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Poly(vinyl chloride) (PVC) is considered one of the most versatile polymers due to its interaction 
with different additives. On the other hand, binary sulfides have wide applications as zinc sulfide (ZnS), 
one of the first discovered semiconductors. This study aims to synthesize a nanocomposite material 
containing nano ZnS in the PVC matrix with a surfactant as a compatibilizer agent to evaluate its optical 
and electrical properties when exposed to gamma radiation. Our results showed that adding ZnS at 
0.5 wt% concentration in the PVC matrix promoted the system from insulating to the semiconductor 
material. Therefore, gamma radiation has played an important role in nanocomposites’ optical and 
electrical properties with changes in electrical and electrical conductivity, constant dielectric parts, 
refraction index, optical band gap, and Urbach energy. Thus, our study points to the development of 
nanocomposite material, semiconductors, and features useful for applications in flexible electronics 
or optical-electronic devices.
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1. Introduction
Electronics have been undergoing a disruptive evolution, 

investing in lightweight, soft and flexible devices instead of 
heavy, bulky, and rigid devices1. Thus, flexible electronics is 
a fast-growing field that promises to develop new commercial 
products such as displays, solar cells, and biomedical 
sensors. These devices can be incorporated into clothing 
and other everyday items that ensure they revolutionize our 
daily lives2. In this way, the electronic industry opens up 
new opportunities, and endless manufacturing advances in 
thin-film materials and devices will make flexible electronics 
ubiquitous3.

Usually, flexible electronic devices take advantage of 
the mechanical properties of conventional plastics and the 
semiconductor properties of conjugated polymers4-6. Many 
polymers exhibit high flexibility, low density, and transparency. 
Some are biocompatible and biodegradable and therefore 
are the dominant materials in flexible electronics.

Most polymer materials are electrical insulators in nature. 
Moreover, polymer nanocomposites offer a new possibility 
for improving electrical conductivity. These materials can 
become conductors through different methods: i) the creation 
of conjugated double bonds in the polymer main chain; 
ii) the introduction of the donor-receptor complex in the 
polymer matrix; iii) the addition of conductive charges such 
as metallic powders and carbon black3. Employing inorganic 
nanoparticles combined with commercially available polymer 
extends the range of conductive materials.

One of the goals of materials research is to create new 
materials with physical properties tailored to a specific 
application and to understand the mechanisms that control 
these properties. Irradiation techniques are an advanced 
method for modifying materials. It is well known that electrical 
conduction in polymers can be considerably increased by 
irradiation7-12. Polymer nanocomposites with adjustable 
electrical and optical properties by gamma radiation have 
many applications in flexible electronics. For example, El-
Shamy et al.8 studied the influence of gamma radiation on 
the electrical and dielectric properties of poly(vinyl acetate)/
silver nanocomposite films. The results showed that the value 
of the dielectric constant of the films decreased with the 
increase in gamma radiation doses. Thus, gamma radiation 
doses increase the material’s electrical conductivity and alter 
its conduction behavior. In this way, inorganic loadings were 
already used as additives for polymers exposed to gamma 
radiation to improve chemical, thermal, and mechanical 
properties13,14.

The polymer nanocomposites have gained importance in 
manufacturing products with high-performance properties 
for different industries. An important polymer is poly(vinyl 
chloride) (PVC), which is a synthetic polymer with applications 
in diverse fields such as blood tubes, blood bags, consumer 
goods, cable insulation, etc15. Moreover, the semiconductors 
nanoparticles offer a new possibility for improving optical 
and electrical properties when incorporated into the PVC 
matrix16,17. However, PVC molecule changes upon gamma 
radiation with dose-dependence in crosslinking and scission 
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effects in the main chain. The development of crosslinking 
results in the joining of adjacent PVC chains to form a three-
dimensional network in which radicals recombine with each 
other. Oppositely, chain scission occurs whenever the radicals 
fail to recombine resulting in a reduced molecular chain13,18.

On the other hand, zinc sulfide (ZnS) is the first 
semiconductor discovered and has been gaining extensive 
attention for its luminescence properties, low absorption 
coefficient in the visible and near-infrared region, good 
dielectric properties, and high refractive index. For this reason, 
ZnS has a variety of applications, including light-emitting 
diodes, electroluminescence, flat-panel monitors, sensors, 
lasers, bio-devices, and infrared windows, featuring good 
chemical stability and physical resistance with rapid electronic 
response19,20.

