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Abstract
This study aims to produce novel nanocomposite films by incorporating nanostructures  (SiO2 and CuO) into polyvinyl alcohol 
(PVA) to utilize these nanocomposites in various optoelectronic nanodevices. The PVA/SiO2-CuO nanostructures exhibit 
notable attributes such as low cost, enhanced corrosion resistance, favorable optical properties, and reduced weight com-
pared to alternative nanosystems. This study focused on investigating the structural and optical properties of nanostructures 
composed of PVA/SiO2-CuO. The FTIR spectra suggest the presence of a physical interaction between the pristine polymer 
and nanoparticles. The optical microscope was utilized to analyze the nanocomposite's structural characteristics and surface 
morphology alterations. The findings about the optical characteristics indicate a notable increase of approximately 180% in 
absorption, accompanied by a decrease of about 48% in the energy gap for allowed indirect transitions and 72% for forbid-
den indirect transitions. These changes were observed when the PVA/SiO2-CuO content reached a weight percentage of 6%. 
Consequently, this material exhibits potential suitability for various optoelectronic devices, such as photovoltaic cells, solar 
cells, diodes, transistors, lasers, electronic gates, and other fields. The optical characteristics of polyvinyl alcohol (PVA) 
were enhanced as the concentration of  SiO2-CuO nanoparticles (NPs) increased, leading to improvements in the absorption 
coefficient (α), refractive index (n), extinction coefficient (k), real (ε1) and imaginary (ε2) parts of the dielectric constants, 
optical conductivity (σop), and dispersion factors. The prepared nanocomposites underwent testing to evaluate their effective-
ness in shielding gamma rays. The experimental findings indicate that the nanocomposite films of PVA/SiO2-CuO exhibit 
significant attenuation coefficients when exposed to gamma rays. Thus, it can be seen that incorporating  (SiO2-CuO) NPs 
has enhanced the optical properties of the resulting nanocomposite, and this material can be considered a promising material 
for flexible optoelectronic applications and gamma ray shielding.

Keywords Nanocomposites · Optical properties · SiO2-CuO nanoparticles · Gamma ray attenuation

1 Introduction

Nanotechnology is a rapidly developing discipline in the 
twenty-first century, wherein nanoparticles possess unique 
structural, optical, electrical, magnetic, and mechanical 
properties attributable to their nanoscale dimensions rang-
ing from 1 to 100 nm, in contrast to their larger bulk coun-
terparts [1]. There has been a notable surge in interest sur-
rounding metal oxide nanoparticles, primarily due to their 
extensive utilization as catalysts in industrial settings, anti-
microbial agents, medical applications, fillers, chemical sen-
sors, disinfectants, semiconductors, catalysts, and their sig-
nificant contributions to the advancement of cosmetics and 
microelectronics [2, 3]. Metal oxide nanoparticles, including 
copper oxide (CuO), have garnered significant interest due 
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to their antimicrobial and biocidal characteristics, render-
ing them potentially valuable in various biomedical contexts 
[4]. Copper oxide is categorized as a semiconductor metal 
owing to its unique optical, electrical, and magnetic proper-
ties. The substance above has been utilized in various fields, 
including advancing supercapacitors, near-infrared filters, 
catalytic processes, sensors, magnetic storage mediums, 
and semiconductors, among other applications [5, 6]. Cop-
per oxide nanoparticles (CuO NPs) have been employed to 
enhance polymer films, whether derived from petro-based 
or bio-based polymers; this is due to the notable attributes of 
CuO NPs, including their elevated surface-to-volume ratio, 
relatively reduced toxicity, ability to reinforce the mechani-
cal properties of polymers and thermal stability [7]. Inte-
grating polymers into various aspects of human existence 
has become indispensable, as it is arduous to envision a 
viable existence devoid of the manifold services facilitated 
by these versatile materials [8, 9]. Polymers are widely used 
in diverse electronic strategies and applications because of 
their distinct properties, including facile reconfigurability, 
flexibility, high resistance, and cost-effectiveness, alongside 
other significant properties [10]. Silicon dioxide  (SiO2), or 
silica, is a versatile material utilized in various industries, 
naturally occurring and synthetically produced. Its wide-
spread application in numerous sectors necessitates further 
exploration [11]. Silicon oxide NPs have unique physical, 
chemical, and optical properties that can be applied in many 
fields. Silicon dioxide exhibits notable attributes such as 
high hardness and thermal stability, which can potentially 
compensate for the deficiencies associated with low bearing 
capacity and inadequate wear resistance of lubricants [12].

