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Abstract
Herein, nanocomposite films based on polyvinyl butyral (PVB) and BiVO4 plates were 
synthesized through solution casting. The present study aims to investigate the impact of 
varying doses of gamma irradiation (0, 15, 30, 60, and 90 kGy) on the structural, disper-
sion, linear/nonlinear optical, and optoelectrical properties of PVB/BiVO4 nanocomposite 
films. The effects of gamma irradiation on various optical characteristics, such as refrac-
tive index (n), extinction coefficient (k), and other related parameters, have been observed. 
The study of dielectric behavior and the derivation of optoelectrical parameters, including 
high-frequency dielectric constant (ε∞), plasma frequency (ωP), relaxation time (τ), and 
optical mobility (µopt.), were conducted using the real and imaginary parts of the dielec-
tric constants εr and εi. In addition, the linear optical susceptibility (χ(1)), the third-order 
nonlinear optical susceptibility (χ(3)), and the nonlinear refractive index (n2) were studied 
as a function of gamma irradiation doses. Furthermore, the results demonstrate that the 
average oscillator wavelength (λ0) values, oscillator strength (S0), and optical conductivity 
(σopt) vary significantly after gamma radiation treatment. Overall, the strong correlations 
between the linear/nonlinear optical and optoelectrical parameters of the irradiated PVB/
BiVO4 nanocomposite films make them suitable for application in flexible organic elec-
tronic devices.
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1  Introduction

Polyvinyl butyral (PVB) material has been thoroughly studied and frequently utilized 
due to its high durability, superior optical clarity, and facile adherence to varied surface 
characteristics (Ipakchi et al. 2020; Wen et al. 2019; Lei et al. 2019; Azad and Mohsennia 
2020). Recently, Lee et  al.(Lee et  al. 2019), have developed a composite material based 
on PVB and silver nanowires, which exhibit outstanding flexibility, mechanical strength, 
and smoothness. The purpose of this composite material is to increase the efficiency with 
which light can be extracted from flexible organic light-emitting diodes (OLEDs).

Composites based on polymers have been at the cutting edge of materials science 
research in recent years due to their distinct characteristics. As a result of their ability to 
modify their optical, electrical, and mechanical properties, they are promising candidates 
for various applications, including electronic devices, detectors, photovoltaic technology, 
lasers, and medical devices (Badawi et  al. 2019). Since the growth of optical material 
applications is still in the early stages of development, it is essential to produce new mate-
rials with enhanced properties (Beecroft and Ober 1997). Enhancing linear and nonlinear 
optical parameters (optical band gap, linear and nonlinear refractive index, and third-order 
nonlinear susceptibility) is the primary objective of evaluating organoelectronic materi-
als (Stepanov 2019; Soliman and Vshivkov 2019; Waszkowska et al. 2020). The nature of 
transitions between the highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) can be better understood by analyzing the absorption 
edge and refractive index (Ebnalwaled and Thabet 2016). These parameters can be opti-
mized by modifying the additives’ nature, size, and distribution within a polymer matrix 
(Stepanov 2019). The electrochemical characteristics of composites are influenced by the 
interactions between their organic and inorganic components. The potential concern of pol-
ymer chain diffusion into the host structure depends upon the chains’ length and the pores’ 
dimensions. The nanocomposites exhibit promising potential for implementation in optoe-
lectronic applications (Nguyen 2011). Numerous semiconducting materials exhibit promis-
ing potential for utilization in optoelectronics applications, including SnO/SnO2 (Siva et al. 
2021; Dhatarwal et al. 2020), ZnO (Choudhary 2018), Al2O3–SiO2(Dhatarwal and Sengwa 
2021), BaTiO3(Beena and Jayanna 2019), and SrTiO3(Taha and Alzara 2021). Among 
semiconductors, bismuth vanadate (BiVO4) is a semiconductor that is n-type, direct, and 
has  a narrow bandgap of 2.4 eV. This characteristic facilitates the absorption of visible 
light within the solar spectrum, which is important for photovoltaic conversion efficiency 
(Khan et al. 2017; Batool et al. 2021; Shao et al. 2022).

Upon ionization and excitation of the molecules within the polymer composite, the 
gamma radiation induces the breaking of the main bonds, cross-linking, chain scission, and 
the generation of free radicals within the polymer nanocomposite. This current approach 
for the growth of nanoparticles NPs is effective and eco-friendly, as it does not involve 
using  potentially dangerous substances, in contrast to chemical and physical strategies 
(Abdel Maksoud et al. 2023, 2022; Alshahrani et al. 2021a, 2021b; El- Mallah et al. 2020).

