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Abstract

Bi,Te,-based materials remain among the most promising thermoelectric candidates for applications in the
temperature range of 300-400 K, owing to their high electrical conductivity, low thermal conductivity, chemical
stability, and compatibility with scalable fabrication methods. However, conventional crystal growth techniques
often lead to elemental segregation and compositional inhomogeneity. In this study, a rapid solidification approach
using melt spinning was employed to mitigate segregation, yielding compositionally uniform Bi,Te,-based powders
with particle sizes below 30 um and nanometer-scale grain structures. The fabrication process - integrating
planetary ball milling, annealing, melt spinning, and spark plasma sintering - significantly enhanced phonon
scattering, thereby reducing thermal conductivity and improving overall material homogeneity. By systematically
adjusting the tellurium content in Bi,.Sb,;Te,, the composition with x = 0.15 was identified as optimal, achieving a
peak dimensionless figure of merit (ZT) of 1.18 at 360 K.

Keywords: Bismuth telluride, high-temperature silicon-based materials, low-temperature Bi,Te,, Bi,,Sb, Te,,
(x = 0.15), melt-spinning

INTRODUCTION

Thermoelectric materials, capable of converting heat into electricity and vice versa, have become essential in
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applications such as waste heat recovery, solid-state cooling, and remote power generation. Their operation
is governed by the Seebeck and Peltier effects, which facilitate the construction of solid-state thermal devices
without moving parts. Compared to conventional thermal engines, thermoelectric systems offer notable
advantages, including environmental friendliness, high reliability, and low maintenance requirements,
rendering them highly suitable for long-term and sustainable applications'*.

Thermoelectric materials are typically classified according to their optimal operating temperature ranges.
High-temperature materials, such as silicon-based alloys (e.g., SiGe, FeSi,, and Mg,Si), are employed in
harsh or extreme environments. Mid-temperature chalcogenides, including PbTe and SnSe, are well-suited
for industrial-scale applications. In contrast, low-temperature materials - particularly Bi,Te, and its alloys -
exhibit the highest efficiency near room temperature and are widely utilized in applications such as solid-
state cooling and small-scale power generation™". Among these, Bi,Te,-based compounds are especially

notable for their superior thermoelectric performance in the low-temperature regime'.

Bismuth telluride (Bi,Te,)-based compounds represent one of the most extensively utilized classes of
thermoelectric materials within the near-room-temperature range of 300-400 K, primarily due to their
favorable combination of high electrical conductivity and inherently low thermal conductivity.
Furthermore, these materials exhibit good chemical stability, can be synthesized with relative ease, and are
compatible with large-scale manufacturing processes. As a result of these desirable attributes, Bi, Te,-based
materials are widely implemented in applications such as solid-state refrigeration and the recovery of low-
grade waste heat.

Traditional crystal growth techniques often lead to compositional segregation, resulting in material non-
uniformity and diminished thermoelectric efficiency'”. To address this issue, rapid solidification methods -
such as atomization and melt-spinning - have been developed to produce powders with uniform chemical
composition and nanoscale microstructures”. Among these, atomization enables rapid cooling, yielding
fine powders (< 30 pm) with homogeneous elemental distribution. These powders can then be consolidated
into dense thermoelectric materials via sintering techniques such as spark plasma sintering (SPS)"". The
resulting nanoscale grains significantly enhance phonon scattering, thereby reducing lattice thermal
conductivity and improving overall thermoelectric performance.

Although variations in melt-spun ribbon thickness occur due to different copper wheel speeds, previous
studies have shown that ribbon thickness does not significantly affect thermoelectric properties, including
electrical conductivity, Seebeck coefficient and the dimensionless figure of merit (ZT)"""?. This suggests that
even when ribbon thickness deviates from literature-reported values, the thermoelectric performance
remains largely unaffected. In our prior experiments, varying the duration of planetary ball milling revealed
that a milling time of 10 h produced the most homogeneous composition. Furthermore, the incorporation
of melt-spinning was found to be crucial, as evidenced by X-ray diffraction (XRD) results. Samples
subjected to melt-spinning exhibited sharper and more distinct peaks, indicating improved phase purity and
crystallinity, thereby highlighting the importance of this step in thermoelectric material synthesis.

