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Abstract
Polyvinyl alcohol (PVA) is considered as one of the most attractive polymers due to its unique physical and chemical char-
acteristics. This work aims to enhance the optical and electrical performance of PVA/MWCNTs blend via doping with Cu/
ZnS nanoparticles (NPs) for flexible eco-friendly applications. The optical and electrical performance of MWCNTs/PVA 
blend has been enhanced via doping with Cu/ZnS nanoparticles (NPs) for flexible optoelectronics. Undoped and Cu/ZnS 
doped MWCNTs/PVA polymeric nanocomposites (PNCs) films were equipped by casting method. The structure and opti-
cal characteristics were explored using Fourier transform infrared (FT-IR) and UV–visible–NIR spectrophotometery. The 
electrical properties as a function of temperature were studied using a four-probe stage and a Keithley sourcemeter. FT-IR 
measurements reveal clear variations in the structure of the PNCs due to Cu/ZnS doping. The impact of Cu/ZnS content 
on the major optical constants of MWCNTs/PVA has been investigated. The direct/indirect optical bandgap (Eg dir./Eg indir) 
decreases from 5.40 and 4.92 eV (undoped MWCNTs/PVA) to 4.77 eV and 4.24 eV (5 wt% PNCs). Wemple-DiDomenico 
(WDD) and Sellmeier oscillator models were used to investigate the dispersion constants. The influence of Cu/ZnS content 
on electrical conductivity (σdc) and activation energy has been explored. Great enhancement of the optical and electrical 
constants of MWCNTs/PVA is achieved via doping with Cu/ZnS NPs. The obtained results nominate Cu/ZnS PNCs for 
applications in flexible optoelectronics.
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1  Introduction

Over last decades, polymeric nanocomposites (PNCs) have 
gained great interest owing to probable participation in 
numerous daily applications. The interest arises due to 
unique physical and chemical properties. Polymers pos-
sess many attractive characteristics such as nontoxicity, 
abundance and cheapness that qualify them for multi-pur-
poses and/or utilizations including optoelectronics, solar 
cells, medicine, entertainment, shielding, transportation 
and others [1–7]. Particularly, polyvinyl alcohol (PVA) is 
mostly favorable polymers, since it possesses many extra 
favorable characters as water solubility, biodegradability 
and environmentally friendly [8, 9]. Moreover, PVA has 
many desired features as semi-crystallinity and high opti-
cal transmittance [10]. Besides, the existence of (–OH) 

groups in the PVA skeleton structure qualifies it to serve 
as ideal matrix to dopants [10–12]. For example, Taha 
and Alzara showed that the thermal and dielectric proper-
ties of PVA could be enhanced using SrTiO3 nanoparticles 
(NPs) [12]. The role of Bi2O3 NPs on PVA’s optical per-
formance was examined by Darwesh research group [13]. 
In addition, the optical and electrical performance PVA 
was controlled via Ag2S NPs filling by Alharthi et al. [4]. 
A hybrid structure of PVA–Fe2O3–CuO composite was 
synthesized for biomedical applications by Hammood 
et al. [14]. Whereas, the thermal and optical performance 
of Pd/PVA NCs were studied for optoelectronic applica-
tions [15]. In our previous study, PVA’s mechanical and 
thermal performance was enriched using Ag2S NPs to be 
used in environmentally friendly applications [10].



Enhancement the optical and electrical performance of PVA/MWCNTs blend via Cu/ZnS nanoparticles…

