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A B S T R A C T

This study explores the enhancement of polyvinyl alcohol (PVA) films by incorporating erbium oxide (Er2O3) 
nanoparticles using the casting solution method. We investigated the structural, optical, electrical, dielectric, and 
mechanical properties of PVA-Er2O3 nanocomposite films with varying Er2O3 concentrations (2.5, 5, 7.5, and 10 
wt%). Structural analyses confirmed successful nanoparticle integration. Optical measurements revealed reduced 
transparency and bandgap, alongside increased refractive index. Electrical conductivity showed significant 
improvement with Er2O3 inclusion. Dielectric properties demonstrated enhanced performance, with frequency- 
dependent studies and Argand plot analysis providing insights into charge transport and relaxation mechanisms. 
Mechanical testing indicated increased tensile strength and Young’s modulus, with the 10 wt% nanocomposite 
showing comparable performance to pure PVA. These findings highlight the potential of PVA-Er2O3 films for 
advanced applications in electronics, sensors, and energy storage systems.

1. Introduction

New generations of photonic and electronic devices are dependent 
on smart, flexible, and cheap materials, which provide fascinating 
characteristics. Polymer nanocomposite materials provide flexibility 
and ease of handling, but researchers are still working on enhancing 
their characteristics. Recent years have seen a significant increase in 
interest in polyvinyl alcohol (PVA) as a versatile and promising material 
for a range of applications because of its superior film-forming capa
bilities, biodegradability, and compatibility with a broad spectrum of 
additives [1–4]. PVA can be tuned to enhance its properties by incor
porating nanoparticles into its matrix. Various metal oxides have been 
used as a dopant material in the PVA matrix, like SiO2 [5], CuO [6], ZnO 
[7], TiO2 [8,9], NiO [10], Co2O3–SiC [11], etc. Recently, researchers 
have used rare earth oxides as a dopant material in polymer matrices to 
enhance their electrical and optical parameters, besides their wide use in 
different fields like sensors, display, and laser applications [12]. Y2O3 
was used as a filler material in the PVA matrix and showed improve
ments in the optical and electrical parameters and the optioned polymer 

films were recommended for shielding applications [13]. Composite 
combining CeO2 and GdO2 doped with Er2O3 are reinforced in siloxane 
polymer matrix to enhance their photoluminescence properties for 
photonic applications [14]. The impact of Y2O3 nanosheets on the 
electrical and optical properties of a blend matrix combining poly
ethylene glycol and polyvinyl chloride has been investigated [15]. The 
optical and electrical parameters showed an enhancement with 
increasing the Y2O3 content in the blend matrix. ErCl3 doped into the 
PVA matrix with different amounts showed an increment in the refrac
tive index and a decline in the bandgap energy of the polymer composite 
film [12]. La2O3 showed improvements in the linear and nonlinear op
tical parameters of the polyvinyl chloride matrix [16]. Er+3 and Dy+3 

nanoparticles were added to the PVA matrix to enhance the shielding 
applications [17]. Owing to their unique optical properties, Er2O3 was 
used as a filler material in various polymer matrices, for instance in 
polycaprolactone-polyethylene glycol blend [18], polymethyl methac
rylate [19], carboxymethyl cellulose/polyvinyl alcohol blend [20], 
polyvinyl chloride/polyvinylpyrrolidone blend [21], poly(ethylene 
oxide)-poly(vinyl chloride) blend [22], and poly(vinylidene fluoride) 
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[23].
The high atomic number of erbium, combined with its thermal sta

bility and distinctive electronic structure, imparts remarkable features 
to the PVA-Er2O3 composite [18]. This synthesis results in a composite 
material, referred to as PVA-Er2O3 film, exhibiting unique characteris
tics that make it an attractive candidate for applications in both con
ductivity and dielectric devices. As a result, the PVA- Er2O3 film 
becomes a subject of interest for researchers and engineers seeking 
advanced materials with enhanced conductivity and dielectric proper
ties. This introduction aims to provide an overview of the motivation 
behind the synthesis of PVA-Er2O3 films, highlighting the importance of 
these composites in emerging technologies related to electrical con
ductivity and dielectric applications. The motivation behind this 
research lies in the increasing demand for materials that can address the 
evolving needs of electronic devices, sensors, and energy storage sys
tems. PVA- Er2O3 films present an opportunity to bridge the gap be
tween traditional polymer films and high-performance materials, 
offering a unique blend of flexibility, stability, and enhanced electrical 
functionalities. In this comprehensive study, we delve into the intricate 
details of the synthesis process, elucidating the methodologies employed 
to ensure a homogenous distribution of Er2O3 nanoparticles within the 
PVA matrix.

