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ature and gamma irradiation on
dielectric properties of FeGaInS4/PVA composites

Zeynab Addayeva, *ab Mustafa Muradov,a Goncha Eyvazova,a Namiq Niftiyev,c

Yashar Azizian-Kalandaragh,de Faik Mammadovcf and Elchin Huseynovg

In this study, the effects of gamma radiation at various doses (500, 1500, and 2500 kGy) on nanocomposites

synthesized by incorporating FeGaInS4 layered semiconductor crystals into a PVAmatrix at a concentration of

3 wt% were investigated. The aim of the research was to determine how radiation-induced structural and

functional changes affect the dielectric and optical properties of the composite. The nanocomposites were

synthesized using the solution casting method and analyzed before and after radiation using X-ray

diffraction (XRD), UV-Vis spectroscopy, and dielectric spectroscopy techniques. XRD results indicated that

at a lower radiation dose (500 kGy), cross-linking was predominant, leading to increased crystallinity. In

contrast, at higher doses (1500 and 2500 kGy), chain scission became dominant, causing structural

disorder and amorphization. UV-Vis analysis showed a decrease in absorption and an increase in

transmittance. Moreover, the optical band gap (Eg) and Urbach energy (Eu) were found to be highly

sensitive to the radiation dose. Dielectric measurements revealed that the highest values of the real part of

permittivity (30) and dielectric loss tangent (tg d) were obtained at a radiation dose of 500 kGy, attributed to

interfacial polarization and the formation of dipolar groups. The electrical conductivity followed the

correlated barrier hopping (CBH) mechanism, with activation energy decreasing as the radiation dose

increased. In conclusion, low-dose gamma radiation enhanced the structural stability and electro-optical

performance of the nanocomposites, while higher doses led to degradation and a decline in functional

properties. These findings underscore the practical significance of radiation-controlled material engineering.
1 Introduction

Polymer-based materials have gained signicant importance in
recent decades as functional dielectrics with broad application
potential in advanced technological elds.1 Their mechanical,
electrical, and thermal properties are closely related to their
internal structural organization—particularly the degree of
crystallinity versus amorphousness, molecular arrangement,
and morphological characteristics.2 To enhance the structural
properties and expand the application areas of polymer systems
such as polyethylene (PE), ethylene-vinyl acetate (EVA), and
polyvinyl alcohol (PVA), the incorporation of nano- and micro-
sized ller particles (e.g., nanoclays, layered suldes, carbon
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nanotubes) has been widely employed and is now considered
a standard approach in modern materials engineering.3

The functional performance of polymer composites depends
not only on the chemical nature and geometry of the llers but
also on the processing and modication techniques applied.4

These modications improve the operational stability of mate-
rials and broaden their application environments. One such
effective technique is gamma irradiation, which can signi-
cantly alter the electrical conductivity, dielectric stability,
surface, and volume resistivity of polymers.5,6 The interaction of
gamma photons with the polymer matrix leads to various
physicochemical changes such as chain scission, oxidation, and
crosslinking. The direction and dominance of these effects
depend on factors such as irradiation dose, polymer type, and
the surrounding environment (e.g., presence of oxygen).7–9

High-energy g-photons disrupt the electronic structure of
the polymer chains and generate primary radical centers (Rc).
These radicals can either initiate chain scission processes (b-
scission, H-abstraction) or form new covalent bonds through
crosslinking. Crosslinking typically increases the molecular
weight of the polymer and enhances its thermal andmechanical
stability. However, in oxygen-rich environments and at high
radiation doses, oxidative degradation processes dominate,
resulting in the formation of carbonyl and carboxyl functional
© 2026 The Author(s). Published by the Royal Society of Chemistry
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groups that impair the material's stability and dielectric
properties.8–11

Thus, the overall effect of gamma irradiation on polymers is
governed by the balance between chain scission and cross-
linking. Optimizing this balance requires careful control over
irradiation parameters. Moreover, the scale and nature of these
changes also depend on the type and morphology of the llers
used in the polymer matrix.12–19 For instance, previous studies
have shown that the addition of one-dimensional (1D) or two-
dimensional (2D) nanostructured llers into PVA matrices
leads to more distinct and selective radiation-induced trans-
formations, as evidenced by the shi of crystallinity peaks and
the appearance of new phases in XRD patterns.14

In the present study, polyvinyl alcohol (PVA) was selected as
the matrix material. As a semi-crystalline polymer, PVA
undergoes two primary processes under g-irradiation: chain
scission and inter-chain cross-linking. These radiation-induced
effects can lead to signicant changes in the polymer's
morphological and physical properties.10,14

FeGaInS4 layered crystal was chosen as the ller material in
this work. FeGaInS4 is a p-type, thermally sensitive semi-
conductor known for its promising structural and functional
properties, making it a suitable candidate for various sensor and
optoelectronic applications.20–22 It has an energy band gap of
approximately 1.46 eV, and its electrical conductivity increases
with temperature-primarily attributed to a thermally activated
hopping mechanism.22,23 This mechanism, which facilitates
electron transitions between localized states, exhibits an activa-
tion energy of around 0.21 eV.24 Due to the presence of iron (Fe)
ions, the material also displays magnetic characteristics.25,26

In this study, PVA/FeGaInS4 polymer composites were synthe-
sized using the solution casting method and exposed to gamma
radiation at doses of 500 kGy, 1500 kGy, and 2500 kGy. The effects
of gamma irradiation on the structural and dielectric properties of
these composites were systematically investigated. Crosslinking is
known to reduce the water solubility of PVA and improve its
mechanical strength, elasticity, chemical resistance, and thermal
stability, thereby expanding its applicability in elds such as
radiation-resistant coatings, dielectric components, packaging
materials, hydrogels, and exible electronics. In the present study,
different irradiation doses were employed to determine the dose
window capable of inducing effective crosslinking in the PVA-
based composite without triggering signicant structural degra-
dation. The choice of including high-dose irradiation regimes was
motivated by previous studies on PVA/GO systems, where simi-
larly high g-irradiation doses did not produce detectable macro-
scopic degradation. Therefore, investigating a broad dose range
allowed us to systematically evaluate dose-dependent structural,
dielectric, and interfacial responses and to identify the threshold
at which crosslinking remains benecial while avoiding dose-
induced deterioration of the polymer-ller interface27–29

2 Materials and methods
2.1 Synthesis of FeGaInS4/PVA composites

FeGaInS4/PVA nanocomposites were fabricated using a solution
casting technique. Initially, FeGaInS4 crystals were synthesized
© 2026 The Author(s). Published by the Royal Society of Chemistry
separately before being incorporated into a 5 wt% aqueous
solution of polyvinyl alcohol (PVA).