Furthermore, silicon dioxide  (SiO2) is a substance lacking 
a crystalline structure and possesses properties that render 
it harmless to living organisms. It exhibits a wide range of 
potential uses in numerous fields. Silica, in its various mani-
festations, is a solid substance characterized by its lack of 
scent and composed of silicon and oxygen atoms. Silica par-
ticles become airborne and aggregate to form non-combus-
tible particulate matter [13, 14]. Integrating  SiO2 particles 
into the composite polymer leads to higher chemical and 
mechanical properties and improved dimensional stability. 
These particles serve as solid plasticizers [15].

Polyvinyl alcohol (PVA) has emerged as a promising host 
matrix for a wide range of metal oxide nanofillers due to its 
biodegradability, non-toxicity, ability to form films, ease of 
processing, optical transparency, minimal light scattering 
with a low refractive index, and impressive mechanical prop-
erties [16, 17]. PVA is a water-soluble synthetic polymer that 
comes as a granular powder that is odorless, translucent, 
tasteless, and white or cream in color. Since PVA is water-
soluble, it can be used to make hydroxyl organic ingredients. 
PVA's biological degradation and biocompatibility are two 
of its most notable characteristics. PVA has a high tensile 

strength and longevity and a high oxygen and scent buffer. 
Visual light transmission is excellent. It also has excellent 
shape, mixing, and adhesion characteristics [18]. Polyvi-
nyl alcohol (PVA) is often subjected to annealing methods 
using a wide range of low-molecular-weight chemicals that 
often contain polarised groups. These groups form hydrogen 
bonds with the hydroxyl groups of the PVA chain, regardless 
of the presence or absence of water, resulting in a reduc-
tion in direct hydrogen bonding between the bigger PVA 
molecules [19, 20]. The investigation of gamma-radiation 
shielding is a promising area of study due to the hazard-
ous impact of gamma rays on human well-being. Various 
materials, including concrete and glass, were employed to 
shield against γ-rays. In order to attain desirable properties 
of γ-radiation and X-ray attenuation in nanocomposites, a 
combination of recycled thermoplastics and inorganic nano-
fillers was employed [21, 22].

D.E. Abulyazied et al., in (2022) [23], have studied the 
effect of molybdenum nanoparticles (Mo-NPs) on the radia-
tion protection properties of polyvinyl alcohol (PVA) for 
gamma shielding application. Zainab et al., in (2023) [24], 
the present study focuses on the investigation of novel nano-
composites, including polyvinyl alcohol (PVA) and vary-
ing concentrations (0, 1, 2, and 3 wt%) of cobalt oxide and 
zirconium dioxide (CoO-ZrO2) nanoparticles. The casting 
process was employed as the chosen technique for synthesiz-
ing and fabricating these nanocomposites. A. A. Alhazime, 
in (2020) [25], studied the effect of nano CuO doping on the 
structural, thermal and optical properties of PVA/PEG blend 
prepared by casting technique.

The novelty of this study lies in the novel combination 
of  SiO2 and CuO nanoparticles with PVA, resulting in a 
unique nanocomposite. The material's versatility is evi-
dent in potential applications such as photovoltaic cells and 
gamma radiation shielding. Additionally, the concentration-
dependent analysis provides valuable insights into tailoring 
properties for specific uses, making it a noteworthy contri-
bution to nanocomposite research. To our knowledge, no 
attempt has been made to synthesize nanocomposites includ-
ing  SiO2-CuO nanoparticles.

This paper aims to present the low-cost and easy synthe-
sis process by (PVA/SiO2-CuO) nanostructures for optoelec-
tronics and gamma ray shielding applications.

