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Abstract
In this current study, hydrogen ions of fluence 5 ×  1017, 10 ×  1017 as well as 15 ×  1017 ions.
cm− 2 were irradiating PVA/ZnO films for applying the irradiated samples in optoelectron-
ics devices. The XRD, SEM, as well as FTIR techniques were used to record the effects of 
hydrogen ions on the structures, morphologies, as well as functional group of the irradiated 
films respectively. The FTIR and XRD employed the successful fabricated of the PVA/ZnO 
composite that made of polyvinyl alcohol (PVA) and zinc oxide nanoparticles (ZnONPs). 
On the other hand, UV-Vis spectroscopic analysis was utilized to examine optical proper-
ties of the PVA/ZnO. The bandgap, absorption edge, as well as Urbach energies of pure 
and ion-exposed films were calculated via the Tauc’s formula. By increasing hydrogen ions 
to 15 ×  1017 ions.cm− 2, the Urbach tail increased from 0.36 to 0.43 eV and the optical gap 
decreased form 2.86 to 2.74 eV. Additionally, the non-linear dispersion properties and opti-
cal susceptibilities of pure and irradiated samples were recorded. The irradiated PVA/ZnO 
samples exhibited enhanced structural and linear/nonlinear optical characteristics, making 
them suitable for use in optoelectronics.
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1 Introduction

Recently, flexible polymeric composites with novel properties have drawn much interest 
as materials for optoelectronics implantations (Xu et al. 2021). The polymeric composite 
materials are attracting more interest due to their unique qualities, such as their geometrical 
simplicity, lightness, and low cost (Alotaibi et al. 2022). In order to create flexible com-
posite films with conducting nanoparticles, many of researchers were frequently employed 
in altering their optical characteristics (Abdellah 2021; Mohamed et  al. 2022). Various 
inorganic nano fillers are gaining popularity for a range of energy applications, like light-
emitting diode (LED) technology, bioelectronics and microelectronic components (Iqubal 
2022).

Conducting ZnO filler has proven for a different applications such as super-capacitors, 
and conducting inks (Ashour et al. 2021). Moreover, ZnO is the most promising substance 
for solar cells, optoelectronic components and sensing (Dhatarwal and Sengwa 2021). Due 
to its high electronic mobility, ZnO is considerable attention as a replacement substance 
for perovskite photovoltaic-cells (Muthupandeeswari et al. 2021; Zhang 2022). The inser-
tion of ZnONPs in a PVA polymer matrix induced structural alteration that enhances the 
mechanical performance adaptability of PVA for usage in prospective applications (Folo-
runso et al. 2022). Due to fascinating characteristics including a large capacity for charge 
storage and a good dielectric strength, PVA has a wide range of applications (Siwatch et al. 
2021). Because PVA has hydroxyl groups attached to C-chain backbones, it can create pol-
ymer complexes by bonding (Abdelhamied et al. 2022).

To improving the properties of polymeric composites, surface-modifying techniques 
like surfaces functionalization and mechanical/thermal/chemical, UV, and ion-beam irra-
diations are frequently utilized (Althubiti et al. 2023). Additionally, ion beam treatment is 
selected for altering the polymeric samples over the long time (Alotaibi et al. 2023). Ion-
beams are effective method for adapting the features of polymer composite films (Abdel-
hamied et al. 2021). Ion-beam treating is utilized to enhance surface characteristics of PVA 
as a result of the influence of ion flux (Alotaibi et al. 2023). In addition, the deposition of 
ion beam energy alters the physical properties of polymer nanocomposites (Abdeltwab and 
Atta 2022)when these materials are subjected to low-energy ion beam irradiation. Chain 
scission, defects, and free radicals were also formed beside these changing properties (Atta 
et al. 2020). Moreover, ion irradiation is activation the functional group characteristics of 
the composite materials (Abdeltwab and Atta 2021). The goal of the current experiment 
is modifying PVA/ZnO samples by subjecting them to various hydrogen ions. The XRD, 
SEM, and FTIR and UV/Vis investigations were performed to analyze the effects of hydro-
gen ions on the PVA/ZnO characteristics. The results showed that irradiating PVA/ZnO 
altered its structural and optical properties are suitable for use in optoelectronic devices.