In the present work Er2O3 was reinforced with different ratios in the 
PVA matrix to produce new polymer materials for superior optical, 
electrical, mechanical, and thermal applications. By means of an X-ray 
diffractometer and Raman spectroscopy, the impact of Er2O3 NPs on the 
structure of the PVA matrix was investigated. The UV–visible spectro
photometer and impedance spectroscopy were used to investigate the 
optical and electrical properties. Besides the mechanical investigation of 
the polymer film in terms of the stress–strain curve.

2. Experimental

2.1. Materials and reagents

Er2O3 NPs (purity 99.95 %) and polyvinyl alcohol crystals (PVA, 
molecular weight (Mη) = 1 × 106) were purchased from QualiChem’s 
company, India. Distilled water (DW) was used as a solvent for PVA 
crystals.

2.2. PVA-Er2O3 (PEr) nanocomposite films preparations

PVA crystals with an appropriate amount (5 g) were dissolved in DW 
(100 ml) in an oven at 70 ◦C for 2 h and then stirred with a magnetic 
stirrer at room temperature for 4 h. Er2O3 NPs were added to the PVA 
solution with various weights to obtain 5 nanocomposites solutions, as 
shown in Table 1. The probe ultrasonic was used to distribute Er2O3 NPs 
in the PVA solution. All prepared solutions were poured directly into 
glass plates after the sonication process and left in a warm chamber to 
dry. Then, after several days, the polymer films were removed from the 
plates and utilized for further investigations. The schematic graph of the 
experimental work, the color gradient of the obtained polymer films, 
and the interaction mechanism between the polymer matrix and Er2O3 
nanoparticles are shown in Scheme 1. The composition of the films, 
thickness, and their labels are illustrated in Table 1. The thickness of the 
film was measured using a digital micrometer.

2.3. Characterization techniques

The diffraction pattern of the Er2O3 NPs and PEr films were obtained 
using Brucker D8 XRD, (with X-ray wavelength = 1.5418 Å). A high- 
resolution Raman microscope Alpha 300 AR (WITec-GmbH, Germany) 
equipped with a 35 mW He-Ne laser was used to perform the Raman 
spectra of the Er2O3 NPs and PEr films. The optical investigations were 
performed with the ultraviolet–visible spectrophotometer (model- 
cary5000) in the range 200–1000 nm. The thermal characteristics of as- 
prepared nanocomposites were evaluated using (Themsys one plus, 
SETARAM, France) from room temperature to 600 ◦C in N2 atmosphere. 
The samples under investigation were cut utilizing a dog-bone-shaped 
die on a flat aluminum sheet with the objective of performing the me
chanical tensile evaluations employing a Lloyd LRX5 K (Lloyd In
struments Ltd, United Kingdom) at a crosshead speed of 2 mm/min. 
Every sample was subjected to three separate identifications before an 
average was calculated. For the CMC/PAM-0.16 wt% NPs sample, 
broadband dielectric spectroscopy was used, with an operating voltage 
of 1 V and a frequency range of 0.1 Hz to 20 MHz, to test the dielectric at 
30 ◦C and various temperatures.

3. Results and discussion

3.1. Structural characterization

3.1.1. XRD analysis
The XRD pattern of Er2O3 and PEr nanocomposite films are illus

trated in Fig. 1. Firstly, the Er2O3 spectrum, Fig. 1a, shows various 
crystalline diffraction peaks at 20.76◦, 29.48◦, 34.12◦, 49◦, and 58.18◦

which are linked to the (211), (222), (400), (440), and (622) diffraction 
plans of the cubic phase of Er2O3 according to the JCPDS # 01–077-0459 
[24].

