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Abstract
Peanut-shaped Ag core Au shell  (AgcAus) nanoparticles (NPs) synthesized by 
facile chemical reduction approach have been used to alter the optical and electri-
cal parameters of polyvinyl alcohol (PVA). Synthesized  AgcAus NPs and  AgcAus 
PVA nanocomposites (NC) have been examined using high-resolution transmission 
electron microscopy (HRTEM), field emission scanning electron microscopy (FE-
SEM), X-ray diffraction (XRD) and UV–Visible absorption spectroscopy. HRTEM 
and FE-SEM confirmed the presence of peanut-shaped NPs with Au shell over Ag 
core. Williamson-Hall method has been used to compute crystallite size and induced 
lattice strain. Linear as well as nonlinear optical parameters have been computed 
using absorption data. Decline in the optical band gap (Eg) from 4.7 to 2.57 eV and 
increase in the Urbach’s energy (Eu) from 0.91 to 2.12 eV of PVA on addition of 
0.36 wt% of  AgcAus NPs are significant outcomes of this study. In addition, signifi-
cant increase in refractive index, optical conductivity and nonlinear optical param-
eters of PVA with increasing concentration of  AgcAus NPs has been observed. The 
current–voltage characteristics have been examined to verify the conduction mecha-
nisms responsible for increased conductivity of  AgcAus PVA NC.

 * Annu Sharma 
 asharma@kuk.ac.in

1 Department of Physics, Kurukshetra University, Kurukshetra, Haryana 136119, India
2 Department of Chemistry, Kurukshetra University, Kurukshetra, Haryana 136119, India
3 Ch. Mani Ram Godara Government College for Women, Bhodia Khera, Fatehabad 125050, 

India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-022-04396-8&domain=pdf


6906 Polymer Bulletin (2023) 80:6905–6922

1 3

Graphical abstract

Keywords Core–shell · Polyvinyl alcohol · Optical properties · Optical band gap · 
Urbach’s energy

Introduction

Monometallic nanoparticles (NPs) of noble metals such as Ag and Au are being 
increasingly investigated as they exhibit tuneable surface plasmon resonance peak 
(SPR) on varying their size, shape and the surrounding matrix, resulting in their unique 
optical properties [1–3] making them potential contenders for design of high-speed 
nonlinear devices, such as ultrafast optical switches and optical limiters [4]. Among 
the noble metals, NPs of Ag exhibit higher plasmonic efficiency and superior electro-
magnetic enhancement in the visible range. This makes Ag NPs materials of choice 
for exploring potential in optoelectronics, photovoltaics, and sensing application [5, 
6]. Despite interesting properties displayed by Ag NPs, their toxicity and easy oxida-
tion are major deterrents that hinder their widespread usage [7, 8]. An effective way to 
address these challenges is, to encapsulate Ag NPs in an outer shell of another noble 
metal such as Au which will not only increase their functionality but also their stabil-
ity as Au NPs have inherent attributes such as biocompatibility, resistance to oxida-
tion, easy preparation, and homogeneity [9–11]. Moreover, it is an ideal way of aug-
menting beneficial properties of both Ag as well as Au NPs [9]. Such core–shell NPs 
(CSNPs) are frequently sought-after in comparison with monometallic NPs for realiza-
tion of hybrid materials as they display enhanced linear and nonlinear optical proper-
ties, catalytic and electronic properties that can be modified by altering the diameter 
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of core (Ag) and thickness of outer shell (Au). As a result, Ag core Au shell  (AgcAus) 
NPs have broad range of potential applications in diverse domains such as biosensors 
[12], optical [9], biomedical [13], antibacterial [14], electronics [15], surface-enhanced 
Raman scattering (SERS) [10, 16], and sensors [17].