In this way, this study aims to investigate the effects of 
gamma radiation on the optical and electrical properties of 
a nanocomposite containing ZnS nanoparticles (dispersed 
with octadecylamine) in the PVC matrix. It was expected 
to produce a new material once gamma radiation improved 
optical and electrical properties have become increasingly 
important in the electronics industry.

2. Materials and Methods

2.1. Experimental part
The poly(vinyl chloride) (PVC) produced by Braskem 

(Brazil) was utilized in this study. According to Braskem, 
the PVC in this study is a resin without processing additives 
and polymerized by the suspension method. A known amount 
(1.8g) of PVC; was dissolved in 40 ml of the methyl-ethyl-
ketone (MEK) as the solvent and stirred by a magnetic stirrer 
for 24h at 600C to form a homogenous solution. This step was 
repeated by adding a required quantity of ZnS nanopowder 
as a loading to the PVC solution to create films at 0.3; 0.5; 
0.7; and 1.0 wt% concentrations. Moreover, octadecylamine 
was added to solutions in a similar amount of ZnS quantity 
to improve nanoparticle dispersion in the polymer matrix. 
The ZnS was synthesized and characterized in our previous 
study, showing a spherical shape with diameters ranging from 
2 to 3 nm21. After the magnetic stirrer, the films were obtained 
by the casting method. The Petri dishes were stored in a 
cabinet with a dehumidifier at room temperature (≈ 27 0C). 
The PVC and PVC/ZnS nanocomposites films were peeled 
from Petri dishes and kept in desiccators until use.

Digimess digital micrometer with an accuracy of 0.004 mm 
was carried out to determine the thickness of the films. 
PVC and PVC/ZnS nanocomposites films were irradiated 
with gamma radiation. The gamma rays were from a non-
attenuated 60-Co source (Gammacell GC220 irradiator - MDS 
Nordion, Canada), at 25, 50, and 75 kGy doses in air, the 
dose rate of 2.66 kGy/h, and at room temperature (≈ 27ºC).

The electrical resistance (R’) of PVC and PVC/ZnS films 
(1.5 x 0.5 cm, and quadruplicated samples), irradiated and 
unirradiated, was measured by two probe techniques using 
a digital Keithley electrometer, 6517 A, 200Ω resistance 
standard, with the direct current source. The silver paste 
was used to ensure good contact of the sample surface with 
electrodes. Two metal claws were placed on the electrodes 
that connect the films to the electrometer. The R’ value ( )Ω  

was obtained direly from the equipment. The specific volume 
resistivity (𝜌v) of films was obtained using Equation 122.
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Where t is film thickness (mm), d0 is electrode diameter 
(in this study, d0=1.48 mm), and d is the distance between 
electrodes. In this study d=12.15 – 2 (d0/2), i.e., d=10.67 mm.

Finally, the films’ specific electrical conductivity (σ) 
values were estimated using Equation 223. In this study, the 
following ranges of electrical conductivity were adopted: 
σ ≤ 10-6 S. m-1 (insulating), 10-5 < σ < 102 S.m-1 (semiconductor), 
and σ > 102 S. m-1 (conductor)24.
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In addition, the optical absorption spectrum is one of 
the essential tools for understanding the electronic and 
optical properties of pure and doped polymers. The spectra 
were carried out with JASCO V-730 UV-visible/NIR 
spectrophotometer in the wavelength range 230–800 nm with 
an accuracy of ±0.2 nm at 180C. Thus, the optical properties 
of films (irradiated and unirradiated) were estimated from 
UV-visible spectra according to equations shown in the 
optical absorption theoretical part below.

2.2. Optical absorption theoretical part
Measuring the absorption of UV-vis spectrum is the 

most direct method for investigating some optical properties 
of materials. In the photon absorption process, electrons in 
a molecule are excited from one energy level to a higher 
energy level, featuring the following molecular electronic 
transitions types: 𝜎 → 𝜎∗, n → 𝜎∗, n → 𝜋∗, and 𝜋 → 𝜋∗. 
These transitions were referred to as band-to-band or 
exciting transitions. Furthermore, the absorption edge is the 
fundamental absorption manifested by electron excitation 
from the valence band to the conduction band, evaluated 
from the maximum peak position in UV-vis spectra25.