2  Materials and Methods

Nanocomposite films were produced by employing the cast-
ing method, utilizing polyvinyl alcohol (PVA), silicon dioxide 
 (SiO2), and copper oxide (CuO) nanoparticles. Polyvinyl alco-
hol (PVA) was used in powder form and obtained from Pan-
veac Spain company with high purity (99.8%). Silicon dioxide 
 (SiO2) is widely utilized in biomedical research owing to its 
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favorable attributes, including low toxicity, stability, and ame-
nability to functionalization with diverse chemicals and poly-
mers. The silicon dioxide nanopowder was obtained from US 
Research Nanomaterials, lnc, with a grain size of 60 nm and 
high purity of 99.9%. It appears in the form of white powder. 
The copper oxide nanopowder, denoted as CuO, was acquired 
in powder form from Zhengzhou Dongyao Nano Materials in 
China. The powder has a grain size of 50 nm and exhibits a 
high purity level, precisely 99.9%. The process involved dis-
solving pure PVA in 40 ml of distilled water for 50 min while 
stirring with a magnetic stirrer at 65 °C to achieve a more 
homogeneous solution. The polymer blend was subjected to 
the addition of nanoparticles of silicon dioxide  (SiO2) and 
copper oxide (CuO) at varying concentrations of [0%, 2% wt. 
(0.5%SiO2/1.5%CuO), 4% wt. (1%SiO2/3%CuO), and 6% wt. 
(1.5%SiO2/4.5%CuO). Following a three-day drying period 
at a temperature of 25 °C, the result was the successful syn-
thesis of polymer nanocomposites. The nanocomposites con-
sisting of PVA/SiO2-CuO were retrieved from the petri dish 
and employed for subsequent measurement. Fourier transform 
infrared spectroscopy (FTIR) is employed to assess nanocom-
posites of (PVA/SiO2-CuO) samples. The evaluation is con-
ducted within 1000 to 4000  cm−1 wave number range. The 
samples underwent testing at different concentrations using 
an Olympus-type Nikon-73346 optical microscope, which 
had a magnification of 10 × and was equipped with a camera 
for microscopic photography. The optical characteristics of 
PVA,  SiO2, and CuO nanocomposites were analyzed within 
the 200–800 nm wavelength range using a UV/1800/Shimadzu 
spectrophotometer. The specimens were placed in the path of 
a collimated beam emitted by gamma ray sources, specifically 
Cs-137, with an activity of 5mCi. The distance between the 
gamma ray source and the detector is 2 cm. The linear attenu-
ation coefficients were determined by utilizing Geiger counter 
measurements to evaluate the transmitted gamma ray fluxes 
through nanocomposites consisting of (PVA/SiO2-CuO) NCs.

Absorbance is calculated by using relation [26]

Where:  IA is the absorbed light intensity, and  Io is the 
incident intensity of light.

Transmittance is calculated by using relation [27]

Where:  ITr is the intensity of Transmitted light, and  Io is 
the incident intensity of light.

Absorption coefficient (α) calculated from equation [27]

Where d is the sample thickness (0.14 mm), and A is the 
absorption of the material.

The indirect transition is calculated by using relation [28]

(1)A = IA∕Io

(2)Tr = ITr
∕Io

(3)� = (2.303 × A)∕d

Where B is constant, hυ is the incident photon energy,  Eg 
is the optical band gap, and r is 2 for allowed indirect transi-
tions and 3 for forbidden indirect transitions.

The extinction coefficient (k) was calculated using the 
following equation [29]

Where: λ is the wavelength.
The refractive index (n) is calculated from equation [30]

Where: R is the reflectance.
The dielectric constant (real and imaginary parts) is cal-

culated by [31]

The optical conductivity (σop) is obtained by using the 
relation [32]

Where: c is the velocity of light.
The equation presented below can be utilized to derive 

the linear attenuation coefficients (μ) based on the material 
thicknesses [33]

where  No is a gamma ray incident, N is the attenuation of the 
gamma rays, and d is the thickness of the sample.

3  Results and Discussion

3.1  Fourier Transform Infrared Ray (FTIR) Analysis 
of (PVA/SiO2‑CuO) NCs

The transmittance spectra of nanocomposite films containing 
(PVA/SiO2-CuO) were recorded at room temperature using 
Fourier transform infrared spectroscopy (FTIR). Figure 1 
illustrates these spectra, which cover a range of 600 to 4500 
 cm−1. Figure 1 displays the three distinct regions within the 
infrared (IR) spectra that are associated with pure polyvi-
nyl alcohol (PVA). The initial specimen exhibits a broad 
absorption spectrum, with a peak at 3250  cm−1. This peak 
is attributed to the stretching of the hydroxyl group (O–H), 
characterized by a robust bond strength. The occurrence of 

(4)αhυ = B(h� − Eg)
r

(5)k =
αλ

4π

(6)n =

√

4R −
k2

(R − 1)2
−

(R + 1)

(R − 1)

(7)�
1
= n2 − k2

(8)�
2
= 2nk

(9)�op = �nc∕4�

(10)N = Noe
−�d
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this peak at a higher range of wavelengths further empha-
sizes its significance. The second spectral region manifests 
at a wavenumber of 2900  cm−1, indicating the presence of 
bonding interactions of moderate strength. The observed 
peaks in this region indicate the existence of C-H stretch-
ing within the PVA structure. The third region corresponds 
to weak intermolecular bonds and is observed within the 
lower wavelength range of approximately 1000–1500  cm−1, 
indicative of C–O stretching. The additional peaks observed 
in the depicted graph, located at approximately 1650, 900, 
800, and 500  cm−1, can be attributed to the bending of C = C 
stretching,  CH3 groups, CC stretching vibrations, and Wag-
ging mode of (OH) groups.

