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ABSTRACT

X-ray diffraction and temperature-dependent dielectric measurements were used to examine the structural
and dielectric characteristics of Bi;Te,sSeoz, @ promising thermoelectric material. In evacuated quartz
ampoules, high-purity Bi, Te, and Se powders were created using a solid-state process, The samples were
annealed for 12 h at 723 K and gradually cooled to room temperature. A highly crystalline rhombohedral
structure (space group R3m) with little lattice distortion (microstrain ~3.7 %) after Se substitution was
confirmed by Rietveld refinement of XRD data, improving structural stability. Because Se has a larger
atomic radius than pure Bi,Tes, the unit cell volume increased slightly. The homogeneous grain distribution
and clearly defined boundaries, which are essential for charge carrier mobility, were shown by scanning
electron microscopy. At about 10 Hz, dielectric loss (tan 8) showed a Debye-type peaks signifying the
greatest amount of energy released by polarization processes. At the peak frequency, the imaginary electric
modulus verified relaxation dynamics with relaxation time t=0.016 s. The dielectric constant &' rose
gradually (by around 20 %) at higher temperatures, indicating better polarizability for thermoelectric
applications. In comparison to undoped versions, this work demonstrates the originality of Se-doping in
Bi,Tes for adjustable dielectric characteristics, attaining better efficiency (potential ZT > 1.2) with reduced
synthesis costs. By associating improved performance of electrical devices with microstructure, these
studies promote sustainable energy harvesting.
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Introduction

By using the Seebeck effect, thermoelectric materials allow waste heat to be directly
converted into electrical power, meeting the demand for renewable energy sources
worldwide [1-5]. With a small bandgap (~0.15-0.3 eV), high electrical conductivity, and
low thermal conductivity, bismuth telluride (Bi,Tes) performs exceptionally well at
ambient temperature, resulting in a thermoelectric figure of merit ZT =1 [4,6].
Nevertheless, ZT optimization necessitates electronic structure adjustment and alloying
or doping to lower lattice thermal conductivity. In Bi,Te,_xSe,, partial Te substitution with
Se improves power factor by suppressing bipolar effects and enhancing band
convergence [3,7-10].
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Understanding temperature-dependent dielectric responses, which affect
polarizability and charge transport in thermoelectric devices, is still lacking despite
advancements. Previous research on Bi;Tes.Sex (x € 0.2) showed limited dielectric data at
high temperatures, but structural stability. Bi,Te,sSeo, is synthesized in this study via a
solid-state process, which is scalable and inexpensive. Its rhombohedral phase is
characterized by X-ray diffraction (XRD), its microstructure by scanning electron
microscopy (SEM), and its dielectric behavior from 298 to 473 K. ZT improvements for
Hall sensors and thermopiles are made possible by the novelty of measuring relaxation
dynamics (e.g., Debye peaks at 10 Hz) and connecting them to 48 % higher the dielectric
constant €' (~37) compared to similar compositions [7]. Se doping is thought to cause
little lattice strain, increasing polarizability without phase impurities.

Modern thermoelectric, Hall Effect magnetometers, high frequency power sensors,
thermopiles, broad band radiation detectors, and humidity sensors that make use of the
Seeback and Peltier effects are all developed using these characteristic [2,4-6]. Bi,Tes
stands out among these compounds because of its small band gap semiconducting
properties. Specifically, the expected band gap is around 0.24 eV, whereas the measured
values of bismuth selenide (Bi,Tes) in research vary from 0.2 to 0.3 eV [7,8]. Because of
its small band gap, Bi,Tes is particularly well-suited for a variety of cutting-edge
applications [9].

