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Abstract

The biodegradable polymers blend matrix of poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP) blend (50/50 wt%)
dispersed with amorphous silica (SiO,) nanoparticles based polymer nanocomposite (PNC) films (i.e., (PVA-PVP)-x wt%
SiO,; x=0, 1, 3 and 5) were prepared by the aqueous solution-cast method. These PNC films were characterized by employing
the X-ray diffraction, energy dispersive X-ray spectroscopy, scanning electron microscopy, atomic force microscopy, Fourier
transform infrared spectroscopy, ultraviolet—visible spectroscopy, differential scanning calorimetry and dielectric relaxation
spectroscopy techniques. It is found that the dispersion of nanosize SiO, particles in the PVA-PVP blend matrix reduces the
size of PVA crystallites and, turns the surface morphology from smooth into porous and relatively rough for the PNC films.
The SiO, interaction with polymer structure significantly alters the polymer—polymer interactions, reduces the optical band
gap and the glass phase transition temperature, and enhances the melting phase transition temperature of the polymer blend
films. The dielectric permittivity of the PNC films initially decreases with the increase of SiO, contents up to 3 wt%, but at
5 wt% SiO, concentration it is found nearly same as that of the pristine polymer blend matrix. The ac conductivity of these
PNC films increases with the increase of frequency according to the power law relation. The dielectric permittivity exhibits
non-linear increase with the increase of temperature of the PNC film whereas its dc conductivity obeys the Arrhenius behav-
iour. The dielectric and electrical properties of these PNC films realize their suitability as low-permittivity and low loss novel
nanodielectrics for the substrate and insulator in the development of various microelectronic and organo-electronic devices.

1 Introduction dielectric for the fabrication of organic field-effect transis-

tors [1-5], as an insulator in Schottky barrier diodes [6] and

Among the synthetic biopolymers, the poly(vinyl alcohol)
(PVA) and poly(vinyl pyrrolidone) (PVP) are environment-
friendly, hydrophilic, biodegradable, non-toxic, non-carci-
nogenic and biocompatible polymers. These polymers are
water-soluble and form the optically clear films when they
are prepared by the solution-casting method or spin-coating
technique. The films of these polymers have high electrical
insulation, and therefore, these are frequently used as a gate
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also in the fabrication of controllably degradable transient
electronic antennas [7]. Further, the PVA and PVP are the
most preferred polymers as a binder and capping agents
for the preparation of optically sensitive materials used in
design and fabrication of optoelectronic and, organic elec-
tronic devices and the sensors [8—16]. The hydroxyl (-OH)
and carbonyl (C=0) functional groups of PVA and PVP,
respectively, are highly sensitive with various functional
additives and inorganic nanofillers which results in the for-
mation of compatible composite for advanced functional
materials.

Besides the numerous technological applications of the
individual polymers, the miscible blend of PVA and PVP
was extensively investigated for enhancement of its appli-
cations in the areas of biomedical [17, 18], thermal con-
ductor [19, 20], optoelectronics [21, 22], semiconductors
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and electrical insulators [23, 24] and the solid polymer
electrolytes [25, 26]. Various spectroscopic, thermo-phys-
ical, and morphological studies of PVA-PVP blend and
its composite materials established that there is the for-
mation of hydrogen bonding between the -OH and C=0
groups in the blend matrix which makes the PVA-PVP as
a technological useful compatible blend.

In order to optimize the required thermo-physical,
dielectric and electrical properties of a polymer matrix
based flexible nanodielectric, the inorganic nanoparticles
dispersed polymer nanocomposites (PNCs) have been an
intense field of investigations [26—39]. The performance
of a conventional polymer as a novel dielectric or elec-
trical insulator can be tailored by proper dispersion of a
small amount of suitable inorganic nanomaterial in the
flexible polymer matrix which integrates the useful prop-
erties of both the polymer and nanofiller, and results in
a new class of advanced materials called the ‘polymer
nanodielectrics (PNDs)’. The high dielectric constant and
low loss PND material is needed for the flexible type
energy storing devices, whereas low dielectric constant
and low loss material is suitable for insulator purpose
in the microelectronic devices. Besides the required die-
lectric properties, there is also need of thermal stability
with suitable morphology for the realization of high per-
formance of the devices made of these PND materials.
Therefore, the investigations on various types of PNDs
consisted of different polymers and various nanofillers
are in progress in order to explore the improved proper-
ties of each PND material. Silica (silicon dioxide; SiO,)
is frequently used as an inorganic nanomaterial for the
preparation of PNDs [28, 30, 35, 40, 41]. So far, the SiO,
dispersed PVA [42-45] and the PVP [6, 8, 46—-52] matri-
ces based PNC and PND materials have been character-
ized by employing numerous experimental techniques.
The survey of literature reveals that the fumed SiO, nano-
particle reinforced PVA-PVP blend matrix based PNC
films (SiO, concentration range from 5 to 25 wt%) are
recently characterized for flexible organic electronics [35]
and also simulated using molecular dynamics method to
elucidate the interaction mechanism of nano-SiO, in the
polymer blend [52].

