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Abstract
The functionalized polyvinyl alcohol (PVA) based nanocomposites thick films of 80 μm containing 1–3 wt% zinc oxide 
(ZnO) nanoparticles (NPs) were studied. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 
Raman spectroscopy were utilized for studying the structural parameters and formed chemical bonds of the synthesized 
PVA-ZnO films. In addition, extensive characterization has been done on their linear and nonlinear optical properties. The 
structural analysis of the PVA-ZnO nanocomposites revealed the formation of a wurtzite hexagonal ZnO phase embedded 
inside the monoclinic PVA phase. The interaction between Zn–O, and functional groups of the PVA as well as the molecular 
vibration exhibited in the PVA-ZnO nanocomposites were confirmed by the Raman and FTIR spectroscopy and revealed 
that the PVA-ZnO is a hybrid nanocomposite. The incorporated ZnO NPs ratios slightly affect the PVA films' structure, 
meanwhile, exhibited a detectable change in the linear/nonlinear optical properties of PVA. For example, as ZnO concen-
tration increased from 1 wt% to 3 wt%, the direct/indirect optical band gap of PVA slightly decreased from 5.1/4.93 eV to 
4.45/4.89 eV, respectively. Other optical characteristics, such as optical conductivity, dielectric constants, absorption coef-
ficient, refractive index, etc., were evaluated. All observed optical properties versus energy/wavelength display a distinct 
pulse at 1.4 eV/850 nm which corresponds to the difference between the direct and indirect optical band gaps. It is expected 
that PVA-ZnO hybrid nanocomposites have become appropriate for implementation in numerous electronic applications 
due to their improved optical characteristics.
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1 Introduction

A polar organic polymer such as polyvinyl alcohol (PVA) 
has received a lot of interest in recent years due to its highly 
transparent, mechanical flexibility, affordable, non-toxic, 
high biocompatibility, and good storage properties as well 
as strong chemical and thermal stabilities [1–3]. The new 
characteristics of PVA-based materials have made them 
appropriate for a range of applications especially optoelec-
tronic technology [4]. One might modify the behavior of 
optoelectronic devices by dispersing one or more nanofiller 
(such as metal oxide, rare earth salt, etc.) inside the PVA 
matrix [5, 6]. The linear and nonlinear optical character-
istics of PVA have changed as the result of modifications 
in the internal structure of the material, which led to the 
formation of complex interfaces or supermolecules inside 
this polymeric material [7]. It is well known that non-cova-
lent bonds like hydrogen and coordination bonds play a key 
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role in PVA’s super-molecular structural design [1]. PVA is 
regarded as a fixable insulator since it has a wide band gap 
and may be modified to have a greater or lower band gap 
for use in various optical applications [7]. The significance 
of the produced composites in optoelectronic applications 
is highlighted by the small dimensions of the disseminated 
nano-filler and the broad interacted surface with the polymer 
[8]. The key rationale for selecting this type of nanoparticle 
is that they have a large optical band gap. Therefore, it is 
necessary to examine the impact of the interpolation process 
between the nano-filler particles and polymer bases to study 
their physical aspects in addition to the optical parameters 
[9].

It is essential to develop polymers that are suitable for a 
wide range of applications by incorporating nanoparticles 
or modifying them with additional treatment. For example, 
the doping polymers like poly(aniline-co-pyrrole) with metal 
oxides like ZnO nanoparticles to form poly (aniline-co-
pyrrole)-ZnO nanocomposites increases their applicability 
as shielding for protecting the eyes and optical equipment 
from high-intensity lasers [10]. Similarly, doping  poly (ani-
line-co-ortho phenylenediamine) polymers with  TiO2 nano-
particles enhances their refractive index and qualifies them 
for nonlinear optical applications [11]. The development of 
PVA using transition metal oxides could be applied in optoe-
lectronics, catalysis, energy storage, and other fields making 
them intriguing semiconductors [12]. The electronic (optical 
and electrical) properties of PVA may be improved and con-
trolled by doping metal and metal oxide nanoparticles such 
as Ni, Fe, ZnO, multi-walled carbon nanotubes (MWCNTs), 
etc. [13–16]. The doping PVA by MWCNTs can improve the 
PVA's electronic characteristics, for instance, the electrical 
conductivity of PVA-MWCNTs significantly increases with 
a percolation threshold of roughly 4 wt% MWCNTs [14]. 
The optical band gap of PVA was significantly reduced from 
5.3 eV to 2.3 eV by adding 3.7 wt% Ni or 3 wt% Fe [13, 15]. 
Falamas et al. have investigated the surface-enhanced fluo-
rescence potential of ZnO nanoparticles and Au-decorated 
ZnO nanostructures embedded in a PVA matrix [17]. Simi-
larly, the optical properties of synthesized PVA-zinc per-
oxide  (ZnO2) nanocomposite films with 0.25–3 wt%  ZnO2 
were studied [1].

