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Abstract 

𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA nanocomposites were prepared by incorporating 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ nanopowders 
obtained by high-energy ball milling into a poly(vinyl alcohol) (PVA) matrix using the solu-
tion-casting method. The structural and morphological properties of the materials were in-
vestigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The dielectric 
properties of the composites were studied by dielectric spectroscopy in the frequency range 
from 120 Hz to 10⁶ Hz and at temperatures between 20 and 100 °C. The frequency and 
temperature dependences of the dielectric permittivity, dielectric loss function, dielectric 
loss tangent, and electrical conductivity were analyzed. The results revealed pronounced 
dielectric dispersion and relaxation behavior associated with Maxwell–Wagner–Sillars in-
terfacial polarization at the 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA interfaces. The electrical conductivity increased 
with increasing frequency and temperature, while the absence of percolation indicated that 
charge transport remained dominated by the polymer matrix. The obtained results demon-
strate the potential of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composites as functional dielectric materials. 

Keywords: 𝐺𝑒𝐵𝑖₂𝑇𝑒₄, poly(vinyl alcohol), nanocomposites, dielectric spectroscopy, Maxwell–Wagner–Sillars po-
larization, electrical conductivity. 
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1. Introduction 

Layered chalcogenide compounds have attracted considerable interest due to their 
structural characteristics and wide range of physical properties [1–5]. The presence of 
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strong intralayer bonding and weak interlayer van der Waals interactions facilitates 
crystal cleavage, resulting in the formation of thin platelet-like structures [1–6]. The 
high surface-area-to-volume ratio of such particles contributes to an increased interfa-
cial contact area when they are incorporated into a polymer matrix [5–8]. 

Particular attention has been paid to the preparation of micro- and nanosized 
forms of layered compounds. A reduction in particle size is accompanied by an in-
crease in specific surface area and the fraction of interfacial regions, leading to en-
hanced surface effects and a greater contribution of processes occurring at phase 
boundaries [6–9]. As a result, the influence of the filler on the electrical, dielectric, 
and relaxation properties of the composite system increases significantly [9, 11]. 

It is well established that the properties of composite materials are determined not 
only by the nature of their constituents but also by the size, concentration, and mor-
phology of the filler particles [7–10]. The incorporation of micro- and nanostructured 
particles into a polymer matrix makes it possible to tailor charge transport mechanisms, 
space-charge accumulation, and polarization processes. Therefore, the use of layered 
semiconducting materials as fillers is of considerable interest for the development of 
new functional composites with tunable electrophysical properties [9–11]. 

One of the promising representatives of layered chalcogenides is 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ [12–
14]. 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ belongs to the family of tetradymite-like tellurides and possesses a 
rhombohedral layered crystal structure [12–14]. Owing to its structural features and 
electronic properties, this material has attracted attention as a subject of research in 
the fields of thermoelectric and topological materials [12–14]. Furthermore, the abil-
ity of GeBi₂Te₄ to form platelet-like particles with a well-developed surface makes it 
a promising filler for polymer composites [12–14]. 

In recent years, considerable attention has been devoted to polymer composites 
containing layered and semiconducting fillers, since their incorporation enables ef-
fective tuning of the dielectric characteristics of the material [9–11]. 

In the present work, poly(vinyl alcohol) (PVA) was used as the matrix material be-
cause of its excellent film-forming ability, chemical stability, and capacity to ensure a 
uniform distribution of dispersed filler throughout the material volume [15, 16]. The 
use of PVA as a dielectric matrix makes it possible to investigate the influence of 
GeBi₂Te₄ particles on polarization processes and charge transport in the composite 
system [15, 16]. 

It should be noted that the influence of telluride-based fillers on the dielectric 
properties of polymer matrices has been studied only to a limited extent. For exam-
ple, in LDPE+𝐵𝑖₂𝑇𝑒₃ composites, the incorporation of telluride filler was found to 
cause significant changes in dielectric permittivity and dielectric loss due to interfacial 
polarization and charge transport processes [17]. However, information regarding 
the dielectric properties of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composites is virtually absent from the lit-
erature. 
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To investigate these processes, dielectric spectroscopy was employed, as it pro-
vides information on polarization mechanisms, relaxation phenomena, and the elec-
trical response of materials over a wide frequency range [15, 18]. 

The aim of the present work is to investigate the dielectric properties of 
𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composites and to determine the influence of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ particles on 
polarization processes and dielectric losses in the polymer matrix. 