Similarly, the peaks observed at around 1400  cm−1 indi-
cate the deformation of O–CH3 groups. Furthermore, the 
peak observed at 1080  cm−1 corresponds to the stretch-
ing vibrations of O–CH2 groups, which are also inher-
ent to the structure of PVA, as shown in Table 1. In this 
study, Fig. 1  illustrate the application of Fourier Trans-
form Spectroscopy (FTIR) to analyze the characteristics of 
pure Polyvinyl Alcohol (PVA) samples doped with vary-
ing proportions of silicon dioxide  (SiO2) and copper oxide 
(CuO) nanoparticles. The analysis was conducted for both 
groups. The treatment applied to the samples led to notice-
able alterations in their spectral characteristics. Specifically, 
new absorption bands emerged, and the intensity of pre-
existing absorption bands increased; this indicates decou-
pling between the corresponding vibrations due to interac-
tion between  (SiO2-CuO) nanoparticles and the polymers. 
The increased density of the films with more nanoparticles 
added means more atoms and ions in the light path and thus 
increased absorbance. The emergence of novel bands can be 

attributed to defects resulting from the charge transfer inter-
action between the pristine polyvinyl alcohol (PVA) chains 
and the nano dopant, which changes the PVA's molecular 
structure [34, 35].

3.2  Optical Microscope of (PVA/SiO2‑CuO) 
Nanocomposites

Figure 2 displays the photomicrographs of the surface of 
pure polyvinyl alcohol (PVA) and its nanocomposites (NCs) 
containing varying weight percentages (wt.%) of silicon 
dioxide-copper oxide  (SiO2-CuO) nanoparticles (NPs) at a 
magnification power of 10x. The observed surface image 
of the polymer blend film depicted in part (A) suggests a 
uniform phase without any discernible phase separation. 
In other words, the film exhibits a finer morphology with 
a smooth surface, indicating the remarkable miscibility of 
polyvinyl alcohol (PVA) at this specific blend ratio. Based 

Fig. 1  FTIR spectra for (PVA/
SiO2-CuO) nanocomposites

Table 1  FTIR Transmittance bands positions and their assignments

Wavenumber  (cm−1) Band assignment

3250 hydroxyl group (O–H) [36]
2900 C-H stretching [36]
1650 C = C stretching [37]
1500 C–O stretching [32]
1400 O–CH3 groups [35]
1080 O–CH2 groups [35]
900 CH3 groups [32]
800 CC stretching vibrations [37]
500 Wagging mode of (OH) groups [37]
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on the observations made from the provided figure (part 
B-D), it is evident that the  (SiO2-CuO) nanoparticles exhibit 
a uniform distribution across the polymer film surface. This 
characteristic becomes more pronounced as the weight per-
centage (wt.%) of  (SiO2-CuO) increases. The NCs exhibit 
an almost elliptical arrangement of particles with a consist-
ent shape. This phenomenon can be attributed to the sig-
nificant surface area of the nanoparticles (NPs) and various 
polar groups in the polymeric solution [38]. The polymeric 
solution exhibits a strong affinity for the  (SiO2-CuO) mate-
rial, resulting in the alignment of the nanoparticles along 
the polymer chain. Consequently, the nanocomposite struc-
ture becomes denser, enhancing material consistency. This 
methodology offers an appropriate approach for preparing 
non-conventional films [39].