Among the fillers discussed, ZnO is the most widely uti-
lized filler for functionalizing PVA to enhance its physical 
characteristics and hence improve its optoelectronics perfor-
mance [18]. Many studies concerning the development, char-
acterization, and applications of PVA-ZnO nanocomposites 
employing a variety of methodologies have been published 
in the literature. In the text that follows, we addressed these 
studies. ZnO nanoparticles (NPs) were selected as the dop-
ing components for PVA because they are widely recog-
nized for possessing distinct band gaps of 3.2 eV [19, 20]. 
The mechanical and optical characteristics of ZnO-PVA 

nanocomposites were recently explored using the chemi-
cal oxidative polymerization process [21]. The developed 
PVA-ZnO nanocomposites may be employed for a proton 
exchange membrane separator in a single-chambered micro-
bial fuel cell, food packaging, dyes degradation, air filters, 
photodiodes, and solar cell covering [7, 22–27]. The PVA-
ZnO nanocomposites may be synthesized using several tech-
niques, including the sol–gel method, hydrothermal method, 
electrospinning method, coating method, solution casting 
technique, and ball mill machine [7, 16, 26, 27]. The optical 
band gap of pure PVA is typically reported to be approxi-
mately 5.3 eV and may be decreased to less than 3 eV by 
doping ZnO [16]. Methylene blue is effectively discolored 
by adsorption degradation using the freeze–thaw loading of 
ZnO nanoparticles to PVA/cellulose nanofibril aerogel [22]. 
The structural parameters and optical band gap of the PVA-x 
ZnO (5 ≤ x (mol%) ≤ 20) prepared by the solution casting 
technique were determined [16]. The produced PVA-ZnO 
films exhibit a redshift in comparison to pure ZnO, even 
though the ZnO ratio very marginally affects the structural 
characteristics. Additionally, the intensity of the blue emis-
sion in the photoluminescence (470 nm), which fluctuates 
with the ratio of ZnO, reaches its maximum at 10 mol% of 
ZnO. The structural and optical properties of PVA-x ZnO 
(0 ≤ x (wt%) ≤ 3) prepared using the sol–gel method were 
studied [27]. The dielectric constant and response of the 
PVA-ZnO nanocomposite films were evaluated [28–30]. The 
antibacterial inhibitory efficacy of ZnO/PVA was observed 
to rise with an increase in the ZnO ratio in PVA-based nano-
composites, particularly PVA-ZnO, which is typically uti-
lized for food backing [23].

The preparation technique has an impact on the struc-
tural characteristics of PVA polymer, which are similar to 
those of other materials. Additionally, the optical absorbance 
and subsequently all other optical parameters are strongly 
impacted by the nanocomposite films' thickness. Addition-
ally, the kind and ratio of metal oxide doping greatly influ-
ence the physical characteristics, particularly the optical 
parameters. Only a few optical characteristics, such as the 
refractive index, extension coefficient, optical band gap, and 
certain dispersion parameters of various ZnO thicknesses 
and ratios, were studied in the literature when it related to 
the optical properties of PVA-ZnO nanocomposites [16, 23, 
27].

It is well understood that the casting procedure is mainly 
dependent on dissolving both the host and the additional 
elements in the same solvent whenever feasible. Moreo-
ver, the suitable solvent for PVA is distilled water, whereas 
metal oxides do not dissolve in water. As a result, utilizing 
this approach to synthesize PVA/ZnO nanocomposites is 
extremely challenging, especially at greater concentrations 
of ZnO NPs. A suspended solution of ZnO with water may 
be produced at tiny concentrations of ZnO ranging from 1 
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to 3 wt%. As a result, the casting process may be employed 
in this scenario under specific circumstances such as the 
stirring time and temperature, which are considered in this 
article. Therefore, the present study intends to enhance the 
structural and linear/nonlinear optical properties of the PVA 
polymer and make them more applicable by incorporating 
different concentrations (1, 2, or 3 wt%) of ZnO NPs. In 
addition, a systemic evaluation of the linear and nonlinear 
optical properties of 80 μm thick PVA-ZnO nanocomposites 
is performed. A variety of methods, including XRD, FTIR, 
Raman spectroscopy, and double-beam spectrophotometer, 
were used to complete the study. The results demonstrated 
that PVA-ZnO hybrid nanocomposites may be used for opto-
electronic applications that required broadband gap energy.

2  Experimental Details

2.1  Sample Preparations

A solvent casting technique was used to prepare PVA-x wt% 
ZnO nanocomposite films where x = 1, 2, and 3. More details 
about the preparation of the PVA-based nanocomposite 
samples using the solvent casting technique are available 
elsewhere [5]. The PVA solution, which serves as the host 
material, was initially made by thoroughly combining 2 g 
of pure PVA powder (average molecular weight = 17000 g/
mol) with 100 ml of deionized water at 353 K and then was 
stirred using a magnetic stirrer for around 1 h. After that, 
20 ml of the diluted PVA solution was stirred continuously 
for 6 h at 50 °C with 1, 2, or 3 wt% of specifically made ZnO 
NPs (with a purity of 99.9% and particle size of 30 nm). The 
PVA/ZnO mixes were then placed in a petri dish and allowed 
to dry at 40 °C for 6 days. The thickness of the prepared 
PVA-ZnO nanocomposite was estimated to be about 80 μm.

2.2  Sample Characterization

The crystal structure of the PVA-ZnO nanocomposite films 
as they had been formed was evaluated using an XRD 
model a Shimadzu XD-3A diffractometer. The monochro-
matic Cu-Kα source was used to record the XRD spectra in 
the range of 2θ from 4° to 80° with a step size of 0.06°/s. 
FTIR spectra were recorded using a Bruker Vector 22 in the 
wavenumber range from 400 to 4000  cm−1 to describe the 
molecular structure of the PVA-ZnO nanocomposite films. 
Raman spectrometer model Lab-RAM HR800, Horiba, 
France, coupled to a multichannel charge-coupled detector 
was used to study the chemical bonding and intramolecular 
bonds of the PVA-ZnO nanocomposites. The Raman spec-
tra were captured in the spectrum range of 100–2000  cm−1 
using a He–Ne laser (λ = 633 nm, output power = 20 mW, 

and spectral resolution = 0.8  cm−1). The transmittance T(λ) 
and reflectance R(λ) were measured using a double beam 
spectrophotometer model  LAMBDA™ 750 UV/Vis/NIR at 
room temperature in the wavelength range of 190–2000 nm.