The FeGaInS4 crystals were synthesized by combining equi-
molar (1 : 1 molar ratio) amounts of FeGa2S4 and FeIn2S4, which
were sealed in an evacuated quartz ampoule. The sealed
ampoule was then thermally treated in a dual-zone furnace at
800 K for 100 hours to facilitate crystallization, following
procedures reported in the literature.20–23

For composite preparation, a 5 wt% PVA solution was rst
prepared. Subsequently, FeGaInS4 powder was added at
a concentration of 3 wt% relative to the PVA content. The
mixture was subjected to ultrasonication for 4 minutes to
ensure uniform dispersion of the ller particles. The resulting
solution was then cast into Petri dishes and allowed to dry at
room temperature. Once completely dried, the exible
composite lms were carefully peeled from the dishes and cut
into appropriate dimensions for gamma irradiation.

Gamma irradiation was carried out at doses of 500, 1500, and
2500 kGy using a cobalt-60 (60Co) gamma source. The average
energy of the g-radiation was approximately 1.25 MeV, with
individual g-quanta having energies up to 1.33 MeV.
2.2 Characterization of FeGaInS4/PVA composites

The structural and dielectric properties of the prepared
composite lms were investigated using X-ray diffraction (XRD),
UV-Vis spectroscopy, and dielectric spectroscopy.

XRD analyses were carried out using an APD 2000 PRO
diffractometer equipped with Ni-ltered Cu-Ka radiation (l =

1.5406 Å) over a 2q range of 5–80°, enabling the identication of
crystalline phases and the evaluation of structural modica-
tions induced by gamma irradiation.

The optical properties of the composites were characterized
using a Specord 250 Plus UV-Vis spectrophotometer in the
wavelength range of 430–1100 nm. This analysis provided
information on absorption behavior, transmittance, and
changes in the optical band gap.

Dielectric measurements were conducted using an E7-20
dielectric spectrometer operating over a frequency range from
1.2 × 102 Hz to 106 Hz and a temperature range of 293 K to 373
K. These measurements were used to determine permittivity
(30), dielectric loss (tg d), and electrical conductivity parameters.

Together, these characterization techniques provided
comprehensive insight into the effects of gamma irradiation on
the structural, optical, and dielectric performance of the
FeGaInS4/PVA nanocomposites.
2.3 Calculation methods

2.3.1 XRD analysis. X-ray diffraction (XRD) spectra are
widely used to determine crystallite size, structural defects, and
internal stresses in materials. The crystallite size of a sample
can be calculated using the Scherer equation,30 which is
expressed as:

D ¼ kl

b cos q
(1)
RSC Adv., 2026, 16, 586–603 | 587
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where: D represents the average size of ordered (crystalline)
domains, which can be smaller than or equal to the grain size,
and the grain size can be smaller than or equal to the particle
size. k is a dimensionless shape factor with a standard value of
about 0.9, usually close to 1, depending on the shape of the
crystallites. l is the wavelength of the X-rays. b is the line
broadening at half maximum intensity (FWHM) aer calculating
the instrumental broadening, expressed in radians. This value is
sometimes called D(2q). q is the Bragg angle in radians.

Additionally, the micro strain (3), which quanties the lattice
distortions, can be estimated from the peak broadening using
the following relation:

3 ¼ b

4 tan q
(2)

where: b is the FWHM of the peak in radians. q is the Bragg
angle in radians.

Although the Scherer equation is widely used, it has limita-
tions due to its sensitivity to peak broadening contributions from
factors other than crystallite size. Micro strain, which arises from
lattice distortions due to defects, dislocations, or stresses, can
signicantly contribute to XRD peak broadening. Consequently,
theWilliamson–Hall (W–H)method is oen preferred, as it offers
a more comprehensive approach by simultaneously evaluating
both crystallite size and micro strain 31.

The W–H method distinguishes the contributions of size-
induced and strain-induced broadening through a linear plot
of b cos q versus 4 sin q. The slope of this plot yields the micro
strain (3), while the intercept provides the crystallite size (D).
This dual analysis makes the W–H method especially suitable
for materials where strain effects cannot be ignored, such as
nanostructured materials or those with signicant lattice
defects.30,31 Defect density calculated using eqn (3)

d = D−2 (3)

2.3.2 UV-vis spectroscopy. Absorption spectrum analysis is
a fundamental technique to explore the band structure of
materials. When a photon with a dened energy is absorbed, an
electron transitions from a lower to a higher energy state.32

The optical band gap Eg is extracted by extending the linear
sections of these graphs to intersect the photon energy axis,
following the relation:

(ahn)n = B(hn − Eg) (4)

Here, hn represents the photon energy, B is a material-
dependent constant, a is the absorption coefficient, and the
exponent n indicates the transition type, with n = 0.5 for indi-
rect and n = 2 for direct transitions.32–36

The absorption coefficient a is calculated from absorbance
data using the Beer–Lambert law:33–36

a ¼ 2:303� A

L
(5)

where A is the measured absorbance and L is the lm thickness
in centimeters. Absorbance is dened as:
588 | RSC Adv., 2026, 16, 586–603
A ¼ log

�
I0

I

�
(6)

with I0 and I being the intensities of incident and transmitted
light, respectively.

The Urbach energy (Eu) is a key parameter that characterizes
the localized energy states existing below the optical band gap
(Eg) in amorphous or defect-rich semiconducting and dielectric
materials. This energy arises due to structural disorder, phonon
interactions, and defect-induced states, which collectively lead
to the formation of an exponential absorption tail—commonly
known as the Urbach tail—in the sub-bandgap region of the
absorption spectrum.36

To calculate the band gap energy, a graph of (ahn)n versus hn
is plotted using the calculated absorption coefficient a and
photon energy hn. The linear portion of this plot is extrapolated,
and the point where it intersects the abscissa (x-axis) gives the
value of Eg, the optical band gap energy.35,36

In the Urbach region, the optical absorption coefficient (a)
exhibits an exponential dependence on the photon energy (hn),
which can be described by the following equation:

aðhnÞ ¼ a0$exp

�
hn

Eu

�
(7)

To determine the Eu, the natural logarithm of the absorption
coefficient ln(a) is plotted against the photon energy (hn). The
resulting linear region of the plot allows for the extraction of Eu
from the inverse slope of the tted line.36

2.3.3 Dielectric spectroscopy. In polymer materials, two
primary charge transport models are observed: quantum
mechanical tunnelling (QMT) and correlated barrier hopping
(CBH).37

According to the CBH (correlated barrier hopping) model,
the electrons in the electric eld:

W ¼ WM � ne2

p330r
(8)

Here, is the maximum height of the potential barrier, 3 is the
dielectric constant of the material, 30 is the vacuum permittivity, r
is the distance between the two states of the charge carriers, and n
is the number of electrons undergoing the hopping process (which
can take values of 1 for polaron and 2 for bipolar processes).37

For the electrical conductivity in the CBHmodel, the formula
is:

sðuÞ ¼ p3N2330uRu
6

24
: (9)

where N is the density of pairs of states through which the
charge carriers hop.