The Er2O3 pattern was fitted using the Origin-software, which can 
estimate the full width at half maximum (β) of the most intense peak at 
29.48◦ and investigate the average crystallite size (D(222)) of Er2O3 using 
the Sherrer’s equation as follows [25]: 

D(222) =
0.9λ

βcos(θ)
(1) 

where λ is the X-ray wavelength (0.15418 nm) and θ is the Bragg’s 
diffraction angle. The D(222) value was calculated for the most intense 
peak at 29.48◦, and it was about 39.7 nm. The PEr nanocomposite film 
diffraction patterns with various Er2O3 contents are displayed in Fig. 1b. 
The main peak of the PVA, which related to the (101) diffraction plane 
was observed at 19.62◦. This peak was shifted towards a higher angle at 
19.76◦, 20.80◦, 20.90◦, and 19.76◦ for PEr1, PEr2, PEr3, and PEr4, 
respectively, with the inclusion of Er2O3 NPs. The same was observed to 
the (222) plane for the Er2O3 NPs, as the peak at 29.48◦ was shifted to a 
higher angle at 29.55◦, 29.51◦, 29.66◦, and 29.48◦ for PEr1, PEr2, PEr3, 
and PEr4, respectively, as seen in the inset of Fig. 1b. The deviation of 
the diffraction angle to the higher angles is associated with the decrease 
of the d-spacing between planes and the growth of the crystallite size in 
the matrix [26]. Furthermore, this deviation is confirmation of a 
complexation between Er2O3 NPs and PVA’s molecules [27]. The D 
values for Er2O3 in the PVA matrix were calculated and found to be 32, 
41, 35, and 37 nm. This fluctuation in particle sizes is related to the 
clusters formed due to increasing the Er2O3 contents in the PVA matrix. 
Increasing the Er2O3 NPS contents causes a decrease in the distance 
between the particles and increases the density in the polymer matrix. 
This is confirmed using the optical microscope technique, as shown in 
Fig. 2.

3.1.2. Optical microscope analysis
Using an optical microscope to study surface morphology is an 

effective and straightforward method, that has been utilized in various 

Table 1 
Composition and thicknesses of the PEr films.

Film label PVA weight in gm Er2O3, weight in gm Thickness, µm

PEr0 1 0 120
PEr1 1 0.025 100
PEr2 1 0.050 100
PEr3 1 0.075 100
PEr4 1 0.10 120
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investigations [28–34]. Fig. 2 displays the optical microscope images 
using polarized and unpolarized lenses under magnification 10x for PEr 
films. Obviously, in Fig. 2a, at a lower content of Er2O3 (2.5 %), the 
black dots, which represent Er2O3 NPs, are distributed uniformly in the 
background (PVA matrix), besides a few big particles formed because of 
the agglomerations. The same pattern was taken under a polarized lens, 
as shown in Fig. 2a’. The bright dots represent the metals under the 
polarized microscope, while the dark background represents the poly
mer matrix, consistent with the literature [35–39]. As the Er2O3 con
centration increases in the matrix, the number of dark dots increases 
(Fig. 2b-d), and the count of big particles also increases, and the dis
tances between the particles become narrower. On the other side for the 
polarized photos (Fig. 2b’-d’), the bright particles increase in count, and 
their size increases, indicating obvious aggregation [35]. This result was 
confirmed by investigating the crystallite size distribution using the 
ImageJ software and drawing the histogram as shown in Fig. 3. The 
histogram of the PEr1 sample demonstrates a particle size with a mini
mum diameter of ~ 0.8 µm and a maximum of ~ 18 µm, while the other 
samples show a maximum diameter of ~ 21, 22, and 26 µm for the PEr2, 
PEr3, and PEr4 samples, respectively, and the minimum diameter is 
approximately the same as for the PEr1 sample. Clearly, the count of big 
particles increases with increasing contents of Er2O3, besides the pres
ence of tiny particles with lower counts.