1 3

Page 3 of 13  372

Recently, blends of either binary/tri polymers separately or/
with carbon derivatives were prepared to serve as host matri-
ces for such fillers for many issues [16–19]. This new class 
of matrices is welcomed, since it presents desired physical 
and chemical properties to meet definite characteristics. For 
instance, Heiba research group prepared PVA/CMC blend as 
a host matrix for Cd0.9Mg0.1S NPs [16]. They showed that a 
mixture of PVA and CMC polymers as a host matrix possesses 
a highly flexible and semitransparent nature than an individ-
ual one. Similarly, the flexibility, water solubility, amorphous 
nature and optical transmittance of PVA were improved via 
blending with PVP polymer in Refs. [9, 17, 18]. While the 
electrical, optical performance and crystallinity nature of PVA 
were enhanced by blending with carbon derivatives [20–24]. 
PVA’s optical behavior was enhanced through fullerene-
doping for photonic and cutoff laser applications [22]. The 
dielectric features of PVA/PEO were tailored by graphene 
nano-plates [9]. Formerly, we enhanced PVA’s mechanical and 
electrical features by blending with rGO and reinforced using 
Fe2O3 NPs doping [24]. In the present study, we synthesize 
a blend of PVA multi-walled carbon nanotubes (MWCNTs) 
to perform as a host medium for Cu/ZnS NPs. MWCNTs as 
a carbon derivative possess many attractive features, such as 
light weightiness, availability, non-toxicity, costless and bio-
degradability [25, 26]. In addition, the large surface area, high 
electrical conductivity and optical performance of MWCNTs 
lead to producing a novel host medium for a lot of dopants [20, 
21, 27]. For example, Mergen concluded that electrical and 
optical features of the PVA/Chitosan were greatly enhanced 
via doping with MWCNTs for bio-electronic applications [21]. 
Altalhi research group prepared MWCNTs/PANI blends deco-
rated with ZnS NPs for biofuel-cell applications [28].

This work aims to enrich linear/nonlinear optical and elec-
trical characters of MWCNTs/PVA blend by incorporating 
Cu/ZnS NPs for eco-friendly applications. Many contents 
(0.1–5.0 wt%) of Cu/ZnS NPs doped with MWCNTs/PVA 
were equipped by the solution casting method. Cu/ZnS NPs 
is selected to play the role of the dopant since its nontoxicity, 
environmental-friendly and chemical stability. Previous works 
shows that ZnS NPs and its dopants are effective candidates 
in nanodevices, solar cells, nanosensors and others [29–31]. 
The impact of the Cu/ZnS NPs content on MWCNTs/PVA 
structure, optical and DC-electrical properties is studied on the 
basis of the FT-IR, UV–Vis–NIR and IV measurements. The 
obtained results nominate MWCNTs/PVA blend doped with 
Cu/ZnS NPs in flexible optical applications.

2 � Methods and materials

Polyvinyl alcohol with intermediate (85,000 g mol−1) molec-
ular weight in granules form was purchased from Alfa Aesar 
Co. MWCNTs (diameter: 30–50 nm; length: 10–20 μm) were 

obtained from Chengdu organic chemicals Co. Na2S.9H2O 
(purity ≥ 98.0%), Cu(NO3)2.3H2O (purity ≥ 99.5%) and 
Zn(NO3)2.6H2O (purity = 98.0%) were supplied by Sigma-
Aldrich Co. The casting method described in our former 
work [9, 32] was performed to equip the MWCNTs/PVA 
doped with Cu/ZnS NPs. 10 g of PVA were dissolved in 
300 ml of distilled water (DW) at 70 °C with stirring about 
3 h. Then, 0.01 g of MWCNTs were added to PVA solution 
and stirred for 24 h. A homogenous solution of 0.1 wt% of 
MWCNTs/PVA blend as a host medium was achieved. On 
the other hand, the chemical bath method was used to pre-
pare Cu0.1/Zn0.9S NPs as described in Refs. [9, 33]. Besides 
the plain MWCNTs/PVA blend solution, four definite weight 
percentages (0.1%, 0.5%, 1.0% and 5.0%) of Cu/ZnS doped 
MWCNTs/PVA blend solutions were equipped through 
blending certain Cu/ZnS NPs contents with MWCNTs/PVA 
blend solution for 1 h at room temperature. The weight per-
centages ( xwt% ) of the prepared PNCs were dictated as

where WCu/ZnS and WMWCNTs/PVA are Cu/ZnS NPs and 
MWCNTs/PVA weights. Solutions of plain MWCNTs/
PVA blend and Cu/ZnS NCs were individually poured into 
Petri dishes and placed in an oven at a temperature of 50 °C 
for 24 h, and then left for 24 h to reach room temperature. 
The plain and PNCs films were peeled out and labeled as 
Dx (x: 0, 0.1, 0.5, 1.0 and 5.0 wt.%) and kept for the next 
examinations.