The relationship between the hopping distance Ru and the
potential barrier WM is given by:

Ru ¼ e2

p330

�
WM � kT ln

�
1

us0

���1
: (10)

where s0 – is the characteristic relaxation time, which is the
inverse of the phonon frequency nf.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08220j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 6

:5
4:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The expression for the exponent s as a function of the
potential barrier height WM:

s ¼ 1� 6kT

½WM � kT=ðus0Þ� : (11)

Eqn (7) can be simplied to:

s ¼ 1� 6kT

WM

: (12)

The theoretical study of the temperature dependence of
conductivity based on Debye analysis of frequency dependence
was considered in, where the temperature dependence of
conductivity was determined as:37–40

sðTÞu � T�1exp

�
T

T0

�
(13)

where T0 is the characteristic temperature. According to eqn
(13), for temperatures T > T0 the dependence of electrical
conductivity on temperature should yield a straight line in the
ln(s$T) ∼ f(T) coordinates.36

In the studied temperature range, electrical conductivity
follows an activation mechanism and is described by the
following equation:

s = s0 exp(−DE/kT). (14)

where DE is the activation energy, and k is the Boltzmann
constant.
2.4 Nomenclature of samples

Throughout the manuscript, the composite samples are deno-
ted as follows:

N0 – 3 wt% FeGaInS4/PVA (unirradiated),
N1 – 3 wt% FeGaInS4/PVA irradiated with 500 kGy,
N2 – 3 wt% FeGaInS4/PVA irradiated with 1500 kGy,
N3 – 3 wt% FeGaInS4/PVA irradiated with 2500 kGy.
Fig. 1 XRD patterns of (A) the FeGaInS4 crystal and (B) FeGaInS4/PVA nano
(4) 2500 kGy-(N3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 XRD analysis

XRD analysis was performed to investigate the structural
changes in the samples exposed to different doses of gamma
radiation. Fig. 1 presents the XRD patterns of: (a) the synthe-
sized FeGaInS4 crystal, and (b) 3 wt% FeGaInS4/PVA composites
subjected to gamma irradiation at various doses.

Fig. 1A presents the XRD pattern of the synthesized FeGaInS4
crystal, which shows excellent agreement with previously re-
ported data in the literature.20–23

Fig. 1B displays the XRD patterns of the PVA-based
composite lms containing 3 wt% FeGaInS4, both unirradi-
ated and subjected to gamma irradiation at doses of 500, 1500,
and 2500 kGy.

The diffraction patterns exhibit well-dened peaks at 2q values
of 7.153°, 14.41°, 21.72°, 28.2°, 30.95°, 37°, 40.8°, 44.74°, 53.5°,
61.2°, and 78.6°, which correspond to the (001), (002), (003), (102),
(005), (104), (006), (105), (007), (008), (109), and (0010) crystallo-
graphic planes of FeGaInS4, respectively. These results conrm
that the FeGaInS4 phase retains its crystalline integrity within the
polymer matrix, consistent with previous reports.20

The sharp and intense nature of the diffraction peaks indi-
cates a high degree of crystallinity. Importantly, the incorpora-
tion of PVA does not induce any signicant shis in peak
positions or notable changes in intensity, suggesting that the
crystal structure of FeGaInS4 remains stable and undisturbed
within the composite. This conrms the absence of any phase
transformation resulting from polymer integration.41

Additionally, all composite samples exhibit a broad diffraction
peak centered at approximately 2q z 19.31°, corresponding to
the (101) plane of semi-crystalline PVA. This characteristic feature
is consistent with earlier reports41 and conrms the successful
incorporation of PVA in the composite lms.

Based on the XRD data, the average crystallite size and micro
strain (lattice strain) and defect density of the composites were
calculated using the Williamson–Hall method and showed at
composites: (1) unirradiated-(N0), (2) 500 kGy-(N1), (3) 1500 kGy-(N2),

RSC Adv., 2026, 16, 586–603 | 589

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08220j


Fig. 2 Williamson–Hall plot of PVA based composites: (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3).

Fig. 3 Dependence of (a) PVA's FWHM and (b) defect density on
irradiation.
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Fig. 2 and data showed at Table 1. These values provide further
insight into the effects of gamma irradiation on the crystalline
structure and lattice dynamics of the nanocomposites.

The change of PVA's FWHM and defect density depending
on radiation is shown in Fig. 3.

Gamma irradiation signicantly affects the crystallinity,
crystallite size, and internal strain (micro strain) of polymer-
based composite materials. According to the results of Wil-
liamson–Hall analysis, the structural and parametric properties
of PVA-based composites undergo systematic transformations
under different radiation doses. These transformations are
primarily attributed to two competing mechanisms: cross-
linking and chain scission.

At a dose of 500 kGy, the composites exhibited a decrease in
crystallite size andmicro strain values, along with an increase in
defect density. Moreover, a narrowing of the full width at half
Table 1 Structural parameters of polymer composites

Sample FWHM (PVA∼19.31°) Crystallite size (nm) Micro strain 3 × 10−6 Deffect density d × 10−4 (nm)−2

N0 1.1 77.7 −0.25 1.66
N1 0.1 57.92 −0.2 2.98
N2 0.2 76.85 0.012 1.69
N3 0.64 62.96 −0.3 2.52

590 | RSC Adv., 2026, 16, 586–603 © 2026 The Author(s). Published by the Royal Society of Chemistry
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maximum (FWHM) at the characteristic PVA diffraction angle of
19.81° was recorded. These changes indicate that the cross-
linking mechanism, which involves the formation of new
chemical bonds between polymer chains under irradiation,
dominates at this stage. As a result of crosslinking:

➢ Crystallites becomemore tightly packed within thematrix,
➢ Crystalline domains become more ordered,
➢ The degree of crystallinity in the PVA matrix increases.
The reduction in FWHM conrms enhanced crystallinity and

structurally driven ordering promoted by irradiation.42

At 1500 kGy, an increase in both crystallite size and micro
strain was observed, marking a transition from a compressive
deformation regime to a tensile one. This suggests the onset of
structural degradation within the PVA matrix. Radiation-
induced chain scission in the polymer leads to:

➢ Partial detachment of crystallite particles from the matrix,
➢ Enlargement of these particles due to their release,
➢ Transformation of internal mechanical stresses into

tensile-type microstrain.
These ndings imply a shi from a crosslinking-dominant

regime to a scission-dominant regime as the radiation dose
increases.43–45

At the highest dose of 2500 kGy, a pronounced reduction in
crystallite size and a signicant increase in defect density were
observed. The microstrain reached its maximum value among
all samples, and the FWHM of the PVA peak at 19.81° was
notably broadened. The broadening of FWHM and the reduc-
tion in crystallite size conrm that chain scission becomes
dominant, leading to a substantial increase in the amorphous
phase. At this stage, radiation effects are no longer limited to
PVA chains alone; structural damage and defect formation are
also evident in the ller particles.42–46 Consequently:

➢ Degradation occurs in both the polymer matrix and the
ller phase,

➢Crystalline regions undergo fragmentation and deformation,
➢ Overall structural disorder and amorphous content are

signicantly increased.
Fig. 4 UV-Vis spectra of FeGaInS4/PVA nanocomposites at different g-ir
–(unirradiated), (2) N1 – (500 kGy), (3) N2 – (1500 kGy), (4) N3 – (2500

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2 UV-vis spectroscopy analysis

Absorption spectrum analysis is a fundamental technique used
to investigate the electronic band structure of materials. When
a photon with a specic energy is absorbed, an electron is
excited from a lower to a higher energy state. By analyzing
changes in the transmitted light intensity, one can deduce the
nature of electronic transitions in the material.

Fig. 4 presents the UV-Vis spectra of 3 wt% FeGaInS4/PVA
composites under varying gamma irradiation doses. Speci-
cally, samples N0 (unirradiated), N1 (500 kGy), N2 (1500 kGy),
and N3 (2500 kGy) were studied.

Fig. 4a shows the absorbance spectra, while Fig. 4b corre-
spondsto the transmittance spectra of the N0–N3 samples.

As seen from the absorbance spectra (Fig. 4a), the light
absorption capability of the composite samples decreases with
increasing radiation dose. At low radiation doses, cross-linking
reactions dominate within the polymer matrix. The formation
of chemical bridges between polymer chains leads to the
deactivation of certain radiation-generated defect centers and
results in a slight increase in structural order. The reduced
defect density consequently causes a modest decrease in
absorption.46,47

When the dose reaches 1500 kGy, chain-scission processes
begin to occur, leading to the elimination of some absorption
centers. At the same time, the radiation energy disrupts aggre-
gated ller clusters, producing amore homogeneous dispersion
of ller particles throughout the matrix. This homogenization
signicantly decreases light scattering and, therefore, enhances
optical transmission. Additionally, surface trap states formed at
this dose contribute to improved charge-transport behavior.

At the highest dose of 2500 kGy, chain scission becomes
more intense. The functional groups and defect sites respon-
sible for absorption—both within the polymer matrix and on
the ller surfaces—are strongly reduced. As a result, absorption
reaches its minimum and the material exhibits maximum
transparency. Although XRD analysis indicates that long-range
crystallinity remains largely preserved, an increase in short-
radiation doses: (a) absorbance and (b) transmittance spectra for (1) N0
kGy).
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Fig. 5 (A) (ahn)0.5 ∼ hn and (B) (ahn)2 ∼ hn for (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3).

Fig. 6 The ln(a) vs. hn dependence for (1) unirradiated-(N0), (2) 500
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range chemical defects conrms that the reduction in absorp-
tion arises mainly from the deactivation of intrinsic absorption
centers.47

According to studies reported in the literature,32–36 near the
fundamental absorption edge, both direct and indirect elec-
tronic transitions occur. These transitions are typically analyzed
by plotting (ahn)0.5 and (ahn)2 versus the photon energy (hn). In
this work, such plots are presented in Fig. 5(A) and (B for the
nonirradiated and irradiated samples, respectively.

As shown in Fig. 5, for both transition types, the optical band
gap (Eg) exhibits a characteristic non-monotonic evolution with
increasing radiation dose. In the unirradiated sample, Eg
displays its initial value determined by the intrinsic polymer–
ller electronic structure. Upon exposure to 500 kGy, the band
gap decreases noticeably. At this stage, cross-linking is the
dominant radiation process, which brings localized trap states
closer to one another through the formation of inter-chain
bridges. The reduced spatial separation and enhanced overlap
of these states effectively narrow the band tail width, resulting
in the minimum Eg observed in Fig. 5A(b) and B(b).

At 1500 kGy, Eg begins to increase again, as reected by the
shied Tauc extrapolations in Fig. 5A(c) and B(c). This behavior
is associated with the onset of chain-scission processes, which
break polymer chains and increase the spacing between defect
sites. As the localized states become more isolated, their elec-
tronic coupling weakens, leading to a moderate widening of the
optical band gap. Although Eg increases relative to 500 kGy, it
remains slightly lower than the pristine value due to the coex-
istence of both shallow radiation-induced states and improved
ller dispersion.48
592 | RSC Adv., 2026, 16, 586–603
At the highest dose of 2500 kGy, the Tauc plots (Fig. 5A(d)
and B(d)) reveal a pronounced increase in Eg. At this stage,
intense chain scission generates a signicant number of new
defect centers, including deep-level states that introduce strong
energetic disorder into the system. The formation of these deep
defects widens the forbidden band gap and suppresses elec-
tronic transition probabilities, which is consistent with the
large Eg values extracted at this dose.49

Overall, the Tauc analysis conrms that the interplay
between cross-linking (dominant at 500 kGy) and chain scission
(dominant at $1500 kGy), together with the evolution of trap
state distributions, governs the non-linear optical band gap
behavior of the irradiated composites.
kGy-(N1), (3) 1500 kGy-(N2), (4) 2500 kGy-(N3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Band gap energies (Eg) and Urbach energies (Eu) for polymer
composites

Sample
Direct band
gap (eV)

Indirect band
gap (eV)

Urbach energy
(eV)

N0 1.8 2.49 1.31
N1 1.45 2.2 1.26
N2 1.78 2.32 1.25
N3 1.85 2.56 1.42
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The observed trend in Eg is consistent for both indirect and
direct band gap determinations. However, the tting coefficient
(R2) of the Tauc plots is higher for the direct transition (n = 0.5)
than for the indirect transition (n = 2), indicating that the
material exhibits a dominant direct band gap behavior. Corre-
spondingly, the absorption edge exhibits a similar trend with
gamma irradiation. At 500 kGy, a slight red shi is observed,
consistent with the decrease in Eg. As the irradiation dose
increases to 1500 kGy, the edge shis slightly back toward
higher energies (blue shi), reecting the partial recovery of Eg.
At the highest dose of 2500 kGy, a more pronounced blue shi
occurs, in line with the signicant widening of the band gap.
These shis conrm that the spectral changes in the absorption
edge follow the same tendency as the Eg variations observed
from the Tauc plots.