Elemental composition also plays a significant role in optimizing thermoelectric performance. Increasing
antimony content was observed to enhance electrical conductivity; however, it also led to a reduction in the
Seebeck coefficient, ultimately lowering the power factor. Conversely, reducing tellurium content increased
electrical conductivity while slightly decreasing the Seebeck coefficient. Nevertheless, the overall ZT value
improved within the temperature range of 423-523 K, indicating that tellurium vacancies may contribute
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positively to thermoelectric performance by optimizing the carrier concentration and enhancing phonon
scattering’.

In this study, Bi,,Sb,,Te, , was selected as the benchmark material for the development of high-performance
thermoelectric alloys. Our findings demonstrate that reducing tellurium content from x = 0 to x = 0.15
significantly enhances thermoelectric properties. This composition adjustment achieves a better balance
between carrier concentration and lattice thermal conductivity, retaining high electrical conductivity and a
relatively high Seebeck coefficient while promoting phonon scattering. As a result, a maximum ZT value of
approximately 1.15 at 360 K was obtained, indicating excellent energy conversion efficiency.

Due to the volatility of tellurium during the melt-spinning process, an annealing step was introduced prior
to rapid solidification. This thermal treatment stabilizes tellurium and prevents undesirable structural
degradation or decomposition during processing, thereby preserving the integrity of the final material. The
inclusion of annealing not only enhances phase stability but also improves the overall thermoelectric
performance and reliability of the resulting alloys.

Therefore, we adopted an integrated synthesis strategy comprising planetary ball milling, annealing, melt-
spinning, elemental compensation and SPS. Planetary ball milling facilitates uniform mixing and grain
refinement, thereby enhancing phonon scattering. Annealing stabilizes the tellurium content by minimizing
volatilization and suppressing structural transformations. Melt-spinning induces rapid solidification,
promoting uniform microstructure formation. Finally, SPS enables rapid densification with minimal grain
growth, preserving the nanoscale features essential for high thermoelectric efficiency"*'.

EXPERIMENTAL

Materials synthesis

Synthesis of Bi, Sb, Te, .,

High-purity elemental powders of bismuth (Bi, 99.999%, 5N), antimony (Sb, 99.999%, 5N), and tellurium
(Te, 99.999%, 5N) were used as starting materials. The powders were weighed according to the nominal
composition of Bi,,Sb, . Te, ,, with varying Te contents to investigate the effect of Te deficiency. The weighed
powders were loaded into a zirconia ball milling jar under an argon atmosphere and subjected to high-
energy mechanical alloying using a planetary ball mill. The milling was conducted at a rotational speed of
450 rpm for 10 h, with a ball-to-powder weight ratio of 20:1.

The mechanically alloyed powders were subsequently annealed at 627 K for 10 h in order to relieve internal
stress and promote phase formation. The annealed powders were then loaded into a quartz nozzle with an
inner diameter of 0.4 mm for the melt-spinning process. A rotating copper wheel with a surface speed of
approximately 39.3 m/s (3,000 rpm) was employed to rapidly solidify the molten alloys, forming
nanostructured ribbons of Bi, ,Sb, Te, ..

To compensate for potential elemental losses during melt spinning, energy-dispersive X-ray spectroscopy
(EDS) analyses were performed on the ribbons to assess and adjust the final composition toward the target
stoichiometry. The as-spun ribbons were pulverized into fine powders and consolidated using SPS (SPS-
515S, SYNTEX INC) at 753 K under an applied uniaxial pressure of 50 MPa for three minutes. The sintered
pellets had a diameter of 23 mm and a thickness of approximately 5 mm.

