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Dielectric permitivity is a crucial factor in the development of advanced electronic components, with its control achieved by
varying filler concentrations. This study explores the dielectric properties – permittivity (�'), dielectric loss tangent (tan �), and
electrical conductivity (�) – of PVA composites containing 1 w/%, 3 w/%, and 5 w/% FeGaInS4 crystals over a frequency range
of 120 Hz to 1 MHz at 293 K. A structural analysis was performed using X-ray diffraction (XRD), and the filler morphology
and crystallite size were examined with transmission electron microscopy (TEM). Results revealed a decrease in �' with increas-
ing frequency, primarily due to interfacial polarization at low frequencies. The addition of 1 w/% FeGaInS4 enhanced �' due to
interfacial layer formation and Maxwell–Wagner–Sillars (MWS) polarization. Conversely, higher concentrations (3 w/% and
5 w/%) caused a decline in �', attributed to filler agglomeration and diminished interfacial effects. A dielectric loss analysis indi-
cated relaxation processes tied to changes in conductivity induced by localized charge carriers. Key electrical parameters at
293 K and 1 kHz included a consistent potential barrier height (WM = 2.16 eV), hopping distance (R� = 5.36×10–10 m to
11.3×10–10 m), and density of localized states (N = 11×1027 m–3 to 1.07×1027 m–3). A mixed-zone and hopping conduction mech-
anism was identified. These findings highlight the role of filler concentration in tailoring the dielectric properties for advanced
applications.
Keywords: FeInGaS4/PVA composites, dielectric properties, electrical conductivity, semiconductor filler.

Dielektri~na permitivnost je klju~ni dejavnik pri razvoju naprednih elektronskih komponent, pri ~emer njeno uravnavanje
dose`emo s spreminjanjem koncentracije polnila. Ta {tudija raziskuje dielektri~ne lastnosti – permitivnost (�'), dielektri~ni tan-
gent izgub (tan �) in elektri~no prevodnost (�) – PVA kompozitov, ki vsebujejo 1 w/%, 3 w/% in 5 w/% kristalov FeGaInS4,
v frekven~nem obmo~ju od 120 Hz do 1 MHz pri 293 K. Strukturna analiza je bila izvedena z uporabo rentgenske difrakcije
(XRD), morfologija polnila in velikost kristalitov pa sta bili preu~eni s pomo~jo presevne elektronske mikroskopije (TEM).
Rezultati so pokazali zmanj{anje �' z nara{~ajo~o frekvenco, kar je predvsem posledica medfazne polarizacije pri nizkih
frekvencah. Dodatek 1 w/% FeGaInS4 je pove~al �' zaradi nastanka medfaznih plasti in Maxwell–Wagner–Sillarsove (MWS)
polarizacije. Nasprotno pa so vi{je koncentracije (3 w/% in 5 w/%) povzro~ile zmanj{anje �', kar pripisujemo aglomeraciji
polnila in zmanj{anim medfaznim u~inkom. Analiza dielektri~nih izgub je pokazala relaksacijske procese, povezane s
spremembami v prevodnosti, ki jih povzro~ajo lokalizirani nosilci naboja. Klju~ni elektri~ni parametri pri 293 K in 1 kHz so
vklju~evali dosledno vi{ino potencialne bariere (WM = 2,16 eV), skakalno razdaljo (R� = 5,36×10–10 m do 11,3×10–10 m) in
gostoto lokaliziranih stanj (N = 11×1027 m–3 do 1.07×1027 m–3). Identificiran je bil mehanizem prevodnosti, ki vklju~uje me{ano
obmo~je in skakanje nosilcev naboja. Ti rezultati poudarjajo vlogo koncentracije polnila pri prilagajanju dielektri~nih lastnosti
za napredne aplikacije.
Klju~ne besede: FeInGaS4/PVA kompoziti, dielektri~ne lastnosti, elektri~na prevodnost, polprevodni{ki vklju~ki

1 INTRODUCTION

2D structures not only form the foundation of mod-
ern electronics but also hold significant potential for fu-
ture advances due to their tunable properties.1 These lay-
ered crystals consist of sheets bonded strongly through
covalent or ionic interactions in the horizontal plane and
much weaker van der Waals interactions in the vertical
direction, which stack to form layered structures.2 By
utilizing the low energy of van der Waals interactions in

layered crystals synthesized with various methods, it is
possible to control their bandgap by reducing the number
of layers.3 Additionally, surface defects and dangling
bonds formed by unbound electrons can be eliminated
when layers are stacked, leading to the development of
more stable materials. These structures, also referred to
as van der Waals crystals, exhibit unique properties due
to their high surface-to-volume ratio.4 The activation of
surface area and other characteristics at smaller dimen-
sions significantly expands their application range.5