2  Experimental work

The chemical used are Zinc-nitrate [Zn(NO3)2.6H2O, purity of 99.95%], PVA (molecu-
lar weight 60.000 to 80.000 and purity 99.5%), as well as ethylene glycol  (C2H6O2) of 
purity 98.5%, were provided from Sigma Aldrich. The oxalic acid  C2H2O4 (98.5%) and 
zinc acetate dehydrate Zn(CH3COO)2.2H2O (99.95%) were also purchased also from 
Sigma Aldrich. After that, 1 g of PVA powder id added to 50 ml of distilled water, and 
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the solution was stirred for more than 4 h. Once the PVA solution was ready, 1.5 wt%. 
of ZnONPs powder was added. The generated sol gel is stirred magnetically and heated 
for 3 h at 75 °C, then cooled for 10 h at room temperature. The solution is then calcined 
for 50 min at 380 °C as previously discussed (Abdeltwab and Atta 2021) to form ZnO 
nanoparticles. Using a casting solution procedure (Althubiti et al. 2022), the solution is 
casted in cast-glass plates, then, left to dry for 15 h at ambient temp. The composites 
were eventually taken out of petri plates, then, cut into 1.5 × 1.5  cm samples for the 
necessary characterizations. The created films, which have mean thickness of 0.5 mm, 
are subsequently exposed to hydrogen ions with fluence of 5 ×  1017, 10 ×  1017, as well as 
15 ×  1017 ions.cm− 2 (Abdel-Hamid et al. 2020).

The ion source in Fig.  1 is composed of anode and circular cathode, beside an 
extracting system. This ion source has been previously described (Atta et  al. 2021; 
Abdelhamied et al. 2021). Permanent magnets surround the chamber on two sides, with 
a small entrance allowing gas to enter the discharge medium. The cathode inside the 
chamber will emit electrons, which will then gravitate toward the anode. As a conse-
quence, the ionizing atom is increased, which will cause plasma to form. Consequently, 
extracting electrode is then utilized to collect ion beams. In this work, a gaseous pres-
sure set to 1.8 ×  10− 4 mbar, beam current intensity was 170 uA, and energy of the 
extracting ions was around 3 keV.

The structural characteristics of untreated and treated PVA/ZnO films are assessed by 
XRD (Shimadzu model, XRD-6000, = 1.5406 Å). By using FT-IR, the function chem-
ical group was identified (Model ATI Mattson, Unicam, UK). Additionally, the mor-
phologies of the changed composites are displayed utilizing SEM (Model JEOL, Japan). 
Additionally, optical reflections as well as absorption spectrum of the unmodified and 
exposed composites in the wavelength from 200 μp to 1000 nm are determined utilizing 
the UV/Vis spectrophotometry (dual-beam JascoV-670). The absorbency A and reflec-
tivity R were typically extracted to calculate the other optical factors.

Fig. 1  Electric circuit diagram for cold cathode ion source
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3  Results and discussions

Figure 2 displays the XRD of pure and treated PVA/ZnO. The untreated PVA/ZnO has 
three primary peaks at angles of 2θ ∼32°, 34.7°, and 36.5°, respectively, which cor-
respond to reflections of the (100), (002), and (101) planes. PVA exhibits a peak about 
2θ = 20° (-bdeltwab and Atta 2021; Abdel-Galil et al. 2020). The XRD data show that 
ZnO/PVA is successfully prepared, with only PVA and ZnO exist as phases in the pro-
duced ZnO/PVA. By raising hydrogen ions from5 ×  1017 to 15 ×  1017 ions.cm− 2, the 
intensity peak of 2θ =  20ofor PVA is reduced. This is because the chain scissions as 
well as the production of free-radicals are induced by increasing ion irradiation (-Atta 
et al. 2018). Another reason for this reduction in PVA peak intensity is structural altera-
tions in ZnO/PVA chains due to the interactions chains of ZnO and PVA. Addition-
ally, the positional peak has changed noticeably, pointing to a possible physical interac-
tion between the PVA/ZnO chains and ion bombardment. This is due to the interactions 
between the functional groups in ZnO and PVA as well as hydrogen ions producing the 
light traps and new defects (Muniz et al. 2016). By increased hydrogen ions exposure, 
the ZnO/PVA crystallites are also orientated and shifted into positions. This is evidence 
that hydrogen ions made ZnONPs and PVA chains more miscible.