Herein, for the first time, the solid-state approach was utilized to synthesize BiVO4 
nanoparticles, which were then incorporated with polyvinyl butyral (PVB) to develop a 
PVB/BiVO4 (PVB/BVO) nanocomposite film. This study describes the fabrication of 
PVB/BVO nanocomposite films using the solution casting technique. The effect of varying 
doses of gamma irradiation (0, 15, 30, 60, and 90) kGy on the structural, linear/nonlinear 
optical, dispersion,  and optoelectrical characteristics of PVB/BVO nanocomposite films 
was then investigated. The pristine and irradiated PVB/BVO nanocomposite films were 
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evaluated via multiple techniques for characterization, which involves energy-dispersive 
X-ray  spectroscopy  (EDX), X-ray powder diffraction (XRD), Fourier transform-infrared 
spectroscopy (FT-IR), scanning electron microscopy (SEM), high resolution -transmis-
sion electron microscopy (HR-TEM), and ultra-violet/visible/near-infrared spectroscopy 
(UV–VIS–NIR). The remarkable characteristics exhibited by the proposed PVB/BVO 
polymeric composite films make them highly suitable for various applications in organic 
electronics, cut-off lasers, and optoelectronics.

2 � Experimental

2.1 � Materials and methods

Polyvinyl butyral (PVB), a pure powder produced by Sigma-Aldrich, USA, is one of the 
components used in this investigation. Vanadate pentoxide (V2O5) and bismuth oxide 
(Bi2O3) were purchased from Alfa-Aesar; tetrahydrofuran (THF, AR) and dioctyl phthalate 
(DOP, AR) were acquired from Nanjing Chemical Reagent Co., Ltd., Nanjing, China.

For pure BVO NPs, the present investigation successfully synthesized BVO using a 
solid-state reaction method. Bi2O3 and V2O5 were each weighted at a molar ratio 1:1 (Bi: 
V) as stoichiometric sources of Bi and V. The precursors were manually combined with a 
pestle and mortar to obtain a uniform composition and then ball milled for one hour. The 
resulting mixtures were calcined for four hours at 700 °C.

For the manufacture of the polymeric films, a polymer solution of 18% pure PVB was 
obtained by dissolving the required weight of PVB in THF; 2 ml of DOP was added as a 
plasticizer, and then the solution was magnetically stirred overnight at ambient temper-
ature to produce a homogeneous solution. After that, BVO powder was dispersed in the 
prepared PVB solution at a concentration of 6 phr (hundred parts of resin), and the solu-
tion was agitated for 2 h at 60 °C using an ultrasound sonicator. Eventually, the resulting 
solutions were poured onto substrates made of glass utilizing an automatic film applicator 
apparatus. The polymeric film was allowed 48 h for drying at ambient temperature in a 
dark area. It was found that the average thickness of the dried coatings was approximately 
100 µm. At the National Center for Radiation Research and Technology (NCRRT), Egyp-
tian Atomic Energy Authority (EAEA), the PVB/BVO composite films were gamma-irra-
diated at various dosages (0, 15, 30, 60, and 90  kGy) using Co-60 γ-cell (Gamma Cell 
220 Excel, MDS Nordion, Canada) at a dose rate of 0.8 kGy/h (Bekhit et al. 2021; Abdel 
Maksoud et al. 2021).

2.2 � Characterization

The characterization of non-irradiated and irradiated PVB/BVO nanocomposite films has 
been conducted using various analytical tools. X-ray diffraction (XRD) techniques were 
utilized to evaluate the material’s structural characteristics, utilizing a Shimadzu 6000 
diffractometer configured in the Bragg–Brentano geometry. The conventional approach 
employed was the θ/2θ scanning technique. The radiation wavelength utilized is that of the 
CuKα line, which measures 0.15406 nm. The FTIR spectrometer (Nicolet iS10, USA) was 
utilized to evaluate the functional groups and complex formations of the PVB/BVO nano-
composite at various gamma doses. The measurements were taken within the wavenum-
ber range of 4000–400 cm−1. The examination of the size and shape of the BVO powder 
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produced was conducted through the utilization of a transmission electron microscope 
(TEM; JEM 2100, Jeol). The prepared BVO morphology was analyzed through a scan-
ning electron microscope (SEM) with an accelerating voltage of 220 kV, JEOL JTEM-
1230 model. Energy-dispersive X-ray spectroscopy (EDX) was conducted to illustrate the 
elemental composition and mapping images. The optical characteristics of the PVB/BVO 
nanocomposite films were evaluated through the determination of their absorption (Abs.), 
transmittance (T), and reflectance (R) using a UV-Visible-NIR spectrophotometer (JASCO 
V-570) with a wavelength range of 190–2500 nm.

3 � Results and discussions

3.1 � Structural studies

Figure 1 displays the EDX spectrum and elemental composition of BVO powder. The com-
position of the BVO powder is comprised of the chemical elements bismuth (Bi), vana-
dium (V), and oxygen (O). The non-existence of any foreign elements indicates the BVO 
sample’s purity.

Figure 2(a,b) illustrates the SEM micrographs of the BiVO4 powder sample. The mor-
phology of BiVO4 particles in their pure form exhibits a consistent plate-like structure, as 
depicted in Fig. 2(a, b). The grains are composed of large plates with an aggregated nature. 
Further, the microstructure features of the BiVO4 powder have been obtained and exam-
ined using TEM and HR-TEM procedures to allow for a more comprehensive examination 
of their microscopic morphology. The transmission images in Fig. 2(c–d) reveals that the 
BiVO4 powder has regular plate-like morphologies compatible with SEM investigations. 
Furthermore, the HR-TEM image allows for a detailed view of the surface of the magnified 
crystal grain, with a measured interplanar spacing of 0.310 nm, as depicted in Fig. 2(e). 
The resultant findings align perfectly with the interplanar distance of the (121)  crystal 
plane, as stated in the BiVO4 (JCPDS No. 14–0688)(Chen et al. 2019). Additional details 
regarding BiVO4 powder were identified using selected area electron diffraction (SAED) 
ring patterns, as depicted in Fig.  2(f). The SAED rings corresponded to the planes of 
BiVO4, which are a perfect fit for the phase structure of BiVO4.