The absorptions (A) obtained from UV–vis spectra can 
be used to determine the optical band gap (Eg) since the 
absorption coefficient (α) depends on the frequency of absorbed 
photon (ν) and can be defined by Beer–Lambert’s law25,26:

1 2.303    − =   
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t

α  (3)

Where t is the thickness of the film in centimeters (cm). 
On the other hand, the absorption coefficient (α) is related 
to photon energy (hν) and optical band gap (Eg) by Tauc’s 
relation26-29:

( )
1
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Where hν  is the incident photon energy (approximately 
hν = 1240/λ), B is a constant, and m corresponds to the 
band gap transition type that depends on the nature of the 
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material25,30. The m value exhibits 1/2 for allowed direct 
transition, 2 for indirect allowed transition, 3/2 for direct 
forbidden transition, and 3 for indirect forbidden transition30. 
The absorption coefficient’s dependence on the photon 
energy helps study the type of electrons transition31. Thus, 
when the values of the absorption coefficient of material are 
high (α ≥ 104 cm−1) it is expected that direct (allowed and 
forbidden) transitions of the electron to happen. Oppositely, 
i.e., when α < 104 cm−1, the indirect (allowed and forbidden) 
transitions of the electron are expected32,33.

On the other hand, the carbonaceous cluster is one of 
the important parameters analyzed to enhance the optical 
properties of the polymeric material. This cluster is rich with 
a charge carrier, which enhances the surface conductivity of 
the polymers. The size of the cluster in irradiated polymers 
is more extensive, and the number of carbon atoms in 
hexagon rings per conjugation length (M) can be found 
using Equation 534.
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The numeric value (34.3 eV) is associated with π–π* 
optical transitions in band structure energy (-2.9 eV) of a 
pair of adjacent π bond sites in –C=C– ligation for hexagon 
rings in buckminsterfullerene form.

Near the band edge in UV-vis spectra, the α depends 
exponentially on the photon energy and obeys the empirical 
Urbach rule35. This rule can be used for determining Urbach’s 
energy (EU). The EU is the width of the band tails of localized 
states in the customarily forbidden band gap, associated with 
the structural defects and disorder within the polymer matrix. 
The origin of the EU is considered as thermal vibrations in 
the lattice36. The EU can be determined using Equation 635.
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Where αo is a constant that characterizes the materials, the 
EU could be estimated from the reciprocal of the straight-line 
slope of lnα versus hν plot.

The Reflectance (R) of the surface of the films is a 
component of the response of the material’s electronic 
structure to the electromagnetic field of light and depends 
on the wavelength of light. Using the absorption value (A) 
is possible to obtain transmittance (T=10-A) of the material, 
and then the R of the films was determined by Equation 737.

R 1  T= − ⋅ Ae  (7)

Where e = Euler’s number.
The refractive index (n) of a material is one of an optical 

material’s most significant defining properties. It measures 
how the speed of light changes as it travels from a vacuum 
into a material. The n in non-magnetic material is dependent 
on the dielectric constant and other factors such as temperature 
as the introduction of loadings in the system, for example. 
The R data was used to calculate the n by Equation 838.
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The extinction coefficient (k) is related to a fraction of 
energy lost due to absorption and scattering per unit thickness. 
The k was evaluated using equation eight from wavelength 
(λ) of absorbance data39.
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The variation in n and k values as a function of wavelength 
reveals that some interaction occurs between electrons of 
the film molecules and incident photons. These parameters 
have an intrinsic relationship with the dielectric constant 
of the material.

The dielectric constant is a dimensionless parameter 
that describes its tendency to polarize in response to an 
applied electrical field. The complex dielectric constant 
(𝜀∗ = 𝜀𝑟 + 𝑖𝜀𝑖) is a fundamental property. Thus, the dielectric 
constant characterizes the optical properties of solid material 
and consists of two components: the real part (𝜀𝑟) and the 
imaginary part (𝜀𝑖). The real part of the dielectric constant is 
related to the speed of light in the material that is interrelated 
to its electronic polarization, whereas the imaginary part 
indicates dipole motion due to absorption energy from an 
electric field. The k and n values were used for the obtention 
of the real and imaginary parts of the dielectric constant by 
Equations 10 and 11, respectively39:

2 2  r n k∈ = −  (10)

 2i nk∈ =  (11)

Finally, the optical conductivity (σopt) is related to the 
movement of the charge carriers by the alternating electric 
field of the incident electromagnetic waves, which is given 
by Equation 1240.
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Where c = 3x1010 cm/s (velocity of light).