In this manuscript, the amorphous SiO, nanoparticles
dispersed PVA-PVP blend matrix based PNC films (i.e.,
(PVA-PVP)—x wt% SiO,; x=0, 1, 3 and 5) are prepared
and characterized to explore their applications as flex-
ible PNDs for the microelectronic device applications.
The detailed morphological, structural, optical, thermal,
dielectric and electrical properties of these PNC mate-
rials containing a low concentration of SiO, nanofiller
have been characterized and examined in depth by con-
sidering the polymer—polymer and polymer—nanofiller
interactions.
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2 Experimental
2.1 Materials

PVA (M, =7.7%x10* g mol™!) and PVP
(M,,=6x10° g mol™!) of Loba Chemie, India, and SiO,
nanopowder (particle sizes < 15 nm) of Sigma-Aldrich,
USA, were used for the preparation of SiO, dispersed
PVA-PVP blend based PNC films by aqueous solution-cast
method. These reasonably high molecular weight (M,,) PVA
and PVP are appropriate in the preparation of PNCs owing
to their excellent film-forming ability. For the preparation
of each sample, initially, equal weight amounts of PVA and
PVP were dissolved in deionized water with required heating
in separate glass bottles, and subsequently, these polymeric
solutions were mixed and then magnetically stirred for 1 h to
obtain the homogeneous PVA-PVP blend aqueous solution.
The required amount of SiO, for its x wt% concentration
with respect to the weight of PVA-PVP blend was firstly
dispersed in deionized water. After that, the aqueous dis-
persed SiO, was mixed slowly in the PVA-PVP blend aque-
ous solution under continuous magnetic stirring for 1 h. This
homogeneously prepared (PVA-PVP)—x wt% SiO, solution
was cast on to a poly propylene dish and the same was kept
to dry at room temperature which results the PNC film. The
PNC films of different SiO, concentrations were prepared by
the same procedure as discussed above. The thicknesses of
the prepared PNC films were found about 0.015 cm. These
PNC films were vacuum dried at 40 °C for 24 h prior to their
characterizations.

2.2 Measurements

The X-ray diffraction (XRD) patterns of SiO, nanopow-
der and (PVA-PVP)—x wt% SiO, films were recorded in
reflection mode at scan rate 0.05° s~! using a PANalyti-
cal X'pert Pro (MPD) diffractometer of Cu-Ka radiation
(A=1.5406 10%) operated at 1800 W (45 kV and 40 mA).
Scanning electron microscopy (SEM) (Zeiss EVO MA15)
equipped with energy dispersive X-ray spectroscopy
(EDX) was used for the morphological and element com-
positions studies of the PNC film. Surface topography of
the PNC films was investigated by employing atomic force
microscopy (AFM) (Multimode-V Veeco).

Fourier transform infrared (FTIR) spectra of these PNC
films were recorded in ATR mode using an Agilent FTIR
Cary 630 spectrometer in the wave number range from 400
to 4000 cm™!. The ultraviolet—visible (UV—-Vis) absorp-
tion spectra of the (PVA-PVP)—x wt% SiO, films were
obtained in the range 200—-800 nm with a UV—-Vis—NIR
spectrophotometer (Agilent; Cary 5000, USA).
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Differential scanning calorimetry (DSC) measurements
of the samples were performed on Mettler Toledo DSC 1
STAR?® system. The DSC thermographs of the samples were
taken at a scan rate of 5 °C min~! in the temperature range
from 40 to 250 °C under the atmosphere of dried nitrogen.

The complex permittivity e*(w)=¢'—je", electric
modulus M*(w)=M"+jM", ac electrical conductivity
o*(w)=0"+jo", and impedance Z*(w)=Z'—jZ" spectra of
the PNC film were determined from the dielectric relaxation
spectroscopy (DRS) measurements. An Agilent technolo-
gies 4284 A precision LCR meter equipped with 16451B
solid dielectric test fixture was used for DRS measurement
over the frequency range from 20 Hz to 1 MHz. The tem-
perature of the PNC film sandwiched between the electrodes
of dielectric test fixture was controlled by placing the fix-
ture in the microprocessor controlled oven during the DRS
measurements.