The X-ray diffraction (XRD) patterns of the pure PVB and BiVO4 powder samples are 
depicted in Fig. 3(a). Notably, the formation of the amorphous structure of PVB is indi-
cated by the broad diffraction peak ranging from 2θ = 5 to 25° (Maksoud et al. 2021; Lei 
et al. 2018). Further, the XRD pattern of BiVO4 powder showed a single monoclinic phase 
(JCPDS card No. 14-0688) (Dabodiya et al. 2019; Guo et al. 2016). Besides, small peaks 
at 2θ =27.21°and 32.91° may be attributed to Bi2O3 as a residual of the synthesis process 
(Maksoud et  al. 2021; Kassem et  al. 2023). The crystallite size D of BVO powder was 
evaluated using the well-known Scherer equation(Holzwarth and Gibson 2011):

where 0.15406 nm is the wavelength (λ) of the used Cu Kα radiation. The calculated D of 
BVO powder was found to be 30.68 nm.

The presence of a butyral ring (C–O–C) in the PVB structure was verified through 
analysis of the FT-IR spectrum of the pure PVB film, which was conducted within the 
4000–400 cm-1 range (Fig. 3(b)). The band observed at 3476 cm−1 in the FTIR spectrum 

(1)D =
0.9 x 0.15406 (nm)

� cos (�)
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corresponds to the O–H stretching. The bands noticed at 2945 and 2865 cm-1 correspond 
to aliphatic C–H stretching. The band noted at 1736 cm−1 corresponds to the C=O car-
bonyl group. The bands observed at 1429 and 1378 correspond to the bending of CH2 and 
CH3, respectively. The FTIR band watched at 1105 cm−1 is attributed to C–O–C stretching. 

Fig. 1   EDX and elemental mapping images of BiVO4 powder
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Fig. 2   a and b SEM, c & d TEM, e HR-TEM and f SAED images of BiVO4 powder
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Furthermore, a band is noticed at a wavenumber of 993 cm-1 which can be attributed to the 
stretching of the C–O bond (Hajian et  al. 2012; Mohammadian-Kohol et  al. 2016). The 
purity of the produced material was validated by the FTIR spectrum of BiVO4 powder, as 
shown in Fig. 3(b). A relatively small absorption band at 464 cm−1 attributable to the sym-
metric bending of VO4

−3 was also seen in the visible range, which matches the previously 
stated (Pookmanee et al. 2013). Also, the band at 616 cm−1 is attributed to Bi-O (Pookma-
nee et al. 2014; García-Pérez et al. 2012).

Fig.  4(a) depicts the XRD patterns of unirradiated and γ-irradiated PVB/BVO nano-
composite films. The presented figure demonstrates a correlation between the intensity of 
XRD peaks and the dosage of gamma rays. The intensity increases to a maximum value 
at 60 kGy. The evident phenomenon can be ascribed to the ionizing influence of gamma 
radiation, which reduces the intermolecular tension in the disordered regions, thus enhanc-
ing the polymer chains’ mobility. This process enables the rearrangement of specific 
molecules.

Furthermore, exposure to γ radiation doses up to 90 kGy induces cross-linking, 
strengthening the bonds between BiVO4 nanoparticles and the PVB polymer and disrupt-
ing the ordered regions within the nanocomposite (Nouh and Benthami 2019; Alhazime 

Fig. 3   a XRD patterns and b FTIR spectra of pure PVB and BiVO4 powder

Fig. 4   a XRD patterns and b FTIR spectra of unirradiated and γ-irradiated PVB/BVO nanocomposite films
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et al. 2021, 2020). This trend was observed in numerous studies (Alshahrani et al. 2021a, 
2021b, Nouh and Benthami 2019; Alhazime et al. 2021, 2020). Whereas Alhazime et al. 
(Alhazime et al. 2020) have synthesized polyvinyl alcohol polyethylene glycol (PVA-PEG) 
film doped with Co3O4 NPs, and the film is exposed to γ-rays at a dosage range of 20–230 
kGy. They observed the degradation of the composite upon exposure to γ-rays at a dose 
range of 20–60 kGy. Besides, they reported that cross-linking the series of irradiated films 
was observed within a range of gamma-ray doses from 60 to 180 kGy. Additionally, the 
intensity rises again at 180 kGy and up to 230 kGy due to degradation.