The crystalline sizes (D) of the ZnO for non-treated as well as treated samples was 
calculated by (Singh and Bedi 2011).

β is full width maximum, θ is angle of diffraction, and λ denotes wavelength. Fur-
thermore, particle diameter (R) of ZnO for nontreated as well as treated samples is esti-
mated by (Hankare et al. 2003):

As shown in Table 1, D as well as R decreases from 32.15 nm as well as 3.65 µm for 
non-treated PVA/ZnO films to 22.55 nm as well as 2.85 µm for treated PVA/ZnO by 
15  ×   1017 ions.cm−2 respectively. These findings suggest that the composite structure 

(1)D =
0.94�

�Cos�

(2)R =
�

sin � cos 2�

Fig. 2  XRD of non-treated 
as well as treated PVA/ZnO 
samples
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was altered by hydrogen ions. The disordering δ of the pure and irradiated films is esti-
mated by (Atta et al. 2022).

When PVA/ZnO is exposed to radiation, the dislocation density is increased from 
9.6×10− 4 lines/nm2 for untreated PVA/ZnO to 19.6*10− 4 lines/nm2. This is because the 
structure of the irradiated composite has flaws caused by varying the interplanar spacing. 
Additionally, the lattice strains (ε) were estimated utilizing Stokes-Wilson formula (Alo-
taibi et al. 2022)

When PVA/ZnO is exposed to radiation, the lattice strains increase from 1.07×10− 3 for 
a non-treated sample to 1.53×10− 3. Additionally, the distorting factors (g) of the untreated 
as well as treated samples is computed by (Sabah et al. 2020).

The distortion values increase with irradiation, going from 14% for pure PVA/ZnO sam-
ple to 20% for irradiated samples. Due to the formation of defects and scission by irra-
diation, the characteristics of the ZnO microstructure alter with the flow of hydrogen ions. 

(3)� =
1

D2

(4)� =
�

4 tan �

(5)g =
�

tan (�)

Table 1  The microstructural 
features of non-treated and 
treating PVA/ZnO samples

D [nm] R [µm] δ  [10− 4 
lines/
nm2]

ε  [10− 3] g (%)

PVA/ZnO 32.15 3.65 9.6 1.07 0.014
5 ×  1017 ions.cm− 2 29.85 3.25 11.2 1.16 0.015
10 ×  1017 ions.cm− 2 26.12 3.05 14.7 1.32 0.017
15 ×  1017 ions.cm− 2 22.55 2.85 19.6 1.53 0.020

Fig. 3  FTIR of the pure and 
treated PVA/ZnO.
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Additionally, the disordered PVA/ZnO structure is changed by the influence of hydrogen 
ions. The intermolecular connecting chains for the irradiation films are a further factor 
affecting the changes in the ZnO microstructure (Sabah et al. 2020).

Figure 3 displays FTIR of non-treated and irradiated ZnO/PVA films. Non-treated ZnO/
PVA exhibits a significant broad band in the FTIR that corresponds to the O-H stretch 
vibrations of the PVA at ~ 3100–3500  cm− 1(Kumaraswamy et al. 2017). While  CH2 asym-
metric vibration is at 2850   cm− 1, C-H asymmetric vibration is of 2950   cm− 1(Atta and 
Reheem 2022). The bands of C-H and -CH2 are responsible for the peaks at 1430   cm− 1 
to 1450   cm− 1, while –CH2 wagging is of 1300   cm− 1. As a result of hydrogen ions, the 
intensities of the band 1080  cm− 1 of the PVA is reduced. The C–C vibrations, that dropped 
to low peak intensities for the nontreated ZnO/PVA samples, is responsible for another 
band at 840  cm− 1that was found (Atta et al. 2013). Additionally, by raising the fluence of 
hydrogen ions from 5 ×  1017 to 15 ×  1017 ions.cm− 2, the intensity of irradiated films is sig-
nificantly lowered and broadened. This is a result of the quantity of defects and chain scis-
sion that the irradiation samples produced, which demonstrates the effective miscibility of 
both ZnO and the polymeric chain in PVA (Alotaibi et al. 2022). A further factor in ZnO’s 
effective miscibility with PVA is the presence of charge transport complexes, which facili-
tate electron transport between valence and conduction bands (Kayış et al. 2021).