3 Results and discussion
3.1 XRD patterns of PNC films
Figure 1 shows the XRD patterns of SiO, nanopowder and

(PVA-PVP)-x wt% SiO, films. The broad and diffused
halo centered at 20 =23.5° for the SiO, powder confirms its

! Sio,

X 500 counts\

Intensity (a.u.)
F = =
Il Il

20 (degree)

Fig.1 The XRD patterns of SiO, nanopowder and (PVA-PVP)—x
wt% SiO, nanocomposite films containing x=0, 1, 3 and 5

amorphous structure. The XRD pattern of (PVA-PVP)—x
wt% SiO, films exhibit broad and slight intense peak around
19.7° which confirms the presence of PVA crystallites in the
PNC films. It is because of the pristine PVA which has an
intense peak at 19.59° representing its semicrystalline struc-
ture, whereas pristine PVP film exhibits broad and diffused
halos at 12.04° and 22.5° confirming its amorphous structure
[53]. The XRD pattern of the pristine PVA-PVP blend film
is found in good agreement with the earlier reported results
[53, 54]. The values of 26, basal spacing d, crystallite size
L and intensity / of pristine PVA and the PNC films were
determined from their XRD patterns and the same are given
in Table 1. From this table, it can be noted that the relatively
low intensity diffraction peak of PVA-PVP blend film (x=0)
as compared to that of the pristine PVA peak [53] infers
that the intermolecular hydrogen bonding between the PVA
and PVP chains in their blend results in huge destruction of
PVA crystallites and also decrease their sizes which turns
the material into compatible miscible blend. Table 1 shows
that the 20, d and [ values changes anomalously with the
increase of SiO, contents in the PNC films, whereas ini-
tially the L value significantly decrease on the dispersion of
1 wt% SiO, in the PVA-PVP blend film and after that there
is a little decrease with the increase of SiO, content up to
5 wt%. The variation in these structural parameters with the
increase of SiO, concentration in the PNC films reveals that
the PVA—PVP blend structures are influenced by the pres-
ence of amorphous SiO, nanoparticles in the blend matrix.

3.2 EDX spectra of PNC films

The EDX characterization of a composite material is mostly
attempted for confirmation of the chemical purity and homo-
geneity of filler particles distribution in the polymer matrix
[8, 31, 55, 56]. Figure 2 shows the integrated EDX spectra
of (PVA-PVP)—x wt% SiO, films generated from point scan
analysis of the entire area of respective SEM image depicted
in the inset of the figure. The analytical composition of each
gold sputtered PNC film obtained from the EDX spectra is
given in Table 2. The EDX spectrum of PVA-PVP blend

Table 1 Values of Bragg’s angle 20, basal spacing d, crystallite size L
and crystalline peak intensity / of pure PVA, and the PVA crystallite
in (PVA-PVP)—x wt% SiO, nanocomposite (PNC) films

x (Wt%) 20 (°) d (nm) L (nm) I (counts)
Pure PVA film 19.59 0.453 3.87 2969
PVA crystallite in PNC films

0 19.68 0.451 3.14 632

1 19.72 0.450 2.94 685

3 19.68 0.451 2.89 733

5 19.75 0.449 2.87 578
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Fig.2 The EDX compositional analysis spectra of (PVA-PVP)-x
wt% SiO, nanocomposite films forax=0; bx=1; and c x=3

film (Fig. 2a) has energy peaks of carbon (C), oxygen (O)
and gold (Au) elements only as expected from the struc-
ture of presented elements, and no other element peak was
observed which confirm that there are no impurity traces in
the sample.

The EDX spectra of SiO, containing PNC films (Fig. 2b,
¢) exhibit the energy peak of Si element in addition to that
of the C, O and Au peaks which is also as per expectations
for the composite samples, confirming the existence of SiO,
nanoparticles into the structures of miscible PVA-PVP
blend. The composition of C, O, Si and Au elements e.g.
weight %, atomic % and compound % along with their chem-
ical formula as obtained from the EDX spectra of these PNC
samples are given in Table 2. It is found that the weight %
of Si element vary anomalously with the increase of SiO,
concentration in the PNC samples. But the total percentage
values of weight, atomic and compound for each PNC sam-
ple was found 100 which can be noted from Table 2. These
results infer that there is a significant variation of stabilized
nanoparticles in the polymer blend structure going from top
to bottom of these solution-cast PNC films. The earlier EDX
study on the up surface, fracture and down the surface of
the solution-cast PVA-ZnO (95/05) film was also revealed
that there is significant variation in the wt% amount of Zn
element in the same composition film when it was analyzed
at different parts [55]. In addition to this fact, it was further
established that only the weight% of elements detected by
EDX could not identify exact concentration of the elements
in the sample [8], because the absorption within the sample
and detector, X-ray induced fluorescence within the sam-
ple, surface morphology of the sample, X-ray penetration
depth in the sample, and the cross-section of ionization are