The effects of gamma radiation on the structural properties of PVB/ BiVO4 nanocom-
posite films have been demonstrated through FTIR spectroscopy. The induced modifica-
tions were assessed by examining the changes in band intensity associated with each func-
tional group. The absorbance values of the un-irradiated and irradiated films are presented 
in Fig.  4(b). Un-irradiated PVB/BiVO4 nanocomposite film displayed FTIR bands cor-
responding to pure PVB polymer and those related to the BiVO4 nanofiller. The spectral 
analysis of PVB/BiVO4 nanocomposite film (0 kGy), depicted in Fig. 4(b), reveals signifi-
cant alterations and impacts on the functional groups within the PVB matrix upon incorpo-
rating BiVO4 NPs. The addition of BiVO4 NPs reduces the hydroxyl group’s intensity and 
broadness. The spectral features of CH2 stretching vibration at 1435 cm−1 and the C–O–C 
group at 1099 cm−1 increase their broadness after filling BiVO4 NPs, accompanied by a 
corresponding reduction in their intensity. This implies a strong  interaction between the 
PVB matrix and BiVO4 NPs (Abdelghany et al. 2016). As the γ-irradiation dose rises from 
15 to 60 kGy, the strength of the CH2 stretching band expands, but its broadness reduces, 
while the intensity of absorption bands in the 1500–800 cm-1 area declines significantly. 
However, with less distortion, the shape of the carbonyl group appears more ordered. 
This indicates that structural rearrangements in the chain of PVB/BiVO4 nanocomposite 
films exist in this dose rate area, as validated by XRD measurements. Upon exposure to 
incremental γ-irradiation up to 90 kGy, a reduction in the intensity and broadness of the 
hydroxyl group was observed. The spectral bands associated with aliphatic C–H stretching 
exhibit variability in response to changes in gamma radiation doses. The observed  trend 
can be attributed to the rearrangement and cross-linking processes induced by exposure 
to significant doses of radiation, leading to noticeable changes in the amorphous regions 
within the PVB polymeric matrix (Alhazime et al. 2020; Abdelghany et al. 2016).

3.2 � Linear optical properties of pristine and 
‑irradiated PVB/BVO nanocomposite 
films

3.2.1 � Spectral behavior of the transmittance (T)

Investigating materials’ optical characteristics and establishing their optical constants 
is essential to know the electrical and band structures for developing optoelectronic 
devices. Figure 5 displays the transmittance, T (λ), of the PVB/BVO nanocomposite films 
before and after treatment with γ-rays as a function of wavelength in the range (190–2500) 
nm. Furthermore, the non-irradiated and γ-rays-treated PVB/BVO nanocomposite films 
demonstrate an absorption peak at nearly 201 nm and an absorption band at 271 nm. The 
observed bands are suggestive of the host polymer electronic transitions of π → π* and 
n → π*, respectively (Badawi et al. 2022; Alharthi and Badawi 2022). Based on the results 
presented in Fig. 5, it can be observed that the transmittance T (λ) altered as a consequence 
of the gamma radiation treatment process.
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Additionally, there is a redshift  towards longer wavelengths as the gamma radiation 
dose increases from 15 to 90 kGy. The observed shift in transmittance indicates a related 
reduction in the optical bandgap of the composite films, which can be attributed to the 
γ-radiation treatment. Furthermore, distinct redshifts are observed in the cut-off edges of 
the γ-radiation treated PVB/BVO nanocomposite films compared to the untreated compos-
ite film with γ-radiation. The wide range observed in the shift of the transmittance and cut-
off edges of the prepared PVB/BVO nanocomposite films suggests their potential uses for 
optical devices (Alshahrani et al. 2021a, 2021b; Alharthi and Badawi 2022).

3.2.2 � Optical energy gap and Urbach tail

The assessment of the energy gap, Eg, is an essential variable for solid materials in the 
context of optoelectronic devices and the design of novel solar cells. The estimation of the 
absorption coefficient (α) for PVB/BVO nanocomposite films can be achieved through the 
utilization of measured values of transmittance (T) and reflectance (R) within the wave-
length range of 190–2500 nm for both pristine and γ-irradiated PVB/BVO nanocomposite 
films. This calculation can be performed using an equation as follows (Sell et al. 1974).

The linear and nonlinear optical characteristics of the PVB/BVO nanocomposite films 
were determined based on measurements of transmittance T(λ) and absorbance A(λ). The 
direct and indirect optical bandgap (Eg) of the PVB/BVO nanocomposite films, both pris-
tine and irradiated, have been assessed using Tauc’s relation (Krumhansl 1957).

As mentioned earlier,  the equation involves a constant denoted as B, the optical 
absorption represented by α, and the energy of the incident photons indicated as hυ. The 
t parameter is associated with the electronic transition type noticed in the PVB/BVO 
nanocomposite films. The permissible direct transitions are characterized by a value of 