3.3  The Optical Properties of (PVA/SiO2‑CuO) 
Nanocomposites

Incorporating nanoparticles into the polymer matrix regu-
lates the optical band gap, diminishing its magnitude and 
enabling its utilization in diverse applications. Furthermore, 
adding  SiO2-CuO NPs to polymers significantly enhances 
their optical properties. For example,  SiO2-CuO NPs can 
affect light refraction and scattering as it passes through 
the polymer, leading to changes in optical properties such 
as refraction. When light interacts with NPs, phenomena 

called Surface Enhanced Effects can occur, which amplify 
the light's effects and allow for overall optical enhancement. 
Under the influence of these NPs, changes in color, contrast, 
and refraction of light can occur. Furthermore, NPs can be 
used to design precise nano-level structural arrangements, 
which control the interaction of light with the polymer and 
enhance its optical effects in various ways, such as improv-
ing light emission or increasing light absorption. In general, 
the optical properties of polymers are improved by incor-
porating appropriate NPs and designing nanometer-scale 
structures that effectively influence the interaction of light 
with the polymer.

Figure 3 depicts the UV–Vis-NIR absorption spectra of 
polyvinyl alcohol (PVA) and its nanocomposites (NCs) con-
taining varying weight percentages (wt.%) of  (SiO2-CuO) 
nanoparticle films. NPs can be used to design precise nano-
level structural arrangements, which control the interaction 
of light with the polymer and enhance its optical effects in 
various ways, such as improving light emission or increasing 
light absorption. The measurements were conducted within 
the wavelength range of 190–1100 nm. Adding  (SiO2-CuO) 
nanoparticles resulted in a shift of the absorption edge 
towards the higher wavelength side in NCs films, reducing 
the energy gap. This phenomenon can be attributed to altera-
tions in the mobility of polymeric chains during the blending 
procedure [40]. The prominent characteristic of  (SiO2-CuO) 
in the polymer is its efficient ultraviolet (UV) absorption, 

Fig. 2  Photomicrographs (10x) 
for (PVA/SiO2-CuO) NCs: (A) 
for pure PVA, (B) for 2 wt% 
 (SiO2-CuO), (C) for 4 wt% 
 (SiO2-CuO), (D) for 6 wt% 
 (SiO2-CuO)

A B

DC
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which can be attributed to its substantial energy gap. The 
absorption capacity of NCs surpasses that of pure polyvinyl 
alcohol (PVA). The enhanced absorption can be ascribed to 
the interfacial interaction between the nanoparticles and the 
adjacent polar groups of polyvinyl alcohol (PVA), which 
aligns with previously documented observations [41].

Figure 4 illustrates the relationship between the trans-
mittance of (PVA/SiO2-CuO) nanocomposites and the 
wavelength of the incident light. As depicted in the figure, 
there is a noticeable correlation between the concentra-
tion of  (SiO2-CuO) nanoparticles and both absorbance and 
transmittance. Specifically, as the concentration increases, 
the absorbance values rise while the transmittance values 

decline. This phenomenon can be attributed to the agglom-
eration of nanoparticles at higher concentrations, leading to 
increased charge carriers due to several effects. One of these 
effects is the increased available surface area for interactions 
with charged materials, which raises the likelihood of cap-
turing and trapping charges.

Additionally, nanoparticles can improve the distribu-
tion of charges within the polymer matrix and reduce their 
aggregation, thereby enhancing charge conductivity. These 
changes make polymers loaded with nanoparticles ideal for 
applications requiring efficient charge transport and distri-
bution, such as electronic devices and solar cells [42]. The 
decrease in transmittance is also due to the nature of refrac-
tions and reflections within the material itself. This behavior 
agrees with the results of the researcher [43].

Figure 5 depicts the relationship between the absorption 
coefficient of (PVA/SiO2-CuO) nanocomposites and the 
ratios of  SiO2-CuO NPs. It is observed that the absorption 
coefficient increases as the ratios of  SiO2-CuO NPs increase. 
This phenomenon can be attributed to the rise in charge car-
riers within the nanocomposite films [44]. The absorption 
coefficient (α) for all the prepared nanocomposites exhibited 
the lowest values at low energies, which could be attributed 
to the limited likelihood of electron transitions. The prob-
ability of electron transition is high when the energy of the 
incident photon increases, indicating that the energy of the 
incident photon is adequate for atom interaction. Based on 
the observed α values of the prepared films, which are less 
than  104  cm−1, it can be inferred that indirect electronic tran-
sitions are highly probable [45].