3.1.3. Raman analysis
The Raman spectra of Er2O3 NPs and PEr nanocomposite films are 

illustrated in Fig. 4. The Er2O3 spectrum, Fig. 1a, shows vibration mode 
peaks at 193, 233, 326, 381,429, 480, 662, 1263, and 1355 cm− 1, 
respectively which are linked to Er-O bond of the Er2O3 [40,41]. The PEr 
nanocomposite film Raman spectra with various Er2O3 contents are 
displayed in Fig. 4b. The Raman spectra of PEr0 film exhibits 3 Raman 
active modes occurring at 860, 919, and 1439 cm− 1 [42]. The composite 
films display a growth in the number of Raman bands and an 
enhancement in their intensity. After the incorporation of nano Er2O3 to 
the polymer matrix, bands corresponding to nano Er2O3 grow at 381, 
662, and 1263 cm− 1, Furthermore to the PVA peaks appearance. As the 
concentration of Er2O3 nanoparticles increases, the intensity of the 
peaks increases, and there is a slight shift in the PVA peaks to a higher 
wavenumber, as shown in Fig. 4b. This result confirms the crystallinity 
growth of the host matrix due to the intermolecular interaction of PVA 
molecules with Er2O3 nanoparticles [43].

3.1.4. Thermal characteristics
The characteristic features of thermal properties of the pure PVA film 

and the Er2O3 nanocomposites were studied with a TGA analyzer, 
depicted in Fig. 5. According to thermogravimetric analysis (TGA), the 
pure PVA film exhibits a constant weight loss that occurs in three stages 

Scheme 1. (a) The PVA-Er2O3 film preparation steps and their color gradient after preparation, and (b) the interaction mechanism between PVA molecules and 
Er2O3 nanoparticles.

Fig. 1. XRD pattern of (a) Er2O3 nanoparticles and (b) PEr nanocomposite films.
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Fig. 2. Optical microscope images for; (a & a’) PEr1, (b & b’) PEr2, (c & c’) PEr3, and (d & d’) PEr4 films. (a, b, c, & d) unpolarized lens and (a’, b’, c’, & d’) 
polarized lens.
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commencing throughout the initial stage of heating, with water evap
oration occurring mostly between 60 and 150 ◦C accounting for the 
majority of this loss [44]. At temperatures ranging from 230 to 350 ◦C, 
the second stage is implemented, the pure sample starts to decompose. 
The final stage involves breaking down the polymeric structure, which 
begins around 395 ◦C and produces carbon and hydrocarbons as 
byproducts.

It was observed that incorporating Er2O3 nanoparticles to the matrix 
caused the filled samples to be more thermally stable through a decrease 
in weight loss in TGA scans of PVA- Er2O3 nanocomposite samples. 
Additionally, it displays the total residues of the PVA-Er2O3 nano
composite samples and the pure PVA film samples when heated to 
600 ◦C. These findings demonstrated enhanced thermal stability, which 
may indicate robust cross-linking between the Er2O3 nanofiller and 
polymeric molecules due to reduced blend chain flexibility and soft
ening [45]. One possible explanation for this improvement is because 
the Er2O3 nanoparticles is evenly distributed throughout the mixture, 
which effectively stops the breakdown of the polymeric structure [46]. 
The exceptional thermal stability of the current samples suggests they 

may find utility as base electrolyte materials in lithium-ion batteries, a 
technology that relies heavily on such properties.

3.2. Optical features

The ultraviolet–visible spectra recorded in terms of absorbance, A, 
and transmission, T%, as displayed in Fig. 6. Obviously, the PVA 
absorbance increases with the addition of Er2O3 NPs. Besides, the ab
sorption edge extension with the x-axis for the PEr0 sample at 244 nm 
was shifted to higher wavelengths at 261, 275, 283, and 298 nm for 
PEr1, PEr2, PEr3, and PEr4 samples, respectively, as clearly seen in 
Fig. 6a. This result testified to the change in the electronic transition for 
the PVA and the bandgap changed.

The absorption band observed at 520 nm, for PEr4 sample, is related 
to one of the multiple absorption bands of Er2O3NPs, as mentioned 
elsewhere [24]. Fig. 6b shows the impact of Er2O3 NPs on the film 
transparency, which decreases from 91 % for the PEr0 sample to 63, 41, 
21, and 8 % for PEr1, PEr2, PEr3, and PEr4 samples, respectively. Such a 
material with low UV transmission can be used in shielding fields. The 

Fig. 3. Histogram of the OM images for PEr nanocomposite films.