(2)� =
�
1

d

�
ln

⎛⎜⎜⎝
(1 − R)2

2T
+

�
(1 − R)4

4T2
+ R2

⎞⎟⎟⎠
,

(3)�h� = B(h� − Eg)
t

Fig. 5   The transmittance T (λ) 
of unirradiated and γ-irradiated 
PVB/BVO nanocomposite films
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1/2 for t, while the acceptable indirect transitions are marked by 2 for t. The direct (Eg) 
energy gap values of PVB/BVO nanocomposite films were estimated from Fig.  6 by 
extrapolating the line slice until the absorption reached zero on the y-axis. The findings 
of the optical band gap in the current study have been assembled in Table 1, revealing 
a discernible trend in the behavior of Eg. Specifically, it is observed that Eg decreases 
from 5.33 to 4.47 eV as the gamma radiation dose increases from 0 to 60 kGy. Subse-
quently, Eg increases at a gamma ray dose of 90 kGy to reach 4.67 eV. The decrease 
in the energy bandgap (Eg) can be attributed to the impact of gamma radiation on the 
chemical bonding configuration between PVB chains and BiVO4 NPs. This effect is 
significant enough to generate localized states within the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) band edges, which 
reduces the accessibility of energy transitions (Devi et al. 2002; Zidan 2003). Thus, in 
the current instance, the strengthened conjugation between BiVO4 NPs and unsaturated 
bonds of PVB (as evidenced by the FTIR analysis) leads to a significant decrease in the 
energy gap due to gamma irradiation (Eisa et al. 2011; Bhat et al. 2005). The extraor-
dinary improvement in the optical band gap value of PVB/BVO nanocomposite film at 
90 kGy suggests that gamma radiation causes cross-linking of the PVB/BVO nanocom-
posite film; this type of behavior was additionally apparent in XRD patterns (Nouh et al. 
2018). 

The relationship between the optical energy gap (Eg) values and the number of car-
bon atoms per cluster (N) in the PVB/BVO nanocomposite films can be established as 
follows (Fink et al. 1995; Reheem et al. 2016):

Fig. 6   (αhν)2 versus hν of unir-
radiated and γ-irradiated PVB/
BVO nanocomposite films

Table 1   The optical parameters 
of unirradiated and γ-irradiated 
PVB/BiVO4 nanocomposite films

Sample Eg (eV) N EU (eV)

0 kGy 5.33 41.41 2.62
15 kGy 4.94 48.20 2.62
30 kGy 4.83 50.43 3.32
60 kGy 4.47 58.88 4.07
90 kGy 4.67 53.94 3.00
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As shown in Table 1, as the optical band gap decreases, the number of carbon atoms in 
each cluster (N) grows according to rising gamma irradiation.

The absorption coefficient curve exhibits an exponential section called the Urbach tail 
close to the optical band edge. The PVB/BVO nanocomposite films’ exponential depend-
ency on photon energy (hυ) suggests that they obey Urbach’s equation.

The present study investigated the defects generated in PVB/BVO nanocomposite films 
as a result of the irradiation process via a focus on the Urbach energy (EU) (Urbach 1953):

The natural logarithm of the absorption coefficient (ln α) has been plotted as a function 
of photon energy hυ for the examined PVB/BVO nanocomposite films to demonstrate this 
dependency, as can be seen in Fig. 7. Table 1 shows Urbach’s energy (EU) computed and 
listed values. This data demonstrates that Eu increases from 2.62 eV for the pristine PVB/
BVO nanocomposite film to 4.07 eV for the irradiated PVB/BVO nanocomposite film with 
60 kGy. The irradiation via gamma rays boosts the number of traps in PVB/BVO nanocom-
posite films, which causes fewer efficient energy transitions and an associated decrease in 
the optical energy gap (El-Malawy et al. 2021). In other words, the considerable variation 
in the band gap can be attributed to forming more free radicals and active products as a 
direct result of the interaction of energetic photons with the composite network forming 
scission and cross-linking. Furthermore, a significant reduction in Urbach’s energy (EU) 
was noticed at a dose of 90 kGy (3.00 eV) which can be attributed to the cross-linking pro-
cess (Alhazime et al. 2021).

3.2.3 � Refractive index and extinction coefficient

The refractive index (n) is a crucial parameter in optical physics that describes the elec-
tronic polarization of ions in a substance. It plays a significant role in developing spectral 
dispersion tools and optical communication (Li et al. 2022).

(4)Eg =
34.3√
N

(5)� = �
0
exp

(
h�∕E

U

)

Fig. 7   ln (α) vs. photon energy 
for unirradiated and γ-irradiated 
PVB/BVO nanocomposite 
films under different doses of 
γ-rays irradiation
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In this research, we derived the refractive index (n) and the extinction coefficient (k) 
from the references stated in (Sell et al. 1974; Taha 2019; Reyes-Coronado et al. 2018; 
Lee et al. 2003; Zeyada et al. 2012; El-Ghamaz et al. 2017):

Figure 8 illustrates the variation in n throughout different sets of λ for all PVB/BVO 
nanocomposite samples. The dispersion relation revealed a gradual decrease in the 
value of n as λ and gamma-ray doses increased, which can be attributed to internal mod-
ifications to the structure and inter-atomic forces (Abdelghany et al. 2016). The highest 
refractive index of the pristine PVB/BVO nanocomposite film is 2.02, which is greater 
than the published value for 6wt% B2O3@BaZrO3 ions doped PVB (Maksoud et  al. 
2021). A high refractive index value suggests that the film is dense, causing a decline 
in inter-atomic space. Upon exposure to gamma-irradiation at a dosage of 60 kGy, the 
polymeric matrix of the PVB/BVO nanocomposite film undergoes structural rearrange-
ment, resulting in a reduction in the total amount of non-bridging oxygen (NBO) bonds 
due to the degradation process. In addition, exposing the PVB/BVO nanocomposite 
films to high doses of gamma irradiation (specifically, at 90 kGy) has been observed to 
improve the number of inter-chain interactions. This leads to alterations in the distribu-
tion of molecular weight and packing density, subsequently increasing the value of n as 
the irradiation dose is increased(Abdelghany et al. 2016).