3  Results and Discussion

3.1  Structural Analysis

The concentrations of 1, 2, and 3 wt% ZnO NPs were chosen 
as PVA filer materials since they are suitable and effective 
for PVA doping operation. A PVA sample with 1, 2, and 
3 wt% metal oxide components such as ZnO NPs makes 
an excellent flexible film. Moreover, utilizing these ZnO 
concentrations in PVA ensures that the ZnO particles have 
nano dimensions inside the PVA framework. By using small 
amounts of ZnO NPs as an additive, there is little chance of 
accumulation or cluster formation. Moreover, various works 
have been published that investigate the effect of metal salts 
or metal oxide concentration on the optical, electrical, and 
dielectric properties of PVA [3–5]. Most of these papers 
imply that metal oxide NP concentrations of 1, 2, 3, 4, or 5 
wt% are suitable dopant concentrations for various polymers.

Our understanding of the crystal structure, crystallite 
orientation and crystalline sizes within the material are 
determined by XRD. Figure 1a displays XRD patterns of 
PVA containing 1, 2, and 3 wt% of ZnO NPs. There are 
few diffraction peaks were observed for PVA-ZnO con-
taining 1 wt% ZnO belonging to the PVA at 2θ equals 
19.06, 22.77, 25.23, 52.92, and 72.19° corresponding 
to the Miller indices of (110), (200), (104), (400), and 
(410), respectively. The XRD investigation indicated that 
the PVA has a monoclinic crystal structure, which is con-
sistent with Ref. [31]. Additional diffraction peaks were 
observed for a higher concentration of ZnO at 2θ equals 
46.238° corresponding to the Miller indices of (204). The 
diffraction peak at 2θ equals 22.77° was disappeared for 
ZnO concentrations of 2 and 3 wt%. Such a diffraction pat-
tern has been correlated with the atactic PVA trans-planar 
conformation [32]. The PVA’s crystalline nature could 
be attributed to the strong hydrogen bond interactions 
between its chain molecules [2, 26]. For further increases 
in the ZnO NPs content above 1 wt%, there are other peaks 
belonging to the ZnO phase besides the observed peaks to 
the PVA matrix. The observed peaks belong to the wurtz-
ite hexagonal crystal structure of the ZnO phase accord-
ing to the JCPDS card no. 36-1451. The observed peaks 
for the ZnO phase are located at 2θ equals 31.57, 34.25, 
36.46, and 62.54° corresponding to the Miller indices of 
(100), (002), (101), and (103), respectively. As the con-
centration of ZnO increased the location of the diffraction 
peaks shifted to lower values and most of the diffraction 



2432 Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:2429–2444

1 3

peaks belonging to the ZnO phase disappeared. As seen 
from Fig. 1a, the XRD patterns of PVA-ZnO nanocompos-
ite samples are not drastically changed, and the intensity of 
the diffraction peaks due to the ZnO phase are very small 
as their low content in the composites. In general, there 
is a slight change in the XRD patterns with increasing 
the ratio of ZnO in the PVA-ZnO nanocomposites. This 
indicates that PVA is not affected due to the addition of 
ZnO NPs due to its low concentrations. There are wide and 
broad peaks at 20.11° that can be seen in the majority of 
the PVA XRD patterns reported in the literature, however, 
in this work, the XRD patterns are different. Although 
the observed diffraction peaks for PVA-ZnO nanocompos-
ites are comparable to those previously noted, the present 
study’s modest ZnO content has significantly reduced their 
intensity. The decrease in the number of hydrogen bonds 
that formed between the functional groups of PVA and 
ZnO nano-molecules is responsible for the decrease in 
crystallinity. Moreover, the breakage of the crystal phases 
could be assigned to the decrease of the intermolecular 
hydrogen bonding between the main chains of PVA-ZnO 
nanocomposites. Consequently, a decrease in the degree 
of the crystallinity of PVA-ZnO samples can be expected 
[33]. Furthermore, it is possible to interpret the PVA-ZnO 
nanocomposites decreased peak intensity and increased 
peak broadening as a result of the ZnO NPs capacity to 
construct a covalent bond with OH of the PVA structure. 
As a result, it is possible to produce the crosslinking for-
mation between the OH of the PVA and the ZnO NPs.

The average crystallite size (D), microstrain (ε), disloca-
tion density (δ), and stacking fault (SF) for PVA-ZnO nano-
composites are estimated using [34–36]: D =

K�

�cos(�)
 , 

� =
�cos(�)

4
 , � =

1

D2
 , and SF =

2�2

45

√

tan(�)
� , respectively, where 

β is the full width at half maximum (FWHM) of the observed 
peak in radian, and K is a constant called the shape factor 
and equal to 0.89. The diffraction peaks, Miller indices, and 
other structural parameters for PVA, and ZnO phases are 
summarized in Table 1. The average crystallite size and stak-
ing fault values for the ZnO and PVA phases were increased 
with the increase of ZnO fraction in the PVA-ZnO nanocom-
posites. Additionally, as the ZnO concentration in the PVA-
ZnO nanocomposites was increased, the average values of 
the microstrain and dislocation density were reduced.

The small variation in the crystal structure of the PVA-
ZnO nanocomposites with the ZnO ratio may be explained 
by the low concentration of ZnO NPs inside the PVA matrix. 
The structural characteristics of the ZnO phase alter only 
marginally as the doping ratio of ZnO NPs increases. Mean-
while, the average crystallite size of the PVA phase grew 
from 4.05 nm to 8.94 nm when the concentration of ZnO 
NPs was raised from 1 wt% to 3 wt%, respectively.