Recently, polymers and polymer composites, which
aim to enhance polymer properties, have become widely
used in both industry and research. Polymer composites
are created by incorporating various fillers into a poly-
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mer matrix.6 Although polymer composites prepared us-mer matrix.6 Although polymer composites prepared us-
ing 2D structures as fillers are particularly intriguing,
they remain less explored compared to other composites.
Layered 2D structures, with their unique properties,
stand out in polymer composites.7 The small size of
these fillers leads to surface and quantum effects, creat-
ing an interfacial layer at the boundary between the filler
and the polymer. This interfacial layer, formed through
interactions between the polymer and filler, significantly
impacts the composite’s properties, which can differ sub-
stantially from those of the polymer or the filler alone.8

Furthermore, the large surface area of 2D fillers and the
ability of the polymer to penetrate between the weakly
bonded layers of van der Waals crystals enhance the in-
terfacial layer, thereby altering the composite’s proper-
ties.9

One of the characteristics influenced by the interfa-
cial layer is polarization, along with conductivity.10 Ac-
cording to the Lewis theoretical model, when free
charges accumulate on the surface of an active particle,
the negative charges of the polymer distribute densely
along the surface, forming a dipole-like structure.11

Based on the double electron layer model, a dense region
of charges near the surface forms the Stern layer, while a
more flexible field of charges farther away constitutes
the diffuse layer.12 Polarization within these layers,
driven by Maxwell–Wagner–Sillars (MWS) interfacial
polarization, alters the composite’s dielectric properties.
The properties and concentration of the fillers also affect
the composite’s electrical characteristics.13 At low con-
centrations, the large distances between well-dispersed
particles result in minimal interactions among interfacial
zones. However, as the filler concentration increases, in-

teractions, as well as agglomeration and percolation
effects, significantly alter the composite’s electrical con-
ductivity.14 Therefore, understanding how the concentra-
tion of crystals influences the electrical properties of
polymers is crucial.

In this study, FeGaInS4 crystals, which have been ex-
plored to a limited extent, were employed. These crystals
were initially synthesized during investigations of the
FeGa2S4-FeIn2S4 system. The structure of FeGaInS4 has
been characterized and exhibits a trigonal configura-
tion.16—18 The lattice parameters are a = 037765(1) nm
and c = 1.22257(3) nm, with an activation energy of
�E = 0.21 eV.19—21 Despite the semiconductor properties
of these layered crystals, their integration into polymer
matrices as composites has been minimally investi-
gated.22 In this study, polyvinyl alcohol (PVA) was used
as the polymer matrix. The research examines the struc-
ture and dimensions of FeGaInS4 crystals and the
changes in dielectric properties of PVA-based compos-
ites with varying filler concentrations. Thin films of PVA
mixed with FeGaInS4 crystals at 1 w/%, 3 w/%, and
5 w/% concentrations were analyzed. The composite
structures were characterized using X-ray diffraction
(XRD), while dielectric properties were measured using
dielectric spectroscopy. The morphology (shape and
size) of the crystals were determined by transmission
electron microscopy (TEM).

2 MATERIALS AND METHODS

The structural analysis of FeGaInS4/PVA composites
was conducted using a Rigaku Mini Flex 600 X-ray
diffractometer with Ni-filtered Cu-K� radiation
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Figure 1: Synthesis of PVA based composites



( = 0.15406 nm). Transmission Electron Microscopy
(TEM) was performed using a JEM-1400 (JEOL, Japan)
at 80–120 kV. Morphometric analysis of the electrono-
grams was conducted in TIF format using the TEM Im-
aging Platform-ITEM software (Olympus Soft Imaging
Solutions GmbH, Germany). The electrical properties
were measured using an E7-20 dielectric spectrometer.

FeGaInS4 crystals were synthesized by mixing
FeGa2S4 and FeIn2S4 compounds in a 1:1 molar ratio.
The stoichiometric mixture was sealed in an evacuated
quartz ampoule and placed in a two-zone furnace for
crystal growth. To enhance the crystallinity of the syn-
thesized samples, they were thermally treated at 800 K
for 100 h.18,20,21

As described in the study, the synthesized crystal
powder was incorporated into a polyvinyl alcohol (PVA)
polymer matrix. For this purpose, a solution of PVA in
distilled water was prepared. The crystals were mechani-
cally ground, and FeGaInS4 crystals at weight concentra-
tions of 1 w/%, 3 w/%, and 5 w/% were added to the
PVA solution. Each solution was subjected to ultrasonic
treatment for 4 min. The resulting solutions were filtered
into Petri dishes and left to dry at room temperature.22

The obtained films were analyzed for structural determi-
nation using X-ray diffraction and for dielectric property
measurements. The synthesis process is shown in
Figure1.