2. Experimental Section 

2.1. Preparation of 𝑮𝒆𝑩𝒊₂𝑻𝒆₄ Nanopowder 

𝐺𝑒𝐵𝑖₂𝑇𝑒₄ nanopowder was prepared by high-energy ball milling using the top-
down approach [19, 20]. This method enables particle size reduction while preserv-
ing the chemical composition and crystal structure of the bulk starting material. 

Single crystals of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ synthesized from high-purity elements in evacuated 
quartz ampoules by the directional crystallization method were used as the starting 
material. The obtained ingots were first ground in an agate mortar to produce a 
homogeneous powder. 

Further milling was carried out using a FRITSCH Pulverisette 6 planetary ball mill 
equipped with an 80 mL grinding vial and hardened stainless-steel (Fe–Cr) balls. 
Approximately 1 g of powder was milled at a ball-to-powder weight ratio of 10:1 
and a rotation speed of 650 rpm for up to 40 h. 

The layered structure of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄, characterized by weak van der Waals inter-
actions between structural blocks, facilitates efficient particle fragmentation during 
mechanical treatment. As a result, powders with particle sizes in the nanometer 
range were obtained, as confirmed by X-ray diffraction and scanning electron mi-
croscopy analyses. 

2.2. Preparation of the GeBi₂Te₄/PVA Composite 

The 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composite was prepared by the solution-casting method. To 
prepare the polymer matrix, 0.2 g of poly(vinyl alcohol) (PVA) was dissolved in 10 
mL of distilled water under continuous magnetic stirring until a clear and homoge-
neous solution was obtained. 

After complete dissolution of the polymer, 0.2 g of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ nanopowder was 
added to the solution. The resulting suspension was subjected to ultrasonic treat-
ment to ensure a uniform distribution of filler particles throughout the polymer 
matrix. 

The mixture was then kept at room temperature until the solvent had completely 
evaporated and the GeBi₂Te₄/PVA composite material had formed. 
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2.3. Characterization Methods 

2.3.1. X-ray Diffraction Analysis 

Phase analysis was performed using a Bruker D8 Endeavor X-ray diffractometer 
equipped with Cu Kα radiation (λ = 1.5406 Å). The diffraction patterns were col-
lected in the θ–2θ geometry at an operating voltage of 40 kV and a tube current of 
40 mA. The obtained diffraction patterns were used to identify the phase composi-
tion of the samples and to verify the preservation of the 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ crystal structure 
during the milling process. 

2.3.2. Scanning Electron Microscopy and Energy-Dispersive X-ray Analysis 

The morphology and microstructure of the samples were investigated by scan-
ning electron microscopy using a field-emission scanning electron microscope (FE-
SEM JSM-5600LV, JEOL, Japan). The micrographs were used to evaluate the shape 
and size of the particles after high-energy ball milling. 

2.3.3. Dielectric Measurements 

The dielectric properties of the 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composite were investigated us-
ing an E7-20 impedance analyzer. Measurements were performed over a wide fre-
quency range at temperatures from 20 to 100°C. 

The sample was placed in a measuring cell with parallel-plate electrodes to en-
sure stable electrical contact throughout the measurements. Temperature-de-
pendent measurements were recorded under controlled heating conditions. 

Based on the experimentally measured impedance values, the complex dielectric 
permittivity, dielectric loss tangent, and electrical conductivity were calculated. The 
obtained data were analyzed as functions of frequency and temperature. 

3. Results and Discussion 

3.1. Phase Identification and Morphological Characterization of PVA-𝑮𝒆𝑩𝒊₂𝑻𝒆₄ 

3.1.1. Phase Identification by PXRD 

The PXRD pattern of the PVA–𝐺𝑒𝐵𝑖₂𝑇𝑒₄ composite is presented in Figure 1. The 
diffraction profile exhibits a combination of broad and weak features together with 
several distinguishable peaks, reflecting the composite nature of the material. 
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Figure 1. PXRD pattern of the PVA– 𝑮𝒆𝑩𝒊₂𝑻𝒆₄ composite showing the coexistence of amor-
phous PVA and crystalline 𝑮𝒆𝑩𝒊₂𝑻𝒆₄ phases. 

The broad background and diffuse halo observed over a wide 2θ range are char-
acteristic of the amorphous PVA matrix, indicating that the polymer phase domi-
nates the overall diffraction pattern. In contrast, the presence of distinct diffraction 
peaks, particularly in the region around ~28° and 38–43° (2θ), can be attributed to 
the crystalline 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ phase embedded within the polymer matrix. 