Fig. 4. Raman spectra of; (a) Er2O3 NPs and (b) PEr nanocomposite films.
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investigation of the optical bandgap (Eg) for direct and indirect transi
tions was done with the help of Tauc’s model, which estimates the 
relation depending on the absorption coefficient (α, cm− 1) and the 
incident photon energy (hυ, eV) of the polymer films as follows [47–49]: 

(αhυ)2
= constant(hυ − Edirect

g ) (2) 

(αhυ)1/2
= constant(hυ − Eindirect

g ) (3) 

Fig. 7 shows the extraction of bandgap values from straight lines 
extrapolation with x-axis, at hυ = 0, of the relation between (αhυ)2 and 
(αhυ)1/2 against (hυ). The extracted Eg values are illustrated in Table 2.

As the Er2O3 NPs content increased in the PVA matrix, the bandgap 
value, direct or indirect, declined. The Edirect

g declined from 5.51 eV (for 
PEr0) to 5.33 eV (PEr1), 5.09 eV (PEr2), 4.87 eV (PEr3), and 4.67 eV 
(PEr4). The Eindirect

g declined from 4.73 eV (for PEr0) to 4.21 eV (PEr1), 
3.71 eV (PEr2), 3.53 eV (PEr3), and 3.45 eV (PEr4). This decline in the 
bandgap value is related to the complex transfer charge exhibited as a 
result of the defects produced in the matrix, which causes the formation 
of new levels between the valance and conduction bands [50]. The Er+3 

ions cause a change in the structure of the polymer matrix as the weak 
Er-O bonds form between Er2O3 NPs and the PVA molecules and cause a 
decrease in the bandgap energy of the new matrix [51]. The band tail 
width (EU) of the films was investigated to assure the raising of the 
disorder in the polymer films with the inclusion of Er2O3 NPs, which was 
done through Urbach relation as follows [52]: 

Fig. 5. Thermal gravimetric analysis of PEr nanocomposite films.

Fig. 6. Ultraviolet–visible spectra (a) A and (b) T% for PEr nanocomposite films.

Fig. 7. (a) (αhυ)2 and (b) (αhυ)1/2 against (hυ) for PEr nanocomposite films.

Table 2 
Optical parameters for per nanocomposite films.

Sample ID Edirect
g (eV) Eindirect

g (eV) EU (eV) n M(Eg) M(n)

PEr0 5.51 4.73 0.45 1.928 0.52 0.54
PEr1 5.33 4.21 1.10 1.952 0.51 0.53
PEr2 5.09 3.71 1.73 1.987 0.50 0.51
PEr3 4.87 3.53 1.85 2.019 0.49 0.50
PEr4 4.67 3.45 1.46 2.051 0.48 0.48
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Ln(α) = Ln(α0)+
hυ
EU

(4) 

The obtained EU values from drawing the relation between Ln(α) and hυ, 
as seen in Fig. 8, are represented in Table 2. As the Er2O3 NPs content 
increases in the PVA matrix, the EU value increases as well. This confirms 
the increase in polymer disordering and decreases the forbidden zone.

The nature of the impact of the incident light on the material is ob
tained from the relation between the index of material refraction (n) and 
Eg, which is proposed by the Lorentze-Lorentze equation as follows [53]: 

1 −
n2 − 1
n2 + 2

=

(
Eg

20

)1/2

(5) 

Table 2 displays the computed n values. Obviously, the n value increases 
with increasing the additives in the polymer matrix, which could be 
linked with the growth of density and polarizability of the polymer film. 
Increasing Er+3 ions in the polymer matrix causes an increase in the 
film’s polarizability and its coordination number, and hence the 
refractive index increases as well [51,54]. Also, the metallic nature of 
the prepared polymer films can be evaluated in terms of molar refractive 
index (Rm) and molar volume (Vm) as follows [53]: 

M = 1 −
Rm

Vm
= 1 −

n2 − 1
n2 + 2

(6) 

The metallization criterion (M) values were computed and displayed in 
Table 2. The M value was observed to decrease with increasing the Er2O3 
content in the polymer matrix. This decline in the M value is an indi
cation of the increase in the metallic nature of the polymer films 
[51,53,54]. The Rm/Vm value increases approximately from 0.47 (PEr0) 
to 0.48 (PEr1), 0.49 (PEr2), 0.50 (PEr3), and 0.51 (PEr4). The larger the 
Rm/Vm value, the narrower the forbidden zone and the more metallic the 
obtained material [53].