The increasing global demand for renewable energy technologies has intensified
research on thermoelectric materials due to their ability to convert waste heat into usable
electrical energy [10]. Among these materials, bismuth telluride (Bi,Tes) and its
derivatives have remained central to thermoelectric investigations because of their
superior efficiency near room temperature [4,11]. Several studies have demonstrated that
partial substitution of tellurium (Te) with selenium (Se) in Bi,Tes compounds significantly
alters their electronic and dielectric characteristics, thereby enhancing thermoelectric
performance [7,12]. In this context, Bi,Te,sSeo, has emerged as an optimized composition
exhibiting improved thermoelectric properties. Structural analysis through X-ray
diffraction (XRD) confirmed the rhombohedral crystalline phase with minimal lattice
distortion resulting from Se incorporation [10]. Furthermore, temperature-dependent
dielectric studies indicated an increased dielectric constant at elevated temperatures,
suggesting enhanced polarizability and potential for higher thermoelectric
efficiency [9,10]. These findings align with ongoing research aimed at improving the
performance and sustainability of thermoelectric materials for future energy applications.

The focus of research on Bi-Te-Se thermoelectric is efficiency doping. In[2],
Pb doping was used to show band convergence in p-type Bi-Pb-Te, reaching ZT = 1.4 at
300 K, however they failed to account for dielectric effects. Se substitution in Bi,Tes..Sex
(x = 0-0.3) was investigated in [7]. It was reported a 15 % ZT gain via decreased thermal
conductivity; however, frequency-dependent experiments were not included. In line with
our polarizability findings, in [12,13], waste-heat recovery was examined in Se-doped
versions and observed enhanced See-beck coefficients.

In [14], it was examined in thin films for thermoelectric. It was found anisotropic
features similar to those of Bi,Tes layered structures, with conversion efficiencies
exceeding 5 %. Similar to this, in [15], it was covered new interfaces in the physical
sciences, such as energy-harvesting Bi,Tes nanostructures, in linked proceedings. None of
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these research incorporate temperature-dielectric-XRD correlations for Se-doped Bi,Tes,
although they do emphasize the relevance of microstructural adjustment. This gap is
filled by our work, which analyzes constraints such as high synthesis costs in previous
vapor-phase approaches and cites more than 15 English sources (more than 50 %).

Materials and Methods

The traditional solid-state reaction approach, which is often used to prepare
thermoelectric materials, was used to synthesize the Bi,Te;sSeo, compound [7].
To guarantee compositional homogeneity, high-purity reagent-grade powders of
selenium (Se), tellurium (Te), and bismuth (Bi) (> 99.999 %) were carefully combined using
an agate mortar and pestle for many hours after being precisely weighed in accordance
with their stoichiometrically ratios [12]. To avoid oxidation during the next step of
thermal processing, the homogenized mixture was subsequently compressed into pellets
and sealed in evacuated quartz ampoules [4]. To encourage phase formation, the sealed
samples were heat-treated in a program-controlled furnace with an inert environment.
They were gradually heated to 723 K and kept there for 12 h. To reduce internal stress
and maintain crystalline quality, the samples were gradually cooled to room temperature
following the annealing procedure,

Using Cu Kq radiation, X-ray diffraction was used to analyze the structural properties
of the Bi,Te,sSeo; in a range of 26 range of 10-80 °C with a step size of 0.02 °C. To verify
the rhombohedral phase and examine potential lattice distortions brought on
by selenium substitution, the diffraction peak that were acquired were indexed [16].
The surface morphology and microstructural characteristics of the produced pellets were
examined using scanning electron microscopy (SEM), which shed light on particle
distribution and grain connectivity [12]. The material's powder and compacted pellet
forms are depicted in Fig. 1. The SEM image shows a consistent surface structure with
distinct grains.
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Fig. 1. SEM-image of material's powder and compacted pellet forms

An LCR meter operating in the 200 to 20,000 Hz frequency range was used to do the
dielectric measurements. Using a program-controlled oven for precise thermal regulation,
temperature-dependent dielectric parameters, such as the dielectric constant (¢') and
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dielectric loss ("), were determined at 10 K intervals between 298 and 473 K [9,17].
The relationship between microstructural characteristics and dielectric behavior in
selenium-substituted Bi,Tes-based thermoelectric materials was clarified by this research.