3. Results and Discussion

3.1. Electrical conductivity
Table 1 despite the influence of ZnS and gamma radiation 

on the electrical conductivity of PVC films. The PVC 
and PVC/ZnS films produced had a thickness of around 
0.128 ± 0.03 mm with a slight increase for ZnS concentration 
at 0.7 and 1.0 wt%. Each point represents the average of the 
four measurements (different films). As expected, unirradiated 
PVC films showed insulating behavior with an electrical 
conductivity value of 2.9 x 10-9 ± 1.2 x10-9 S/m without 
significant changes before gamma radiation. Nevertheless, 
the electrical conductivity of unirradiated PVC/ZnS systems 
is increased on ZnS content, probably by the formation of 
charge-transfer complexes in the film. In this way, only the 
films at 0.5 wt% concentration became a semiconductor 
system with an electrical conductivity value of around 
1.6 x 10-5 ± 4.5x10-6 S/m. The interface adhesion and/or 
bonding between the polymer matrix and the dispersion 
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of ZnS nanoparticles seem more significant at 0.5 wt% 
concentration. Thus, the movement of ZnS along PVC chains 
produces conductivity.

On the other hand, at a higher concentration than 0.5 wt%, 
the electrical conductivity values are somewhat decreased. 
This behavior may be ascribed to some ZnS agglomerates 
that partially contributed to reducing the mobility of the 
electric charges41. Our previous study identified the small 
ZnS agglomerations in SEM micrographs of PVC/ZnS21.

Also, according to Table 1, gamma radiation plays an 
important role in the electrical conductivity of all nanocomposite 
films, particularly at 25 and 50 kGy doses. Our early study 
found that the PVC films undergo predominantly main chain 
scission at 25 and 50 kGy this effect facilities the movement 
of nanoparticles along the polymer matrix increasing the 
electrical conductivity of the films. Further, ZnS nanoparticles 
act as energy-absorbing centers during exposure to gamma 
rays21. This absorption manifests in any localized redistribution 
of ZnS in the host polymer chain with the presence of 
more contacts between individual nanoparticles. All films 
irradiated at 25 and 50 kGy doses went from insulators to 
semiconductors (highlighted in Table 1).

Furthermore, a significant effect of gamma radiation 
was found at 25 kGy with a substantial increase in electrical 
conductivity for low ZnS concentration (0.1 wt%). The chances 
of interactions between the polymer and gamma rays are 
more likely in samples with a low load concentration. For this 
reason, it was found that the value of electrical conductivity 
increased for ZnS concentrations to lower than higher. However, 
the damage to the PVC matrix was more pronounced at a 
50 kGy dose. Thus, several events in the polymer matrix 
could influence the decrease of nanocomposites’ electrical 
conductivity compared with films irradiated at 25 kGy.

It is well known that the behavior of PVC is dependent on 
dose radiation42. Thus, it was expected that the crosslinking 
effect was predominant at the 75 kGy dose, and the electrical 
conductivity value of nanocomposites was significantly decreased. 
The possible explanation is that the crosslinking effect leads to 
reduced PVC chain mobility and, consequently, reduced mobility 
of the ZnS nanoparticles. In turn, the electrical conductivity 
is sensitive to the motion of charged species such as ZnS.

3.2. Optical properties

3.2.1. Absorption study
The optical properties of PVC and PVC/ZnS films, 

irradiated and unirradiated, were recorded by UV-vis 
spectroscopy (Figure 1). Analysis of the absorption spectrum 
in the lower energy region gives information about atomic 
vibrations, while the higher energy region of the spectrum 
provides knowledge about electronic states in the atoms38.

The absorbance of films increases with both ZnS 
concentration and irradiation dose. The increased absorbance 
in unirradiated films is caused by the ZnS nanoparticles that 
acted as scattering centers in the PVC matrix. On the other 
hand, the absorbance increases significantly for irradiated 
films due to changes in the molecular structure of the PVC 
matrix induced by gamma radiation43,44. These changes 
were formed when PVC molecules break in chlorine bonds, 
removing hydrochloric acid and forming double bonds in 
the chain13,21,42. Other damages were generated, leading 
to new defects and new charge states. Consequently, the 
defects and double bonds are also referred to as color centers 
(chromophore group) and impact films’ light absorption45.

These effects can lead to more significant interchain 
interactions increasing the localized state density. These 
changes were more pronounced for ZnS concentration at 
0.7 and 1.0 wt% due to broadening the edge peak. Thus, 
lower energy was required for the optical transition, and the 
absorption moved towards longer wavelengths46.

In addition, the regular change in the absorbance of the 
PVC/ZnS films provides evidence for the good dispersion 
of nanoparticles (or some aggregates) in the PVC matrix47, 
reinforcing the action of octadecylamine as a nanoparticle 
dispersant. This result follows SEM micrographs of PVC/
ZnS discussed in our previous study21.

The UV-vis absorption of unirradiated PVC films showed 
an absorption edge at 279 nm assigned to the n–π* transition 
of -Cl group in PVC molecule33. The absorption edge for all 
curves is shifted towards longer wavelengths with increasing ZnS 
content. This phenomenon may be attributed to the complexation 
between the dopants and the PVC21,33 and the change in polymer 
molecular structure by gamma radiation effects.