Moreover, the novel attributes exhibited by such CSNPs can be modified by con-
trolling their shape. Lai et al. [18] synthesized hexagonal nanorings of Ag core Au 
shell NPs using hexagonal nanoplates of Ag and studied structure-dependent opti-
cal characteristics. Khlebtsov et  al. [19] prepared Au core Ag shell cuboids and 
dumbbells with the help of seed-mediated anisotropic growth process and analysed 
their structural and optical properties. Rai et al. [20] fabricated triangular Au core 
Ag shell NPs and characterized them by transmission electron microscopy (TEM), 
X-ray photoelectron spectroscopy (XPS), UV–Visible spectroscopy and atomic force 
microscopy (AFM). Yin et al. [21] fabricated Ag core Au shell dendrites by hydro-
thermal corrosion method and studied their application in SERS. Li et al. [22] pre-
pared shuttle-like Au core Ag shell nanostructures and studied their electrocatalytic 
activity. Senedrin et al. [23] fabricated Ag core and Au shell nanoprisms by using 
silver prisms as seeds and reducing Au on their surfaces. Encapsulation of CSNPs 
into a suitable matrix protects them from agglomeration as well as imparts new and 
improved attributes to host matrix. Polyvinyl alcohol (PVA), a water soluble poly-
mer is a strong contender to be used as host material due to its well-known attrib-
utes such as high transmission, easy processability and biocompatibility [24, 25]. 
Moreover, it provides long-time stability to CSNPs [26, 27]. Comprehensive studies 
on optical and electrical properties of PVA by embedding  AgcAus NPs have seldom 
been reported. However, some reports are available on tuning of optical properties 
of PVA by embedding Ag/Au NPs. Bulla et  al.[28] prepared biosynthesized Ag-
PVA nanocomposites (NC) films and studied their optical and structural properties. 
They ascertained that Eg of PVA decreased with addition of Ag NPs. Shamy et al.
[29] fabricated PVA-Ag NC films and analysed their optical and mechanical prop-
erties utilizing UV–Visible spectroscopy, TEM, X-ray diffractometer and mechani-
cal test machine (AMETEK). Mahmoud et  al.[30] synthesized PVA-Ag NC films 
and analysed their optical and antimicrobial properties. These NC films were char-
acterized by using TEM, UV–Visible spectroscopy, and Fourier-transform infrared 
spectroscopy (FTIR). They observed that PVA NC films showed good antibacterial 
activity against Escherichia coli, Staphylococcus aureus and Bacillus subtilis.

In the present study, peanut-shaped  AgcAus NPs have been synthesized, char-
acterized and further used to fabricate  AgcAus PVA NC. Structural, optical (linear 
and nonlinear) and electrical properties of resulting  AgcAus PVA NCs have been 
investigated.

Experimental

Materials

Chloroauric acid  (HAuCl4·xH2O) (Mol. wt. 339.78  g/mol) was purchased from 
Molychem, Mumbai. Polyvinyl alcohol (Mol. wt. 1,25,000  g/mol) was purchased 
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from CDH, and silver nitrate  (AgNO3) (Mol. wt. 169.87  g/mol), trisodium cit-
rate dihydrate  (Na3C6H5O7·2H2O) (Mol. wt. 294.10  g/mol), and L-Ascorbic acid 
 (C6H8O6) (Mol. wt. 176.13 g/mol) were acquired from Rankem, India.

Experimental procedure

For fabrication of  AgcAus NPs, 2 mL of 17.66 mM  AgNO3 and 2 mL of 40.80 mM 
trisodium citrate aqueous solution were poured into 35  mL of double deionized 
water kept in a two-necked round-bottom flask, under continuous stirring and reflux-
ing for 30 min. Appearance of dark yellow colour suggested the growth of Ag NPs. 
Subsequently, the colloidal solution of Ag NPs was cooled rapidly. In the next step, 
1 mL of 33.49 mM  HAuCl4 and 1 mL of 82.32 mM ascorbic acid aqueous solution 
were added dropwise into colloidal solution of Ag NPs under constant stirring until 
its colour changed to wine red, demonstrating the formation of  AgcAus NPs.

To grow films, 1 g PVA was dissolved in double deionized water (25 mL) at a 
temperature of 30 °C and casted into the Petri dishes. Subsequently, 0.09 wt%, 0.18 
wt%, 0.27 wt% and 0.36 wt% colloidal solution of  AgcAus NPs were added to PVA 
solution under vigorous stirring. The homogeneous solution was poured into Petri 
dishes, dried and processed under dark conditions at a temperature of 30 °C.  AgcAus 
PVA NC was obtained after the evaporation of the solvent. A schematic of steps 
involved is shown in Figs. 1 and 2.