The variations in the PNCs’ structures and hence the 
absorption bands of the host medium (MWCNTs/PVA) 
due to the increase in the dopant (Cu/ZnS NPs) concen-
tration were examined using FT-IR spectrophotometer 
(Shimadzu, IRAffinity-1S). The optical transmittance (T) 
and absorbance (A) measurements were performed using 
a UV–Vis–NIR (JASCO; V670) spectrophotometer. The 
absorption coefficient (α), extinction coefficient (K), optical 
bandgap (Eg), refractive index (n) [34–39], Urbach energy 
(Eu) [40], complex dielectric constant (ε*), linear- suscepti-
bility (χ(1)), non-linear susceptibility (χ(3)) and non-linear 
refractive index (n2) [22, 41–43] were found as

(1)xwt% =
WCu∕ZnS

WCu∕ZnS +WMWCNTs∕PVA

× 100%,

(2)� =
2.303A

d
,

(3)K =
��

4�
,

(4)�h� = G
(

h� − Eg

)m
,

(5)� = �0exp(h�∕Eu
),
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where d, hν, G, εr,, εi, R and m are samples’ thickness, 
energy, a constant, dielectric constants (real and imaginary), 
reflectance and a parameter, respectively. m parameter may 
take 1/2 and 2 values for the allowed direct/indirect elec-
tronic transitions, respectively [44].

In addition to, the energy dispersion performance was 
studied based on the Wemple-DiDomenico (WDD) model 
[45, 46]. The Sellmeier oscillator model was applied to 
determine the infinite refractive index (nꝏ), average oscil-
lator strength (S0), average inter-band oscillator wavelength 
(λ0), infinite dielectric (εꝏ), lattice dielectric constant (εL) 
and free carrier concentration/effective mass ratio (N/m*) 
as [47, 48]

(6)n =
(

1 + R

1 − R

)

+

[

4R

(1 − R)2
− K2

]1∕2

,

(7)R = 1 −
√

T ∗ eA,

(8)�
∗ = �r − i�i,

(9)�r = n2 − K2
,

(10)�
i
= 2nK,

(11)�
(1) =

n2 − 1

4�
,

(12)�
(3) = 1.7 × 10

−10(� (1))
4
,

(13)n2 =
12�

n
�
(3)
,

(14)n2 = 1 +
EdE0

E2

0
− (h�)2

,

(15)
n2
∞
− 1

n2 − 1
= 1 −

(

�0

�

)2

,

(16)(

n2 − 1
)−1

=
1 −

(

�0

�

)2

S0�
2

0

,

(17)S0 =
n2
∞
− 1

�
2

0

,

(18)�∞ = n2
∞
,

where ε0 and e are the space dielectric constant and free 
electron charge, respectively.

Moreover, the electrical performance was studied by 
four-probe stage and temperature (T) controlled by Oxfored 
Optistat cryostat. The IV data were recorded using a 
Keithley sourcemeter (6517B) with rate of 1.0 K/min tem-
perature sweeping. The activation energy (Ea) was investi-
gated from Arrhenius relation [18, 24]:

where �0 and KB are the pre-exponential factor and Boltz-
man constant.

3 � Results and discussion

3.1 � FT‑IR analysis

The interaction between Cu/ZnS NPs and MWCNTs/PVA 
structure is explored via FT-IR transmittance measurements. 
Figure 1 displays FT-IR transmittance of the undoped and 
Cu/ZnS NPs doped MWCNTs/PVA blend. According to 
the FT-IR spectrum of undoped MWCNTs/PVA, several 

(19)�r = n2 = �L −
e2

4�2C2�0

N

m∗
�
2
,

(20)�
dc
= �0exp(Ea

∕(K
B
T)),
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Fig. 1   FT-IR spectra of Cu/ZnS PNCs. The purple background color 
(1300–1700 cm−1) denotes the variation in the FT-IR spectra
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significant absorption peaks are noticed. The absorption 
band detected at 3302 cm−1 corresponds to the stretching 
vibration of O–H bonds of water molecules [4, 49]. The 
absorption peaks detected at 2926 cm−1 and 1724 cm−1 are 
due to asymmetric stretching vibrations of CH2 [50, 51] and 
stretching of C═O [34, 49] bonds, respectively. The peaks 
observed at 1426, 1250, 1055, 829 and 536 cm−1 belong to 
vibrations modes of the C–H bending [34, 52], C–H wag-
ging [34], C–O stretching [34, 50], C–C stretching [53] and 
O–H wagging [34] bonds, respectively. Whereas, clear vari-
ations in the intensity of the absorption bands are noticed 
in the doped films with respect to the undoped one. These 
variations are observed at the absorption bands centered at 
3302 cm−1 and the band range from 1300 to 1700 cm−1, as 
shown in Fig. 1. Moreover, slight shifts in the peaks’ posi-
tions are noticed due to the increase in the dopant’s concen-
tration. Besides, it is evident that no distinguishable peaks 
related to the Cu/ZnS NPs in the FT-IR of the doped films. 
These achievements confirm the successful interactions 
between Cu/ZnS NPs bonds and those of the host matrix 
(MWCNTs/PVA), which affect the physical characteristics 
of the host blend and nominate it for new applications.