Once gamma-irradiation doses grow, the extinction coefficient (k) improves, then 
decreases in the case of 90 kGy, as seen in Fig.  9. Furthermore, chain scission and 
cross-linking may cause changes in chain rearrangement, which can lead to significant 
changes in the extinction coefficient (k).

(6)n =
1 + R

1 − R
+

√
4R

(1 − R)2
− k2

(7)k =
��

4�

Fig. 8   The refractive index (n) 
vs. wavelength (λ) for unirradi-
ated and γ-irradiated PVB/BVO 
nanocomposite films under dif-
ferent doses of γ-rays irradiation
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3.2.4 � Dispersion constants and the dielectric constants

The Wemple and DiDomenico relationship can be utilized to express the oscillator energy 
(Eo) and dispersion energy (Ed) of the PVB/BVO nanocomposite films by adopting the sin-
gle oscillator model (Wemple and DiDomenico 1971).

The meaning of oscillator energy Eo is related to the average excitation energy required 
to cause electronic transitions. In contrast, the dispersion energy, denoted by the Ed, is 
related to the strength of the interband transitions in the optical spectrum and corresponds 
with many aspects of the ordered structure of the material, in addition to the effective oscil-
lator energy (Taha 2019). Both unirradiated and irradiated PVB/BVO nanocomposite films 
were measured for their oscillator energy Eo and their dispersion energy Ed under different 
doses of γ-rays irradiation can potentially be estimated from the intersection and slope of 

(8)
1

n2 − 1
=

Eo

Ed

−
1

EoEd

(��)2

Fig. 9   The relation between the 
k coefficient against hυ for unir-
radiated and γ-irradiated PVB/
BVO nanocomposite films under 
different doses of γ-rays irradia-
tion

Fig. 10   (n2−1)−1 against (hν)2 
graphs of PVB/BVO nanocom-
posite films
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the smoothly fitted lines over a plot of 1/(n2-1) against (hυ)2, as illustrated in Fig. 10 and 
displayed in Table 2.

The formula for calculating the static refractive index n0, which pertains to hυ = zero, is 
determined using the following equation(Taha 2019).

The computation of the static dielectric constant can be determined by utilizing the 
static refractive index, which is expressed as εs = no

2 (Alshahrani et al. 2021b). In addition, 
the values of E0 and Ed are shown in Table 2, along with the definition of optical oscillator 
strengths (f) for optical transitions based on the absorbed energy of a photon through the 
electron between the initial and final states. This absorption of a photon has a relationship 
with E0 and Ed, and it may be stated as f = EoEd (Taha 2019). Upon irradiation with gamma 
rays, the oscillator and the dispersion energy both increased, matching the behavior of the 
optical parameters. This typically indicates that defects are dispersed throughout the PVB 
matrix due to gamma rays altering the electrical structure of the PVB composite molecule.

The dielectric constant plays a crucial role in establishing the relationship between the 
electron transitions occurring between bands in materials and their fundamental structural 
characteristics (Emara et al. 2019). The nonlinear optical properties of materials are influ-
enced by the dielectric constant, which is responsible for the polarizability of the mate-
rial (Sahoo and Naik 2022). The dielectric constants can be determined using the absolute 
magnitudes of the refractive and extinction coefficients. Using the following equations, the 
real part of the dielectric constant, εr, and the imaginary portion of the dielectric constant, 
εi, can be derived (Reyes-Coronado et al. 2018; Lee et al. 2003).

The present study displays the values of the dielectric constants (εr & εi) of PVB/BVO 
nanocomposite films before and after exposure to γ-irradiation as a function of photon 
energy hυ, as shown in Fig. 11(a,b). We observed that as γ-rays energy increased, the real 
dielectric constant (εr) decreased while the imaginary dielectric constant (εi) increased. 
In addition, the response of these constants changes when the gamma radiation reaches 
90 kGy. This phenomenon can be attributed to the degradation and cross-linking mecha-
nisms that were previously discussed (Alshahrani et al. 2021b).