Surface morphologies of the untreated as well as treating PVA/ZnO composite is shown 
in Fig. 4a, b, c, d. Non-treated PVA/ZnO has granule morphologies with white dots dis-
persed throughout, as illustrated in Fig.  4(a), indicating the production of ZnO in the 
PVA matrix (Atta and Abdeltwab 2022). Additionally, Fig.4b, c, d shows SEM images of 

Fig. 4  SEM micrographs of, (a) non-treated PVA/ZnO, (b) 5 ×  1017 ions.cm− 2, (c) 10 ×  1017 ions.cm− 2, as 
well as (d) 15 ×  1017 ions.cm− 2
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PVA/ZnO nano-composites treated with 5 ×  1017, 10 ×  1017, as well as 15 ×  1017 ions/cm2, 
respectively. Following exposure to hydrogen ions, interactions between the PVA chains 
and the ZnONPs are seen in the SEM pictures. This is brought on by the quantity of flaws 
and chain scission that the irradiation films created (Rao et  al. 2012). This displays the 
hydrogen ions is improve the miscibility of the ZnO and PVA chains.

3.1  Optical properties

Figure 5a displays the absorbance spectra of untreated and exposed PVA/ZnO. The absorb-
ance of the irradiated PVA/ZnO exhibits behavior that is similar to that of the pure sam-
ple. The absorbance of irradiating samples changes as a consequence of the formation of 
a few homo-polar connections. Using the Beer-Lambert principle (Behera et al. 2020), the 
absorption coefficients ( � ) are computed using absorbance values:

Table 2  Ee,  Eg as well as  EU 
values of nontreated as well as 
treated PVA/ZnO films

Sample Absorption 
edge  (Ee) (eV)

Band gap
(Eg) (eV)

Urbach tail
(EU) (eV)

PVA/ZnO 2.92 3.14 0.33
5 ×  1017 ions.cm− 2 2.86 3.09 0.36
10 ×  1017 ions.cm− 2 2.80 3.04 0.41
15 ×  1017ions.cm− 2 2.74 3.01 0.43
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d is thickness and A is the optical absorbance. Figure 5b shows the absorption coefficients 
( � ) of the non-treated as well as treated materials against the incident photon energy (hv). 
As the ion beam fluence rises, the absorbance coefficient rapidly increases. This is similar 
to  As40Se45Bi15is exposed to 120  MeV Ag ions; the coefficient of absorption rises with 
increasing ion fluence (Behera et al. 2020). Additionally, Table 2 displays absorption edge 
 Ee of the nontreated and exposed samples computed through extending the straight parts of 
relative to the photon energies. When PVA/ZnO is treated by 5 ×  1017, 10 ×  1017, as well as 
15 ×  1017 ions.cm− 2, the absorption edge  Ee for the untreated sample (2.92 eV) is reduced 
to 2.86, 2.80, and 2.74  eV, respectively. The absorption edge of the irradiation films is 
reduced due to the growth of additional homo-polar connections. Free radicals, which lead 
to the creation of disordered structures as demonstrated by XRD and FTIR, are another 
factor in the reduction of absorption edge  Ee with hydrogen ions.

Using the following formula (Kumaravel et al. 2011), optical bandgap  (Eg) is calcu-
lated by:

 where hν =1240/λ  , A is the Tauc constant, as well as hν is the input energy. Exponent 
m, that for direct and indirect transitions is equal to m = 1/2 and m = 2, respectively, rep-
resents the aspect of electron transitions (Kumaravel et al. 2011). Correlation in-between 
(αhv)2 as well as photon energies is used to compute direct bandgap of both non-treated 
as well as treated samples. As seen in Fig.  5c and listed in Table  2, the band gapEg of 
untreated film is reduced with hydrogen ions. The Eg is reduced from 3.14 eV for PVA/
ZnO, to 3.09, 3.04, as well as 3.01 eV, respectively, after exposed to 5 ×  1017, 10 ×  1017, 
as well as 15 ×  1017 ions.cm−2. Similar effect is seen when 120 MeV of  Ag+ 9 strikes CdO, 
and the bandgap is narrowed when the  Ag+ 9fluence is increased (Kumaravel et al. 2011). 
The ion beam interactions with the composite lead to defects inside the band gap (Zeyada 
et  al. 2012), resulting in a decrease inEg . Additionally, the accumulation of this limited 
region between the bands of valence and conduction is another reason for reduction of Eg . 
The Urbach tail, which is characterized by weakly photon energies, is where optical trans-
mission is most strongly induced between local tail states and broader band states. The 
incident energy determined by the following formula (Zeyada et al. 2012) determines the 
Urbach tail energy:

 where  EU is Urbach tail energy and αo is a constant number. Figure 5d depicts the connec-
tion between photon energy and ln (α) for both non-treated as well as treated samples. As 
a result, the inverse slope of the straight sections of those graphs was used to compute the 
band tails for all films (Taha and Saleh 2018) as shown in Table 2. When the PVA/ZnO 
is subjected to 5 ×   1017, 10 ×   1017, and 15 ×   1017 ions.cm−2, respectively, the expected 
Urbach tails of the nontreated sample (0.33 eV) increased to 0.36 eV, 0.41 eV and to 0.43 
eV. For another comparative, the addition of graphene oxide nanosheets (GO) to polyvinyl 
chloride (PVC) also increases the disorder in the nanocomposite materials, leading to an 
increase in Urbach tail energy  Eu(Taha and Saleh 2018).

(6)� =
2.303 A

d

(7)�h� = A
(

h� − Eg

)m

(8)�(�) = �o e
h�∕EU
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The extinction coefficient K is given by (Alrowaili et al. 2021):

Figure 6a shows the K varies with photon λ for both untreated and treated PVA/ZnO 
samples. As can be seen, the increase in defect density caused the k for the irradiated 
films to modify. Figure  6b shows optical reflectance of nontreated as well as wave-
length-treating materials. At higher λ, all samples’ reflectance increases and maintains 
a constant value. Additionally, the reflectance increases with treatment fluences, imply-
ing that incident light diffract is minimized. This demonstrates how the disorder has 
decreased in the treated samples. Additionally, the refractive index (n) is given by 45.

The refractive indices of the pure and treated PVA/ZnO composite films are shown in 
Fig. 6c. The refractive indices is progressively increase with an increase in λ. As non-
treated sample was subjected to 5 ×  1017, 10 ×  1017, as well as 15 ×  1017 ions.cm− 2, the 
index is modified. By forming covalent connections between chains, free radicals alter 
the density and refractive index of the irradiated films as a result of increased ion irra-
diation (Banerjee and Kumar 2011; Behera et al. 2019). Moreover, the electron polari-
zation of irradiation PVA/ZnO resulted in an increase in the refractive indices due to the 
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resonance effect. Another factor motivating this change is the nature of the breakdown 
process itself, which promotes breaking via random interaction. Utilizing relationship 
(Donya et al. 2020), the optical conductivitiesσopt of non-treated as well as treated sam-
ples are computed.

Figure 6d shows how the optical conductivity of the nontreated as well as treated sam-
ples varies with wavelength. Localized-state concentrations in the band structure, that 
induce changes in absorption coefficients α, are what cause the optical conductivities of 
samples to vary with λ. The interaction between PVA and ZnO is also responsible for 
the improvement in optical conductivity under the impact of hydrogen ions, which indi-
cates that ion irradiation induces a rearrangement in the PVA/ZnO structure. On the other 
hand, the density of the localized stages and hence the optical conductivity both increase 
with hydrogen ions. This finding provides more evidence that ZnO and PVA have a good 
miscibility.One of a substance’s most important qualities is its dielectric constant ϵ , which 
has two components: real  �r and imaginary ϵi as indicated in the formula below (Abd El-
Rahman et al. 2019):

As indicated in the following formula (Rasheed et al. 2019), the real (εr) represents the 
light dispersion of a substance that is estimated using n and K values:

The variations in real component εr against λ of the nontreated as well as treated films 
are shown in Fig. 7a. This increase in ϵr with hydrogen ions is because of the creation of 
covalent links in between numerous chains that rise incident energies losses. Additionally, 
relation (Alharbi and El-Rahman 2017) is used to calculate the imaginary component ϵi 
that denotes the energy absorption as a result of dipole-moment movements.