A change in the chemical structure and chemical bonds in 
the polymer/oxides composites is usually analyzed by FTIR 
spectroscopy. Figure 1b shows FTIR spectra of PVA doped 
with 1, 2, and 3 wt% ZnO NPs. It is noticed from this fig-
ure, a prominent band at 3284  cm−1 that is associated with 
the PVA main chain’s OH stretching vibration. It indicates 
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Fig. 1  a XRD, b FTIR and c Raman spectra for as-prepared PVA-x wt% ZnO nanocomposite films, where 0 ≤ x ≤ 3
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that a significant number of free OH groups are present in 
the polymer matrix [8]. The position of this band for PVA-
ZnO nanocomposites was shifted to higher frequencies and 
undergoes an increase in both the transmission value and its 
broad. This demonstrates ZnO molecules interact with the 
functional groups of the PVA structure [28]. This suggests 
that a variety of OH groups and bound OH stretching vibra-
tions are present [37]. So, the complexes formed between 
ZnO and PVA can be anticipated due to weak interaction of 
either single or doubly ionized states of Zn  (Zn−1 and  Zn−2) 
with the functional OH groups of PVA. The CH bond's sym-
metric and asymmetric stretching vibrations are combined 
by the bands at 2939 and 2912  cm−1, respectively. The peak 
position of these bands was shifted to higher frequencies 
at 2926  cm−1 and 2941  cm−1 for PVA doped with 2 and 3 
wt% of ZnO NPs, respectively. This can be attributed to the 
hydrogen bonding that formed as a result of the interaction 
between PVA's CH groups and ZnO NPs [38]. The carbonyl 
groups (C=O) of PVA were detected at 1732  cm−1 where the 
position of this band was shifted to higher frequencies for 
PVA-ZnO nanocomposites at 1735  cm−1. So, the interaction 
between ZnO and C=O of PVA molecules plays a signifi-
cant role in this process. It is reported that the crosslinking 
formation within the PVA structure is due to the interaction 
between ZnO NPs and the functional groups of PVA like OH 
groups [39, 40]. The C–O band of acetyl groups stretching 
vibrations is observed at different peaks from 1241  cm−1 
to 1087  cm−1 for all PVA-ZnO nanocomposites. Moreo-
ver, the band at 440  cm−1 for PVA-ZnO nanocomposites 
is indicative of Zn–O bond which is affected by the ratio of 
ZnO NPs in the PVA matrix. The peak position of Zn–O is 
distributed from 470  cm−1 to 558  cm−1 with the increase 
of ZnO NPs content within the PVA-ZnO nanocomposites. 
These observed peaks may be assigned to the interactions 
between ZnO particles and PVA structure [41, 42]. Accord-
ingly, the components of PVA-ZnO nanocomposites interact 
significantly.

The various forms of molecular vibration of PVA-ZnO 
nanocomposites including stretching, bending, scissor, 
twisting, and wagging motions of various molecular groups, 
have been investigated uisng Raman spectroscopy. Raman 
spectroscopy is a versatile technique for detecting dopant 
incorporation impurities, defects, and the lattice disorder 
phases within the host material [43, 44]. Consequently, the 
interaction of ZnO NPs with PVA as a host material has 
been investigated using Raman spectroscopy. Figure 1c 
shows the different modes of vibration of PVA-ZnO nano-
composites. The carbonyl (C=O) stretching caused by both 
the acetyl group of PVA and ZnO stretching is the most 
noticeable vibration in samples of PVA-ZnO nanocompos-
ites. The C =O group in PVA is thought to be the cause of 
the vibration at 1685  cm−1 which is observed as a weak 
peak. The peak height of the C=O band is reduced with Ta
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an increase in ZnO concentration. There is some electrical 
interaction between ZnO NPs and the C=O groups of the 
PVA structure, as evidenced by the drop in peak height and 
rise in peak broadness of C=O [12, 45]. The observed peak 
at 1388  cm−1 is assigned to both the C–O stretch and  CH2 
scissor. The observed peak at 1330  cm−1 corresponds to CH 
bending in PVA-ZnO samples due to the inter-molecular 
and intra-molecular interactions. The detected peaks at 828 
and 888  cm−1 are assigned to C–C chain in the polymer 
backbone. The peak intensity fluctuation in PVA-ZnO nano-
composites shows a chemical structural modification due to 
the inter-molecular and intra-molecular interactions between 
the PVA molecules and ZnO NPs in the polymeric nanocom-
posites. The two peaks located at 486 and 592  cm−1 may be 
ascribed to the defects of the oxygen atom for ZnO NPs or 
the broken symmetry induced by the incorporation of ZnO 
dopants into the PVA structure [46]. Raman spectra analysis 
shows that PVA-ZnO nanocomposites are hybrid materials 
with modified properties caused by the charge transfer and 
the dopant nanomaterials. The ZnO filler affects the degree 
of crystallinity of the nanocomposite samples and the latter 
depends on the interaction between the  Zn2+,  O−2, and the 
functional OH groups of the PVA.

3.2  Optical Properties

The analysis of transmittance (T) and reflectance (R) of 
PVA-ZnO nanocomposites was accomplished to explore 
their optical parameters and constants, then specify their 
proper applications. The optical properties of PVA before 
doping with ZnO were studied in detail in our previous work 
[5]. The transmittance and reflectance of the various PVA-
ZnO nanocomposites versus a wide range of wavelengths 
starting from the ultraviolet to the near-infrared region 

(190–2000 nm) are shown in Fig. 2a. The film thickness is 
80 μm for various studied PVA-ZnO nanocomposites. It is 
noticed from Fig. 2a that the transmittance passes two stages 
depending on the incident wavelength: (1) in the wavelength 
range 200–260 nm (ultraviolet region), T is remarkably 
increased with increasing the incident wavelength. (2) for 
wavelengths higher than 260 nm, T is slightly increased with 
increasing wavelength and then barely increases to reach a 
steady value for the remaining part of the investigated wave-
length. The PVA-ZnO nanocomposites exhibit a high trans-
mittance for the wavelength above 350 nm and reach 82.7% 
for PVA-ZnO nanocomposites. Contrary to T, the value of 
R shows a tendency to decrease with increasing the incident 
wavelength.