Table 2 The electron energy

. Elements X-ray shell Weight (%) Atomic (%) Compound (%) Chemical Formula

shells corresponding to X-ray

emission for the C, Au, O, (PVA-PVP) film

and Si elements and the C K 26.72 33.22 97.91 o,

values of weight, atomic and

compound percentage of these Au M 1.86 0.14 2.09 Auy0;

elements along with their O K 71.42 66.64

chemical formula in the (PVA— Total (%) 100.00 100.00 100.00

PVP)-x wt% SiO, polymer (PVA-PVP)-1 wt% SiO, film

nanocomposite (PNC) films

obtained from the EDX spectra C K 26.60 33.15 97.46 €O,
Si K 0.10 0.05 0.22 Sio,
Au M 2.07 0.16 2.32 Au,0;
0} K 71.23 66.64
Total (%) 100.00 100.00 100.00

(PVA-PVP)-3 wt% SiO, film

C K 21.14 27.81 76.70 CO,
Si K 9.66 5.48 20.67 Sio,
Au M 2.35 0.19 2.63 Au,0;
0} K 66.85 66.52
Total (%) 100.00 100.00 100.00
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several effective factors to be taken into account during the
determination of exact concentration of the elements present
in the sample.

3.3 SEMimages of PNC films

The SEM images of (PVA-PVP)—x wt% SiO, films at dif-
ferent scales and magnifications (10 um and 500 X, 2 um
and 2.0 KX) are depicted in Fig. 3. The SEM image of
PVA-PVP blend film confirms it smooth and homogeneous
surface (Fig. 3a) which reveals that the blend is miscible,
and this SEM is also found in good agreement with that
of the same composition blend film SEM image reported
earlier [20, 24, 35, 54]. Further, the low scale and high mag-
nification SEM image of this miscible polymer blend (inset
of Fig. 3a) exhibits few micro-size cloud-like shapes which
may attribute to some novel interfaces of the PVA and PVP
miscible phases.

The SEM images of PNC films (Fig. 3b—d) infer that the
dispersion of nanosize SiO, particles leads to a huge destruc-
tion in the surface morphology of the pristine PVA-PVP
blend film. Figure 3b shows that the 1 wt% SiO, disper-
sion produces nanosize dips on the surface which can be
seen from the high magnification image depicted in the
inset of the figure. The nano-size dips over the entire surface

10 pm Mag: 500 X

10 Lim'

Mag: 500.X

reveal the homogeneity of dispersed SiO, particles in the
PVA-PVP blend structure. The SEM micrographs of 3 and
5 wt% SiO, containing PNC films (Fig. 3¢, d) show that
the surface turned into phase separated structures (as dis-
tinguished from the bright and nano to microsize granules)
along with pores of nanometer scale (dark spots). Further,
from Fig. 3, it can be noted that the number of white dots per
unit area increases with the increase of SiO, concentration in
the PVA-PVP blend matrix which confirms the homogene-
ous distribution of filler particles throughout the film surface
and below it. Insets of Fig. 3c, d infer that some agglomer-
ated zones of filler particles are formed and their sizes are
bigger for 5 wt% SiO, containing PNC film.

3.4 AFM images of PNC films

The 2D and 3D AFM images of (PVA-PVP)-x wt% SiO,
films for their surface topographic analysis are shown in
Fig. 4. The gradient of colours and marked scale in the
2D and 3D AFM images confirm a significant variation
in the surface topography of the PNC films with the vari-
ation of SiO, concentrations. The values of surface rough-
ness parameters, namely arithmetic mean roughness R, and
the root mean square roughness R, . of these PNC films,
were obtained from the AFM analysis software and listed