Based on the UV-Vis absorption spectra, the Urbach energy
(EU) was determined. This parameter provides important
insights into the presence of localized defects, the degree of
crystallinity, and structural order within the material. Fig. 6
shows the plots of ln(a) versus photon energy (hn) for the
PVA+3 wt% FeGaInS4 composites exposed to different radiation
doses.

As shown in the gure, the unirradiated sample exhibited an
Urbach energy (Eu) of 1.31 eV, indicating the presence of
inherent disorder and initial defects within the material. Upon
exposure to a 500 kGy radiation dose, Eu decreased to 1.26 eV,
which can be attributed to partial structural ordering and
increased crystallinity at lower radiation doses. With further
increase in radiation dose to 1500 kGy, Urbach energy reached
a minimum value of 1.25 eV. This suggests that annealing
effects due to irradiation reduced defects and led to relative
structural stabilization. However, at higher doses (2500 kGy),
a sharp increase in Eu to 1.42 eV was observed, indicative of
deep defect states and structural degradation induced by radi-
ation. Such conditions generate broad energy tails for localized
electron transitions, resulting in an exponential increase in the
absorption edge region.46–51

The dependence of Eg and Eu on radiation dose is illustrated
in Fig. 7.
Fig. 7 Variation of Eg and Eu values as a function of radiation dose.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The calculated band gap energies (Eg) and Urbach energies
(Eu) for the studied lms are summarized in Table 2.

3.3 Dielectric analysis

To evaluate the impact of gamma irradiation dose on the
dielectric properties of polymer composites, the dielectric
behavior of PVA+3 wt% FeGaInS4 composites was studied over
a temperature range of 293–373 K and an applied electric eld
frequency range from 120 Hz to 1 MHz. Fig. 8 illustrates the
frequency dependence of the real part of the dielectric permit-
tivity (30) at various temperatures for the following samples: N0
(unirradiated), N1 (500 kGy), N2(1500 kGy), and N3 (2500 kGy).

As observed in all the presented plots, the dielectric constant
(30) decreases with increasing frequency across all radiation
doses. At low frequencies, Maxwell–Wagner interfacial polari-
zation dominates due to space charge accumulation at phase
boundaries. However, at higher frequencies, dipolar polariza-
tion becomes the prevailing mechanism, and since molecular
dipoles cannot reorient quickly enough in response to the
rapidly oscillating eld, 30 decreases accordingly.52–55

Moreover, for all samples, the dielectric constant generally
increases with temperature. This is attributed to the enhanced
molecular mobility and likely increased interfacial polarization
at elevated temperatures. Rising temperatures may also lead to
partial plasticization of the polymer chains, facilitating the
inltration of PVA molecules between the FeGaInS4 crystalline
layers, which can expand the interfacial area and strengthen
interphase polarization.53,54

Fig. 8a and b show that, compared to the unirradiated
sample, 30 appears to increase aer 500 kGy irradiation. This
effect is consistent with the interaction of high-energy g-
photons with the polymer matrix, which may break covalent
bonds in the polymer chains and generate radicals. Some of
these radicals could further fragment the polymer chains, while
others might recombine to form crosslinked structures,
increasing the compactness of the polymer network. Addition-
ally, free polymer chains may react with environmental oxygen,
forming oxygen-containing functional groups such as –OH, –
C]O, –COOH, and –C–O–C, which are known to enhance
dipolar polarization.7–11 These mechanisms are therefore
consistent with the observed increase in 30, particularly in the
frequency range of 1–100 kHz.

At 1500 kGy, polarization further appears to increase,
potentially due to both chain scission and improved interaction
between the polymer and FeGaInS4 layers, as polymer chains
may more effectively inltrate the crystal structure. However, as
RSC Adv., 2026, 16, 586–603 | 593
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Fig. 8 Frequency dependence of the real part of dielectric permittivity (30) in the temperature range of 293–373 K for PVA+3 wt% FeGaInS4
composites: (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3).
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seen in Fig. 8c, 30 slightly decreases compared to the 500 kGy
sample. This reduction could be related to the transformation
of oxygen-based groups into less mobile secondary products at
higher radiation doses, leading to a stiffer polymer network.8–10

At higher doses, the polarization trend reverses. Although
aminor decrease in 30 is observed at low temperatures (e.g., 293–
313 K), a more signicant drop occurs at elevated temperatures.
Notably, under these conditions, 30 falls below that of the
unirradiated sample. This behavior may result from the
combined effects of high-dose irradiation and temperature-
induced degradation. Defects forming in the interphase
region and the potential instability of polar functional groups
likely contribute to the observed reduction in dielectric
permittivity. At a radiation dose of 2500 kGy, defects may
develop not only in the polymer matrix but also around the
FeGaInS4 crystals, weakening the ller–polymer interaction.
This effect is more pronounced at lower frequencies, high-
lighting the sensitivity of interfacial polarization to high radi-
ation doses.55–58 Fig. 9 illustrates the frequency dependence of
the dielectric loss tangent (tan d) for the PVA/3 wt% FeGaInS4
composite at various temperatures and gamma irradiation
doses.

As seen in Fig. 9, at room temperature, the sample exposed to
a 500 kGy gamma radiation dose exhibits the highest value of
dielectric loss tangent (tg d). With further increases in the
radiation dose, the tg d value decreases. The physical processes
594 | RSC Adv., 2026, 16, 586–603
occurring at lower radiation doses are primarily based on the
breaking of covalent bonds and the subsequent formation of
new covalent linkages through free radicals. Moreover, since
irradiation was conducted in an oxygen-containing environ-
ment, additional polar functional groups are formed. These
newly formed polar groups respond efficiently to the applied
electric eld, enhancing both the polarizability of the sample
and the energy dissipated during polarization, thus increasing
tg d.54–57

As the temperature increases (particularly at 333 and 353 K,
the sample irradiated at 500 kGy still maintains the highest tg
d value, while samples exposed to higher radiation doses exhibit
lower tg d values compared to the unirradiated sample. As the
temperature approaches the glass transition temperature (Tg),
soening of the polymer matrix begins. Due to the presence of
crosslinked structures and newly formed functional groups at
the 500 kGy dose, the temperature response of the material
shis toward higher temperatures, allowing the sample to
maintain its polarizability. However, at higher radiation doses,
structural degradation of the polymer reduces its thermal
stability, leading to soening at lower temperatures, which in
turn diminishes polarization and the associated energy
dissipation.55–61

At 373 K, the reduction in tg d for the 500 kGy-irradiated
sample compared to the pristine composite is attributed to
the increased thermal stability provided by the crosslinked
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Dependence of tg d on the frequency of the electric field at temperatures ranging from 293 K to 373 K for the composites (a) unirradiated-
(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3).
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bonds and functional groups formed at this radiation dose.
These structural features enable the composite to retain
stability above Tg, resulting in lower energy dissipation during
dipolar reorientation compared to the unirradiated sample.52–57
Fig. 10 The tg d∼T dependence for different frequency (500 Hz, 2 kHz,
kGy-(N2), (d) 2500 kGy-(N3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
Furthermore, Fig. 9 reveals a shi of the tg d peak toward
higher frequencies specically in the 500 kGy-irradiated
sample. This peak corresponds to the material's relaxation
time and typically occurs near the glass transition temperature.
20 kHz and 50 kHz) of (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500
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The observed shi indicates a reduced relaxation time at this
dose. In contrast, other samples show relaxation at lower
frequencies, likely due to the presence of less mobile oxygen-
containing groups formed at higher doses, which increase the
relaxation time.