3.3. Dielectric properties

The frequency variation that is affected by the dielectric constant (ε′) 
and dielectric loss (ε′′) can be calculated using the following equations 
[55–57]: 

έ = Ct/(ε◦ .A) (7) 

έʹ= σ́ /(ω.ε◦ ) (8) 

In this equation, C stands for the observed capacitance, ε◦ for the free- 
space permittivity, t for the sample thickness, A for the electrodes’ 
cross-sectional area, ω for the angular frequency, and σ′ for the actual 
portion of electrical conductivity.

The parameter ε′ provides insights into the material’s ability to store 
electrical energy when exposed to an electric field. In our study, the 
enhancement in ε′ due to the incorporation of Er2O3 nanoparticles in
dicates improved polarization behavior and charge storage capacity. 
This is particularly important for applications in capacitors, energy 
storage systems, and microelectronics, where materials with higher 
dielectric constants are desirable for efficient energy storage and signal 
processing. Studying dielectric loss ε′′ reveals the material’s energy 
dissipation during the polarization process, which is critical for deter
mining the efficiency and stability of the material under alternating 
current (AC) conditions. Low dielectric loss suggests that the material 
can efficiently store energy with minimal loss, making it suitable for 
applications in sensors, antennas, and other dielectric devices [58].

At room temperature, the film samples’ ε′ and ε′′ across a range of 
frequencies were systematically studied as displayed in Fig. 9 a and b, 
respectively. A significant enhancement in the dielectric constant was 
observed compared to pristine PVA films, indicating the influence of 
Er2O3 nanoparticles on the material’s polarization behavior. It is 
believed that the structure of polymers will improve the value of ε′ as 
well as the permittivity values of the Er2O3 nanoparticles and the host 
PVA film as a result of interactions and intermolecular hydrogen 
bonding within the significant Maxwell-Wagner-Silars (M− W− S) pro
cess of interfacial polarization, which exists at the lowest frequency 
value [59,60]. This augmentation can be attributed to the polar nature 
of Er2O3 nanoparticles, contributing to increased polarization and 
improved charge storage capacity within the composite [61]. The value 
of ε′ diminishes while the frequency increases because dipoles are unable 
to align with the path of an external field at exceptionally high fre
quencies [62,63]. This is because the dipoles are oriented with the 
presence of the field. Therefore, at the high-frequency section, the value 
of ε′ stabilizes and then decreases.

The dielectric permittivity values of the occupied samples are 
improved due to the electrostatic interaction between the dipole groups 
of the PVA film and the Er2O3 nanoparticles. This interaction facilitates 
the dipole arrangement of polar PVA, as well as the higher ε′ value of 
Er2O3 nanoparticles, which could be responsible for this improvement in 
ε′ values [64]. Nanocomposites exhibit an enhanced charge carrier ef
ficiency than pure PVA films, leading to an increase in ε′′ values as the 

Fig. 8. Ln(α) vs. (hυ) for PEr nanocomposite films.
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concentrations of Er2O3 nanoparticles rise [65]. A decrease in the value 
at higher frequencies is caused by an increase in charge mobility inside 
the PVA film, and it was shown that the lowest frequency occurs when 
the highest value of ε′′ occurred. As a result of charges building up, the 
polarization value drops. At higher frequencies, the linear difference 
between ε′ and ε′′ verifies that the nanocomposite samples exhibit 
dielectric behavior, making them potential nanodielectric materials for 
usage in biomaterials, capacitors, and antennas within the microelec
tronic sector. Systematic variations in Er2O3 nanoparticle concentration 
within the PVA matrix were studied to understand the correlation be
tween nanoparticle content and dielectric properties. The dielectric 
constant showed a concentration-dependent trend, indicating that the 
presence of Er2O3 nanoparticles plays a crucial role in shaping the 
dielectric response of the composite. This information is vital for 
tailoring the dielectric properties according to specific application 
requirements.

Frequency-dependent dielectric studies were conducted to examine 
the material’s response over a broad frequency spectrum. The PEr films 
exhibited stable dielectric properties, with a relatively constant dielec
tric constant across the studied frequencies. This stable behavior in
dicates the material’s suitability for applications where consistent 
dielectric performance is essential, such as in electronic devices oper
ating at various frequency ranges. The observed structural changes, 
including crystallinity and morphology, directly impact the electrical 
and dielectric performance. Enhanced conductivity is attributed to the 
improved intermolecular interactions facilitated by the presence of 
Er2O3, while the dielectric properties benefit from the increased 
polarizability.