Compared to the PXRD pattern of the milled 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ powder, the peaks in the 
composite are significantly reduced in intensity and broadened, which can be ex-
plained by the combined effects of nanoscale particle size, reduced crystallinity, 
and the dilution of the crystalline phase within the amorphous polymer. The ab-
sence of additional sharp peaks indicates that no new crystalline phases were 
formed during the composite preparation process. 

Overall, the PXRD results confirm that 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ nanoparticles are successfully 
incorporated into the PVA matrix while retaining their crystalline nature, although 
with reduced structural ordering due to nanoscale dispersion and interaction with 
the polymer phase. 

3.1.2. SEM-EDX characterization  

The morphology of the milled 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ powders was investigated by SEM, as 
shown in Figure 2. The image reveals the formation of irregularly shaped, agglom-
erated particles with sizes predominantly in the nanometer range. 

The observed particle sizes vary approximately from ~60 nm to ~100 nm, indi-
cating effective size reduction during the high-energy ball milling process. The par-
ticles tend to form agglomerates, a characteristic of nanoscale materials due to 
their high surface energy. 

The morphology suggests that the layered structure of 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ facilitates frag-
mentation into fine particles during milling. The obtained nanostructured powder 
provides a large surface area and increased number of interfaces, which can signif-
icantly influence the electrical properties of the composite material. 
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Figure 2. SEM image of 𝑮𝒆𝑩𝒊₂𝑻𝒆₄ nanopowder after high-energy ball milling (HEBM). 

3.2. Dielectric Properties of PVA and 𝑮𝒆𝑩𝒊₂𝑻𝒆₄/PVA Composites 

Dielectric measurements were performed using an E7-20 impedance analyzer in 
the frequency range from 120 Hz to 10⁶ Hz and at temperatures between 20 and 
100 °C. 

Based on the measured experimental data, the frequency spectra of the real (ε′) 
and imaginary (ε″) parts of the dielectric permittivity, as well as the frequency de-
pendence of the electrical conductivity (σ), were obtained. 

Figure 3(a–d) and Figure 4(a–d) show the frequency dependences of the dielec-
tric permittivity (ε′), dielectric loss function (ε″), dielectric loss tangent (tan δ), and 
electrical conductivity (σ) measured at temperatures of 20, 40, 60, 80, and 100 °C 
for pure PVA (Figure 3) and the 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA composite (Figure 4), respectively. 

As the frequency decreases from 10⁶ Hz to 100 Hz, the value of ε′ for pure PVA 
gradually increases from 3.15 (at 10⁶ Hz) to 3.38 (at 100 Hz) at room temperature 
(Figure 3a). With increasing temperature, the dielectric permittivity increases sig-
nificantly. At a frequency of 10⁶ Hz, ε′ increases from 3.15 at room temperature to 
6.44 at 100 °C, whereas at 100 Hz the temperature-induced increase is even more 
pronounced, from 3 at 20 °C to 48.76 at 100 °C. 
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Figure 3. Frequency dependences of (a) dielectric permittivity (ε′), (b) dielectric loss function 
(ε″), (c) dielectric loss tangent (tan δ), and (d) electrical conductivity (σ) of pure PVA meas-
ured at temperatures of 20, 40, 60, 80, and 100 °C. 

The dielectric loss function ε″ of pure PVA also increases with decreasing fre-
quency and increasing temperature (Figure 3b). The temperature-induced increase 
is particularly significant at low frequencies. For example, at a frequency of 120 Hz, 
ε″ increases from 0.08 at 20°C to 325 at 100°C. The dielectric loss tangent (Figure 
3c) exhibits a similar frequency–temperature dependence. The electrical conduc-
tivity of pure PVA (Figure 3d) also increases with increasing frequency and temper-
ature. 

Such frequency–temperature behavior of the dielectric functions is characteris-
tic of pure PVA polymers [21]. The dielectric permittivity and dielectric losses in the 
frequency range 10²–10⁶ Hz are governed by dipolar and interfacial polarization 
processes and by the conductivity of free charge carriers within the PVA matrix. It 
should be noted that hydroxyl (–OH) groups play a significant role in these pro-
cesses. In addition, residual moisture in PVA samples strongly affects the magnitude 
of the dielectric functions. 