Let us now examine how the increase in dielectric loss
tangent (tg d) behaves with respect to temperature at different
frequencies. Fig. 10 illustrates the temperature dependence of
tg d at various frequencies (500 Hz, 2 kHz, 20 kHz, and 50 kHz).

As seen from the graph, the value of the dielectric loss
tangent (tg d) increases with temperature, particularly at lower
frequencies. The sharp increase in tg d observed at lower
frequencies under low radiation doses indicates that interfacial
polarization is signicantly enhanced by gamma irradiation.
When the radiation dose reaches 1500 kGy, the polymer chain
scission process becomes dominant. Nevertheless, the tg d value
at this dose remains higher than that of the unirradiated
sample. This can be attributed to the fragmented polymer
chains inltrating the interlayer regions of the FeGaInS4 crystal,
thereby enhancing interfacial polarization.53,54

However, the decrease in tg d at 1500 kGy compared to the
500 kGy sample is likely due to the transformation of oxygen-
containing groups into relatively immobile functional groups,
possibly through further binding with oxygen or hydrogen
atoms. The reduced mobility of these groups lowers polariza-
tion and decreases energy dissipation during alignment with
the electric eld.

At higher doses, such as 2500 kGy, the tg d value decreases
even further. This behavior can be explained by the formation of
Fig. 11 The ln(tg d$u) ∼ lnu dependence for different temperatures of (a
(N3).

596 | RSC Adv., 2026, 16, 586–603
radiation-induced defects around the ller particles, which
suppress interfacial polarization. Notably, at this high dose, the
irradiated sample exhibits higher tg d values than the unirra-
diated one only at low frequencies, further conrming that
gamma radiation adversely affects interfacial polarization at
high doses.53–56

It is important to note that the frequency dependence of
dielectric loss is closely related to the underlying conduction
mechanism, which evolves with both temperature and radiation
dose.

The frequency dependence of dielectric loss is dependent on
the conduction mechanism.37–40 It is known that in the hopping
mechanism (0.1 # s # 1.0), dielectric loss behaves in
a frequency-dependent manner. Based on the above, the
frequency dependence of the dielectric loss angle tangent for
different conduction mechanisms can be expressed as follows:

tg d(u)∼(u−1 + u) Zone Mechanism (15)

tg d(u)∼u(uS−2 + 1) Hopping Mechanism (16)

From eqn (15), it is evident that in conductivity, the zone
mechanism plays a dominant role. The relationship of tg d$u =

f(u) has been established, and the ln(tg d$u) versus lnu graph
has been plotted for different temperatures for the samples (a)
unirradiated, (b) irradiated at 500 kGy, (c) irradiated at 1500
kGy, and (d) irradiated at 2500 kGy (Fig. 11).

As seen in the gure, although the obtained curves for the
studied samples exhibit segments that are nearly linear, they
) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The Cole–Cole plot of (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3) at 293–373 K.
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deviate from perfect straight-line behaviour. This observation
suggests that for the composites (a) unirradiated, (b) irradiated
at 500 kGy, (c) irradiated at 1500 kGy, and (d) irradiated at 2500
kGy, the conduction process is governed by a combination of
zone conduction and hopping mechanisms.37–39

Therefore, the electrical conductivity in PVA+3 wt% FeGaInS4
composites across all radiation doses is best described by
a mixed zone-hopping conduction model, where both extended-
state (band-like) and localized-state (hopping) charge transport
contribute to the overall behaviour.35

Fig. 12 shows the Cole–Cole plots measured over the
frequency range of 120 Hz–1MHz at temperatures from 293 K to
373 K for (a) the unirradiated sample, (b) the sample irradiated
at 500 kGy, (c) the sample irradiated at 1500 kGy, and (d) the
sample irradiated at 2500 kGy.

The graph shows that in the non-irradiated sample, the
relaxation deviates signicantly from the Debye model. This can
be attributed to the heterogeneity of the samples and the
presence of a polymer–ller interphase, which results in
a complex relaxation mechanism. When the samples are
exposed to 500 kGy radiation, the lower region of the graph
shows reduced disorder, and the overall curve begins to bend,
resembling the Debye model. This behavior is explained by the
onset of crosslinking due to radiation, which increases the
structural order in the polymer-based composite.
© 2026 The Author(s). Published by the Royal Society of Chemistry
At higher radiation doses, this bending decreases, and at
2500 kGy, a more pronounced linearity is observed. This effect
is attributed to polymer chain degradation and scission at high
doses, which alters the polymer–ller interactions and
increases the contribution of components with different relax-
ation characteristics.

According to the correlated barrier hopping (CBH) model,
the diameter of the Cole–Cole plots is strongly dependent on
temperature. As the temperature increases, the hopping prob-
ability of charge carriers rises, the polymer matrix soens, and
carrier mobility is enhanced. Consequently, both bulk and
interfacial resistances decrease, while the values of the dielec-
tric constants (30 and 300) increase.56,57

As seen in the gures, with rising temperature, the radius of
the Cole–Cole arcs signicantly decreases, and their shapes
change markedly. This temperature-dependent behavior of
impedance, along with the non-Debye nature of relaxation,
clearly indicates that the conduction in the composite occurs
via the correlated barrier hopping (CBH) mechanism.

Therefore, the reduction in impedance and the pronounced
shi of the Cole–Cole plots with increasing temperature
conrm that the hopping process is thermally activated and
validate the consistency of the electrical conductionmechanism
in the samples with the CBH model.
RSC Adv., 2026, 16, 586–603 | 597
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Fig. 13 Dependence of conductivity on the frequency of the electric field at temperatures ranging from 293 K to 373 K for the composites: (a)
unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500 kGy-(N3).
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Fig. 13 illustrates the frequency dependence of electrical
conductivity for PVA+3 wt% FeGaInS4 composites under varying
temperatures and gamma radiation doses.