Characterization of  AgcAus PVA NC

TEM by “Tecnai” (operating voltage = 200 kV) was used for revealing the morpho-
logical structure and size distribution, of  AgcAus NPs and  AgcAus PVA NC. “Carl 
Zeiss Ultra Plus” field emission scanning electron microscopy (FE-SEM) along with 
energy dispersive analysis of X-ray (EDAX) operating voltage 20 kV was used for 
determining the surface morphology and composition of  AgcAus PVA NC. Bruker 
D-8 Advance diffractometer  (CuKα, λ = 0.154  nm) scanned from 10° to 80° was 
used for X-Ray diffraction (XRD) studies. Absorption spectra were recorded using 
Shimadzu UV-3600 Plus UV–VIS-NIR spectrophotometer in the range of 200 nm to 
2000 nm. Current–Voltage (I–V) characteristics were studied by two-probe Keithley 
6517-B digital electrometer.

Results and discussion

TEM analysis

Figure  3 shows representative TEM images of  AgcAus NPs and  AgcAus PVA NC. 
Figure 3a demonstrates that  AgcAus NPs have grown longitudinally and have peanut 
shape (inset of Fig.  3a) with central dark part (core) and relatively lighter external 
part (shell) thus confirming the formation of  AgcAus NPs. Selected area electron dif-
fraction (SAED) pattern (Fig. 3b) of the sample displays distinct ring patterns which 
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demonstrate their crystalline nature. Further, diffraction spots agree well with (111), 
(200), (220) and (311) lattice planes of both Ag as well as Au possessing face-centred 
cubic (fcc) structure. In the case of  AgcAus NPs, when Au is gradually deposited on 
Ag, epitaxial growth of Au on Ag do not show any interface because both elements 
have same chemical nature, interplanar spacing and atomic radii [31]. As a result, 
SAED pattern of  AgcAus NPs is indistinguishable. Interestingly, high-resolution trans-
mission electron microscopy (HRTEM) image (Fig. 3c) shows  AgcAus NPs with pea-
nut shape (peanut shown in inset of Fig. 3c). In addition, magnified view of Fig. 3c as 
shown in Fig. 3d and e reveals that lattice spacing of Ag (core) is 0.231 and 0.225 nm 
which matches with the (111) planes of Ag while lattice spacing of Au (shell) is 0.222 
and 0.227 nm which matches well with the (111) planes of Au. Moreover, these lattice 

Fig. 1  Illustration of experimental procedure and i PVA, ii–v  AgcAus PVA NC films doped with varying 
amount of  AgcAus NPs

Fig. 2  Schematic mechanism of formation of  AgcAus NPs
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fringes are in different orientation which provides strong evidence, supporting the for-
mation of  AgcAus NPs. Figure 3f and h shows middle part of peanut-shaped  AgcAus 
NPs with lattice spacing 0.237 and 0.248 nm which matches with the (111) planes of 
Au. Furthermore, Fig. 3h and i displays the TEM micrograph of  AgcAus PVA NC and 
corresponding SAED pattern containing 0.36 wt% of  AgcAus NPs. TEM micrograph of 
the  AgcAus PVA NC shows scattered peanut-shaped CSNPs present in PVA as shown 
in Fig. 3h. SAED pattern of  AgcAus PVA NC (Fig. 3i) demonstrates their crystalline 

Fig. 3  TEM micrograph of a  AgcAus NPs, b SAED pattern of  AgcAus NPs, c HRTEM image of  AgcAus 
NPs, d–g closer view of HRTEM image of  AgcAus NPs, h TEM image of  AgcAus PVA NC, and i SAED 
pattern of  AgcAus PVA NC containing 0.36 wt% of  AgcAus NPs
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nature and diffraction spots corresponding to the (111), (200), (220) and (311) lattice 
planes are observed which are similar to lattice planes of Ag and Au with fcc structure.

FESEM analysis

Figure 4a depicts the FESEM image of  AgcAus PVA NC. Figure 4a clearly indicates 
that most of the  AgcAus NPs have peanut shape morphology with core–shell structure. 
Thus, both FESEM and TEM images portray that CSNPs have peanut shape. Figure 4b 
represents the constituent elements present in  AgcAus PVA NC as recorded by EDAX 
spectrometer. Peaks appearing at 1.6, 2.2, and 3.0 keV energy, in the EDAX spectrum 
confirm the presence of Au and Ag in  AgcAus PVA NC. It further suggests that content 
of Ag and Au is 0.11 wt% and 0.09 wt%, respectively.