The high-frequency dielectric constant ε∞ can be identified by evaluating the real part 
of the dielectric constant εr, as expressed by the following equation (Palik 1985; Aly 2023):

(9)no =

√
1 +

Ed

E
0

(10)�
r
= n

2 − k
2
, �

i
= 2nk

Table 2   Values of dispersion parameters and dielectric constants for unirradiated and γ-irradiated PVB/
BVO nanocomposite films

Sample E0 (eV) Ed (eV) no f (eV)2 εs N/m* × 1055 
(Kg−1 m−3)

ε∞

0 kGy 3.6834 3.0593 1.3530 11.2689 1.8306 1.6173 1.908
15 kGy 3.6899 3.3212 1.3784 12.2549 1.9001 1.9805 1.990
30 kGy 4.1981 3.8657 1.3859 16.2285 1.9208 1.4099 1.987
60 kGy 4.1235 3.4506 1.3553 14.2288 1.8368 1.3866 1.901
90 kGy 4.1122 3.8253 1.3893 15.7307 1.9302 1.4369 2.000
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The above formula involves various physical parameters such as the charge of the elec-
tron denoted by ’e’, the free charge-carrier concentration represented by ’N’, the permittiv-
ity of the free space denoted by ’ε0’, the effective mass of the charge carriers in kilograms 
represented by ’m*’, and the velocity of light in vacuum represented by ’c’.

The values of the high-frequency dielectric constant ε∞ and the ratio of the concentra-
tion of free carrier ions to the effective mass (N/m*) can be driven through computation of 
the intercept and slope of the linear part in the plots of εr versus λ2, as depicted in Fig. 12 
and the values are listed in Table 2. It can be observed that exposure to gamma radiation 
has a significant impact on the ratio (N/m*) and the high-frequency dielectric constant ε∞.

Oscillator strength is a dimensionless variable used in spectroscopy to represent the prob-
ability of electromagnetic radiation absorption or emission during transitions between atomic 
or molecular energy levels. The single oscillator model can be utilized to derive the aver-
age oscillator wavelength (λ0), oscillator strength (S0), and the refractive index at elongated 

(11)n2 − k2 = �
∞
−

(
e2

4�2�
0
c2

)(
N

m∗

)
�2

Fig. 11   a real part and b imaginary part of the dielectric constant for unirradiated and γ-irradiated PVB/
BVO nanocomposite films

Fig. 12   The relation between 
(n2−k2) and λ2 for unirradiated 
and γ-irradiated PVB/BVO nano-
composite films
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wavelength (n∞) parameters of PVB/BVO nanocomposite films. This can be achieved through 
linear regression of (n2-1)−1 against λ−2, as illustrated in Fig. 13 (Taha 2019).

Table 3 presents the λ0 and S0 values. The results indicate a notable variation in both λ0 and 
S0 parameters after that gamma exposure to radiation.

3.3 � Nonlinear optical properties

Organic nonlinear optical (NLO) materials have garnered a great deal of research atten-
tion due to the enormous potential they have for a wide range of uses, including developing 
cutting-edge, optoelectronic devices, on-chip optical communication, microlasers, illumina-
tion, displaying, and biological sensing (Tian et al. 2023). The phenomenon of nonlinearity 
appears in the system when it is subjected to an energy of significant intensity, resulting in a 
modification of its inherent characteristics. Nonlinear optics refers to the optical response of a 
material to properties, including the phase or path of light that penetrates it, polarization, and 
frequency (Alosabi et al. 2023).

The linear optical susceptibility, χ(1), third-order nonlinear optical susceptibility, χ(3), and 
nonlinear refractive index, n2, of PVB/BVO nanocomposite films is a prerequisite for their 
multiple uses, including capacity for communication. Consequently, the present study con-
centrates on determining the relationships between χ(3) and interband transitions, as well as 
a numerical formula for deriving the third-order susceptibility of the films as a function of 
gamma dosages. The following equations have been applied for the computation of the non-
linear optical parameters for PVB/BVO nanocomposite films (Taha 2019; Frumar et al. 2003; 
Ticha and Tichy 2002a):

(12)
1

n2 − 1
=

(
1

SO�
2

0

)
−

(
1

S
0

)
�
−2

(13)n2
∞
− 1 = SO�

2

0

(14)� (1) = Ed∕4�E0

Fig. 13   The relation between 
(n2−1)−1 and λ−2 for unirradi-
ated and γ-irradiated PVB/BVO 
nanocomposite films
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Notably,  the optical nonlinearity of an optical material occurs during the polarization 
process upon exposure to an electric field. The results indicate that the values of χ(1), χ(3), 
and nonlinear refractive index (n2) exhibited an increase with increasing gamma doses, as 
illustrated in Table 3. It can be seen that the χ(1) increases from 0.0661 to 0.0740, and χ(3) 
rises from 3.2455 to 5.1068 × 10–15 esu with increasing gamma radiation doses. While the 
n2 enhanced from 90.467 to 138.628 × 10–15 esu. In another study (Badawi et  al. 2022) 
has examined the effect of gamma irradiation on the structural, linear, and nonlinear opti-
cal characteristics of a PVA/graphene composite containing lead oxide. It is found that the 
χ(1) increases from 0.19 to 0.45 and χ(3) rises from 2.25 to 6.76 × 10–12 esu esu as a result 
of the increase in γ-irradiation. The value of n2 rises from 5.21 to 9.95 × 10–11 esu as the 
γ-irradiation dose is increased from 0 to 250 kGy.

3.4 � Opto‑electrical properties

The Drude model has developed relationships between the imaginary and real parts of 
the dielectric constants, facilitating the computation of several optoelectrical parameters, 
including relaxation time, τ, the plasma frequency, ωp, optical mobility µopt., and optical 
resistivity ρopt.