Table 1. Influence of Irradiation dose and ZnS concentration on the electrical conductivity of PVC and PVC/ZnS films.

Zn Concentration Thickness Electrical conductivity (S/m)

(wt%) (mm)
0 25 50 75

(kGy) (kGy) (kGy) (kGy)

0
0,127 2.9 x 10-9 1.1 x 10-9 1.3 x 10-9 8.8 x 10-9

±0,034 ±1.2x10-9 ±2.0x10-10 ±3.0x10-10 ±3.0x10-10

0.1
0,127 7.7 x 10-7 1.3 x 10-5 1.9 x 10-9 7.5 x 10-9

±0,016 ±9.2x10-8 ±5.0x10-6 ±1.4x10-10 ±4.0x10-10

0.3
0,128 1.1 x 10-6 6.6 x 10-5 2.5 x 10-5 3.8 x 10-9

±0,004 ±6.3x10-7 ±4.0x10-6 ±2.4x10-6 ±1.2x10-10

0.5
0,125 1.6 x 10-5 3.7 x 10-5 2.3 x 10-5 1.0 x 10-9

±0,024 ±4.5x10-6 ±1.3x10-6 ±3.3x10-6 ±3.1x10-10

0.7
0,131 1.1 x 10-8 4.0 x 10-5 1.5 x 10-5 1.7 x 10-8

±0,006 ±3.6x10-9 ±3.5x10-6 ±2.3x10-6 ±2.0x10-9

1
0,131 8.8 x 10-7 3.3 x 10-5 1.1 x 10-5 1.1 x 10-8

±0,034 ±1.2x10-8 ±2.1x10-6 ±4.1x10-6 ±1.5x10-9
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The absorption edge is the region when an electron 
jumps from a state with low energy to a state with higher 
energy due to photon absorption41. The materials enable light 
absorption in the absorption edge region, and the quantity 
is measured from the optical absorption coefficient (α). 
The physical meaning of α is the fractional attenuation of 
photon energy per unit distance. Figure 2 shows the relation 
between α and photon energy for the sample. It was found 
that the absorption edge value shifts from 4.18 eV for PVC 
to lower values for PVC/ZnS films for unirradiated films. 
The decrease in edge energy does mean that lower energy 
is required to transfer the electrons from the valence band 
(VB) to the conduction band (CB) of nanocomposite films. 
The enhancement of carrier–carrier interaction due to the 
ZnS presence in PVC matrix results in the absorption edge 
shifting. Similar results were found for whole irradiated films.

3.2.2. Transmittance analysis
Figure 3 shows the effects of the ZnS concentration 

and radiation dose in the optical transmittance of PVC 
films. To elucidate the dependence of optical behavior of 
PVC and PVC/ZnS films, we analyze the transmittance in 
two distinct spectral regions: the high-energy region (λ ≤ 
350 nm) and the low-energy (λ > 350 nm). The Figure shows 
that the transmittance intensity of PVC and PVC/ZnS films 
(irradiated and unirradiated) is relatively low in the high-
energy region, but the films exhibit high transmittance in 
the low-energy region.

Analyzing Figure 3 in the two regions of unirradiated 
systems, a decreased optical transmittance was observed as 

increased ZnS content in the PVC/ZnS films. The reduced 
transmittance could be caused by increasing localized state 
density in the high-energy region. On the other hand, in 
the low-energy region, the optical transmittance reduction 
could be attributed to nanoparticle agglomerations caused by 
increasing ZnS content in the PVC matrix21. This nanoparticle 
behavior leads to optical transitions resulting in energies 
absorbed in the visible part of spectra45,46.

Furthermore, when PVC and PVC/ZnS films were 
exposed to gamma-rays in the high-energy region, the optical 
transmittance of films decreased with an increase in irradiation 
dose. The reduced transmittance could be attributed to the 
rise of disorder caused by scission or crosslinking effects in 
this region. Similar results were found for PVC/ZnS films 
at 0.5, 0.7, and 1.0 wt% concentrations in the low-energy 
region. However, in the visible region, it enhanced the 
transparency for both PVC and PVC/ZnS films at 0.1 and 
0.3 wt%. Probably, this effect was influenced by defects 
caused by gamma radiation to the polymer matrix and the 
more mobility of ZnS in the lower concentrations.