X‑ray diffraction

Figure 5 displays the well-defined XRD results of PVA and  AgcAus PVA NC embed-
ded with 0.36 wt% of  AgcAus NPs. XRD results of pure PVA exhibit signature peak 
of PVA at 2θ positions of 19.2° and 40.4°, while XRD results of  AgcAus PVA NC 
reveals distinct peaks indexed at 2θ = 38.3° corresponding to (111) lattice plane with 
interplanar spacing (d) 0.244  nm, at 2θ = 44.4° corresponding to (200) lattice plane 
with d = 0.201 nm, at 2θ = 64.5° corresponding to (220) lattice plane with d = 0.144 nm 
and at 2θ = 77.3° corresponding to (311) lattice plane with d = 0.123 nm. These lattice 
planes are similar to standard values of Au with fcc phase and matches with the SAED 
analysis also. Usually in the case of CSNPs, XRD pattern display peaks originating due 
to shell metal as core (metal) exist in kinematic diffraction state [32].

The interplanar spacing (d) has been evaluated utilizing the formula [33]:

where � represents the wavelength of X-rays, order of diffraction and diffraction 
angle are represented by  n and � , respectively.

(1)2d sin � = n�

Fig. 4  a FESEM image and b EDAX of  AgcAus PVA NC having 0.36 wt% of  AgcAus NPs
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According to Williamsons–Hall (W–H) method, crystallites size ( �D ) and lattice 
strain ( �� ) are responsible for broadening ( �T ) of the peak observed in XRD pattern 
[34–36].

According to Debye–Scherrer equation:

Similarly, XRD peak broadening due to lattice strain can be expressed as:

Thus,

This equation is a normal straight line equation and is termed as the uniform 
deformation model (UDM) equation. Figure 6 displays the variation of �

T
cos � with 

4 sin � for  AgcAus PVA NC containing 0.36 wt% of  AgcAus NPs. Y-intercept of the 
best fit line in the data gives crystallite size and slope gives the strain ε. The aver-
age crystallite size in  AgcAus PVA NC comes out to be 8.06 nm and negative slope 
shows compressive strain in  AgcAus PVA NC. Gamler et al. [37] also observed com-
pressive strain in CSNPs and suggested that shell thickness and lattice mismatch 
between core and shell are responsible for this behaviour.

Optical studies

Optical spectroscopy is an ideal tool to ascertain the formation of noble metal NPs 
(Cu, Ag, and Au) as they show SPR in visible region. Characteristic SPR peak of 
Cu NPs appears at 590 nm, whereas SPR peak of Ag and Au NPs appear around 
420 and 520 nm, respectively. Figure 7 portrays the absorption spectra of colloidal 

(2)�T = �D + ��

(3)�
D
=

0.9�

D cos �

(4)�
E
= 4� tan �

(5)�
T
cos � =

0.9�

D
+ 4� sin �

Fig. 5  XRD pattern of PVA and 
 AgcAus PVA NC
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Ag NPs and  AgcAus NPs. The presence of SPR peak at 430 nm confirms the for-
mation of Ag NPs, while the presence of peak at 531 nm, endorses the formation 
of Au shell around Ag NPs. Usually, in the absorption spectra of alloys or binary 
metal NPs, two different SPR peaks are detected, while in the case of CSNPs, peak 
arising due to shell metal is observed as core metal is completely encapsulated in 
shell metal, as a result, absorption spectrum is dominated by shell metal. Murugav-
elu et al. [38] also observed a peak at 540 nm in the optical spectra of  AgcAus NPs. 
They ascribed peak at 540 nm to SPR of Au NPs, while peak originating due to Ag 
NPs was not observed.

Optical spectra of PVA and  AgcAus PVA NCs having varying concentration of 
 AgcAus NPs is shown in Fig. 8. Figure 8 shows absorption peak of PVA in the UV 
region, which is close to wavelength of 275 nm. The absorption spectrum for 0.09 
wt%  AgcAus PVA NC shows SPR peak centred at 531 nm and its intensity strength-
ens with increasing content up to 0.36 wt%  AgcAus PVA NC. Additionally, it 
appears at same wavelength in absorption spectrum of  AgcAus PVA NC and  AgcAus 
NPs.