3 RESULT AND DISCUSSION

3.1 X-ray analysis

X-ray diffraction (XRD) analysis was performed to
investigate the crystalline structure of the FeGaInS4 crys-
tal and the FeGaInS4/PVA composites synthesized at
room temperature. Figure 1a shows the X-ray diffraction
pattern of pure PVA, while Figure 1b displays the dif-
fraction pattern of the FeGaInS4 crystal. The diffraction
patterns of the composite samples containing different
concentrations of FeGaInS4 – specifically 1 w/%, 3 w/%,
and 5 w/% – are presented in Figure 2c and labeled as I,
II, and III, respectively.

The diffraction peaks observed at 2� values of 8.1°,
14.64°, 21.8°, 37°, 40.8°,44.3°, 46.67°, 48.1° 52.63°,
69.3° and 78.6° correspond to the (001), (002), (003),

(101), (102), (005), (104), (006), (105), (110) (007),
(009), and (0010) planes of FeGaInS4 crystals.16 The
consistency of these peaks confirms that the crystal
structure of the FeGaInS4 remains unchanged upon com-
posite formation. Additionally, the prominent peak at
2� = 19.31° is attributed to the characteristic diffraction
of PVA.23–25

3.2 TEM images of FeGaInS4

The determination of the particle sizes after ultra-
sonic dispersion was performed using TEM. The TEM
images of the fragmented crystals are shown in Figure 3.
The images clearly reveal the layered structure of the
crystals. TEM analysis revealed that the particles pre-
dominantly exhibited sizes around 490 nm and 790 nm;
however, smaller crystallites, including those in the
range of �20 nm, were also observed, albeit in much
lower abundance.

3.3 Dielectric properties analysis

The dielectric properties of polymer composites pre-
pared at various concentrations were studied using a di-
electric spectrometer at room temperature under different
conditions.

Figure 4 presents the dependence of the real part of
the relative dielectric permitivity (�') on the frequency of
the alternating electric field for pure PVA and compos-
ites with 1 w/%, 3 w/%, and 5 w/% FeGaInS4 at room
temperature. Within the investigated frequency range, the
values �' vary between approximately 5 and 10.
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Figure 3: TEM images of FeGaInS4 crystals

Figure 2: X-ray diffraction patterns of (I) FeGaInS4 crystals and (II) the surface layer of PVA+FeGaIn4 composites: a) 1 % FeGaIn4+PVA,
b) 3 % FeGaInS4+PVA, c) 5 % FeGaInS4+PVA



The graph shows that for all samples, �' decreases as
the frequency increases in the range of 1.2·102–105 Hz.
This reduction is attributed to interphase polarization,
which becomes significant at lower frequencies. As the
frequency increases, the dipoles cannot align with the
field. Initially, dipoles with lower relaxation rates align
with the field, but with further increases in frequency, the
number of dipoles unable to align increases. At low fre-
quencies, the electric field changes direction slowly
enough that dipoles (molecular or ionic entities with an
electric moment) have sufficient time to reorient them-
selves in the direction of the field. Dipoles with lower re-
laxation rates (i.e., slower response times) can still fol-
low these slower field changes.

However, as the frequency of the electric field in-
creases, the direction of the field starts changing much
faster. At a certain point, some dipoles can no longer
keep up – their natural relaxation time is too slow com-
pared to the oscillation of the field. These dipoles fail to
reorient in time, and thus do not contribute effectively to
the polarization.

This is why the effective dielectric constant �' stops
increasing or even decreases at higher frequencies –
fewer dipoles are able to align with the rapidly alternat-
ing field, reducing the overall polarization of the mate-
rial.

This phenomenon is known as dielectric dispersion,
and it is typically explained by models like the Debye re-
laxation model.

