatures.

Overall, Ba;TaSbSe stands out as a mechanically robust and ther-
moelectrically efficient material, making it a strong candidate for ap-
plications that demand durability and energy conversion efficiency.
Meanwhile, BapNbBiSe, with its enhanced ductility, offers potential in
flexible thermoelectric devices. Future studies could explore doping
strategies and nanostructuring techniques to further enhance their
thermoelectric performance and broaden their applicability in energy-
related technologies.
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