Figure 6 illustrates the correlation between the square root 
of the absorption edge (αhυ)1/2 for nanocomposites consist-
ing of polyvinyl alcohol (PVA) and silicon dioxide-copper 

Fig. 3  Absorbance of (PVA/SiO2-CuO) NCs as a function of wave-
length

Fig. 4  Shows the transmission spectra of (PVA/SiO2-CuO) NCs as a 
function of wavelength

Fig. 5  Absorption coefficient for (PVA/SiO2-CuO) NCs as a function 
of photon energy



1413Silicon (2024) 16:1407–1419 

1 3

oxide  (SiO2-CuO) and the energy of the incident photons. 
By extending a straight line from the highest point of the 
curve to intersect the x-axis at (αhυ)1/2 = 0, we can deter-
mine the energy gap associated with the permissible indirect 
transition. The values obtained are presented in Table 2. The 
energy gap values exhibit a decreasing trend as the weight 
percentages of  (SiO2-CuO) nanoparticles increase. Incorpo-
rating nanoparticles into the polymer matrix regulates the 
optical band gap, diminishing its magnitude and enabling 
its utilization in diverse applications. This phenomenon is 
responsible for forming localized states within the forbid-
den energy gap. In the present situation, the transfer process 
unfolds biphasically, involving the migration of an electron 
from the valence band to the local levels, followed by its 
subsequent transition to the conduction band. This progres-
sion is observed to be directly influenced by the weight 
percentage of  (SiO2-CuO) nanoparticles. The observed 
behavior can be attributed to the heterogeneous composi-
tion of nanocomposites, wherein the electronic conduction 
is contingent upon the concentration of added components. 
It is noted that the density of localized states exhibits an 
increase as the concentration of  (SiO2-CuO) nanoparticles 
is raised [46, 47].

Figure 7 illustrates the correlation between the cubic root 
of the product of the fine structure constant (α), Planck's 
constant (h), and the frequency (υ), denoted as (αhυ)1/3, 
and the energy of photons in nanocomposites. The image 
illustrates a clear correlation between the concentration 
of  (SiO2-CuO) nanoparticles and the energy gap values 
for forbidden indirect transitions. Specifically, it shows a 
consistent decrease in energy gap values as the concentra-
tion of nanoparticles increases. Moreover, the magnitudes 

of disallowed indirect transitions are somewhat lower than 
those of allowed indirect transitions [48].

Figure 8 illustrates the relationship between the coeffi-
cient of extinction (k) and the wavelength of the nanocom-
posite films composed of PVA/SiO2-CuO. The observed 
phenomenon of the extinction coefficient can be attributed 
to the significant absorbance exhibited by all nanocompos-
ites. Furthermore, identical behavior was observed in vis-
ible and near-infrared spectral regions. The findings of this 
study indicate a notable enhancement in the performance 
of the nanocomposites due to the inclusion of  SiO2-CuO 
nanoparticles. Notably, a higher ratio of  SiO2-CuO in this 
investigation exhibited a consistent improvement in the out-
comes compared to other nanocomposites. Additionally, an 
increase in the wavenumber, as depicted in Fig. 8, further 
supported these findings. At a wavelength of 780 nm, the 
findings demonstrated significant increases in the extinction 
coefficient by 668%, 970%, and 1680% as the concentrations 
of  (SiO2-CuO) NPs in the nanocomposites increased by 2 
wt.%, 4 wt.%, and 6 wt.%, respectively [49].

Figure 9 illustrates the relationships between the refrac-
tive index and the wavelength for polymer nanocomposite 

Fig. 6  Difference of (αhυ)1/2 for (PVA/SiO2-CuO) NCs with photon 
energy

Table 2  Values of energy gap for indirect transitions (forbidden and 
allowed) in the (PVA/SiO2-CuO) nanocomposites

Con. of  (SiO2-CuO) 
nanoparticles wt.%

Indirect energy gap 
(allowed) eV

Indirect energy 
gap (forbidden) 
eV

0 4.40 3.73
2 2.81 1.35
4 2.72 1.26
6 2.31 1.05

Fig. 7  Difference of (αhυ)1/3 of (PVA/SiO2-CuO) NCs with photon 
energy



1414 Silicon (2024) 16:1407–1419

1 3

films consisting of PVA/SiO2-CuO. The data demonstrate 
that the values of n exhibit an upward trend with the increas-
ing concentration of  SiO2-CuO nanoparticles. The high den-
sity observed in the nanocomposites can be attributed to 
the close packing of  SiO2-CuO nanoparticles. The refrac-
tive index of pure polyvinyl alcohol (PVA) experiences an 
increase from 1.37 to 2.75 upon the introduction of 6 weight 
per cent of silicon dioxide-copper oxide  (SiO2-CuO) nano-
particles into the PVA matrix. Figure 9 illustrates a notable 
decline in the refractive index as the wavelength in the vis-
ible region increases until it reaches a wavelength of 360 nm. 
Following this, the refractive index exhibits a very stable 
value within the 360 to 780 nm wavelength range. The link 
seen between the refractive index and the concentration of 

 SiO2-CuO nanoparticles can be explained by the interac-
tion between incident light and the polymer matrix that 
encompasses these nanoparticles. This interaction results in 
an elevated level of light refraction, augmenting the films' 
refractive properties [50].