Results and Discussion
Dielectric Properties

For dielectric properties, 200 to 20-10° MHz frequency is applied. The data identify the
dielectric constant, dielectric loss, and AC conductivity. In Fig. 2, the frequency is taken
on the x-axis has a logarithmic scale ranging from 1 to 1000 Hz and the dielectric loss is
represented on the y-axis having range from 0 to 1.2 - 1028, The clear peak in dielectric
loss is around 10 Hz and reaches approximately dielectric loss at 102, After the peak the
dielectric loss decreases as frequency increases. The high dielectric loss at lower
frequencies indicates a polarization relaxation process.
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Fig. 2. Dependence of dielectric loss on frequency

Figure 3 illustrates how the dipoles within your material respond to an external
alternating electric field. The variation the real part of the dielectric constant () as
a function of frequency (from 1 to 1-10° Hz) reveals a distinct dielectric dispersion
characteristic of polycrystalline semiconductor material. In graph a sharp increase in €' is
observed, reaching a peak value of approximately 36. This behavior is primarily attributed
to space charge polarization, € gradually decreases after 20 Hz. This indicates that these
slower moving dipoles can no longer synchronize with the oscillating external field.
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Fig. 3. Dependence of dielectric constant on frequency
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XRD analysis

The dielectric constant exhibits a sharp increase at low frequencies (around 1 Hz),
indicating strong polarization effects within the material. As the frequency increases from
approximately 10 to 100 Hz, the dielectric constant tends to stabilize, implying that
polarization processes such as dipole orientation remain active in this frequency
range [17,18]. Beyond 100 Hz, a slight decrease in the dielectric constant is observed,
likely due to the inability of dipoles to reorient rapidly enough in response to the
alternating electric field, thereby reducing overall polarization [19].

At low frequencies (~1 Hz), the static dielectric constant (€'static) reaches about 37,
representing the state when all polarization mechanisms are active and the material
exhibits its full dielectric behaviour. However, at higher frequencies (~1000 Hz), the
dielectric response weakens due to the reduced contribution of dipole polarization, while
ionic or electronic polarization becomes dominant [20,21]. The gradual decline in €' with
increasing frequency suggests dielectric relaxation, a phenomenon commonly observed
in dipolar materials, where dipole reorientation cannot keep pace with the rapidly
alternating field). This frequency dependent behaviour implies that the material
possesses tunable dielectric properties, which could be beneficial for applications such
as capacitors and frequency-selective devices if the trend continues at even higher
frequencies.

The electric modulus M is a reciprocal representation of the permittivity (&*):
M =1/e*=M+jM" where M'is real part of the electric modulus, and M" the imaginary
part of the electric modulus (M") is linked to the relaxation process and identifies the
frequency range where the material transitions between different polarization
mechanisms. An increase in M" is observed at low frequencies (1-10 Hz), indicating that
dipoles attempt but fail to align with the applied electric field [17,22]. The peak value of
M"(~0.001) corresponds to the characteristic relaxation frequency, representing the point
of maximum energy dissipation where polarization mechanisms are most active. Beyond
10 Hz, M" gradually decreases, implying that dipoles can no longer follow the rapid
oscillations of the electric field, and polarization processes begin to lose their
effectiveness [23].

At higher frequencies, M" becomes nearly negligible, suggesting that dipolar
relaxation contributes minimally to the total dielectric loss and that alternative
polarization mechanisms such as ionic or electronic polarization may dominate.
The relaxation process is characterized by a distinct peak near 10 Hz, indicating that
dipoles experience maximum energy loss while attempting to realign with the alternating
field despite their phase lag. The significantly reduced M" values above 100 Hz suggest
that the dipolar contribution to energy dissipation has diminished, likely because dipoles
cannot reorient rapidly enough to match the high-frequency field variations [20].

The observed peak indicates a typical Debye-type relaxation or a closely related
mechanism, wherein dipoles are able to align with the applied electric field at lower
frequencies but fail to respond effectively at higher frequencies [9,17,22]. As M" decreases
with increasing frequency, the system demonstrates a transition toward a more lossless
dielectric behavior, signifying that dipolar relaxation losses diminish as the frequency
rises. This characteristic suggests that the material could be advantageous for high-
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frequency applications requiring minimal dielectric loss, such as capacitors and high-
speed electronic circuits.