3.2.3. Refractive index analysis
The refractive index is an optical material’s most 

significant defining property. In this study, the refractive 
index (n) in the visible region (λ=500 nm) for unirradiated 
PVC film is 1.46, which is consistent with values measured 
in other studies47,48. However, Table 2 reveals the refractive 
index as a function of ZnS concentration and irradiation 
dose. For PVC/ZnS films unirradiated, the n increased with 
increasing ZnS concentration. Similar behavior was found 

Figure 1. UV-vis spectra of PVC and PVC/ZnS nanocomposites films.
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Figure 3. Influence of ZnS concentration and gamma radiation on the optical transmittance of PVC films.

Figure 2. Absorption coefficient of PVC and PVC/ZnS nanocomposites films.
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for irradiated nanocomposites films. The increase in the n 
value of PVC/ZnS films means phase velocity deceleration 
due to the incorporation of the nanoparticles into the films 
resulting in a density increment31.

However, the n value of PVC and PVC/ZnS films 
decreased with the increase of radiation dose, i.e., the changes 
in PVC molecular weight distribution by irradiation play 
an important role in n values. The main chain scission and 
crosslinking effects could vary the orientation of chains, thus 
altering films’ refractive index. The crosslinking effect, for 
example, provoke tightness and closeness between chains. 
The formation of intermolecular crosslinking, for example, 
increased the density of the film, i.e., decreased the anisotropic 
character of the nanocomposite films49.

The n value changes showed that the ZnS incorporation 
in the PVC matrix is the acceptable approach to tailor the 
refractive index efficiently. It has potential applicability for 
optical devices in optical waveguides, camera lenses, photonic 

devices, optical reflectors, etc50,51. In addition, the increase 
in the k value in the ZnS concentration function indicates 
more photons scattering on the film’s surface. However, the 
k values decreased as a dose function probably by new ZnS 
dispersion in the polymer matrix due to radiation effects in 
the PVC molecule.

3.2.4. Optical dielectric constant and optical conductivity 
study

The optical dielectric constant has a dependence 
on n and k values. The dielectric constant for PVC film 
increased due to the ZnS concentration and irradiation 
dose of the real part (Figure 4) and the imaginary part 
(Figure 5). Furthermore, the dielectric constant values 
increased with increasing photon energy. These behaviors 
indicating interfacial polarization were increased due to 
the heterogeneous structure of nanocomposites due to PVC 
interaction with ZnS52.

Figure 4. Influence of gamma radiation on optical dielectric real part (εr ) of PVC and PVC/ZnS films.

Table 2. Relationship between refractive index (n) and extinction coefficient (k) with ZnS concentration for unirradiated and irradiated 
films at λ=500nm.

Dose
0.0 wt% 0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 1.0 wt%

n K x 10-5 n K x 10-5 n K x 10-5 n K x 10-5 n K x 10-5 n K x 10-5

0 1.46 1.6 1.48 1.9 1.53 2.7 1.55 2.9 1.62 4.1 1.71 6.0
25 1.40 0.8 1.42 1.0 1.49 2,1 1.64 4.5 1.67 4.9 1.71 6.0
50 1.41 0.9 1.43 1.2 1.47 1.8 1.54 2.7 1.65 4.6 1.70 5.8
75 1.41 0.9 1.43 1.2 1.46 1.6 1.51 2.4 1.61 3.9 1.67 5.0
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In addition, the dielectric behavior of irradiated films 
is explained by the presence of an appreciable number 
of defects in the PVC matrix due to the chain scission 
or/and crosslinking effects42. This means that increased 
defect forms a more significant number of dipoles that 
govern the dielectric properties of irradiated PVC and 
PVC/ZnS films53.

On the other hand, the optical conductivity (σopt) informs 
the movement of the charge carriers by an alternating electric 
field of the incident electromagnetic waves. The influence of 
ZnS concentration and irradiation dose on the σopt of films 
is shown in Figure 6. The σopt increases with an increase of 
both ZnS concentration and irradiation dose. These results 
could be due to new levels within the band gap. This effect 
facilitates shifts of the electrons from the valence band to the 
conduction band54 due to photon-atom interaction. Moreover, 
the σopt values decrease with the increase of wavelength.

3.2.5. Band gap and Urbach’s energies study
The photon and electron interaction in the system is 

interpreted based on perturbation in the ground electronic 
state. Thus, the photon emission and absorption cause 
transitions between the filled and unfilled levels31. The band 
gap (Eg) is an energy range without electronic levels lying 
between the conduction band (CB) and valence band (VB). 
To create transitions between these two bans of energy, it 
required adequate energy, i. e., the energy that permits the 
transport of the mobile carrier species between the VB and 
CB by electrons.