'Zum

—

Mag: 2.0 KX+

Mag: 500 X

Fig.3 SEM images of (PVA-PVP)-x wt% SiO, films for a x=0; b x=1; ¢ x=3 and d x=5 at 10 pm scale with 500 X magnification. Insets
show the SEMs of these PNC films at 2 um scale with 2.0 KX magnification
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Fig.4 The 2D and 3D AFM images of (PVA-PVP)—x wt% SiO, nanocomposite films forax=0;bx=1;cx=3 andd x=5
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Table3 Values of surface roughness parameters namely arithme-

tic mean roughness R,, the root mean square roughness R, and
R s — R, for the (PVA-PVP)—x wt% SiO, films

x (Wt%) R, (nm) R, (nm) (R — R,) (nm)
0 27.7 42.6 14.9

1 14.9 22.7 7.8

3 17.4 25.1 7.7

5 29.9 46.7 16.8

in Table 3. From this table, it is observed that the values
of R, and R, vary anomalously with the increase of SiO,
contents in the PVA-PVP blend film. The R, and R, val-
ues of 1 wt% SiO, containing PNC film are found about
one-half that of the pristine PVA-PVP film. For the 3 wt%
SiO, containing PNC film, the R, and R values slightly
increase, whereas these parameters largely increase for
5 wt% SiO, containing PNC film and become higher than
that of the pristine PVA-PVP blend film. Table 3 shows
that the R, — R, values of 1 and 3 wt% SiO, containing
PNC films are exactly same but these are about half of the
pristine PVA-PVP film which indicates the strong interfacial
interactions and high adhesion between the SiO, nanoparti-
cles and polymer chains in these PNC films. The relatively
increased values of R, R, and R, — R, for the 5 wt% SiO,
containing PNC film confirms its high surface roughness due
to some agglomeration of the dispersed nanofillers in the
blend matrix. From these roughness parameters, it can be
concluded that the 1 and 3 wt% SiO, containing PNC films
have relatively smooth surfaces and confirm the suitability
to use them as substrate and insulator for fabrication of the
microelectronic devices.

3.5 FTIR spectra of PNC films

Figure 5 shows the FTIR spectra of (PVA-PVP)-x wt% SiO,
films. The FTIR spectrum of pristine PVA-PVP blend film
having compositional ratio 50/50 wt% (i.e., at x=0 wt%)
exhibits all the characteristic vibrational modes of the pris-
tine PVA [11, 20, 54, 56] and the PVP [20, 54, 56] films
with some relative changes in the intensities and positions
confirming the miscibility of these polymers due to forma-
tion of hydrogen bonding between their hydroxyl (OH)
and carbonyl (C=0) functional groups (C=0---H-0). The
wavenumbers corresponding to the peaks of various absorp-
tion bands of the PVA—PVP blend are marked in the figure.
The highly broad band of moderate intensity peak centered
around 3291 cm™! attributed to the —OH stretching vibration
of PVA, whereas a relatively low-intensity band centered
around 2918 cm™! represents the C—H asymmetric stretch-
ing vibration mode of both the PVA and PVP molecules. In
addition to these broad vibrational modes, the characteristic

(b)

% Transmittance (a. u.)

“““““ | I A B A A A A AT WA A A WA |

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.5 The FTIR spectra of (PVA-PVP)—x wt% SiO, nanocomposite
films for (a) x=0; (b) x=1; (¢) x=3 and (d) x=5; and also for the
Si0, nanopowder

band of the C=0 stretching vibrational mode of the PVP has
an intense and sharp peak at 1651 cm™!. The CH, wagging
and asymmetric twisting modes of these polymers exhibited
absorption bands at 1418 and 1287 cm™", respectively. Fur-
ther, the absorption peaks appearing at 1087 and 834 cm™!
are corresponding to the C—O and C-C vibrational modes
of the PVA and PVP chains. A weak absorption band at
1500 cm™! refers to the characteristic vibration of C=N
(pyridine ring) of PVP. All these vibration bands of the
PVA-PVP blend film are found inconsistent with their lit-
erature values [25, 35, 54, 56, 57]. FTIR spectrum of amor-
phous SiO, powder shown in Fig. 5 has characteristic strong
absorption bands at 1060 and 450 cm™! corresponding to
Si—O-Si chain stretching vibration (O atom motion between
two Si atoms) and Si—O bending vibrational mode, respec-
tively. In addition to these bands, the absorption bands for
SiO, observed at 950 and 800 cm™! represents the bending
vibration of Si—~OH and the stretching mode of the motion of
Si atoms between the two O atoms, respectively. Further, the
weak absorption band at 1625 cm™! originates from the -OH
bond twisting vibrations of silanol group (Si—~OH), whereas,
the weak and broadband centered at 3400~! attributed to the
extended vibration of the silanol group. These absorption
bands of SiO, are in good agreement with the earlier stud-
ies [58-60].