3.2 � Optical measurements analysis

Investigating the optical feature of the prepared PNCs is 
important to nominate their suitable applications. The 
transmittance (T%) and absorbance (A) of the plain and Cu/
ZnS NPs doped MWCNTs/PVA films were measured over 
the UV–visible–NIR regions, as depicted in Fig. 2a, b. As 
shown in T% plots, it is noticed that at any incident pho-
tons’ wavelength λ, T% decreases upon raising the dopant’s 
content. For instance, T% decreases from 82% (plain MWC-
NTs/PVA) to 60% (0.1 wt% PNCs) reaching to 3% (5 wt% 
PNCs) at 600 nm. Moreover, the cutoff edges are red-shifted 
to longer wavelengths due to thee dopants’ concentration 
increasing. These findings are attributed to the defects and 
energy states generated within the optical bandgap of the 
host medium. Addition to, the doped NPs play the role of 
scattering points within the host which increase the reflec-
tance and hence decrease the transmittance. Moreover, 
according to the A plots (Fig. 2b), all films possess charac-
teristic absorption peaks at 213 nm that belong to the π → π* 
transition of PVA [4, 10, 16]. Furthermore, clear absorp-
tion edges in wavelength range 320 nm—335 nm are also 
detected in all prepared samples. This absorption arises due 
to n → π* electronic transition of PVA [34, 49]. The absorp-
tion amount growths upon increasing the dopants’ content 
to 5 wt%. While no distinct absorption peak is detected in 
the absorbance plots refers to the dopant material (Cu/ZnS 
NPs). This outcome indorses homogeneous distribution of 

NPs in the host medium as also noticed in FT-IR data. Based 
on the transmittance and absorbance behavior, the prepared 
films are nominated for a lot of applications as optical filters 
and glasses.

The absorption (α) and extinction (K) coefficients are 
needed constants to be determined, since they judge the prin-
cipal optical constants. Both α and K are calculated using 
Eqs. 2 and 3 and presented in Fig. 3a, b, respectively. It 
is obvious that at any specific dopant concentration, α and 
K values increase gradually in the visible region, whereas 
both of them rise up sharply in the UV region. Moreover, 
α and K rise as the Cu/ZnS NPs content is increased. This 
outcome is interpreted on the basis of absorption dispersion 
of PNCs [40].

To recommend the appreciative applications of the pre-
pared PNCs films, the energy bandgap (Eg) is investigated 

Fig. 2   a Optical transmittance and b absorbance spectra of Cu/ZnS 
PNCs
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based on Tauc’s formula (Eq. 4) and T% measurements. The 
Eg dir./Eg indir. of the plain and Cu/ZnS PNCs films, (αhν)2 
and (αhν)0.5 curves vs. hν are plotted (Fig. 4a, b). Eg values 
represent the intersections’ value of the extended linear por-
tions to hν = 0. The found Eg dir./Eg indir. values are recorded 
in Table 1. The Eg dir. and Eg indir. shrink from 5.40 eV and 
4.92 eV (plain MWCNTs/PVA) to 4.77 eV and 4.24 eV (5 
wt% PNCs). Similar performance was reported in the lit-
erature [10, 40, 54]. For example, Mg/CdS NPs doped in 
PVA led to Eg reduction from 5.4 to 5.02 eV [16]. In our 
previous work, Eg of PVA/graphene reduced to 4.78 eV due 
to 5 wt% of Fe2O3 NPs incorporation [23]. This shrinkage 
of Eg value upon doping with Cu/ZnS NPs is ascribed to the 
formed energy states in the bandgap [10, 55]. The growth 
of the formed levels and defects in the host’s bandgap due to 
Cu/ZnS NPs doping are approved via determining Urbach 
energy (Eu) [34, 56]. In the regions below the absorption 
edges, ln α curves vs. hν are plotted (Fig. 5) and Eu values 
are determined (Table 1). The Eu rises from 0.22 eV (plain 

MWCNTs/PVA) to 1.05 eV (5 wt% PNCs). The increase in 
Eu indicates a growth in localized states and defects density 
in host blend’s bandgap. Similarly, Ali et al. reported Eu 
growth due to fullerene doping [22].