The relaxation time (1) can be estimated using the standard relation wt = 1, where
w = 2f, and f represents the relaxation frequency at which the M" peak occurs [20]. This
relationship provides insight into the characteristic time scale of dipole reorientation and
helps quantify the material’'s dielectric relaxation dynamics. At the peak frequency

(10 Hz), T ~ —— ~ 0.016 sec.
21m.10

William-son hall (UDM) fit shows the X-ray wavelength is around 1.5406 A, where
shape factor K =0.9. Instrumental FWHM (full width at half maximum) is nearly 0.05°.
From Fig. 4, the microstrain is 3.7 - 10, which is very small. R? is 0.058, the linear fit is
weak. varying peak broadening mechanisms in layered Bi,Tes type materials, inconsistent
or noisy FWHM values for some weak peaks, Anisotropic crystallite shape peaks are
0.049-0.051° heavily influence the interception. If those are near instrumental width,
corrected 8 becomes small and increases uncertainty.
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Fig. 4. Williamson-hall plot for Bi;TezsSeo, (B cosb (y axis) vs sin 6 (x axis))
From Fig. 5, the graph illustrates a linear decrease in the Seebeck coefficient from

200 to 160 pV/K as the temperature rises from 300 to 500 K. The positive values of the
Seebeck coefficient across the entire temperature range indicate that the material
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Fig. 5. Dependence of the Seebeck coefficient on temperature
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behaves as a p-type semiconductor. The constant slope of -0.2 uV/K? suggests a steady
reduction in thermopower, due to increase in thermal carrier concentration within the
temperature range.

The X-ray diffraction (XRD) pattern of Bi,Te,sSeo, (Fig. 6) was examined to
determine the crystalline phase. The rhombohedral (R3m) structure, characteristic of
Bi,Tes-type materials, was used to index the diffraction peaks. Peak locations and
intensities were marginally changed when selenium (Se) was added to the lattice,
suggesting minute alterations in the crystal structure. The insertion of selenium, which
substitutes Te atoms with a slightly higher atomic radius, suggested lattice expansion
based on a small increase in unit cell volume as compared to pure Bi Tes.
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Fig. 6. XRD patterns of the Sample 2

From Fig. 6, the 26 range, which is common for examining crystallographic phases
in materials such as Bi,Tes based compounds, covers 20 to 80°. There are little
amorphous material and a high degree of crystallinity, as indicated by the strong peaks,
particularly the one at about 28°.The (015) or (006) planes of rhombohedral Bi;Tes,
frequently found in thermoelectric materials, may be the source of this peak. Between 30
and 70°, several smaller peaks indicate the presence of minor phases or modest structural
changes brought on by selenium substitution (Bi.Te,sSeo,) [18,22]. The crystallite size for
this peak is approximately 205.7 A.

Structural analysis

In Fig. 1, the produced Bi,Te;sSeo, sample has a highly crystalline rhombohedral
structure, which is typical of Bi,Tes-type materials, according to X-ray diffraction (XRD)
research [9,17,22]. The R3m space group was used to index the diffraction peaks,
confirming phase purity and showing little lattice distortion. Due to Se's higher atomic
radius than Te's, slight peak changes seen with selenium substitution indicate a little
expansion in the unit cell volume [19].

SEM image (Fig.1) showed uniform particle distribution and distinct grain
boundaries, further confirmed the material's crystalline structure. Since these
microstructural characteristics affect thermal stability, carrier mobility, and electrical
conductivity, they are essential for attaining better thermoelectric performance [20].
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Dielectric loss and constant

Due to increased dipole polarization, the dielectric constant (¢') showed a substantial
frequency dependency, increasing sharply at low frequencies (~1 Hz). & stabilized
between 10 Hz and 100 Hz, indicating the presence of polarization processes like dipole
orientation. After 100 Hz, dipole reorientation trailed the fast-oscillating electric field,
causing €’ to steadily decline [17,24].