The graph clearly shows that electrical conductivity increases
with increasing frequency, consistent with Joshers' universal
power law (sac(u) = AuS). This behaviour suggests that the
conduction mechanism is governed by the hopping of charge
carriers between localized states, specically via the correlated
barrier hopping (CBH) model.37–40

Additionally, as the temperature increases from 293 to 373 °
C, the electrical conductivity also increases. This can be attrib-
uted to the fact that higher temperatures activate localized
charge centers and facilitate charge carrier transitions, thereby
enhancing conductivity.37–40

From the graph, it is also evident that at room temperature,
the sample exposed to 500 kGy of radiation exhibits the highest
conductivity. However, with further increases in radiation dose,
the conductivity decreases. Although radiation at room
temperature does inuence the conductivity, it does not reduce
it below the value observed for the unirradiated sample. This
implies that, under these conditions, radiation still contributes
positively to charge transport.

The enhanced conductivity at 500 kGy can be explained by
the formation of new bonds and crystalline domains, which
bring localized charge centers closer together and create addi-
tional hopping sites. Furthermore, newly formed oxygen-
containing functional groups may introduce trap states, which
598 | RSC Adv., 2026, 16, 586–603
lower the energy barrier for hopping and facilitate CBH or Mott-
type conduction.38

At 1500 kGy, polymer degradation becomes signicant,
increasing the distance between hopping centers, which in turn
reduces conductivity.

In the case of 2500 kGy, a marked decline in conductivity is
observed. This is likely due to the formation of deep-level
defects (deep impurities) within the crystal structure. These
defects act as charge traps, reducing the number of free carriers
available for conduction. Thus, the observed reduction in
conductivity with increasing radiation dose can be attributed to
the emergence of such radiation-induced deep-level centers.62,63

Temperature also plays a crucial role in modulating the
conductivity mechanism, particularly at higher radiation doses.
For the 2500 kGy irradiated sample, increasing the temperature
does not enhance conductivity beyond that of the unirradiated
sample. While temperature can sometimes anneal defect states
formed under low-dose radiation or from other causes, deep-
level defects induced by high radiation doses require signi-
cantly higher temperatures for annealing.64 Consequently, at
373 K, the conductivity of the unirradiated sample increases
due to annealing of shallow defects, whereas in the 2500 kGy
sample, the deep defects remain unaffected, resulting in lower
conductivity.

From the lg s(u) dependency, it is evident that as the
frequency increases, the electrical conductivity increases. For
the studied samples, in the frequency range of 1.2 × 102 to
106 Hz, the relationship holds true.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Dielectric parameters of polymer composites

Sample s Ru, m$10−10 N, m−3 × 1027 WM, eV

N0 0, 94 3, 39 41, 45 2, 52
N1 0, 82 8, 03 4, 15 0, 84
N2 0, 85 6, 56 6, 71 1, 01
N3 0, 88 5, 19 12, 53 1, 26
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s ∼ uS (17)

The dynamic changes in the exponent s (eqn (17)) as a func-
tion of temperature are crucial for determining the type of
conductivity in the material. In the case of quantummechanical
tunnelling (QMT), the exponent s increases with increasing
temperature. In the classical hopping mechanism through
a potential barrier (HOB), s is equal to 1. However, in the
correlated barrier hopping (CBH) model, s decreases as
temperature increases.65

In polymer materials, two primary charge transport models
are observed: quantum mechanical tunnelling (QMT) and
correlated barrier hopping (CBH).

To determine the type of electrical conductivity mechanism
in the studied materials—PVA/3 wt% FeGaInS4 composites
under different radiation doses such as (a) unirradiated, (b) 500
kGy, (c) 1500 kGy, and (d) 2500 kGy – the frequency exponent
values (s) were calculated from the experimental conductivity–
frequency curves presented in Fig. 14.

The temperature dependence of the exponent s for all
samples is presented in Fig. 11. At frequencies of 5× 103 Hz and
1 MHz, the observed decrease in the s parameter with
increasing temperature is indicative of a hopping conduction
mechanism. According to the correlated barrier hopping (CBH)
model,33–39 electrons hop over potential barriers between local-
ized energy states.

For all samples, within the temperature range of 293 K to 373
K and frequency range of 1.2 × 102 to 106 Hz, the exponent s
remains nearly constant, varying between 0.14 and 1.52. At
lower temperatures, the value of s exhibits a stronger depen-
dence on frequency, whereas at higher temperatures, the
changes in s with frequency become less pronounced.
Fig. 14 Temperature dependence of the frequency exponent s for PVA+
1500 kGy-(N2), (d) 2500 kGy-(N3). Frequencies: 1–5 × 103 Hz, 2–1 × 10

© 2026 The Author(s). Published by the Royal Society of Chemistry
On the other hand, it is known that if the dependence of
electrical conductivity on frequency in materials follows the lg s
(u) ∼ uS, 0,01 # s # 1,0, the presence of a hopping conduction
mechanism is assumed.52–54

Based on the obtained experimental data and using eqn
(8)–(14), the system parameters for PVA/3%FeGaInS4 based
composites irradiated at various doses (unirradiation, 500 kGy,
1500 kGy and 2500 kGy) were calculated at a temperature of 373
K and a frequency of 5 × 103 Hz. Furthermore, based on the
obtained experimental data and using eqn (5)–(8), the system
parameters for PVA/3%FeGaInS4 based composites irradiated at
various doses (unirradiation, 500 kGy, 1500 kGy and 2500 kGy)
were calculated at various temperatures and a frequency of 5 ×

103 Hz. The obtained values are presented in Table 3.
As seen from the table, when the samples were exposed to

500 kGy of radiation, R increases sharply, while N and WM

decrease signicantly. In polymer composites, when cross-
linking occurs, the electron states in the polymer chains move
closer and merge, leading to a reduction in the concentration of
available trap states. This happens because radicals generated
during crosslinking form bonds with side chains of neigh-
bouring polymer chains, resulting in a denser andmore ordered
3 wt% FeGaInS4 composites: (a) unirradiated-(N0), (b) 500 kGy-(N1), (c)
6 Hz.
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Fig. 15 Temperature dependence of electrical conductivity for composites: (a) unirradiated-(N0), (b) 500 kGy-(N1), (c) 1500 kGy-(N2), (d) 2500
kGy-(N3) at various electric field frequencies (500 Hz, 2 kHz, 20 kHz and 50 kHz).

Table 4 Activation energy of polymer composites

Frequency Unirradiation 500 kGy 1500 kGy 2500 kGy

500 Hz 0, 81 eV 0, 74 eV 0, 69 eV 0, 50 eV
2 kHz 0, 72 eV 0, 66 eV 0, 60 0, 43 eV
20 kHz 0, 42 eV 0, 48 eV 0, 48 eV 0, 33 eV
50 kHz 0, 34 eV 0, 40 eV 0, 34 eV 0, 27 eV
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polymer structure. Consequently, N decreases sharply, and
electrons need to jump further when they gain energy, which
leads to an increase in R. Due to the increased structural
ordering, the width of the potential wells for electrons
decreases, and the depth of defects is reduced, which explains
the signicant decrease in WM. At higher radiation doses,
polymer chain scissions occur, creating new local electron
states. This results in a decrease in R and an increase in
N and WM.