Figure 7b shows the εi of pure and irradiated samples as a function of λ. It should be 
detected that the density and refractive indices of the PVA/ZnO composites were altered by 
irradiation.
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Wemple Di-Domenico’s single oscillator paradigm is used to quantify the refractive 
indices (Al-Zahrani et al. 2015):

Eo stands for a single energy oscillator, while  Ed refers to distributed energy. Figure 8a 
shows the association between untreated and irradiation samples  (n2−1)−1 and(hν)2 . Both 
 Eo and  Ed values are determined by using the intercept and slope of the straight fitting 
component, respectively. Further, using (El-Nahass et al. 2009), the stationary refractive 
indices  no of both untreated and irradiation materials are calculated by:

As a consequence, the relation ε∞=  (no)2 is used to compute the zero-frequency dielec-
tric constant (ε∞). The values of  Eo and  Ed for the nontreated as well as treated PVA/ZnO 
samples are shown in Table 3. After exposure to hydrogen ions,  Eo rises from 2.67 eV for 
the untreated to 3.24 eV, whereas  Ed changed from 0.18 to 0.33 eV. The static index  no 
enhanced from 1.03 to 1.5 when exposed to 15 ×  1017 ions.cm-2, as seen in Table 3. Oxy-
gen ions have an equivalent effect on MC/PANI/Ag. They demonstrated that an increase 
in oxygen ions from 0.8 ×  1018 to 2.4 ×  1018 ions.cm−2 resulted in enhanced of the index 
of from 1.15 to 1.23 (Hamad 2013). Further variables, such the dielectric lattice con-
stants (εl), the electron densities (ε∞) and free carriers’ concentrations to effective masses 
(N/m*) were estimated. The εris estimated using the Spitzer–Fan concept (Hamad 2013):

 where ϵs is dielectric free space, and c is light speed. Figure 8b displays the relationship 
between ϵr against λ2 for both nontreated as well as treated films. As shown in Table 3, the 
�l and N

m∗
 of the untreated and irradiated samples can be calculated using the slope as well as 

intercept of the straight sections of the detour, respectively.
The plasma frequencies  (Wp) is calculated by (Alwan 2012):

The amounts of �l , N/m*, and  Wp changed when the pure films were treated by 
hydrogen fluences of 5 ×  1017, 10 ×  1017, as well as 15 ×  1017 ions.cm− 2. This adjustment 
may be connected to the bond length shift that was previously observed in XRD data 

(15)
1

n2 − 1
=

EO

Ed

−
1

EO Ed

(h�)2

(16)no =

(

1 +
Ed

EO

)1∕2

(17)�r = �l −

(

e2

4 �2�sc
2

N

m∗

)

�2

(18)Wp =
e2

�o
×

N

m∗

Table 3  no, ε∞,  Ed,  Eo, εl, as well as N/m* values of the nontreated as well as irradiated PVA/ZnO

Sample no ε∞ Ed (eV) Eo (eV) �l N/m* x 
 1038  kg− 1  m− 3

PVA/ZnO 1.03 1.06 0.18 2.67 1.063 0.6
5 ×  1017 ions.cm− 2 1.05 1.08 0.11 2.29 1.060 0.57
10 ×  1017 ions.cm− 2 1.1 1.21 0.21 2.49 1.097 1.08
15 ×  1017 ions.cm− 2 1.5 1.10 0.33 3.24 1.111 1.1
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after irradiation. Additionally, the given formula was utilized to compute the refractive 
indices  (n∞), medium oscillators (λo), as well as oscillator lengths  (So) of the nontreated 
as well as exposed PVA/ZnO samples (El Sayed et al. 2014):

The quantities of n∞ and λo are calculated from the slope and intercept of the straight 
relations of  (n2−1)−1 and λ−2 as in Fig. 8c, as indicated in Table 4, respectively. The value 
of λo is modified with the influence of hydrogen ions as recorded in Table 4. The addition 
of ZnO to PVA causes a shift, due to alterations in bond length. In addition, the dipoles 
contributed to the polarization of the irradiated films is varies with ion beam. Additionally, 
(Saadeddin et al. 2007) is used to estimate the quantities of  So:

Naturally, as the hydrogen beam hits increase, the  n∞ and  So rise progressively. λo 
amounts for the treated samples decrease on the other hand. However, the Drude idea con-
nects the incident photon wavelength and the imaginary component of the dielectric con-
stant ϵiusing the given formula (Frumar et al. 2003):

(19)
(

n2
∞
− 1

)

∕
(

n2 − 1
)

= 1 −

(

�o

�

)2

(20)So = (n2
∞
− 1)∕(�o)