The absorbance (A) of the various PVA-ZnO nanocom-
posites versus the incident wavelength is shown in Fig. 2b. 
On the same track of T, A passes two stages depending on 
the incident wavelength: (1) in the wavelength range 
200–280 nm (ultraviolet region) A is sharply decreased with 
increasing the incident wavelength. (2) For wavelengths 
higher than 280 nm, the value of A is slightly decreased with 
increasing wavelength and then barely decreases to reach a 
steady value for the remaining part of the investigated wave-
length. From the calculated data using: A =

√

ln(
1−R

T
) [13], 

it turns out that the average absorbance is equal to 0.49, 0.50, 
and 0.59 for PVA-ZnO nanocomposite containing 1, 2, and 
3 wt% ZnO NPs, respectively. The absorbance in the present 
study is much lower than the absorbance by PVA-ZnO when 
the ratio of ZnO is greater than 5% and less than 19% [23]. 
The absorbance of PVA-ZnO nanocomposites displayed 
behaviors that were comparable to those of pure PVA, 
although the absorbance's value was markedly increased by 
the ratio of ZnO to PVA. Additionally, when MWCNTs filler 
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Fig. 2  a The transmittance (T), and reflectance (R), and b the absorbance (A) as a function of wavelength (λ) for PVA-ZnO nanocomposites
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is used instead of only pure PVA, the absorbance of PVA is 
greatly enhanced [14].

According to the previous discussion, doping PVA with 
ZnO change the optical parameter (T, R, and A) to suit it 
for various application. Modifying T and R will affect the 
optical band gap, refractive index, optical sheet resistance, 
and other optical parameters. In the following discussions, 

we will calculate various optical parameters using T and R 
showing the effect of the ZnO ratio on those parameters.

The absorption coefficient (α), (αhν)1/2, (αhν)2, and ln(α) 
versus the photon energy (hν) for PVA-ZnO nanocompos-
ites is shown in Fig. 3a–d, respectively. The absorption 
coefficient passes two stages: (1) α slightly increased with 
increasing hν to nearly 3–3.5 eV. (2) For photon energy 
above 4 eV, α is increased exponentially with increasing 

Fig. 3  a The absorption coefficient (α), b (αhν)1/2, c (αhν)2, and d ln(α) versus the photon energy (hν) for PVA-ZnO nanocomposites

Table 2  Optical and dispersion parameters of PVA-ZnO nanocomposites

ZnO ratio 
(wt%)

Ed
g
 (eV) Eind

g
 (eV) Ee (eV) Eo (eV) Ed (eV) no �∞ N/m* ×  1035 

 (kg−1  m−3)
λo (nm) So ×  10−5  (nm−2)

1 5.51 4.93 0.25 7.99 10.34 1.51 8.97 1.41 155.17 5.38
2 5.50 4.91 0.27 9.61 10.51 1.45 6.13 0.88 134.56 5.90
3 5.45 4.89 0.28 7.88 11.75 1.58 11.59 1.93 157.96 5.96
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hν. The calculated α at photon energy equals 4 eV is 31.83, 
40.71, and 54.61  cm−1 for PVA-1 wt% ZnO, PVA-2 wt% 
ZnO, and PVA-3 wt% ZnO samples, respectively. Above 
5 eV, α shows a dramatic increase in its value. At hν = 6 eV, 
the attained value of α is 968.760, 838.370, 1027.16  cm−1 
for PVA-1 wt% ZnO, PVA-2 wt% ZnO, and PVA-3 wt% ZnO 
samples, respectively. The trend of the absorbance plots of 
all PVA-ZnO nanocomposites shows a performance reverse 
to that of the transmission spectrum. The existence of ZnO 
leads to an absorption band located at 363 nm which agrees 
with another study [29]. The mechanism of such ultraviolet 
absorption could be attributed to the utilization of photon 
energy to excite electrons from the valence to the conduc-
tion band.

The plots shown in Fig.  3b, c, (αhν)1/2, and (αhν)2 
versus the photon energy, are follow Tauc relation: 
(�h�)r = const.(h� − Eg) [47]. The direct optical band gap 
( Ed

g
 ) and indirect optical band gap ( Eind

g
 ) was calculated from 

the (�h�)
1

2 , and (�h�)2 plots, respectively, by the intercept of 
the dashed line with the x-axis (or hν-axis) at (�h�)

1

2 = 0 , 
and (�h�)2 = 0 , respectively. From Fig. 3b, the indirect 
bandgap Eind

g
 value is 4.93, 4.91, and 4.89 eV for PVA-1 

wt% ZnO, PVA-2 wt% ZnO, and PVA-3 wt% ZnO nano-
composite, respectively. Meanwhile, from Fig. 3c, the direct 
bandgap Ed

g
 value is 5.51, 5.49, and 5.45 eV for PVA-1 wt% 

ZnO, PVA-2 wt% ZnO, and PVA-3 wt% ZnO nanocompos-
ite, respectively. The value of the width of localized states 
( Ee ) was calculated from the slope of the fitted lines which 
is associated with the Urbach equation: ( � = �oe

hν

Ee ) [48]. 
From Fig. 3d, the Ee value is 0.25, 0.27, and 0.28 eV for 
PVA-1 wt% ZnO, PVA-2 wt% ZnO, and PVA-3 wt% ZnO 
nanocomposite, respectively. For a clear comparison, the 
calculated values of Ed

g
 , Eind

g
 , and Ee for the investigated 

PVA-ZnO nanocomposite are listed in Table 2. The esti-
mated values of the electronic parameters for the PVA-ZnO 
nanocomposite well agree with the previous studies [23, 29, 
30]. The change in the optical band gap could be attributed 
to the change in the crystallinity and defect generation by 
various ZnO concentrations. In the present study, the Urbach 
energy was slightly decreased with increasing the content of 
ZnO, which shows an opposite trend compared to the study 
reported by Kumar et al. [49]. Similar to other studies, the 
optical band gap gets smaller as the ZnO ratio rises, how-
ever, the electron transfer across the band gap in the present 
study can happen either directly or indirectly. Additionally, 
for all examined nanocomposites, the optical band gap value 
for direct transition is larger than that for indirect optical 
band gap.