Materials characterizations
XRD (Rigaku MiniFlex) for SPSed pellets was performed on parallel and perpendicular planes of SPS
pressing direction. The microstructure was analyzed by scanning electron microscopy (SEM, JEOL JSM-
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5310) in low vacuum mode for enhanced imaging quality and detail. The temperature dependence of
electrical conductivity and Seebeck coefficients was measured from 300 to 482 K using a commercially
available instrument (ZEM-3, ULVAC-RIKO, Japan) apparatus, ensuring precise thermal and transport
property analysis. The specimen size is typically parallel piped with the dimensions of 5 x 5 x 15 mm®. The
thermal conductivity values of the pellet specimen with a dimension of 2 mm in thickness and 23 mm in
diameter measured from 300 to 482 K were measured by hot disk (TPS 3500). Based on the above data, we
can obtain the ZT value through calculation. Figure 1 shows the schematic diagram of experimental process.
First, we begin with planetary ball milling synthesis, followed by annealing and melt spinning. Since element
loss can occur during the melt spinning process, we perform EDS measurements after melt spinning to
determine the elemental composition and compensate to achieve the desired stoichiometry. Finally, we
proceed with SPS.

RESULTS AND DISCUSSION

The XRD patterns presented in Figure 2 provide comprehensive insights into the structural evolution of
Bi,.Sb, .Te, under various synthesis and processing conditions. Figure 2A compares samples subjected to
three different treatments: 3-h ball milling (3h-BM), 10-h ball milling (10h-BM), and 10-h ball milling
followed by 10-h annealing (10h-BM + AN). The 3h-BM sample displays broad and less intense diffraction
peaks, indicative of poor crystallinity. This can be attributed to inadequate mechanical activation and
smaller grain sizes due to the shorter milling duration. In contrast, the 10h-BM sample exhibits significantly
sharper and more intense peaks, suggesting enhanced crystallinity facilitated by extended milling, which
promotes more uniform grain formation and better particle refinement. Subsequent annealing of the 10h-
BM sample (10h-BM + AN) further sharpens the diffraction peaks and improves their alignment with the
standard reference pattern (JCPDS 00-49-1713)"", confirming improved phase purity and crystallite growth.
This observation highlights the synergistic effect of prolonged mechanical alloying and thermal treatment in
enhancing the structural quality of Bi, .Sb, . Te,. Considering the temperature-sensitive nature of tellurium
and its propensity for phase transitions, improper thermal control can lead to the formation of undesirable
phases during melt spinning. The annealing step thus plays a critical role in stabilizing the crystalline
structure before subsequent processing, mitigating abrupt phase changes and promoting controlled
structural evolution.

Figure 2B further elucidates the influence of melt spinning and tellurium (Te) content variation on the
structural characteristics of Bi, ,Sb, . Te,. Four processing routes are examined BST-BM + AN + SPS, BST-
BM + AN + MS + SPS, BST-BM + AN + MS + SPS (with 15 wt% additional Te), and BST-BM + AN + MS +
SPS (with 25 wt% additional Te). The BST-BM + AN + SPS sample shows well-resolved diffraction peaks
corresponding to the Bi .Sb, ,Te, phase, indicating successful crystallization. The introduction of a melt
spinning step (BST-BM + AN + MS + SPS) further enhances the peak intensity and sharpness, reflecting
improved crystallinity and finer grain refinement. The addition of Te during processing, especially at
25 wt%, results in even more pronounced diffraction peaks. This suggests that excess Te plays a role in
stabilizing the Bi,,Sb, ,Te, phase and suppressing the formation of structural defects or secondary
phases"”**. These results emphasize the critical importance of both processing technique and compositional

tuning in optimizing the microstructural properties of thermoelectric materials'**.