Real dielectric constant ε1 presented how much the speed 
of light was slowed down in the material, which is consid-
ered a measure of the polarity of a material. In contrast, 
imaginary dielectric constant ε2 demonstrated the dielec-
tric absorb energy by the electric field through the dipole 
motion [51]. Figures 10 and 11 illustrated the variation of 
real ε1 and imaginary ε2 parts of the dielectric constant for 
pure polymer and its nanocomposite films with different 
ratios of  SiO2-CuO NPs as a function of wavelength. It can 
be observed that there is an increase in the values of ε1 at 
low photonic energies followed by an apparent decrease in 
the higher energies for all nanocomposite films. The rise in 
the dielectric constant of polymers signifies a proportional 
augmentation in the charges present within the polymer 
materials [50]. The relationship between the real part of 
the dielectric constant and the refractive index is believed 
to be influenced by the small magnitude of the extinction 
coefficient. The empirical evidence indicates that there is a 
positive correlation between the concentrations of  SiO2-CuO 
nanoparticles and the observed increase in the real dielectric 
constant. The observed behavior of the imaginary dielectric 
constant, both before and after the addition, exhibits simi-
larities to that of the real dielectric constant. However, it is 
essential to note that the value of the imaginary dielectric 
constant is comparatively lower, as depicted in Fig. 11. The 
correlation between the imaginary component of the dielec-
tric constant and the extinction coefficient is of significant 

Fig. 8  Difference of extinction coefficient for (PVA/SiO2-CuO) NCs 
with wavelength

Fig. 9  Refractive index for (PVA/SiO2-CuO) NCs as a function of 
wavelength

Fig. 10  The real dielectric constant (ε1) as a function of incident 
wavelength for (PVA/SiO2-CuO) NCs
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significance, particularly within the visible and near-infrared 
spectrums. In the context of this specific regime, it is evident 
that the refractive index exhibits a consistent and unchanging 
value, while the extinction coefficient exhibits an increasing 
trend with the increment in wavelength [52].

Figure 12 illustrates the correlation between optical con-
ductivity and wavelength in nanocomposites composed of 
polyvinyl alcohol (PVA) and silicon dioxide-copper oxide 
 (SiO2-CuO). The optical conductivity of nanocomposites 
demonstrates a decline in magnitude with increasing wave-
lengths of light. The correlation between the optical con-
ductivity and the wavelength of the incident radiation in the 
nanocomposite samples can explain the observed effect. The 
heightened optical conductivity found at shorter photon wave-
lengths can be attributed to the amplified absorbance of nano-
composites within that particular spectral region. An increase 
in the link between the concentration of nanoparticles and 
the optical conductivity of nanocomposites has been found. 
The behavior above can be attributed to localized energy 
levels within the energy gap, resulting in heightened absorp-
tion coefficients and optical conductivity [53]. Table 3 shows 
comparison the optical properties values with previous works.

3.4  Application of (PVA/SiO2‑CuO) NCs for Gamma 
Ray Shielding

Figure  13 illustrates the oscillations of (N/N0) in pure 
PVA with different concentrations of  (SiO2-CuO) nano-
particles. The attenuation of radiation increases due to the 
rise in concentrations of  (SiO2-CuO) nanoparticles, lead-
ing to a decrease in transmission radiation [58]. Figure 14 
shows increasing Ln (N/No) of pure PVA with increases in 
 (SiO2-CuO) NPs concentrations. The values obtained are 
presented in Table 4.

The graphical representation in Fig. 15 depicts the fluctua-
tion in attenuation coefficients of gamma radiation concern-
ing the concentrations of  (SiO2-CuO) nanoparticles in a pure 
PVA. As documented in the reference, the escalation observed 
in attenuation coefficients with increasing nanoparticle con-
centrations can be attributed to the nanocomposite shielding 
materials' absorption or reflection of gamma radiation. Upon 
comparison, the outcomes of polymer nanocomposites and 
concrete, as depicted in the figure below, exhibited a high 
degree of similarity. The composite polymer exhibited supe-
rior properties to concrete owing to its enhanced mobility, 
absence of electrical conductivity, and potential to impede the 
escape of neutrons [59]. Table 4 shows values of N/No, ln N/
No and μ for (PVA/SiO2-CuO) NCs.