Optical spectroscopy data have further used to determine optical energy gap (Eg) 
and Urbach’s energy (Eu) which are essential input parameters for determining their 
probable applications in optoelectronic devices. Eg of PVA and  AgcAus PVA NC 
have been evaluated using Tauc’s power law which relates absorption coefficient (�) 
with photon energy h� [39]:

Fig. 6  Plot of �
T
cos � versus 

4 sin � for  AgcAus PVA NC 
embedded with 0.36 wt% of 
 AgcAus NPs

Fig. 7  Absorption spectra of 
colloidal NPs
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where C is a constant and ‘ a ’ can be 3/2, 1/2, 3 and 2 depending on the nature of the 
transitions: forbidden direct = 3/2, allowed direct = 1/2, forbidden indirect = 3 and 
allowed indirect = 2. The absorption coefficient (�) has been obtained by following 
relation [40]:

where A  and d represent the absorbance and thickness of the film, respectively.
Figure 9a illustrates the variation of (�h�)1∕2 with h� for the PVA and  AgcAus 

PVA NC. Linear fit lines extrapolated to intersect the hv axis such that � = 0 gives 
Eg . Figure 9a shows that Eg of PVA (4.7 eV) decreases to 2.57 eV for PVA embed-
ded with 0.36 wt% of  AgcAus NPs and the results are presented in Table 1. Bulla 
et al.[28] reported that Eg decreased from 3.85 eV for PVA to 3.62 eV for NC with 
2 wt% of Ag NPs in PVA matrix. Similarly, Shamy et al.  [29] highlighted that Eg 
decreased from 5.31  eV for PVA to 4.56  eV for NC with 1.5 wt% of Ag NPs in 
PVA. These results depict that decrease in Eg of PVA by  AgcAus NPs is more in 
comparison with  monometallic NPs.

New localized electronic states formed, due to insertion of  AgcAus NPs produce 
disorder in the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) gap of PVA and this disorder is measured in terms of 
Eu . Thus, Eu gives the degree of spread of these newly created impurity states in 
HOMO–LUMO gap of PVA. Eu has been calculated by using Urbach’s empirical 
formula [40]:

where �
0
 is a constant.

Reciprocal of the slope of best fit line drawn between ln(α) and h�  gives the 
value of Eu as shown in Fig. 9b. Eu of PVA (0.91 eV) increased to 2.12 eV for 0.36 
wt% of  AgcAus NPs in PVA NC films. These results are presented in Table 1.

Hence, when  AgcAus NPs are embedded in PVA, defects in the form of trapping 
and recombination centres are produced within the HOMO–LUMO region of the 

(6)�h� = C
(

h� − Eg

)a

(7)�d = 2.303 × A

(8)� = �
0
exp

h�

Eu

Fig. 8  Optical spectra of PVA 
and  AgcAus PVA NC
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host material, i.e. PVA, which increases the probability of low energy transitions, 
and these low energy transitions are responsible for the behaviour exhibited by Eg 
(decreases with increasing concentration of  AgcAus NPs) and Eu (increases with 
increasing concentration of  AgcAus NPs).

Behaviour of reflectance and refractive index ‘ n ’ for PVA and  AgcAus PVA NC 
films shown in Fig.  10a and b, respectively. Figure  10a depicts that reflectance 
increases with incorporation of  AgcAus NPs in PVA matrix. Moreover, a sudden dip 
is observed at a wavelength near to SPR peak for all  AgcAus PVA NC. Reflectance 
increases considerably from 1.40% for PVA to 1.57% for 0.09 wt% of  AgcAus NPs 
in PVA NC further to 1.69% for 0.18 wt%, 2.6% for 0.27 wt% and finally to 3.30% 
for 0.36 wt% of  AgcAus NPs in PVA NC at 518 nm.