Prolonged ball milling, annealing and melt spinning collectively contribute to the enhancement of
crystallinity in Bi,,Sb, Te,, as evidenced by the emergence of sharper and more intense XRD peaks. Notably,
samples subjected to melt spinning exhibit significantly more pronounced diffraction peaks compared to
those processed without this step, indicating a substantial improvement in crystal structure refinement. In
contrast, samples prepared with shorter processing durations or without post-treatment display broader and
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Figure 1. The schematic diagram of experimental process.
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Figure 2. (A) X-ray diffraction (XRD) patterns of Bi,Sb, Te; powders synthesized under varying ball milling durations, with and
without post-synthesis annealing, illustrating the influence of mechanical processing and thermal treatment on phase composition. (B)
XRD patterns of polycrystalline Bi,;Sb, ;Te; bulks obtained from melt-spun ribbons, highlighting the structural differences between

samples processed with and without the melt-spinning technique.
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less intense peaks, suggesting reduced crystallinity and the presence of smaller grain sizes. These
observations underscore the critical importance of synthesis strategies and compositional control in
optimizing the crystalline structure of Bi,,Sb, ,Te,. The combined effects of extended ball milling, thermal
annealing, melt spinning and appropriate elemental compensation play a pivotal role in improving the
structural integrity of the material, thereby laying the foundation for enhanced thermoelectric performance.

Traditionally, thermoelectric materials have been synthesized through ball milling followed by SPS. In
contrast, the present study employs a modified approach involving ball milling followed by melt spinning.
This method allows for more precise control over the material's microstructure and results in improved
uniformity compared to conventional ball milling alone. Ball milling and melt spinning are fundamentally
different techniques, each yielding distinct microstructural features due to their inherent processing
mechanisms.

As illustrated in Figure 3A and B, ball milling is a high-energy mechanical process that subjects material
particles to repeated fracturing, cold welding and re-fracturing. It is widely utilized for particle refinement,
homogenization and alloying purposes”"*?. Typically, ball milling yields nanocrystalline grains in the range
of 10 to 100 nm, attributed to severe plastic deformation and dynamic recrystallization™. The process also
introduces a high density of lattice defects, such as dislocations, grain boundaries and vacancies, which can
significantly enhance atomic diffusion and facilitate phase transformations. With extended milling
durations, ball milling can promote atomic-scale homogenization, resulting in solid solutions or finely
dispersed composite structures. In certain cases, it may even induce amorphization by disrupting long-
range atomic order”. The resultant particles generally exhibit irregular morphologies and broad particle
size distributions. The specific microstructural characteristics are largely dependent on parameters such as
milling duration, impact energy and the intrinsic properties of the starting materials.

Figure 3C and D depicts the annealing treatment employed prior to melt spinning, which is essential to
minimize tellurium (Te) volatilization during subsequent processing. Figure 3E and F highlights the
microstructural features produced by melt spinning, a rapid solidification technique that offers several
advantages over ball milling. One of the primary benefits is the extremely high cooling rates on the order of
10° to 10° K/s which enable the formation of amorphous or metastable phases that are difficult to achieve
through mechanical milling®'. This rapid quenching process promotes superior compositional uniformity
by suppressing phase segregation and facilitating the retention of homogenous microstructures®*”.
Compared to the time-intensive and mechanically demanding ball milling process, melt spinning is both
faster and more energy-efficient. Additionally, it reduces the risk of contamination and excessive defect
formation, which are often associated with repeated mechanical collisions in ball milling.

Furthermore, melt spinning is particularly effective for producing thin ribbons or films with smooth,
continuous surfaces, in contrast to the irregularly shaped particles typically obtained from ball milling.
These attributes make melt spinning a favorable technique for fabricating advanced functional materials,
especially in applications that require controlled microstructures, such as magnetic alloys, amorphous
metals and high-performance thermoelectric or coating materials®®.