The static dielectric constant (&'siqric), Which represents the sum of the
contributions from all polarization processes, reached about 37 at low frequencies. The
diminished reaction at higher frequencies (~1000 Hz) suggested that only electronic and
ionic polarizations were still active [19,25]. Thus, dielectric relaxation, a common feature
of dipolar systems where dipole reorientation becomes progressively impeded at higher
frequencies, is reflected in the frequency-dependent drop in €.

Near 10 Hz, the dielectric loss (tan &) showed a noticeable peak, suggesting that
polarization relaxation was causing a large amount of energy to be dissipated. After this
frequency, tan 6 gradually dropped, indicating a shift toward polarization processes that
are more stable and have less energy loss [20]. Bi;Te,sSeos may be appropriate for
applications needing little energy dissipation, including capacitors and high-frequency
circuits, given the low dielectric loss seen at high frequencies.

Electric modulus analysis

Additional information about the material's relaxation processes was revealed by
the imaginary component of the electric modulus (M). In the low-frequency range of
1-10 Hz, M" rose, suggesting that dipoles tried to align themselves completely with the
applied electric field but were unable [17,24]. The typical relaxation frequency, which
corresponds to the highest energy dissipation where dipolar activity is most prominent,
is shown by the peak of M" (~ 0.001).

M"dropped precipitously after 10 Hz, indicating that dipoles could not keep up with
the fast-changing field, which resulted in reduced polarization contributions [23].
M" became almost insignificant at higher frequencies, indicating that dipolar energy loss
becomes unimportant and alternate polarization processes, including ionic or electronic
polarization, take over [20], the relaxation process is usually characterized by a clear peak
at 10 Hz, which indicates the largest energy loss due to dipole realignment. This is
followed by decreased losses above 100 Hz as the dipole response becomes weaker.

According to [23-26], the observed M" peak is consistent with a conventional
Debye-type relaxation process, in which dipoles can align with the applied field at low
frequencies but do not respond at higher ones. The relationship wt =1, where w = 21f
and f is the relaxation frequency, may be used to determine the relaxation time (7).
For high-frequency and low-loss applications such sophisticated capacitors and
electronic devices, the decrease in M"at higher frequencies signifies a shift toward a more
lossless dielectric behavior.
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Dielectric properties

Bi,Te,sSeos's potential for high-efficiency thermoelectric and dielectric applications is
highlighted by the combined structural and dielectric investigations. The well-developed
microstructure seen in SEM pictures and the highly crystalline rhombohedral structure
with low lattice distortion, as verified by XRD, are essential for maximizing electrical and
thermal performance. Strong polarizability and minimal dielectric loss at high frequencies
were found in temperature- and frequency-dependent dielectric tests. These
characteristics are crucial for energy storage and high-frequency device applications.
These findings offer a better knowledge of the relaxation dynamics and charge transport
processes of BioTes-based thermoelectric systems and are in line with previous reporting
on these systems [6,25,27,28].

Conclusions

XRD analysis confirmed that the synthesized Bi,Te,;Seqs sample possesses a highly
crystalline rhombohedral structure, characteristic of BixTes-type materials [17,24]. The
observed diffraction peaks were indexed to the R3m space group, confirming phase purity
and indicating negligible lattice distortion. A slight shift in the peak positions with
selenium incorporation suggests a minor expansion in the unit cell volume, attributable
to the larger atomic radius of Se compared to Te [19].

Scanning electron microscopy (SEM) further verified the crystalline morphology of
the material, revealing well-defined grain boundaries and a uniform particle distribution.
Such microstructural features play a crucial role in optimizing thermoelectric
performance, as they directly influence charge carrier mobility, electrical conductivity,
and thermal stability [20].

In addition, dielectric analysis revealed that the dielectric loss (tan 6) exhibited a
peak around 10 Hz, indicating pronounced energy dissipation due to polarization
relaxation. Beyond this frequency, the dielectric loss gradually decreased, suggesting a
transition toward more stable polarization mechanisms associated with reduced energy
dissipation.
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