3.4. Conductivity characterization of PEr films

For the polymeric samples, the AC conductivity values at room 
temperature are displayed in Fig. 10. Conductivity measurements of PEr 
films reveal a substantial enhancement compared to pristine PVA films 
when exposed to external electrical fields and Er2O3 content [66]. The 
incorporation of Er2O3 nanoparticles within the PVA matrix facilitates 
charge transport, resulting in improved electrical conductivity. The 
conductivity in nanocomposite samples can be affected by the interfaces 
between the electrodes and electrolytes at lower frequency ranges. With 
a lower frequency, ions may remain for a longer time, which results in 
more accumulation of charges at the interfaces between the electrodes 
and electrolytes [67]. Since the charge carrier is unable to move as 
quickly as it should, the conductivity drops. The electrical conductivity 
is scattered at higher frequencies; this dispersion is associated with rapid 
ion back-hopping and can be characterized by the bulk relaxation 

phenomena. Adding Er2O3 nanoparticles to a PVA film may increase the 
number of mobile charge carriers, which in turn increases the AC con
ductivity. Interactions and intermolecular hydrogen bonding within the 
polymeric structure will boost ionic conductivity. This was demon
strated by the complex interaction between the PVA film and the Er2O3 
nanoparticles.

The observed conductivity characteristics offer insights into the 
charge transport mechanisms within the PEr films. Whether dominated 
by tunneling, hopping, or percolation, understanding the underlying 
mechanisms is crucial for tailoring the material for specific conductivity 
requirements in diverse applications. The observed conductivity 
behavior with varying Er2O3 concentration provides insights into the 
percolation threshold, where a critical nanoparticle concentration is 
reached, leading to the formation of a conductive network throughout 
the composite. Understanding this threshold is crucial for designing 
materials with specific conductivity requirements. This is why the AC 
conductivity improved after Er2O3 nanoparticles were added, as the 
Er2O3 nanoparticles ’ content increased [68,69]. The enhanced con
ductivity of PVA- Er2O3 films positions them as promising candidates for 
various electronic devices, sensors, and energy storage systems. The 
enhanced dielectric constant and low dielectric loss exhibited by the PEr 
films make them ideal candidates for sensor applications, particularly in 
capacitive and resistive sensors. The addition of Er2O3 nanoparticles 

Fig. 9. Variation of (a) ε′ and (b) ε″ plots vs. frequency of PEr nanocomposite films.

Fig. 10. Variation conductivity of PEr nanocomposite films.
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improves the material’s sensitivity to external stimuli (e.g., temperature, 
pressure, or electric fields) due to their polar nature and the material’s 
ability to exhibit strong polarization behavior. This allows for better 
signal detection and response in sensor systems. Moreover, the 
tunability of the dielectric properties by varying the Er2O3 concentration 
enables the optimization of these films for specific sensing environ
ments. The high dielectric constant of PEr films enhances their charge 
storage capability, which is essential for capacitors and energy storage 
systems. The ability of these films to store electrical energy efficiently, 
along with their good thermal stability and mechanical properties, 
makes them suitable for applications in supercapacitors and dielectric 
capacitors. The dielectric loss, which remains low, ensures minimal 
energy dissipation during charge and discharge cycles, thus improving 
the overall efficiency and lifespan of energy storage devices.

3.4.1. Argand plot characterization of PEr films
The dielectric behavior of PEr films was analyzed through Argand 

plots, constructed from impedance spectroscopy data. Argand plot is 
used to analyze the complex impedance data of the PVA-Er2O3 films. The 
impedance Z can be expressed as a complex number, where Z = M′+jM′′. 
The real part M′ and the imaginary part M′′ of the impedance are given by 
the following equations [57]: 

Mʹ = έ /(έ 2 + εʹ́2) (9) 

Mʹ́ = εʹ́/(έ 2 + εʹ́2) (10) 

These plots, illustrating the real and imaginary parts of the impedance in 
the complex plane, provide insights into the material’s electrical 
response. At room temperature, the electrolyte samples are displayed in 
Fig. 11 as M′ vs M″ plots, also known as Argand plots.