The refractive index (n) and dielectric parameters (real 
εr and imaginary εi parts) are essential optical characters 
to indicate the possible uses of the PNCs films. In the 

Fig. 3   a α and b K vs. hν of Cu/ZnS PNCs Fig. 4   a (αhν)2 and b (αhν)0.5 curves vs. hν of Cu/ZnS PNCs

Table 1   Optical bandgap and Urbach energy of MWCNTs/PVA blend 
doped with Cu/ZnS NPs

Cu/ZnS NPs wt% Eg dir
(eV)

Eg indir
(eV)

Eu
(eV)

Plain host 5.40 4.92 0.22
0.1 5.20 4.77 0.26
0.5 5.14 4.65 0.27
1.0 4.95 4.44 0.36
5.0 4.77 4.24 1.05
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UV–visible–NIR regions, the values of n, εr and εi were 
calculated (Eqs. 6, 9 and 10). Figures 6 and 7 show the 
performance of n and the dielectric constants of the plain 
and Cu/ZnS PNCs films vs. wavelength λ, respectively. n 
decreases deeply in UV region, but it acts semi-steadily in 
visible and NIR regions. Besides, n increases upon increas-
ing the dopant content from 0 to 5 wt%. For example, n 
grows from 1.18 (plain MWCNTs/PVA) to 2.20 (5 wt% Cu/
ZnS PNCs) at λ = 600 nm. This growth is caused due to 
increase in density of PNCs films and hence the increase in 
the reflectance points in the host medium [19, 40]. Besides, 
n grows due to the variation in the polarization as a result 
of the doping process due to the interaction between the 
doped Cu/ZnS NPs and the host matrix structure [57, 58] 

(as illustrated in FT-IR analysis). The same behavior of 
the refractive index was reported in the literature [19, 59]. 
These refractive index results of Cu/ZnS PNCs nominate 
their new applications in optoelectronics and communica-
tions. Besides, according to Fig. 7a, b, εr and εi constants 
behave similar to n and K, respectively. εr reflects the abil-
ity of such material to store energy, while εi relates to the 
energy loss. The deep decrease in εr upon increasing λ in the 
UV region is due to the decrease in n and A of the prepared 
samples. Whereas, εr increases as the dopant’s content is 
increased at any specific λ. In instant, εr is enhanced from 
1.45 (plain MWCNTs/PVA) to 4.87 (5 wt% Cu/ZnS PNCs) 
at λ = 600 nm. While the increase in εr upon increasing the 
dopant’s content to 5 wt% is attributed to the increment in 
the energy-state density. While the growth in εi attributes to 
fluctuations in dipole motion [2, 43]. As a novel conclusion, 

Fig. 5   ln α vs. hν of Cu/ZnS PNCs

Fig. 6   Refractive index vs. λ of Cu/ZnS PNCs

Fig. 7   Dielectric constants vs. λ of Cu/ZnS PNCs
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the increase in εr of the MWCNTs/PVA blends via doping 
with Cu/ZnS NPs proposes their uses in supercapacitors and 
storage instruments.

Furthermore, in the non-absorption regions, energy dis-
persion parameters (single oscillator energy Eo and disper-
sive energy Ed) were investigated based on Wemple-DiDo-
menico (WD) model (Eq. 14). Plots of (n2–1)−1 vs. (hν)2 are 
performed as presented in Fig. 8a to investigate Eo and Ed 
values. According to Fig. 8a, the slopes represent − 1/(E0Ed) 
values, whereas y-intercepts equal E0/Ed values. Table 2 
includes Eo and Ed data. The Eo decreases from 6.38 eV 
(plain MWCNTs/PVA) to 4.23 eV (5 wt% Cu/ZnS PNCs). 
While Ed increases from 2.61 eV (plain MWCNTs/PVA) to 
12.44 eV (5 wt% Cu/ZnS PNCs). The reduction of Eo is 
caused by optical bandgap shrinkage due to Cu/ZnS NPs 
doping. Whereas, Ed increase refers to defects density 
growth as shown above [46, 60]. The same performance of 
dispersive parameters is reported in the literature [61, 62]. 
Moreover, based on Sellmeier oscillator relations 
(Eqs. 15–19), the rest of the optical constants (nꝏ, S0, λ0, εꝏ, 
εL and N/m* of Cu/ZnS PNCs films have been investigated. 
Figure 8b, c shows (n2–1)−1 curves vs. λ−2 and n2 curves vs. 
λ2, respectively. According to Fig. 8b, the slopes and y-inter-
cepts equal 1/S0 and 1∕S0�20 , respectively. Whereas, the 
slopes and y-intercepts of the fitted lines (Fig. 8c) represent 