Figure 4A shows a SEM image revealing the microstructure of the sample. A specific region of interest,
marked by a pink box, indicates the area selected for further elemental analysis. A yellow cross within the
region denotes the precise location where Energy-Dispersive X-ray Spectroscopy (EDS) was performed.
Figure 4B displays the elemental mapping of tellurium (Te), represented in green. The mapping reveals a
relatively uniform distribution of Te throughout the analyzed region, suggesting that Te is a well-
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Figure 3. Microstructural evolution of Bi,;Sb; s Te,, observed at different processing stages (A and B) after ball milling, (C and D)
following annealing, and (E and F) post melt-spinning. These images reveal the effects of each process on particle morphology, grain
refinement and structural homogeneity.

incorporated and essential constituent of the material matrix. Figure 4C shows the elemental distribution of
antimony (Sb), indicated in yellow. Sb appears to be the dominant element and exhibits a strong spatial
overlap with Te, implying a homogeneous integration within the same phase. Figure 4D presents the
mapping of bismuth (Bi), represented in red. Bi is also uniformly distributed and exhibits considerable
spatial correlation with both Sb and Te. The collective results from these elemental maps indicate that the
sample is composed of a Bi-Sb-Te ternary alloy, a system widely known for its thermoelectric properties and
its ability to efficiently convert thermal energy into electrical energy. The observed uniform distribution of
Bi, Sb, and Te across the selected region further suggests a well-mixed and homogeneous microstructure,
which is critical for optimizing charge carrier transport and minimizing phonon scattering in thermoelectric
materials”*.

The SEM micrograph presented in the top-left section of Figure 5 provides a cross-sectional view of the
sample. Captured at a magnification of 4,000x, the image reveals a distinct layered morphology with sharp,
well-defined interfaces, indicative of a potentially crystalline structure. The total thickness of the sample is
approximately 53.91 um, as indicated by the green vertical scale marker. Five specific locations, labeled
points 1 through 5, are marked within the layered region, presumably as reference sites for subsequent
compositional or elemental analysis. Figure 5A-D displays elemental distribution maps acquired via EDS,
illustrating the spatial distribution of key elements within the cross-section of the sample. These maps reveal
a uniform dispersion of the constituent elements across the examined region. The observed compositional
homogeneity is essential for functional materials, particularly in thermoelectric applications, where
consistent elemental distribution contributes to stable electrical and thermal transport properties.
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Figure 4. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of Bi,;Sb, ;Te,.,.(A) Top-view SEM image of the melt-spun
ribbon, with corresponding elemental distribution maps of (B) tellurium, (C) antimony and (D) bismuth, confirming a homogeneous
spatial distribution of the constituent elements.

Figure 6A and B, labeled "Ribbon Composition" and located at the bottom of the image, presents
quantitative data on the elemental composition at the five designated points within the SEM cross-sectional
image. The analysis reveals that bismuth (Bi, shown in red), tellurium (Te, green), and antimony (Sb, blue)
are the predominant elements, maintaining consistent proportions across all five measured locations.
Figure 7A-D further supports these findings, reinforcing the conclusion that the sample comprises a ternary
alloy system, most likely based on Bi-Sb-Te. The uniform elemental distribution and compositional
consistency observed across the sample suggest that the material is well-integrated and homogenous in
nature. Such characteristics are critical for thermoelectric materials, particularly Bi,Te,-based alloys, which
are widely recognized for their high efficiency in converting thermal gradients into electrical energy. The
combination of Bi, Sb and Te in a stable and uniformly distributed microstructure indicates that the
material is engineered for optimal thermoelectric performance. These alloys are commonly employed in
power generation and solid-state cooling technologies due to their favorable electrical conductivity and low

[31,32]

thermal conductivity

Opverall, the data presented in these figures provide compelling evidence that the sample possesses a layered
structure with excellent compositional homogeneity. These features strongly support its potential
application in high-performance thermoelectric devices. Further characterization, including thermal
conductivity, Seebeck coefficient and electrical resistivity measurements is recommended to fully evaluate

the material’s suitability for practical energy conversion applications'™.
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Figure 5. Cross-sectional energy-dispersive X-ray spectroscopy (EDS) mapping of Bi, ;Sb, s Te;,, melt-spun ribbon. (A) Cross-sectional
SEM image, with corresponding elemental distribution maps of (B) tellurium, (C) antimony and (D) bismuth, demonstrating uniform