The refractive index ‘ n ’ is an essential parameter while deciding the utility of a 
material in optical devices such as modulators, switches, and filters [30]. Figure 10b 

Fig. 9  Plot of a (�h�)1∕2 versus 
h� b ln(�) versus h� of PVA and 
 AgcAus PVA NC

Table 1  Values of Eg and Eu 
corresponding to different 
amount of  AgcAus NPs in PVA 
matrix

Specimen Eg (eV) Eu (eV)

PVA 4.70 0.91
0.09 wt%  AgcAus PVA NC 4.28 1.21
0.18 wt%  AgcAus PVA NC 3.78 1.47
0.27 wt%  AgcAus PVA NC 3.0 1.88
0.36 wt%  AgcAus PVA NC 2.57 2.12
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displays the variation of ‘ n ’ with ‘ � ’ for PVA and  AgcAus PVA NC, and it displays 
same behaviour as that of reflectance (Fig. 10a). Refractive index ‘ n ’ has been com-
puted from the relation [41]:

where R and k represent reflectance and extinction coefficient. k is determined from 
� and � by:

Figure 10b demonstrates that ‘ n ’ increases from 1.26 for PVA to 1.28 for 0.09 
wt%  AgcAus PVA NC, to 1.30 for 0.18 wt%, to 1.38 for 0.27 wt% and finally to 1.40 
for 0.36 wt% of  AgcAus PVA NC at a wavelength of 518 nm. Addition of  AgcAus 
NPs in PVA matrix increases the density of PVA films as high value of ‘ n ’ is a 
sign of high density of the films, which intern reduces the inter-atomic spacing [42]. 
Bulla et al.  [28] and Mahmoud et al.  [30] also observed similar results for Ag NPs 
embedded in PVA. They observed that ‘n’ of pure PVA is lower than that of Ag-
PVA NC films.

‘n ’ of a material depends on the wavelength of impinging electromagnetic radia-
tion. If ‘ n ’ increases with increasing wavelength, then it is called anomalous dispersion; 

(9)n =
1 + R

1 − R
+

√

(

4R

(1 − R)2

)

− k2

(10)k =
��

4�

Fig. 10  a Reflectance and b ‘ n ’ 
of PVA and  AgcAus PVA NC 
films
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if it decreases with increasing wavelength then it is called normal dispersion [40]. To 
analyse the ‘ n ’ in normal dispersion region, the single oscillator model developed by 
Wemple and Di-Domenico has been utilized [43]:

Substituting hv = 0 in Eq. (11),

where Ed represents dispersion energy, Eo is the average excitation energy, n
0
 (static 

refractive index) is the refractive index at hv = 0 , ν represents frequency, and h is the 
Plank’s constant. Values of Eo and Ed has been evaluated from the plot of (n2 − 1)

−1 
versus (hv)2 as shown in Fig. 11. The intercept gives Eo∕Ed and slope gives (EdEo)

−1 . 
The values of Eo , Ed , and n

0
 for  AgcAus PVA NC increases with increasing quantity 

of  AgcAus NPs in PVA and are presented in Table 2. This increase in the value of 
Eo , Ed , and n

0
 for PVA with varying quantity of  AgcAus NPs in PVA can be credited 

to the localized electronic states created within the HOMO–LUMO gap.
Further, Eo , Ed , and n

0
 have been used to evaluate linear optical susceptibility � (1) 

and various non-linear optical parameters such as third-order nonlinear optical suscep-
tibility (� (3)) and nonlinear refractive index (n

2
) , using following relations [43, 44]:

(11)n2 − 1 =
E
0
Ed

[

E2

0
− (h�)2

]

(12)n
0
=

√

1 +
Ed

Eo

(13)� (1) =
Ed

4�E
0

(14)� (3) = 6.82 × 10
−15

(

Ed

E
0

)4

(15)n
2
=

12�� (3)

n
0

Fig. 11  Variation of (n2 − 1)
−1 

with (hv)2 for PVA and  AgcAus 
PVA NC
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The values of � (1) , � (3) and n
2
 for  AgcAus PVA NC increases with the increas-

ing quantity of  AgcAus NPs embedded in PVA and are presented in Table 2. The 
increase in the � (3) is attributed to a localized electric field arising due to core–shell 
structure of Ag and Au under off-surface-plasmon resonance conditions which 
increases with increasing content of  AgcAus NPs in PVA [45]. As a consequence, 
the nonlinear optical parameters � (1) , � (3) and n

2
 increases. Soliman et al. [43] also 

observed similar results for Ni NPs in PVA. They observed that values of � (1) , � (3) , 
and n

2
 increase with increasing content of Ni NPs in PVA and have attributed this 

increase to increasing volume fraction of Ni NPs. Materials with enhanced third-
order optical nonlinearity have potential applications in nonlinear optical devices 
[4].