2

(21)�i =
1

4�3�o

(

e2N

c3m∗�

)

�3
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nontreated as well as treated PVA/ZnO films
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Thus, by plotting the relationship between ϵiand�3 , as shown in Fig. 8d, the relaxation 
time ( � ) of the untreated and treated samples is determined. The time relaxation decreases 
from 1.56x10-7 s to 1.25×10-7 s with increasing beam fluence to 5×1017 ions.cm-2, as 
shown in Table 4. These investigations showed that when nanocomposite films were bom-
barded with ions, their optical properties improved, rendering them appropriate for use in 
higher-speeds optoelectronic implantations.

The given formula (Ticha and Tichy 2002) represents the (NLO) responsivity of a 
material:

P, X(1), andX(2) correspond the material polarizations, linear susceptibilities, as well as 
2nd order NLO susceptibility, whereasX(3) corresponds the 3rd -order NLO susceptibility. 
The values of X(1) and X(3)(Kanis et al. 1991) is computes as follows:

   and 

The refractive indices are calculated through:

 where no, and n2 denote linear, and nonlinear indices, correspondingly. NLO refractive 
indices is computed from NLO susceptibility as well as nutilizing (Ali 2021):

Figures 9a, b show the relationship between X(1) and X(3) with λ for the nontreated as 
well as treated films, respectively. Both the quantities of X(1)and X(3)increase as a result 
of ion bombardment. This increase is linked to the radiation-induced faults (Abomostafa 
and Abulyazied 2021). Figure9c shows NL refractive indices trend with λ for both non-
treated and exposed films. Conspicuously, the amounts of  n2 show same tendency to  X(3), 
gradually increasing as the effects of ion exposure increase. Irradiated PVA/ZnO nanocom-
posites may be exploited for nonlinear optical applications because developed nonlinear 

(22)P = X(1)E + X(2)E2 + X(3)E3

(23)X(1) =
(n2 − 1)

4�

(24)X(3) = A
(

X(1)
)4

n(�) = no(�) + n2
(

E2
)

n2 =
12�X(3)

no

Table 4  Wp,  n∞, λo,  So, and � of untreated and treated PVA/ZnO composites

Sam-
ple

Wpx1012(sec− 1) n∞ λo (nm) So x 
 106 
 (m− 2)

� x  10− 7 
(sec)

PVA/ZnO 0.17 1.03 519.6 1.1 1.56
5 ×  1017 ions.cm− 2 0.165 1.02 628.1 0.79 1.25
10 ×  1017 ions.cm− 2 0.44 1.045 561.2 1.6 1.36
15 ×  1017ions.cm− 2 0.35 1.05 458.3 2.1 2.05



 N. Al-Harbi et al.

1 3

409 Page 14 of 18

properties of  X(3) as well as  n2 [63]. These results showed that the irradiated PVA/ZnO is 
more appropriate for optoelectronic devices than untreated films.

4  Conclusion

PVA/ZnO films are effectively fabricated by solution casting procedure as indicated 
by FTIR, XRD and SEM methods. The samples are then irradiated with hydrogen flu-
ence of 5×1017, 10×1017 as well as  15x1017ions.cm-2 using broad ion source. The FTIR 
measures ensure a reduction in the peak intensities of the treated materials. The optical 
refractive indices, extinction coefficients, and absorption coefficients of non-treated and 
exposed PVA/ZnO films are determined. The Urbach tails of the untreated sample (0.33 
eV) increased to 0.36 eV, 0.41 eV and to 0.43 eV by enhanced hydrogen ions to  5x1017, 
10×1017, and 15×1017 ions.cm−2, respectively. An increase in homopolar connections is 
responsible for the observable change in the bandgap of the exposed samples. Further-
more, the expected optical characteristics of untreated and exposed films were investi-
gated. The results showed that the irradiation films’ structural and surface properties 
were altered in ways that could have wide-ranging implications. Moreover, optical char-
acteristics of the irradiated PVA/ZnO were improved to be more convenient for device 
applications. Treatment of PVA/ZnO films with hydrogen ions yields superior linear 
and nonlinear optical properties, suggesting their potential use in optoelectronics.
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Fig. 9  (a) X(1), (b) X(3), and (c)  n2 against λ for non-treated and treated PVA/ZnO composites
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