From Fig. 5, it can be noted that on the dispersion of
1 wt% SiO, nanoparticles in the PVA-PVP blend matrix,
the intensities of all the characteristic bands of the blend
reduces and their position significantly changed. Further, a
large number of additional bands have appeared and these
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remain unaltered with further increase of SiO, contents up
to 5 wt%. The FTIR spectra of these PNC films confirm the
strong interactions occurred between the SiO, nanoparticles
and the miscible chain structures of the PVA-PVP blend.
The intensity of both the characteristic intense bands (1060
and 450 cm™") of SiO, are almost suppressed, and also the
broader band (3400 cm™") corresponding to its extended
silanol group have completely disappeared in the FTIR
spectra of the PNC films. Further, the appearance of mul-
tiple bands in the spectra of PNC films around the position
of strong bands of SiO, confirms that the number of SiO,
vibrational modes increase due to the polymer—nanoparticle
interactions. In addition to these bands, a strong and sharp
absorption band is immersed at 697 cm™! which is absent
in the FTIR spectra of PVA-PVP blend and the SiO, pow-
der. This band can be assigned to the rocking vibrational
mode of the Si—O-Si chain. Furthermore, the intensity of
C-H stretching vibration (2918 cm™') of the PVA and PVP
chain greatly increase and the band has changed into doublet
which suggests that the polymer—nanoparticle interactions
influence the dynamics of entire chain structures of the poly-
mer blend in the PNC films.

3.6 UV-Vis spectra of PNC films

The UV-Vis absorbance spectra of (PVA-PVP)-x wt%
Si0, films are shown in Fig. 6. The fundamental intense
absorption in the lower wavelength with a sharp edge at
about 240 nm was exhibited in these spectra. The absorp-
tion edge of these PNC films shifted anomalously towards
higher wavelength region with increasing SiO, contents up
to 5 wt%. These changes in the absorption edge confirm the
variation in optical energy band gap of the PNC materials
with a change in SiO, concentration. The absorption edge of

2.0

15 F

1.0 -

Absorbance

0.5

200 300 400 500 600 700 800
A (nm)

Fig.6 UV-Vis absorbance spectra of (PVA-PVP)—x wt% SiO, nano-
composite films containing x=0, 1, 3 and 5
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PVA-PVP blend represents the 1 — n* electronic transition
[54, 57, 61-63]. The optical parameters namely optical band
gap, the Urbach energy and the refractive index of the PNC
films were determined using the various relations demon-
strated earlier [62, 64—68] in order to understand the optical
behaviour of these composite materials in depth.

The various optical energy band gaps E, of the PNC
films were determined using Eq. (1);

(ahv)" = B(hv — E,) (D)

where a is the absorption coefficient, % is the Plank’s con-
stant, v is the frequency of incident light wave, hv is the
photon energy, B is a constant and m is a variable (m=1/2,
2, 3/2 and 3 corresponding to the allowed indirect, allowed
direct, forbidden direct and forbidden indirect transitions,
respectively). The frequency v dependent values of o were
calculated from the frequency dependent absorbance A val-
ues of the film and its thickness 7, using the Beer—Lambert’s
relation;

a = 2303(A/t,) )

The A is defined by log(/y/I), where I, and I are the
intensities of the incident and transmitted beams, respec-
tively. For the optical materials, it was established that
near the fundamental absorbance edge, both indirect and
direct transitions occur, and the energy band gap corre-
sponding to these transitions can be determined by plotting
(ahv)'”? and (ahv)? as a function of photon energy (hv).

Figure 7 depicts the (ahv)? versus hv and also the
(ahv)'? versus hv plots for the (PVA-PVP)—x wt% SiO,
films. The values of direct optical band gap E,q and indi-
rect optical band gap E,; were determined by extrapolating
the linear portion of the high energy curves to the photon
energy axis at zero absorbance as shown by the solid lines
in the respective figures. The observed values of E 4 and
E; of the PNC films are reported in Table 4 which are
around 5 eV. For these PNC films, their Egd values are
found slightly higher than that of the E,;. Further, it is
observed that the optical band gap values decrease non-
linearly with the increase of SiO, contents up to 5 wt% in
the PNC films. The energy band gap values of these PNC
films has also been determined from the o versus Av plots
(inset of Fig. 7a) which are found exactly same as that of
the E4 values determined from the (athv)? versus hv plots.