The temperature dependence of electrical conductivity for
PVA and its composites at various electric eld frequencies is
presented. Fig. 15 illustrates how the electrical conductivity of
PVA/3 wt% FeGaInS4 composites, irradiated at different doses
(nonradiated, 500 kGy, 1500 kGy, and 2500 kGy), varies with
temperature across different frequencies of the applied electric
eld.

From the gure, it is evident that for both samples, within
the studied frequency range (2 × 102 to 5 × 104 Hz), the plot of
log s versus 103/T shows a linear behavior with different slopes.
These slopes were used to determine the activation energies.

The experimentally calculated activation energies for the
samples at different frequencies are presented in Table 4.

The activation energy values in the temperature range of 293
K to 353 K vary as follows: 0.81–0.34 eV for PVA+3wt% FeGaInS4
(unirradiation), 0.74–0.4 eV for PVA+3wt.%FeGaInS4 (500 kGy),
0.69–0.34 eV for PVA+3wt.%FeGaInS4 (1500 kGy), and 0.5–
0.27 eV for PVA+3wt.%FeGaInS4 (2500 kGy). It can be observed
that the activation energy of the nonirradiated PVA+3wt.%
FeGaInS4 composite differs only slightly from those of the
600 | RSC Adv., 2026, 16, 586–603
composites irradiated with different gamma radiation doses. As
seen from the table below, the activation energy decreases with
increasing radiation dose.

This decrease in activation energy at lower doses is attrib-
uted to the formation of new crystallization centers-crosslinked
structures and oxygen-containing groups—that act as local
centres, reducing the hopping distance for electrons.62–64 As the
radiation dose increases, the traps and defects formed by
radiation act as additional local centers for electrons. The
increase in such local centers results in a lower energy
requirement for hopping conduction.60–68

Since FeGaInS4 is a layered semiconductor, the dispersion
quality and the extent of the polymer–ller interface plays
a decisive role in controlling the dielectric behavior of the
composites. At low g-irradiation doses (500 kGy), the induction
of crosslinking within the PVA matrix increases its structural
compactness and enhances the immobilization of the exfoliated
FeGaInS4 layers. This leads to a larger effective interfacial area
and facilitates interfacial and dipolar polarization, which is
reected in the increase of 30 and tan d. As the irradiation dose
© 2026 The Author(s). Published by the Royal Society of Chemistry
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increases (1500–2500 kGy), chain scission and defect formation
become dominant, weakening the ability of PVA chains to
interact with and anchor the FeGaInS4 layers. The partial
disruption of interfacial regions reduces charge accumulation
and suppresses Maxwell–Wagner polarization, which is
consistent with the observed decrease in dielectric constant and
AC conductivity at high doses. Thus, the dose-dependent
structural modications of the PVA matrix directly govern the
strength and effectiveness of interfacial coupling between
FeGaInS4 layers and the polymer environment.

4 Conclusion

In this study, the effect of g-irradiation at various doses (500,
1500, and 2500 kGy) on 3 wt% FeGaInS4/PVA composites—
prepared by dispersing FeGaInS4 semiconductor layered crys-
tals within a PVA matrix—was comprehensively evaluated in
terms of structural, optical, dielectric, and conduction proper-
ties. The selection of a wide irradiation dose window was
motivated by the fact that g-irradiation can induce two
competing processes in PVA: crosslinking at low doses, which
improves polymer stability, and chain scission at high doses,
which leads to structural degradation. Understanding the
balance between these processes is essential not only for
fundamental interpretation but also for identifying the dose
range suitable for potential applications of the composite.

XRD analysis revealed that low irradiation doses (particularly
500 kGy) promote effective crosslinking in the PVA matrix,
resulting in enhanced structural ordering, increased crystal-
linity, and reduced crystallite size, while microstrain remained
nearly unchanged. At higher doses, however, chain scission
became dominant, leading to pronounced amorphization and
lattice disorder.

UV-Vis spectroscopy showed that, irradiation treatment
systematically decreases the absorbance of the composites. At
low doses, cross-linking slightly reduces defect-related absorp-
tion. At 1500 kGy, the combined effects of chain scission and
improved ller dispersion further lower absorption and scat-
tering. At 2500 kGy, intensied chain scission and the elimi-
nation of intrinsic absorption centers lead to the minimum
absorbance and maximum transparency. The Tauc analysis
shows that Eg of the polymer composites evolves non-linearly
with radiation dose. At 500 kGy, cross-linking dominates,
bringing trap states closer and resulting in a minimum Eg. At
1500 kGy, chain scission begins, defect sites move apart, and Eg
increases, though it remains slightly below the pristine value. At
2500 kGy, intense chain scission generates new deep defects,
further widening Eg. Thus, the Eg evolution is governed by the
interplay between cross-linking and chain scission processes
and the changing distribution of trap states. Low-dose irradia-
tion (500–1500 kGy) reduces defects and stabilizes the structure,
leading to a minimum Urbach energy (Eu). At the highest dose
(2500 kGy), deep defects and structural degradation occur,
causing a sharp increase in Eu.

Dielectric measurements demonstrated that low-dose
crosslinking enhances dipolar polarization through the forma-
tion of additional functional groups and interfacial
© 2026 The Author(s). Published by the Royal Society of Chemistry
interactions, resulting in increased dielectric constant (30) and
loss tangent (tan d). Conversely, at 2500 kGy, defect-driven
disorder suppressed polarization processes, leading to
a noticeable decrease in these dielectric parameters.

The AC conductivity behaviour was well described by the
CBH mechanism. At 500 kGy, newly created localized hopping
centers facilitated charge transport, increasing conductivity. At
2500 kGy, the dominance of deep, non-conductive defects
reduced the hopping probability. The observed decrease in
activation energy with increasing dose further supports the
enhanced hopping process induced by radiation-modied local
environments.

Importantly, g-irradiation–induced crosslinking is known to
decrease the water solubility of PVA and improve its mechanical
strength, elasticity, chemical resistance, and thermal stability—
properties highly relevant for applications such as radiation-
resistant coatings, dielectric components, exible electronics,
packaging lms, and hydrogels. Therefore, identifying the
optimal dose (500 kGy in this study) where crosslinking
enhances structural and dielectric performance without trig-
gering signicant degradation is crucial for extending the
functional applicability of FeGaInS4/PVA composites.
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