This study used a combination of techniques to determine 
the Eg values, i. e., Tauc’s model, and optical dielectric 
imaginary parameter (εi) analysis. Tauc’s model is a well-

known method to measure Eg values, and identify the electron 
transition types with the aid of the εi parameter study31,55-58. 
The εi parameter is related to the transitions between valence 
and conduction bands once it is correlated to an electronic 
absorption of the materials59-61.

It is documented that edge absorption energy obtained 
from εi spectra is used to provide the Eg

62. Thus, the optical 
εi plots versus the energy of the photons for whole films 
shown in Figure 5 were analyzed. The Eg was obtained 
from extrapolating the linear part of εi to zero. On the other 
hand, the adsorption coefficient (α) analysis in response 
to the photon wavelength depended on Tauc’s relation32,33. 
As shown in Figure 2, the absorption coefficient of PVC film 
is less than 104 cm-1 indicating that indirect transitions may be 
predominant in all systems. However, the usual method for 
determining the value of Eg for PVC and its nanocomposites 
involves direct transition analysis27-30. In this way, the plots of 
(αhν)1/m versus hν only for m=1/2 (direct allowed transition) 
and m=2 (indirect allowed transition) were analyzed. The plots 
enable us to estimate Eg by extrapolating the linear part of 
(αhν)1/m to zero. The Eg values for direct allowed transitions 
and indirect allowed transitions have been analyzed from 
the plots in Figures 7 and 8, respectively.

Table 3 shows the measured Eg values for PVC and 
PVC/ZnS films (irradiated and unirradiated) obtained by 
Tauc’s model and εi plot. The values obtained by εi and 
(αhν)1/2 plots are relatively less than to Eg values attained from 
the (αhν)2 plot, probably because indirect allowed transitions 
were happening more easily in the systems. In addition, the 
Eg value found by the εi plot is very close to the absorption 
edge value found in Figure 2 .

Figure 5. Influence of gamma radiation on optical dielectric imaginary part (εi ) of PVC and PVC/ZnS films.
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Figure 6. Influence of gamma radiation on the optical conductivity (σopt) of PVC and PVC/ZnS films.

Figure 7. Plot of (αhν)2 versus hν for irradiated and unirradiated PVC and PVC/ZnS films.
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The Eg= 4.67 eV (direct transition) and Eg=3.62 eV 
(indirect transition) were found for the unirradiated PVC 
films. These values decreased as increasing ZnS concentration 
function. The enhancement of carrier–carrier interaction 
due to the ZnS presence in valence and conduction bands 
leads to a reduction in the bandgap. Nonetheless, the lower 
Eg value was found for PVC/ZnS at 0.5 wt% (unirradiated 
samples). These results are attributed to the formation of 
localized states in the band gap by ZnS nanoparticles and 
are according to the electrical conductivity results shown 
in Table 1. Figure 9 represents the gap energies for direct 
and indirect transitions and the formation of the localized 
state due to ZnS incorporation at 0.5 wt% in an unirradiated 

PVC matrix. Similar results were discussed for another PVC 
nanocomposite26-30,41,47.

Furthermore, the radiation dose plays an important 
role in the Eg value for irradiated films. Figure 10 showed 
the behavior of Eg (direct and indirect transitions) in the 
ZnS concentration and irradiation dose function. Similar 
behavior was found for PVC and PVC/ZnS film, i. e., Eg 
value decreased as a function of dose increasing (until 
50 kGy). Nevertheless, the Eg value is shifted to a higher 
value at 75 kGy. The radiolytic effects undergo formation 
defects in PVC molecules, resulting in different polymer 
chain lengths and consequently impacting optical band 
gap values42,52. The variation of the optical band gap infers 

Figure 8. Plot of (αhν)1/2 versus hν for irradiated and unirradiated PVC and PVC/ZnS films.

Table 3. Comparison of band gap values obtained from Tauc’s method ((αhν)2 and (αhν)1/2 ) and from εi analysis.

ZnS 
(wt%)

Eg (eV)

0 kGy 25 kGy 50 kGy 75 kGy

2 1/2 iε 2 1/2 iε 2 1/2 iε 2 1/2 iε
0.0 4.67 3.62 4.22 4.63 3.51 4.20 4.65 3.53 4.12 4.79 3.70 4.08

0.1 4.59 3.56 4.17 4.55 3.44 4.13 4.62 3.52 4.01 4.72 3.65 4.04

0.3 4.51 3.37 4.05 4.49 3.31 3.92 4.43 3.29 3.93 4.68 3.61 3.97

0.5 4.46 3.27 4.03 4.48 3.29 3.81 4.42 3.19 3.82 4.62 3.57 3.79

0.7 4.62 3.72 4.05 4.42 3.14 3.61 4,38 3.06 3.72 4.46 3.45 3.52

1.0 4,51 3.53 4.04 4,41 2.99 3.57 4,31 2.88 3.57 4.42 3,42 3.31
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that gamma irradiation modifies the electronic structure of 
nanocomposite samples by creating more free electrons in 
the conduction band.