The relationship between the real part of the dielectric constant, εr, the high-fre-
quency  dielectric constant, ε∞,  and the plasma frequency, ωp, is represented as follows 
(Abou Hussein et al. 2021; El-Bana and Fouad 2017):

Using the slopes of the plots between εr and 1/ω2 (see Fig.  14), the values of ωp are 
estimated for the studied compositions. The extracted values of ωp for the investigated 

(15)� (3) = 6.82 × 10
−15(Ed∕E0

)4

(16)n
2
= 12�� (3)∕n

0

(17)�r = �∞ −
�2

p

�2

Fig. 14   Variation of the real die-
lectric constant concerning 1/ω2 
for unirradiated and γ-irradiated 
PVB/BVO nanocomposite films



Gamma irradiation‑induced changes in structural,…

1 3

Page 19 of 24  1165

compositions are listed in Table 3, and it has been shown that gamma irradiation signifi-
cantly impacts the variation of ωp with increasing gamma dosages.

Additionally, the relaxation time, τ, can also be computed based on the relationship 
between the imaginary dielectric constant and wavelength utilizing the following formula 
(Aly 2023):

The reciprocal straight-line slope in the relation between εi and λ3 ( Fig. 15) can be used 
to estimate the relaxation time τ. The relaxation time values for the investigated composi-
tions are listed in Table 3. The relaxation time values ranged between 0.426 fS and 0.739 
fS as the γ–rays doses varied.

By employing the values of τ, the following relations were used for the calculation of 
optical mobility µopt (Ticha and Tichy 2002b; Saadeddin et al. 2007):

The optical mobility µopt decreased from 9.43 ×  10–3 C.S./kg for um-irradiated PVB/
BVO nanocomposite film to 7.51 ×  10–3 C.S./kg for irradiated PVB/BVO nanocomposite 
film at 60 kGy before increasing again to 9.11 ×  10–3 C.S./kg at 90 kGy.

Charge carriers, transported by the alternating electric field of the incoming electromag-
netic waves, are responsible for optical conductivity. Optical conductivity (σopt) is the main 
factor that elucidates the light response of a material (Taha 2019). The optical conductivity 
(σopt.) can be derived from the next relation (Sell et al. 1974; Taha 2019; Reyes-Coronado 
et al. 2018; Lee et al. 2003; Zeyada et al. 2012; El-Ghamaz et al. 2017):

C denotes the speed of light in a vacuum.
Figure 16 demonstrates a correlation between the optical conductivity (σopt) and pho-

ton energy of the PVB/BVO nanocomposite films. The optical conductivity increases  in 
response to alterations in gamma radiation dosages. The effect occurs as the bandgap 
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Fig. 15   The relationship between 
εi and λ3 for unirradiated and 
γ-irradiated PVB/BVO nanocom-
posite films
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decreases, allowing for enhanced conductivity due to the facilitated movement of elec-
trons from the valence band to the conduction bands (Morad et al. 2020). In our study, at 
hυ = 4.5 eV, the optical conductivity (σopt) increased from 3.21 × 1011 S−1 to 1.54×1012 
S−1 as gamma radiation doses increased from 0kGy to 60 kGy and then decreased to 1.49 
× 1012 S−1 at 90 kGy. In another study, the optical conductivity (σopt) increased from 
1.51×10 11 S−1 to 4.54 × 1011 S-1 as gamma radiation doses increased from 0 kGy to 250 
kGy, as presented in recent research by Badawi et al. (Badawi et al. 2022)

4 � Conclusions

The present study investigates the impact of gamma irradiation on the structural, disper-
sion, linear/nonlinear optical, and optoelectrical properties of PVB/BiVO4 nanocomposite 
films. The nanocomposite films were exposed to varying doses of gamma radiation (0, 15, 
30, 60, and 90 kGy), and the effects were analyzed.

XRD and FT-IR analyses provide information regarding the effect of gamma radia-
tion on the degree of crystallinity of the PVB/BVO films. Dielectric constants and other 
associated parameters were computed using the estimated refractive index and extinction 
coefficient values. The compositional optical behavior dependence on the gamma irradia-
tion dosages was studied by estimating the plasma frequency, relaxation time, and opti-
cal mobility. The energy gap varied between 4.47 and 5.33 eV, while the Urbach energy 
increased from 2.62 to 4.07 eV. The oscillator energy improves from 3.68 eV for the unir-
radiated PVB/BVO film to 4.19 eV for the 30 kGy-irradiated PVB/BVO nanocomposite 
film before decreasing to 4.11 eV for the 90 kGy-irradiated PVB/BVO nanocomposite film. 
Additionally, the dispersion energy ranged from 3.05 to 3.86 eV, and the static dielectric 
constant increased from 1.83 for the virgin PVB/BVO nanocomposite film to 1.93 at 90 
kGy. The PVB/BiVO4 nanocomposite films may suit organic light-emitting diodes, organic 
solar cells, and other flexible organic electronic devices based on linear/nonlinear charac-
teristics, dispersion parameters, and optical conductivity.
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