elemental dispersion across the ribbon thickness.
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Figure 6. (A) Elemental distribution across the cross-section of a Bi, ;Sb; s Te,_, melt-spun ribbon, illustrating compositional uniformity at
various positions. (B) Corresponding EDS spectra acquired from selected regions, confirming consistent elemental composition
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Figure 7. Energy-dispersive X-ray spectroscopy (EDS) mapping of Bi, ;Sb, s Te,., spark plasma sintered (SPS) pellet. (A) Top-view SEM
image of the pellet surface, with corresponding elemental distribution maps of (B) tellurium, (C) antimony and (D) bismuth, indicating
a uniform elemental distribution across the surface.

In this study, the thermoelectric properties of melt-spun Bi-Sb-Te compounds with varying compositions
(x=0.15,x =0, and x = -0.15) were systematically investigated over a temperature range of 300-480 K. The
primary thermoelectric parameters analyzed include electrical conductivity (o), the Seebeck coefficient, and
the power factor. Among these, electrical conductivity is a crucial factor, as it directly influences the
efficiency of thermoelectric energy conversion”**. Figure 8A illustrates the temperature-dependent
electrical conductivity of the Bi-Sb-Te samples. For the composition with x = 0.15, the electrical
conductivity at room temperature (300 K) was measured to be 1,046 S-cm™. As the temperature increased to
480 K, the conductivity decreased to 739 S-cm™. In comparison, the samples with x = 0 and x = -0.15
exhibited lower electrical conductivities at room temperature, measured at 392 and 346 S-cm™', respectively.
Across all compositions, electrical conductivity was observed to decrease with increasing temperature, a
behavior consistent with degenerate semiconductor characteristics”. These results indicate that carrier
scattering increases with temperature, leading to a reduction in mobility and, consequently, a decline in
electrical conductivity. The higher ¢ value observed in the x = 0.15 sample suggests improved carrier
concentration or mobility, potentially due to optimal stoichiometry or microstructural features induced by
the melt spinning process.

A significant enhancement in electrical conductivity was achieved by reducing the Te content in Bi-Sb-Te
compounds. Specifically, the conductivity increased from 392.25 S.cm™ for Bi,,Sb,.Te,, (x = 0) to
1,046.87 S-cm™ for Bi,.Sb, . Te,, (x = 0.15). This improvement is primarily attributed to the formation of
antisite defects induced by Te deficiency, which generates a higher hole concentration, as confirmed by Hall
carrier concentration measurements. Among the tested compositions, the x = 0.15 sample consistently
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Figure 8. Temperature-dependent thermoelectric properties of Bi, ;Sb, s Te;, samples (A) electrical conductivity (B) Seebeck coefficient
and (C) power factor. These results highlight the influence of tellurium content on the thermoelectric performance over the measured
temperature range.

exhibited the highest electrical conductivity, indicating enhanced charge carrier mobility and favorable
microstructural characteristics™”.

In contrast, the x = 0 and x = -0.15 compositions demonstrated significantly lower conductivity values. This
suggests that these compositions may suffer from increased defect densities, phase separation, or
microstructural disorder, which hinder effective charge transport™*.. The observed decrease in electrical
conductivity with increasing temperature for all compositions is typical of degenerate semiconductors,
where thermal excitation leads to enhanced carrier scattering and reduced mobility*”. The superior
conductivity of the x = 0.15 sample may be attributed to an optimized microstructure that promotes
continuous and efficient charge transport pathways.

The Seebeck coefficient (S), a measure of the thermoelectric voltage generated in response to a temperature
gradient, is shown in Figure 8B for all three compositions. The Seebeck coefficient values are positive across
the measured temperature range, indicating that the Bi,.Sb, . Te, . compounds are p-type semiconductors''’.
All samples exhibited an increase in S with temperature, reaching a peak near 340 K before declining at
higher temperatures. This trend is characteristic of thermoelectric semiconductors, where charge carrier
mobility and carrier concentration interact dynamically with thermal excitation.