Figure 4 presents the frequency dependences of the dielectric functions of com-
posite samples consisting of semiconducting 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ inclusions dispersed in the 
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PVA matrix. In general, the frequency and temperature dependences of the dielec-
tric functions in this composite are similar to those observed for the PVA matrix. 
However, the maximum values obtained at a frequency of 100 Hz and a tempera-
ture of 100 °C in the composite are significantly lower, reaching 12.49 for ε′ (Figure 
4a) and 6.57 for ε″ (Figure 4b). 

 

Figure 4. Frequency dependences of (a) dielectric permittivity (ε′), (b) dielectric loss function 
(ε″), (c) dielectric loss tangent (tan δ), and (d) electrical conductivity (σ) of the GeBi₂Te₄/PVA 
composite measured at temperatures of 20, 40, 60, 80, and 100 °C. 

However, in the frequency range 105.5–106.5 Hz, characteristic features in the 
form of maxima are observed in the spectra (Figures 4b and 4c). As the temperature 
increases, these maxima shift toward lower frequencies. This feature, namely the 
appearance of peaks in the dielectric spectra, may be associated with polarization 
occurring at the interface between the electrically conductive semiconductor and 
the dielectric polymer matrix. 

The electrical conductivity of the composite (Figure 4d) increases with increasing 
frequency and temperature. For example, at a frequency of 500 Hz, the conductiv-
ity increases from 4.54 × 10⁻⁹ Ω⁻¹ cm⁻¹ at 40 °C to 7.6 × 10⁻⁸ Ω⁻¹ cm⁻¹ at 100 °C. 

The electrical conductivity of the composites is close to that observed for the 
PVA matrix. This indicates that despite the relatively high volume fraction of 
𝐺𝑒𝐵𝑖₂𝑇𝑒₄ inclusions in the composite (16 vol.%), having an electrical conductivity 
σ₂  = 128 Ω⁻¹ cm⁻¹, no percolation occurs at this semiconductor concentration, and 
the conductivity is mainly determined by the polymer matrix. 

The dielectric response and dielectric losses of the composites can be considered 
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within the framework of effective medium theory. In composite materials contain-
ing electrically conductive filler inclusions, the dielectric permittivity and dielectric 
loss function are commonly described using the Maxwell–Wagner–Sillars (MWS) 
model of macroscopic polarization [22,23]. 

For the case of spherical inclusions, the MWS equations are expressed as follows: 
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where ε′₁ and ε′₂ are the real parts of the dielectric permittivity of the matrix and 
inclusions, respectively; σ₁ and σ₂ are the electrical conductivities of the matrix and 
inclusions, respectively; ρ is the electrical resistivity; f is the volume fraction of in-
clusions in the composite; ε′∞ is the high-frequency dielectric permittivity; τ is the 
relaxation time; and ω is the angular frequency. 

As follows from the above equations, ε′ and ε″ of the matrix and inclusions de-
pend on the relaxation time τ. The relaxation time corresponding to the maximum 
is equal to the reciprocal of the peak frequency, τ = 1/ωmax. Since in our composites 
σ₁ ≪ σ₂, σ₁ can be neglected in comparison with σ₂ in Eq. (5). Therefore, the relaxa-
tion time is also inversely proportional to the electrical conductivity of the inclu-
sions. Consequently, the shift of the peak toward lower frequencies (and, corre-
spondingly, the increase in relaxation time τ) with increasing temperature in the 
dielectric spectra indicates a negative temperature dependence of the electrical 
conductivity of GeBi₂Te₄ crystals, i.e., a decrease in conductivity with increasing 
temperature. 

4. Conclusions 

𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA nanocomposites were successfully prepared using GeBi₂Te₄ na-
nopowders obtained by high-energy ball milling (HEBM). Dielectric spectroscopy 
measurements revealed a pronounced dependence of the dielectric properties on 
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frequency and temperature. The composite exhibited dielectric behavior similar to 
that of the PVA matrix; however, relaxation features observed in the high-fre-
quency region were attributed to Maxwell–Wagner–Sillars interfacial polarization 
at the 𝐺𝑒𝐵𝑖₂𝑇𝑒₄/PVA interfaces. The electrical conductivity increased with increas-
ing frequency and temperature and remained close to that of pure PVA, indicating 
the absence of a percolation network at the investigated filler concentration. The 
observed shift of the relaxation maxima toward lower frequencies with increasing 
temperature suggests a negative temperature coefficient of conductivity for 
𝐺𝑒𝐵𝑖₂𝑇𝑒₄ inclusions. These results demonstrate that 𝐺𝑒𝐵𝑖₂𝑇𝑒₄ is a promising filler 
for tuning the dielectric properties of PVA-based composites. 
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