The optical conductivity (�) represents the motion of charge carriers under the 
impact of high-frequency electromagnetic radiation and depends on speed of light 
(c) , � and n by the following relation [40]:

Figure  12 illustrates the variation of optical conductivity of PVA and  AgcAus 
PVA NC with wavelength. It can be seen that the optical conductivity increases with 
increasing amount of  AgcAus NPs in PVA. This increase in optical conductivity is 
attributed to the greater probability of low energy transitions due to the creation of 
levels within the HOMO–LUMO gap of PVA.

I–V measurements

I–V characteristics of PVA and  AgcAus PVA NC are linear as shown in Fig. 13a. 
Increase in current (I) at low voltage is slow, whereas it increases gradually at 
high voltage on incorporation of  AgcAus NPs in the PVA matrix. Linear nature 
of I–V plots for PVA and  AgcAus PVA NC indicates that conduction mechanism 
active in NC is ohmic. Plot of I–V characteristics in the form of log(I) versus 
log(V) is shown in Fig. 13b. In general, if the values of the slope (p) is 1, then 
the dominant conduction mechanism is ohmic, while the value of p is greater 
than 1 and less than equal to 1, then the leading conduction mechanism is either 
Schottky or Poole–Frenkel [46]. In the present study, slope of PVA and  AgcAus 
PVA NC comes out to be nearly equal to p = 1 which indicates that the prevailing 

(16)� =
�nc

4�

Table 2  Values of dispersion coefficients corresponding to different  AgcAus NPs concentration in PVA 
matrix

Sample E
0
 (eV) Ed (eV) n

0 � (1) � (3) , e.s.u n
2
 , e.s.u

PVA 6.92 3.75 1.24 0.0431 5.88 ×  10−16 1.78 ×  10−14

0.09 wt%  AgcAus PVA NC 6.97 3.99 1.25 0.0455 6.96 ×  10−16 2.09 ×  10−14

0.18 wt%  AgcAus PVA NC 7.09 4.49 1.27 0.0504 1.09 ×  10−15 3.23 ×  10−14

0.27 wt%  AgcAus PVA NC 7.34 6.26 1.36 0.0679 3.60 ×  10−15 9.98 ×  10−14

0.36 wt%  AgcAus PVA NC 7.74 7.85 1.41 0.0807 7.21 ×  10−15 19.14 ×  10−14
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mechanism is ohmic. It is well-known that Au and Ag are good conductor, hence, 
it is expected that addition of  AgcAus NPs in PVA matrix will improve its con-
ductivity. Moreover, low energy transition occurring due to the creation of local-
ized electronic states in the HOMO–LUMO region of PVA on addition of  AgcAus 
NPs might be responsible for increased conductivity [47].

Fig. 12  Optical conductivity (�) 
with wavelength for PVA and 
 AgcAus PVA NC

Fig. 13  a Variation of current 
(I) with voltage (V). b Plot of 
log(I) versus log(V) for PVA and 
 AgcAus PVA NC
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Conclusions

AgcAus NPs synthesized successfully via chemical reduction method have been 
used for fabrication of PVA-based NC films having different amounts of CAgSAu NPs 
by solution casting approach. Formation of peanut-shaped  AgcAus NPs have been 
ascertained by using HRTEM and FESEM microscopy. SAED pattern and XRD 
analysis approves the crystalline nature of  AgcAus NPs in PVA. The decrease in Eg 
and increase in Eu of PVA, with increasing quantity of  AgcAus NPs, is due to the 
localized levels created in HOMO–LUMO region of PVA. Increase in the refractive 
index, optical conductivity, � (1) , � (3) , and n

2
 for  AgcAus PVA NC with the increasing 

quantity of  AgcAus NPs in PVA are also among the major results of this report. The 
mechanism responsible for increased conductivity of PVA with increasing quantity 
of  AgcAus NPs is ohmic.
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