On the other hand, EU values (see Figure 11) for 
unirradiated PVC films were increased to increase the ZnS 
concentration. However, EU values decreased at 0.1 and 
0.3 wt% for all systems (irradiated and unirradiated). This 
effect was caused by a specific order of the nanoparticles, 
probably by the action of octadecylamine.

The effects of gamma radiation also cause an increase in 
the EU value with the increase in irradiation dose. The increase 
in EU values could be attributed to the rise in main chain 
structural disorder by ZnS and defects upon irradiation, leading 
to many possible band-to-tail and tail-to-tail transitions63.

Furthermore, the decrease in Eg and the increase of the 
EU in irradiated films reinforce the results obtained from 
electrical conductivity measurements. The decrease in Eg leads 
to an increase in the mobility of the ZnS, permitting it to hop 
from one site to another. It is attributed to the charge-transfer 
reaction in the interface of the film, which translates into an 
increase in film conductivity (see Table 1)64,65.

Figure 9. Representation of Eg for direct and indirect transitions and the formation of the localized state between the valence band (VB) 
and conduction band (CB).

Figure 10. Influence of gamma irradiation on Eg value of PVC and PVC/ZnS films for a) direct allowed transition and b) indirect allowed 
transition.

Figure 11. Influence of gamma radiation on EU value of PVC and 
PVC/ZnS films.

The modifications in Eg and EU also relate to forming 
a carbon cluster near the polymer surface. According to 
Figure 12, the number of carbon atoms per cluster in conjugate 
length (M) was changed as a function of ZnS concentration 
and radiation dose. For unirradiated samples, the increase 
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in M until 0.5 wt% concentration was found due to the 
modifications in the band gap by enriched domains created 
for the nanoparticles. Moreover, the M value was decreased 
at 0.7 and 1.0 wt%.

On the other hand, the M increased in films exposed 
to 25 and 50 kGy, then decreased to 75 kGy. The probable 
explanation is that the mechanism of scission (predominant 
at 25 and 50 kGy) and crosslinking (predominant at 
75 kGy)42 were responsible for different carbon domain 
formations. The increase of M at 25 and 50 kGy is attributed 
to cleavages of C–H and C-Cl bonds during the irradiation 
and, consequently, the formation of defects and new charge 
states7. The conjugated structures were formatted from the 
scission effect, while the crosslinking effect is responsible 
for the construction of chains longer and entanglement52. 
Thus, the PVC/ZnS films irradiated at 75 kGy showed minor 
carbon-enriched domains than those irradiated at lower doses. 
Consequently, this behavior may be responsible for the increase 
in the optical band gap (see Figure 10) with a consequent 
decrease in electrical conductivity of nanocomposites films 
irradiated at 75 kGy (Table 1).

4. Conclusion
Films of PVC/ZnS nanocomposites were prepared by 

solution casting technique. Using the octadecylamine surfactant 
enabled the film production to be more homogeneous and with 
better dispersion of ZnS. The effects of different amounts of 
ZnS and gamma radiation dose on the electrical and optical 
properties of the nanocomposite were studied. Our results showed 
that it is possible to make plastic-composite semiconductor 
material based on PVC only by adding ZnS nanoparticles at 
0.5 wt%. Electrical conductivity increased in films irradiated at 
25 kGy due scission effect, which contributed to the significant 
mobility of ZnS in the PVC matrix. The electrical conductivity 
measurement was reinforced by the different behavior of optical 
band gaps and Urbach’s energy in the ZnS concentration and 
irradiation dose function.

The optical parameters also were influenced by ZnS 
content and gamma radiation dose. The optical conductivity, 
refraction index, and dielectric constant values increased in 
the ZnS concentration and irradiation dose function. These 
results indicate that the electrical and optical properties 

of PVC/ZnS films can be easily modulated under gamma 
radiation. This way, PVC/ZnS nanocomposites with ZnS at 
lower concentrations and irradiated with gamma radiation at 
25 kGy have potential use in optoelectronic devices. Thus, we 
obtained a nanocomposite material with a low concentration 
of nanoparticles, a semiconductor, which reduces costs and 
minimizes processing problems.
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