In the frequency range of 105 to 5·105 Hz, �' remains
almost constant. However, in the frequency range
5·105 Hz to 106 Hz, an increase in �' with frequency is
observed.22

The data indicate that the addition of FeGaInS4 crys-
tals to PVA increases the real part of the dielectric

permitivity at 1 w/% concentration. However, a decrease
in �' is observed for samples with 3 w/% and 5 w/% crys-
tal content. The increase in �' at 1 w/% concentration is
attributed to the formation of an interphase layer on the
crystal surfaces within the polymer matrix, which en-
hances the Maxwell–Wagner–Sillars (MWS) polariza-
tion. In contrast, at higher concentrations (3 w/% and
5 w/%), agglomeration of the filler particles and the
growth in crystal size hinder the mobility of the func-
tional groups of the polymer under the influence of the
electric field, thereby reducing the free volume of the
polymer and, consequently, the dielectric permitivity of
the composite.

Figure 5 depicts the frequency dependence of the di-
electric loss tangent (tg �) for pure PVA and FeGaInS4/
PVA composites with concentrations of 1 w/%, 3 w/%,
and 5 w/% at room temperature (293K). The results
show that in the frequency range of 1.2·102 to 5·102 Hz,
tg � decreases with increasing frequency for all samples.
In the intermediate frequency range of 103 Hz to
5·104 Hz, tg � remains nearly constant across all sam-
ples. However, at higher frequencies, 5·104 to 106, maxi-
mum in tg � is observed.

These observed maxima in the frequency dependence
of the dielectric loss are associated with the relaxation
processes of charge carriers. The decrease in tg � at low
frequencies can be attributed to the alignment of dipoles,
while the nearly constant behavior in the intermediate
frequency range suggests stabilized dielectric loss. The
increase at higher frequencies reflects the contribution of
charge-carrier relaxation phenomena within the compos-
ites.

As shown in Figure 5, the dielectric loss undergoes
significant changes with the incorporation of semicon-
ductor crystallites into the polymer matrix. This variation
is primarily due to the modification in the material’s con-
ductivity, driven by the addition of crystallites into poly-
mers with localized charge carriers. The dependence of
the dielectric loss on the frequency of the applied electric
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Figure 5: Dependence of dielectric loss angle tangent on electric field
frequency at 293 K for a) pure PVA, b) 1 w/% FeGaInS4/PVA,
c) 1 w/% FeGaInS4/PVA, d) 1 w/% FeGaInS4/PVA

Figure 4: a) 1 w/% FeGaInS4/PVA, b) pure PVA, c) 3 w/% FeGaInS4/
PVA, and d) 5 w/% FeGaInS4/PVA, showing the relationship between
�' and the electric field frequency



field is inherently tied to the conduction mechanism of
the material. Specifically, the frequency dependence of
the electrical conductivity can alter the dielectric loss be-
havior. In many materials, this relationship is character-
ized by the empirical power law � � �s, where 0.1 
 s

 1.0, which is indicative of a hopping conduction
mechanism.26 Considering what has been said, the fre-
quency dependence of the dielectric loss angle tangent
for various mechanisms that play a dominant role in con-
ductivity can be expressed as follows:

tg � � � � �( ) ( )≈ +−1 Band mechanism (1)

tg � � � �( ) ( )≈ +−s 2 1 Hopping mechanism (2)

Equation (1) indicates that a linear dependence of the
function tg � � �	( ) (= f should be observed in the band
mechanism, which plays a dominant role in conductivity.

Figure 6 presents the dependence of ln(tg �(�)) on
ln(�) at room temperature (293K) for pure PVA and the
1 w/%, 3 w/%, and 5 w/% FeGaInS4/PVA composite
samples. The figure reveals that the resulting curves are
approximately linear over a certain frequency range but
deviate from perfect linearity outside this region. This
behavior indicates that the electrical conductivity in
these samples arises from a combination of band-like
(zone) conduction and hopping conduction mechanisms.
The linear segments suggest band conduction in ex-
tended states, while deviations from linearity imply con-
tributions from hopping mechanisms, where localized
charge carriers dominate conductivity in specific fre-
quency regimes.

Figure 7 depicts the frequency dependence of electri-
cal conductivity for pure PVA and FeGaInS4-based com-
posites with 1 w/%, 3 w/%, and 5 w/% concentrations,
measured at room temperature. As observed, the intro-
duction of FeGaInS4 filler into the PVA matrix enhances
the electrical conductivity up to a concentration of
3 w/%, beyond which, in the 5 w/% sample, a decrease in
� is noted. The graph further indicates that electrical
conductivity increases with rising frequency in the range
of 1.2·102 Hz to 2·105 Hz for all studied samples.

In this frequency range, the conductivity follows the
power law

� � �s (3)

indicating a direct relationship between frequency and
conductivity. For these composites, the exponent s var-
ies between 0.10 and 1.32, depending on the frequency
in the range 1.2·102 Hz to 105 Hz at room temperature
(293K). This variation in s suggests different conduction
mechanisms, potentially involving both band-like and
hopping conduction processes, depending on the filler
concentration and frequency.