The semi-circular shape of the Argand plot is indicative of a single 
relaxation process dominating the material’s dielectric behavior. De
viations from this ideal shape may suggest the presence of multiple 
relaxation mechanisms or non-ideal behavior. The radius of the semi- 
circle corresponds to the magnitude of the impedance at the charac
teristic relaxation frequency. Changes in the radius can provide infor
mation about variations in the relaxation time of charge carriers within 
the material. The center of the semi-circle on the real axis corresponds to 
the real part of the impedance at the characteristic relaxation frequency. 
Shifts in the center reveal alterations in the conductivity or resistance of 
the material. Systematic variations in Er2O3 nanoparticle concentration 
within the PVA matrix were reflected in the Argand plots. Changes in the 
shape, size, or position of the semi-circle provide information about how 
nanoparticle concentration influences the dielectric properties. The 

Argand plot parameters were correlated with conductivity measure
ments to understand the relationship between the dielectric and elec
trical characteristics of PEr films. This correlation aids in deciphering 
the charge transport mechanisms and their manifestation in the 
impedance data. The unique dielectric characteristics revealed through 
Argand plot analysis position PEr films as promising candidates for 
integration into electronic devices.

3.5. Mechanical characteristics

The stress–strain curves of the polymer nanocomposite films 
comprising Er2O3 NPs are illustrated in Fig. 12, and the mechanical 
properties such as Young’s modulus, tensile strength, stiffness, and 
elongation at fracture are provided in Table 3. When the number of 
nanoparticles in nanocomposite samples increases, the elongation at 
break becomes lower and other factors improve. It appears that the 
presence of Er2O3 nanoparticles enhances the samples’ resistance to 
tensile stress and the strength of the polymeric chains in the obtained 
samples also improves. The nanocomposite sample, which contains 10 
wt of nanocomposites, performs the pure PVA in terms of tensile 
strength and Young’s modulus. The structure limits the mobility of PVA 
chains under tensile strain, which improves mechanical characteristics 
due to the suitable dispersion of included Er2O3 nanoparticles and their 
highly effective interfacial adhesion. Further, as the local density within 
the nanocomposite samples increases, both the stiffness and the elon
gation ratio at fracture values considerably rise [63].

4. Conclusion

In conclusion, this study has presented a comprehensive exploration 
of polyvinyl alcohol (PVA) films infused with Erbium Oxide (Er2O3) 
nanoparticles, aiming to enhance their optical, conductivity, and 
dielectric properties. The results and discussions provide key insights 
into the structural, optical, electrical, and dielectric attributes of the 
composite material. The structural analysis, through XRD and Raman 
spectra, confirmed the successful integration of Er2O3 nanoparticles 
within the PVA matrix, influencing the crystalline structure and surface 
morphology of the films. Insertion of Er2O3 into the PVA matrix declines 
the film’s transparency and bandgap while raising its refractive index. 
The electrical conductivity measurements demonstrated a remarkable 
enhancement, showcasing the potential of PVA-Er2O3 films for appli
cations demanding improved electrical performance. Systematic varia
tions in Er2O3 concentration and film thickness revealed optimal 
conditions for maximizing conductivity, while temperature-dependent 

Fig. 11. The Argand graph of PEr nanocomposite films. Fig. 12. Mechanical profile of PEr nanocomposite films.
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studies provided insights into the thermal behavior of the material. The 
obtained results highlighted the material’s stability and suitability for 
applications requiring consistent dielectric performance across different 
frequencies. The Argand plot analysis added another layer of sophisti
cation to the study, providing a nuanced understanding of the charge 
transport mechanisms and dielectric relaxation behavior within PVA- 
Er2O3 films. The mechanical characteristics of the PVA-Er2O3 films were 
significantly enhanced. The stress–strain curves indicated that 
increasing the concentration of Er2O3 nanoparticles led to improved 
tensile strength and Young’s modulus, while elongation at break 
decreased. The 10 wt% Er2O3 nanocomposite performed comparably to 
pure PVA in terms of tensile strength and Young’s modulus, demon
strating enhanced resistance to tensile stress and stronger polymeric 
chains due to effective nanoparticle dispersion and interfacial adhesion. 
The synthesis and characterization of PVA-Er2O3 films represent a sig
nificant step forward in the development of advanced materials with 
enhanced conductivity and dielectric performance, holding promise for 
applications in electronics, sensors, and energy storage systems.
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