e2

4�2C2�0

N

m∗
 and εL, respectively. Table 2 contains the achieved 

λ0, nꝏ, S0, εꝏ, εL and N/m* values. It is obvious that the 
majority of optical constants of the host blend are enhanced 
via Cu/ZnS NPs doping, which nominates the prepared 
PNCs for new applications. For instant, εꝏ of MWCNTs/
PVA is enriched about three times and N/m* is increased 
more than four times due to 5 wt% Cu/ZnS NPs doping. 
Similar achievements are reported in Refs. [63, 64].

The linear/nonlinear optical parameters of Cu/ZnS PNCs 
films has been investigated. Figure 9a, b and c depicts the 
performance of the linear optical susceptibility (χ(1)), third-
order nonlinear susceptibility (χ(3)) and nonlinear refractive 
index (n2) (using Eqs. 11–13) vs. λ, respectively. Referring 
to χ(1), χ(3) and n2 plots (Fig. 9a), they decrease deeply upon 
increasing λ in UV region. Whereas they decrease slowly 
in visible–NIR regions. Moreover, χ(1), χ(3) and n2 increase 
upon dopant’s content increase. For example, χ(1) rises from 
0.036 esu (MWCNTs/PVA) to 0.31 esu (5 wt% of Cu/ZnS 
PNCs) at 600 nm. Whereas, χ(3) grows from 2.96 × 10–16 esu 
(plain MWCNTs/PVA) to 1.57 × 10–12 esu (5 wt% of Cu/ZnS 
PNCs). These achievements are compatible with published 
data [22, 41, 65]. This valuable improvement in the nonlin-
ear properties refers to the absorption enhancement of the 
host matrix due to Cu/ZnS doping. These novel nonlinear 
optical results nominate Cu/ZnS PNCs for new applications 
in communications, photonic devices and optical switching.

Fig. 8   a (n2–1)−1 vs. (hν)2, b (n2–1)−1 curves vs. λ−2 and c n2 curves 
vs. λ2 of Cu/ZnS PNCs films
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3.3 � Electrical properties analysis

The electrical performance of Cu/ZnS PNCs have been 
explored to nominate their roles in electronic applications. 
Exploring the electrical properties provides information 
about the transportation of the charges’ carriers within the 
PNCs [66–68]. The dc-electrical resistance (R) was meas-
ured vs. temperature (T) using a four-probe technique. Fig-
ure 10 illustrates the electrical resistivity ( � = R.A∕d ) of the 
undoped and Cu/ZnS NPs doped MWCNTs/PVA blend over 
a temperature range from 300 to 400 K with 1.0 K/min rate. 
Relative to Fig. 10, � curves could be classified to two parts: 
the first region (300–330 K), � behaves semi-steadily with 
increasing the temperature T. While the second region 
involves a reduction in � upon increasing T to 400 K. This 
result is discussed as follows: the first interval where the 
PNCs are in the glassy state, the charge carriers’ transporta-
tion and their hopping are constrained. Whereas, the second 
interval where the PNCs are in rubbery state, the capability 
of the charge carriers to transport and hop is increased and 
hence increases the electrical conductivity �dc

(

=
1

�

)

. More-
over, it is noticed that � decreases and hence �dc increases 
upon increasing the dopant Cu/ZnS NPs to 5 wt% at any 
specific temperature T. For instance, at 300 K, �dc increases 
from 2.41 × 10–12 S. cm−1 (plain PVA.MWCNTs) to 
9.52 × 10–10 S.cm−1 (5 wt% PNCs). The increase in σdc via 
Cu/ZnS NPs doping is referred to the increment in free 
charge carriers [69, 70]. Similar findings are reported in pre-
vious works [2, 18, 69].