The optical band gap E, ) of these photon absorbing
PNC films was also determined using the Tauc’s relation;

w?A = (hw — Eyqp))° 3)

where ®w =2nv and v=c/A, A is the wavelength and ¢
(3% 10% m/s) is the velocity of incident photons. The Eyr
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Fig.7 Plots of a (ahv)? versus photons energy hv, and b (ahv)!? ver-

sus hv for the (PVA-PVP)—x wt% SiO, nanocomposite films contain-
ing x=0, 1, 3 and 5 for the determination of direct (Egd) and indirect
(Ey) energy band gaps. Inset of a shows the a versus Av plots

Table 4 Values of optical energy gap (E,;, E,q determined from Davis
and Mott model and E,r, determined from Tauc’s plot), Urbach
energy E,, and refractive index n for the (PVA-PVP)—x wt% SiO,

films

x (Wt%) E; (eV) Eyq(eV)  Eyp(eV)  E,(eV) n

0 5.05 5.19 5.04 1.93 1.994
1 5.03 5.16 5.02 1.61 1.997
3 4.93 5.00 4.95 1.37 2.011
5 4.92 4.98 4.93 1.35 2.011

values for the PNC materials were deduced from the Tauc’s
plots (A?/\ vs. 1/)) shown in Fig. 8. The intersection of
the extrapolated linear portion of the curve gives the value

A"/ (107 nm™)

0.004

1/x (nm™)

Fig.8 AY*/A versus 1/A plots of (PVA-PVP)—x wt% SiO, polymer
nanocomposite films

of gap wavelength A, from which the E,, value was deter-
mined using the following relation;

Eyry = el )

The evaluated E,r, values for these materials are recorded
in Table 4. From this Table, it can be noted that the Eg(T) val-
ues of the studied PNC materials are found equal to that of
the E,; values which were determined from the Davis and
Mott method.

The refractive index n values for these PNC films were
determined from the E, ) values using the following rela-
tion [68];

2 _ E
n 1 _ 1 8(T) (5)

n2+2 20

Table 4 shows that the n values of these PNCs are about
2 which increase non-linearly with the increase of SiO, con-
centration up to 3 wt% and approach steady state at 5 wt%
SiO, concentration. This behaviour of n values with increas-
ing SiO, concentration indicates some changes in inter-
atomic spacing and the packing density with the addition of
Si0, nanoparticles in the PVA-PVP blend matrix.

In general, the decrease in the optical band gap of a com-
posite material with the variation in amounts of its constit-
uents presumes to increase with the degree of disorder in
the material. In order to confirm the variation in the degree
of disordering in these photon absorbing PNC films, the
Urbach energy E, values were also determined, which is
related with the absorption coefficient a by the empirical
relation [67, 68];

a = agexp (hv/E,) (6)
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nanocomposite films

where o is a pre-exponent factor and E, is the Urbach
energy representing the energy bandwidth of the tail of
localized states in the band gap. Figure 9 shows that the plots
of natural logarithm of the absorption coefficient (In @) as a
function of the photon energy (hv) for these (PVA-PVP)—x
wt% SiO, films. It is found that these plots are linear near
the fundamental absorption edge which obeys the empirical
Urbach relation. The values of E, of these PNC materials
were determined from the reciprocal of the slope of the (In
a) versus hv plots, and the observed E, values are recorded
in Table 4. As it can be seen from the Table that the E,
values increase with the increase of SiO, concentration in
these PNC materials, and this behaviour confirms that the
larger the value of E, there is a greater structural disorder
of the material.

3.7 DSCthermograms of PNC films

Figure 10 shows the DSC thermograms for the PNC films
which are vertically shifted for better presentation and their
scale of heat flow has been marked inside the figure. These
DSC curves show intense endothermic peaks in the range
80-100 °C and around 210 °C corresponding to the tem-
peratures of glass phase transition (7,) and the melting phase
transition (7,) of the PNC materials, respectively. In addi-
tion to the prominent melting and glass transition phases, the
weak and narrow peak of phase transition centered at 145 °C
is also observed which may be attributed to the a-relaxation
process associated with the crystalline phases in the films.
The highly broad endothermic peak of T,, whose onset is
approximately 55 °C and ends at about 130 °C is appar-
ently a result of the non-uniform nature of this process in
the PVA-PVP blend. Further, the exhibited single glass
transition temperature of the PVA-PVP blend and its PNC
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Fig. 10 The DSC thermograms of (PVA-PVP)-x wt% SiO, nano-
composite films for (@) x=0; (b) x=1; (¢) x=3 and (d) x=5

films is an evidence of the blend miscibility, at least in the
non-crystalline fraction of the polymer blend.