Fig. 11  The imaginary dielectric constant (ε2) as a function of wave-
length for (PVA/SiO2-CuO) NCs

Fig. 12  Difference of optical conductivity of (PVA/SiO2-CuO) NCs 
with wavelength

Table 3  Shows comparison 
the experimental values of the 
optical properties of this work 
with other works

The optical properties This work Previous works

Indirect optical energy gap (allowed) eV 4.40 – 2.31 eV 3.9 – 2.3 eV [54]
Indirect optical energy gap (forbidden) eV 3.73 – 1.05 eV 3.8 – 1.13 eV [55]
Absorbance 0.05 – 2.7 1.1– 3 [56]
Refractive index 1.3 – 2.8 1.5 – 2.6 [55]
The real dielectric constant 1.8—8 1.5 – 7.6 [57]
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4  Conclusion

The current study involves the production of nanostructured 
films composed of polyvinyl alcohol (PVA) and a combi-
nation of silicon dioxide  (SiO2) and copper oxide (CuO) 
by the solution casting method. The investigation focused 
on analyzing the structural and optical characteristics of 
nanostructures composed of polyvinyl alcohol (PVA) and 
silicon dioxide-copper oxide  (SiO2-CuO). The utilization of 
nanostructures composed of polyvinyl alcohol (PVA) and 
silicon dioxide  (SiO2) with copper oxide (CuO) is prevalent 
in the field of optical nanodevices and gamma ray shielding. 
FTIR spectra indicate the presence of a physical interac-
tion between the pristine polymer and  (SiO2-CuO) nano-
particles. The optical microscope photos indicate that the 
dispersion of  (SiO2-CuO) additions exhibited homogeneity, 
and the nanoparticles formed a coherent network within the 
polymer blend. The augmentation in the concentration of 
nanoparticles comprising silicon dioxide and copper oxide 
 (SiO2-CuO) results in an elevation of both the absorbance 
and absorption coefficient of nanocomposites composed 
of polyvinyl alcohol and  SiO2-CuO (PVA/SiO2-CuO). The 
observed rise in the refractive index, extinction coefficient, 
dielectric constant (both real and imaginary), and optical 
conductivity is directly proportional to the concentration 
of  (SiO2-CuO). Incorporating a 6 wt.% concentration of 
 (SiO2-CuO), the nanofiller reduced the energy gap associ-
ated with both indirect transitions, whether allowed or for-
bidden. In particular, there was a drop in the energy gap for 
permissible transitions from 4.40 to 2.31 electron volts (eV), 
and the energy gap for impermissible transitions reduced 
from 3.73 to 1.05 eV.

Fig. 13  Variance of (N/No) for pure PVA with different concentra-
tions of  SiO2-CuO NPs

Fig. 14  Change of Ln(N/No) for pure PVA with different concentra-
tions of  SiO2-CuO nanoparticles

Table 4  Values of N/No, ln N/No, and μ for (PVA/SiO2-CuO) NCs

Con. of  (SiO2-CuO) nano-
particles wt.%

N/No ln N/No μ(cm−1)

0 0.79 0.22 0.027
2 0.75 0.28 0.029
4 0.71 0.33 0.033
6 0.67 0.39 0.066

Fig. 15  Variance of attenuation coefficients of gamma radiation for 
pure PVA with different concentrations of  SiO2-CuO nanoparticles
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Moreover, a higher  SiO2-CuO ratio leads to a reduc-
tion in transmittance. Finally, the attenuation coefficient 
rises for gamma radiation with increased concentration of 
 (SiO2-CuO) nanoparticles. The study's findings indicate 
that the (PVA/SiO2-CuO) nanocomposite, when used as a 
lead-free material, has favorable shielding properties against 
gamma rays; this suggests that it has the potential to serve 
as a viable alternative to conventional radiation shielding 
materials in the field of nuclear medicine. The sample with a 
concentration of 6% exhibited a higher level of performance 
in comparison to the remaining samples; this is supported by 
the observed attenuation coefficient, which exhibited a 133% 
increase compared to the attenuation coefficient of the pure 
sample. Furthermore, the sample possesses an impressive 
bandgap, rendering it appropriate for use in various elec-
tronic devices.
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