Furthermore, Arrhenius equation (Eq. 20) is utilized to 
investigate the activation energy (Ea). Figure 11 displays 
ln σdc plots vs. 1000/T for Cu/ZnS PNCs films. It is clear 
that the ln σdc plots are linearly fitted and hence the elec-
trical conductivity of the PNCs obeys Arrhenius law [71, 
72]. The found Ea are tabulated (Table 3). It is found that 
Ea decreases upon NPs’ doping from 1.69 eV (MWCNTs/
PVA) to 0.24 eV (5 wt% Cu/ZnS PNCs). The reduction in Ea 
attributes to narrowing in the energy barriers of the MWC-
NTs/PVA blend via Cu/ZnS NPs doping [73]. This evidence 

is highly pronounced in the 5.0 wt.% of Cu/ZnS NPs doping 
(Table 3). Similarly, the activation energy of PVP decreased 
with KIO4 doping as reported in Ref. [73]. These electrical 
achievements nominate MWCNTs/PVA doped with Cu/ZnS 
NPs for use in flexible electronic device applications.

4 � Conclusions

Many concentrations (0.1, 0.5, 1.0 and 5.0 wt%) of Cu/ZnS 
NPs doped with MWCNTs/PVA blends were equipped by 
casting method. The chemical bath method was used to pre-
pare Cu0.1/Zn0.9S NPs. FT-IR analysis reveal the interaction 
between Cu/ZnS NPs and MWCNTs/PVA structure. The 
UV–visible–NIR measurements were used to investigate the 
optical constants of the plain and Cu/ZnS polymeric nano-
composites (PNCs). UV–visible–NIR measurements show 
that the transmittance decreases upon increasing Cu/ZnS 
NPs content. The direct/indirect optical bandgap shrinks 
from 5.40 eV/4.92 eV (MWCNTs/PVA) to 4.77 eV/4.24 eV 
(5 wt% PNCs). Furthermore, the refractive index and dielec-
tric constants of MWCNTs/PVA are greatly improved via 
Cu/ZnS doping. Cu/ZnS doping shows great enhancement of 
the linear/nonlinear optical features of MWCNTs/PVA. For 
instant, εꝏ of MWCNTs/PVA is enriched about three times 
and N/m* is increased more than four times due to 5 wt% 
Cu/ZnS NPs doping. In addition, at 600 nm, χ(3) increases 
from 2.96 × 10–16 esu (plain MWCNTs/PVA) to 1.57 × 10–12 
esu (5 wt% of Cu/ZnS PNCs). The electrical properties 
were examined as a function of temperature T using a four-
probe technique. At T = 300 K the electrical measurements 
reveal that the dc-electrical conductivity �dc increases from 
2.41 × 10–12 S. cm−1 (PVA.MWCNTs) to 9.52 × 10–10 S.cm−1 
(5 wt% PNCs). The activation energy Ea decreases upon 
doping from 1.69 eV to 0.24 eV. These optical and electrical 
findings nominate MWCNTs/PVA doped with Cu/ZnS NPs 
in flexible optoelectronics, such as optoelectronics, energy 
storage, and sensors.

Table 2   Dispersive parameters 
of Cu/ZnS PNCs films

Cu/ZnS NPs wt% Ed (eV) E0 (eV) nꝏ λ0 S0 (m−2) εꝏ εL (N/m*)
(kg−1 m−3)

Plain host 2.61 6.38 1.19 196.5 1.0E + 13 1.41 1.57 3.75E + 56
0.1 2.70 4.21 1.28 297.7 7.1E + 12 1.63 2.11 8.73E + 56
0.5 3.13 4.19 1.32 298.1 8.3E + 12 1.74 2.23 9.69E + 56
1.0 4.86 3.74 1.51 332.0 1.2E + 13 2.28 3.44 1.98E + 57
5.0 12.44 4.23 1.99 297.0 3.3E + 13 3.94 5.25 1.32E + 57
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Fig. 9   a χ(1), b χ(3) and c n2 vs. λ of Cu/ZnS PNCs

Fig. 10   Electrical resistivity vs. temperature of Cu/ZnS PNCs

Fig. 11   Arrhenius plots of Cu/ZnS PNCs

Table 3   Activation energy Ea of 
Cu/ZnS PNCs films

Sample Ea (eV)

Plain MWCNTs/PVA 1.69
0.1 wt% 1.05
0.5 wt% 1.17
1.0 wt% 1.21
5.0 wt% 0.24
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