The increase of the absorption coefficient with increasing 
the photon energy could be ascribed to the electronic transi-
tion from the bonding molecular orbit to the nonbonding 
molecular orbit. It was observed from the estimated optical 
bandgap that the incorporation of ZnO nanofiller is like the 
doping with various metal and metal oxides such as  Ni2+ 
and Fe, and significantly affects the optical bandgap of the 
composite polymer [13, 15]. This observation could be a 
confirmation of the role of the ZnO fillers inside the host 
PVA in the improvement of their optical properties. The 
distinction of the computed values of the optical band gap 
reflects the role of a configuration of ZnO in altering the 
electronic structure of the PVA matrix. This diminution due 
to the induction of new levels in the bandgap leads up to sim-
plifying the transit of electrons from the valence band into 
these topical levels to the conduction band, consequently the 
conductivity increment and the bandgap diminution.

Optical density (OD) as a function of the wavelength (λ) 
for various PVA-ZnO nanocomposites is shown in Fig. 4. The 
OD is calculated from: OD = −log

10(T) = 0.434�d , which 
represents the dependence of OD on the film thickness d 
(cm) and � . The value of OD passes two distinct stages: (1) 
in the wavelength range 200–300 nm values of OD are dra-
matically decreased with increasing the incident wavelength. 
(2) Above 300 nm, OD values reach a steady value for the 
remaining part of the investigated wavelength. At λ = 800 nm, 
the steady OD value for PVA-1 wt% ZnO, PVA-2 wt% ZnO, 
and PVA-3 wt% ZnO nanocomposite is 0.046, 0.074, and 
0.099, respectively. Comparing A and OD curves, both A and 
OD have similar behavior with the wavelength and exhibit a 
step-change at the same wavelength equal to 867 nm which 
is equivalent to an energy equal to 1.43 eV.

The evaluation of the refractive index (n) and hence the 
extension coefficient  (kex) of optical material could be 
essential as it is widely concerning to the electronic polari-
zation of ions and the optical field inside materials and 
hence the ability to design various optical devices. 
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Besides,  kex describes differentiating of the material con-
cerning the light of a given wavelength and shows the 
absorption differences while the electromagnetic wave 
propagates through the optical material. The refractive 
index and the extension coefficient versus the wavelength 
for PVA-ZnO nanocomposites are shown in Fig. 5a, b, 
respectively. The value of  kex was calculated from: kex =

��

4�
 

and by substituting  kex into: n =
√

4R

(R−1)2
− k2

ex
+

R+1

R−1
 , the 

refractive index can be calculated [47]. Similarly,  kex and 
n exhibit the same behavior as A and OD. Both of them 
decrease significantly with increasing the wavelength in 
the range 200–300 nm, then pass a steady value in the 
wavelength range 300–870 nm. However, the main differ-
ences in their behavior are that n slightly increase and  kex 
slightly decreases with increasing the wavelength in the 
range 870–900 nm, and above 900 nm n slightly decrease 

and  kex slightly increase again for the remaining part of the 
investigated wavelength. The average range of  kex is 
0–173 ×  10−5 for PVA-1 wt% ZnO nanocomposites, this 
range will be decreased for PVA-2 wt% ZnO nanocompos-
ites, and PVA-3 wt% ZnO nanocomposites, meanwhile 
increased again for PVA-1 wt% ZnO nanocomposites. For 
the refractive index, its average range is 1.37 and 1.65. The 
maximum value of n was observed to be 1.87, 1.9, and 
2.06 for PVA-1 wt% ZnO, PVA-2 wt% ZnO, and PVA-3 
wt% ZnO nanocomposite, respectively.

The optical surface resistance  (Rs) versus the wave-
length (λ) for PVA-ZnO nanocomposites is shown in 
Fig.  5c. The values of  Rs are calculated from: 
Rs = −

4�

c
×

1

n×ln(T)
 , where c is the speed of light [50]. The 

values of  Rs pass three stages: (1) in the wavelength range 
200–450 nm, the  Rs values are significantly increased with 

Fig. 5  a The refractive index (n), b the extension coefficient (kex), c optical surface resistance (Rs), and d thermal emissivity (εth) versus the 
wavelength (λ) for PVA-ZnO nanocomposites
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increasing the incident wavelength, (2) in the wavelength 
range 450–850 nm the  Rs reach a steady value, and (3) the 
 Rs values oscillated for the remaining part of the investi-
gated wavelength. The value of thermal emissivity ( εth ) is 
calculated from: �th = 1 −

1

[1+(2�0c×Rs)]
2
 [51], for PVA-ZnO 

nanocomposite. From  Rs and εth curves, the thermal emis-
sivity curve has a similar trend to the optical surface resist-
ance along the investigated wavelength as shown in 
Fig. 5d.