One of the most prominent models describing charge
transport in polymeric materials is the Correlated Barrier
Hopping (CBH) model, which involves electron hopping
through potential barriers.27 According to the CBH
model, electrons overcome potential barriers and jump
between energy states.27—29 The expression for the con-
ductivity in an alternating electric field as per the CBH
model is given by:

� �
�� �

!"
�
#

( ) =
π3 2

0N R
(4)

Here, N is the density of pairs of states between
which the charge carriers hop, � is the dielectric constant
of the medium, �0 is the permitivity of free space, � is
the angular frequency, and R� is the hopping length.

The relationship between the hopping length R� and
the height of the potential barrier WM is expressed as:
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In this expression, �0 represents the characteristic re-
laxation time, which is the inverse of the phonon fre-
quency $f and k is the Boltzmann constant. The parame-
ter WM denotes the height of the potential barrier.
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Figure 7: Dependence of electrical conductivity on the frequency of
the applied electric field at 293 K for FeGaInS4-based composites
with a) pure PVA, b) 1 w/% FeGaInS4/PVA, c) 1 w/% FeGaInS4/PVA,
d) 1 w/% FeGaInS4/PVA

Figure 6: ln (tg �·�) � ln � dependence at 293 K for pure PVA, 1 %,
3 % and 5 % FeGaInS4-based composites



The exponent s, which characterizes the frequency
dependence of conductivity, is related to the potential
barrier height WM by the following relation:

[ ]
s

kT

W kT
= −

−
1

6

0M / ( )��
(6)

To simplify, in the first approximation, s can be ex-
pressed as:

s
kT

W
= −1

6

M

(7)

Using the experimental data obtained, the parameters
of the systems were calculated at a temperature of 293 K
and a frequency of 103 Hz for pure PVA and the 1 w/%,
3 w/%, and 5 w/% FeGaInS4-based composites. The cal-
culated values for these parameters are presented in
Table1.

Table 1: The calculated values of the hopping length (R�), density of
localized state pairs (N), and potential barrier height (WM)

Samples R�, m
(×10–10)

N, m–3

(×1027) WM, eV

pure PVA 5.36 11.0 2.16
FeGaInS4/PVA (1 w/%) 6.12 7.17 2.16
FeGaInS4/PVA (3 w/%) 6.48 6.3 2.16
FeGaInS4/PVA (5 w/%) 11.30 1.07 2.16

4 CONCLUSIONS
In this study, FeGaInS4/PVA composites with varying

concentrations (1 w/%, 3 w/%, and 5 w/%) were synthe-
sized using a mechanical mixing technique. The struc-
tural, morphological, and dielectric properties of the re-
sulting samples were systematically investigated. X-ray
diffraction (XRD) analysis confirmed that the incorpora-
tion of FeGaInS4 did not induce any structural changes in
the composites across all concentrations. Transmission
electron microscopy (TEM) revealed that while the ma-
jority of crystallites ranged in size between approxi-
mately 490 nm and 790 nm, smaller crystallites were
also observed in lower quantities.

Dielectric property analysis showed that the dielectric
permittivity (�') decreased with increasing frequency,
within the range of 1.2 × 102 to 5 × 105 Hz, for all sam-
ples – a behavior attributed to interfacial polarization,
which is more pronounced at lower frequencies. Interest-
ingly, at a 1 w/% FeGaInS4 concentration, an enhance-
ment in the dielectric permittivity of the polymer was ob-
served, whereas further increases to 3 w/% and 5 w/%
resulted in a decline in �', attributed to mechanisms dis-
cussed in the text.

The incorporation of FeGaInS4 crystallites also af-
fected the dielectric loss behavior, linked to changes in
electrical conductivity. The maximum observed in the
frequency dependence of dielectric loss is associated
with charge carrier relaxation processes. Using the corre-
lated barrier hopping (CBH) model, system parameters
were evaluated for the composites at 293 K and a fre-

quency of 103 Hz. The analysis revealed consistent re-
sults across all concentrations, with a potential barrier
height (WM) of 2.16 eV and hopping distances (R�) rang-
ing from 5.36 × 10–10 m to 11.30 × 10–10 m.

These findings suggest that electrical conduction in
the FeGaInS4/PVA composites is governed by a combi-
nation of band-like and hopping conduction mechanisms.
Furthermore, the relative concentration of the semicon-
ductor phase in the polymer matrix can be effectively
tuned to modulate the electrical conductivity of the com-
posites.
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