At room temperature, the Seebeck coefficient values were 233 pV-K™ for x = 0.15, 237 pV-K" for x = 0 and
242 uV-K' for x = -0.15. Notably, the x = 0.15 sample maintained the highest Seebeck coefficient across the
entire temperature range, suggesting that this composition is most effective at generating thermoelectric
voltage. A high Seebeck coefticient is desirable for thermoelectric applications as it enhances the material’s
ability to convert thermal energy into electrical energy.

Figure 8C presents the temperature dependence of the power factor (PF = S%) for the three Bi,.Sb,.Te,
samples. At room temperature, the x = -0.15 composition exhibited the lowest PF of 2.04 mW-m™-K* due to
its poor electrical conductivity. Conversely, the x = 0.15 sample demonstrated the highest PF of
5.72 mW-m™*K”. For all compositions, the power factor initially increased with temperature, reaching a
maximum before declining slightly at higher temperatures.

The x = 0.15 composition consistently outperformed the other two in terms of power factor, indicating a
superior balance between electrical conductivity and Seebeck coefficient. This makes it the most promising
candidate among the three for high-performance thermoelectric applications. Given that the power factor is
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Figure 9. Temperature-dependent thermoelectric performance of Bi,;Sb,;Te;, samples (A) total thermal conductivity and (B)
dimensionless figure of merit. The data illustrate the effect of tellurium deficiency on thermal transport properties and overall
thermoelectric efficiency.

a critical component of the thermoelectric ZT, the enhanced PF of the x = 0.15 sample strongly suggests its
suitability for efficient energy conversion systems'*?.

Thermal conductivity (x), another essential parameter for thermoelectric performance, was measured over a
temperature range of 300-480 K, as shown in Figure 9A. The data reveal a general decrease in « with
increasing temperature for all three compositions (x = 0.15, 0, -0.15). This behavior is desirable for
thermoelectric materials, as reduced thermal conductivity at elevated temperatures helps maintain a large
temperature gradient across the material, thereby improving energy conversion efficiency.

Figure 9B presents the dimensionless ZT as a function of temperature for Bi . Sb, ,Te, , samples with three
different compositions: x = 0.15, X = 0, and x = -0.15. The ZT value is a critical indicator of thermoelectric
performance, incorporating contributions from electrical conductivity, Seebeck coefficient, and thermal
conductivity. Generally, an increase in ZT with temperature suggests enhanced thermoelectric efficiency at
elevated temperatures.

Among the three compositions, the sample with x = 0.15 exhibited the highest ZT value, reaching
approximately 1.18 at 360 K. This significant improvement highlights the beneficial effect of Te vacancies on
thermoelectric performance. The presence of tellurium vacancies likely promotes the formation of antisite
defects, enhancing carrier concentration and optimizing the balance between electrical and thermal
transport properties. Therefore, compositional tuning through Te reduction proves to be an effective
strategy for improving the thermoelectric performance of Bi-Sb-Te-based materials.

CONCLUSIONS

This study reports the successful synthesis of homogeneous Bi,.Sb, . Te, , thermoelectric materials via melt
spinning followed by SPS. To address the challenges associated with compositional segregation commonly
observed in conventional crystal growth techniques, atomization and melt spinning were employed. These
rapid solidification methods facilitate the formation of powders with uniform composition and refined
nanoscale grain structures, which are advantageous for enhancing thermoelectric performance upon
subsequent densification by SPS.
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The optimized composition with x = 0.15 exhibited superior thermoelectric properties, achieving a
maximum dimensionless ZT of approximately 1.18 at 360 K. The synergistic integration of rapid
solidification, nanostructuring, and compositional optimization offers an effective strategy for the
development of high-performance thermoelectric materials. This approach not only mitigates issues such as
phase segregation and excessive grain coarsening inherent in traditional synthesis methods but also presents
a viable route for advancing thermoelectric materials in energy conversion and solid-state cooling
applications.
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