The dielectric constants of a material are described by the 
change in both the real and imaginary parts. The dielectric 
constant components are significant for the calculation of 
various optical parameters, the imaginary ( �i ) and real ( �r ) 
parts of the dielectric constant versus the incident photon 

frequency (υ) for PVA-ZnO nanocomposites are shown 
in Fig. 6a and b, respectively. The value of �i and �r can 
be calculated from: �i = 2nkex , and �r = n2 − k2

ex
 , respec-

tively. �i passes four stages: (1) in the frequency range 
1–1.5 ×  1017 Hz values of �i is dramatically increased with 
increasing the incident photon frequency, (2) in the fre-
quency range 3.5 ×  1016–1017 Hz, �i values reach a steady 
value, (3) at 3.45 ×  1016 Hz, the �i is slightly increased again, 
and 4) above 3.45 ×  1016 Hz, �i slightly decreases from the 
steady value.

Similarly, �r passes four stages: (1) in the frequency range 
1–1.5 ×  1017 Hz values of �r is dramatically increased with 
increasing the incident photon frequency, (2) in the photon 
frequency range 3.5 ×  1016–1017 Hz, �i values reach a steady 
value, (3) at 3.46 ×  1016 Hz, the �r is significantly decreased 

Fig. 6  a The imaginary part of the dielectric constant (εi), b the real part of the dielectric constant (εr), and c the loss factor (tan(δ)) versus the 
frequency (υ) for PVA-ZnO nanocomposites
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again with increasing the photon frequency, and (4) above 
3.46 ×  1016 Hz, the �r will be decreased again from a steady 
value. The loss factor, tan(δ), versus the photon frequency (υ) 
for PVA-ZnO nanocomposites is shown in Fig. 6c. The value 
of loss factor can be estimated from: tan(δ) = �i

�r
 . The change 

in the dielectric constant components reveals the modification 
of the chemical composition of the host polymer by the ZnO 
doping filler.

The energy loss can be presented by two functions called 
volume energy loss function (VELF), and surface energy loss 
function (SELF). The VELF presents the energy that is lost by 
fast electrons inside the bulk material, while the SELF presents 
the energy loss on the material surface. Both VELF and SELF 
are a function of the components of the dielectric constants (εr 

and εi) and can be estimated using: VELF =
�2
i

�2
r
+�2

i

 , and 

SELF =
�2
i

(�r+1)
2+�2

i

 [52]. The values of VELF, and SELF gives 

information about the total energy loss. VELF and SELF ver-
sus the photon energy (hν) for PVA-ZnO nanocomposites are 
shown in Fig. 7a, b, respectively. The VELF and SELF show 
the same trend and pass four stages: 1) in the energy range 
0.62–1.45 eV, they decrease slightly with increasing energy, 
(2) in the energy range 1.45–5.3 eV, they reach a steady value, 
(3) in the energy range 5.3–6 eV, their values are dramatically 
increased with increasing energy value, (4) above 6 eV, VELF 
and SELF will show some oscillations.

The complex optical conductivity (σ∗ = σ1 + iσ2) was cal-
culated from the complex dielectric constant (ε∗ = εr + iεi) 

Fig. 7  a The volume energy loss (VELF) and b surface-energy loss (SELF) versus the photon energy (hν) for PVA-x% ZnO nanocomposites

Fig. 8  a The optical conductivity (σ1.) and b electric conductivity (σ2) versus the photon energy (hν) for PVA-ZnO nanocomposites
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and real component σ1 and imaginary component σ2 are 
given from: �

1
= 4��o

cnkex

�
 , and �

2

2�c�o

�
(n2 − k2

ex
) , respec-

tively [53]. The plots of σ1 and σ2 versus the photon energy 
are shown in Fig. 8a, b, respectively, for PVA-ZnO nano-
composites. The values of σ1 are exponentially increased 
with increasing the photon energy. The imaginary compo-
nent, σ2, shows a linear increase with increasing the photon 
energy, hν, but reveals a small sharp peak at 1.43 eV.

The electrical susceptibility (χc) versus the photon 
energy for PVA-ZnO nanocomposites is shown in Fig. 9, 
where χc is calculated from: χc =

1

4�
(�r − n2) . It was 

observed that χc is increased with increasing the photon 
energy and has one peak at 1.43 eV. The value of χc was 
shifted toward a higher value for PVA-2 wt% ZnO and 
PVA-3 wt% ZnO nanocomposites.

In the normal dispersion region or so-called transparent 
region, the dispersion refractive index has been analyzed 
using the single oscillator model developed by Wemple 
and DiDomenico [54]. The plot of (n2 − 1)−1 versus (hυ)2 
is shown in Fig. 10a for PVA-ZnO nanocomposite. The 
value of the average energy of the oscillator  (Eo) and the 
average strength of inter-band optical transitions  (Ed) were 
calculated from the slope and intercept of the fitted data 
which are estimated from: (n2 − 1)

−1
=

Eo

Ed

−
(h�)2

EoEd

 [54]. The 
numerical values of  Eo and  Ed for PVA-ZnO nanocompos-
ites are listed in Table 2. By comparing  Eo and  Ed values 
for PVA-ZnO nanocomposite,  Eo and  Ed showed a higher 
value equal to 9.61 eV and 11.75 eV for PVA-2 wt% ZnO 
and PVA-3 wt% ZnO, respectively. The value of the static 
refractive index  (n0) is calculated from: no =

√

1 +
Ed

Eo

 , and 
has an average range started from 1.45 and ended up with 
1.58 for PVA-3 wt% ZnO nanocomposite. In the present 

work, it was observed that the value of  Eo, increased with 
increasing the ZnO content to 2 wt% and then decreased 
again when the ratio becomes 3 wt%. The observed 
decrease in  Eo could be attributed to the increase in the 
localized states in the band gap which in turn enhances the 
low energy transitions leading to a decrease in the value 
of  Eo. It is generally known that dispersion energy is asso-
ciated with changes in the structural order of the material, 
which explains the increase in  Ed values with increasing 
ZnO concentration for all PVA-ZnO nanocomposites. 
From the obtained data we observed that the oscillator 
energy is related to the average value of the optical band-
gap by this deduced empirical equation  Eo = 1.63 ×  Eg and 
could be suitable for all PVA-ZnO nanocomposites.

The relation between  (n2 − 1)−1 and λ−2 is shown in 
Fig. 10b for PVA-ZnO nanocomposites. The average oscil-
lator strength (So) and the average inter-band oscillator 
wavelength (λo) were calculated from the slope and inter-
cept of the fitted data which is estimated from: 
(n2 − 1)

−1
=

1

So�
2
o

−
1

So

1

�2
 . The estimated values of So and λo 

for PVA-ZnO nanocomposites are listed in Table 2. For 
example, the value of So is 5.38 ×  10−5, 5.90 ×  10−5, and 
5.96 ×  10−5  nm−2, and λo values are 155.17, 134.56, and 
157.96 nm for PVA-1 wt% ZnO, PVA-2 wt% ZnO, and 
PVA-3 wt% ZnO nanocomposites, respectively.

The plot n2 versus λ2 for PVA-ZnO nanocomposites is 
shown in Fig. 10c. The plotted points reveal a good fitting 
to the straight lines that are shown in Fig. 10c and this well 
agrees with the relation: n2 = �∞ −

e2

4�2�oc
2

N

m∗
�2 [54]. In this 

equation, �∞ , �o , and c denotes the high-frequency dielectric 
constant, the vacuum permittivity, and the speed of light, 
respectively. The maximum value of �∞ equals 11.59 and 
was observed for PVA-3 wt% ZnO nanocomposite, mean-
while, the smaller value equals 6.13 and was observed for 
PVA-2 wt% ZnO nanocomposite. Similarly, the increase of 
the ZnO ratio to 2 wt% leads to a decrease in free carrier 
concentration ( N

m∗
) from 1.41 ×  1035   kg−1   m−3 to 

8.8 ×  1034   kg−1   m−3 but was increased again to 
1.93 ×  1035  kg−1  m−3 for a further increase in ZnO content 
to 3 wt%. The estimated values of �∞ and N

m∗
 for PVA-ZnO 

nanocomposites are listed in Table 2.
The difference between optical energies for the direct and 

indirect optical transitions is about 1.4 eV which equals a 
wavelength of 850 nm. There is a rapid rise or drop (pulse) 
in the investigated linear and nonlinear optical characteris-
tics at this wavelength or energy value, and the behaviors 
subsequently resume as before this point with an increase 
in the photon energy or wavelength. For PVA-based nano-
composites doped with  Ni2+ at an energy equivalent to the 
energy difference between the direct and indirect optical 
band gaps, similar alterations in the optical characteristics 
were observed [15]. This observation is quite intriguing 
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and has the following justification: the electrons in the con-
fined state and the nearby conduction band electrons are 
transported to the conduction band when the photon energy 
reaches 1.4 eV. Consequently, when the energy is equal to or 
higher than the indirect or direct optical band gap or equal 
to the difference between them, the optical characteristics 
will change once again.

Polymer nanocomposites with inorganic/metallic filler 
components such as ZnO,  V2O5, graphene, silver (Ag), GaO, 
MgO, and others have long sparked the interest of scientific 
and industrial institutions [40, 55–60]. ZnO is an appeal-
ing material for photonic applications in the UV or blue 
spectral areas due to its broad bandgap (3.37 eV), and its 
high exciton-binding energy allows for effective excitonic 
emission even at ambient temperature. As a result, they 
are widely regarded as the most promising candidates for 

optoelectronics, sensors, transistors, piezoelectrics, UV-
detectors, optical interconnect, UV laser diodes, solar cells, 
light-emitting diodes (LEDs), photovoltaics, varistors, and 
other high-power electronics [1, 61].

4  Conclusion

PVA with x wt% ZnO NP dopant (where x = 1, 2, and 3) 
was produced using the solvent casting method. The syn-
thesized PVA-ZnO hybrid nanocomposites composed of 
wurtzite hexagonal ZnO phase inside the monoclinic PVA 
matrix. The structural properties are somewhat influenced 
by the ZnO ratio; for instance, the size of the crystallites in 
each phase rose as the ZnO ratio increased. The formation 
of the Zn–O bond and the functional groups of PVA was 

Fig. 10  Plots of a  (n2−1)−1 versus (hυ)2, b  (n2−1)−1 versus λ−2 and c  n2 versus λ2 for PVA-ZnO nanocomposites
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shown, and molecular vibrations inside the nanocompos-
ites were detected. PVA nevertheless exhibited high optical 
transparency of 65% (low absorption) while containing 3 
wt% ZnO NPs. The electron transition via the band gap fol-
lows both direct and indirect mechanisms. The difference 
between the direct and indirect optical band gaps is repre-
sented by a pulse shift in the linear and nonlinear param-
eters. The optical band gap becomes narrower when ZnO is 
incorporated. The optical conductivity of the PVA material 
is improved by the doping of 3 wt% of ZnO NPs, which 
encourages increasing ZnO NP levels in PVA. The majority 
of the optical characteristics remain steady as the incident 
photon wavelength shifts beyond 300 nm. The substantial 
absorption in this range might explain the large shift in 
optical properties before 300 nm. Our findings indicate that 
metal oxide such as ZnO NPs doping is a viable approach 
for regulating and improving the physical characteristics 
of PVA, particularly its optical properties. The PVA-ZnO 
nanocomposites' inferred optical and dispersion properties 
show that they may be used for a variety of optoelectronic 
applications that call for a broadband gap.
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