The values of Tg, T,, and the associated enthalpies (AHg
and AH,)) of these phase transitions for the PNC films are
given in Table 5. The T, value of the pristine PVA-PVP
blend is found in good agreement with the earlier results
[24, 57]. From Table 5, it can be noted that the Tg value of

Table5 The glass phase transition temperature 7,, melting phase
transition temperature 7, and the enthalpies of these temperatures
(AH, and AH,), and crystallinity X, of (PVA-PVP)-x wt% SiO,
films

x (wt%) Glass phase transi-  Melting phase transi- Crystallinity
tion tion
T,(°C) AH,(lg) T,(°C) AH, (lg) X, (%)

0 101.38 31.47 206.80  4.48 3.23

1 92.60 4545 208.70  4.95 3.57

3 86.81 24.50 208.82 1.86 1.34

5 84.21 37.90 208.84 3.19 2.30
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the PNC films decreases with the increase of SiO, contents
in the films which indicates that the SiO, contents act as
a plasticizer for the used polymer blend matrix. The pres-
ence of SiO, decreases the polymer network strength and
also the heterogeneous intermolecular interactions between
the PVA and PVP chains in the blend, thereby leading to
decrease of T, of the PNC films because T, resulting from
micro Brownian motion of the polymer chain backbone.
Table 5 shows that the 7, values of the PNC films are about
2 °C higher than that of the pristine PVA-PVP blend film.
Further, a gradual increase of T,, values with the increase
of SiO, contents in the polymer blend matrix confirms the
increase in thermal stability of the PNC films which is due
to the presence of SiO, nanoparticles in the PVA-PVP blend
structures. The relative variation in the shape and area of the
melting phase transition endothermic peak is attributed to
polymer—nanoparticle interactions which influence the melt-
ing enthalpy AH,, of the phase change. The values of AH,,

(@)s.0

45]
40!
35]
30/
25]

0.9

w 0.6

0.3

0.20

0.15

tand

0.10

0.05

Fig. 11 Frequency dependent real part €' and loss part €” values of
the complex dielectric permittivity, and loss tangent tand of a (PVA—
PVP)-x wt% SiO, nanocomposite films containing x=0, 1, 3 and 5 at

for the PNC films were determined from the integrated area
of the endothermic peak and the observed values of AH |
were recorded in Table 5. Using the AH ,=138.6 J/g for
the 100% crystallinity X, of the PVA [18], the X, values of
the PNC films were determined from the relation X, =AH_/
AH, . The observed X, values of the PNC films are recorded
in Table 5 which anomalously vary with the increase of SiO,
concentration in the films.

3.8 Dielectric spectra of PNC films

Figure 11 shows the €, ¢” and tand spectra of (PVA-PVP)—x
wt% SiO, films over the frequency range from 20 Hz to
1 MHz at 30 °C and also for the (PVA-PVP)-3 wt% SiO,
film with the temperature variation from 30 to 60 °C. The
observed values of €' and " represent the electrical energy
storing capacity and the energy loss per cycle, respec-
tively in these PNC based ‘polymer nanodielectric’ (PND)

30 °C, and b (PVA-PVP)-3 wt% SiO, nanocomposite film at temper-
atures 30, 40, 50 and 60 °C. Insets show the enlarged view the spectra
in the radio frequency (RF) region
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materials. The €’ values of these nanodielectrics have a non-
linear decrease with the increase of frequency over the entire
range of measurements and also vary with the change of
Si0O, concentration and the increase of temperature of the
films. But the €” and loss tangent (tand =¢"/e’) values of
these films sharply decrease with increase of frequency from
20 Hz about to 1 kHz and then approaches minimum in the
intermediate frequency range, and after that these values
have gradual increase with the increase of frequency in the
high-frequency region (enlarged view shown in the inset of
Fig. 11). The shape of €’ and €"” spectra of the PVA-PVP
blend is found in good resemblance to the pristine PVA film
[69, 70]. These dielectric spectra suggest that the polymer
blend matrix containing equal weight amounts of PVA and
PVP, the PVA structure mainly govern the dielectric dis-
persion of the blend. Further, a huge decrease of complex
permittivity with the increase of frequency in the audio fre-
quency (AF) region 20 Hz to 20 kHz is owing to interfacial
polarization (IP) effect occurring at the interfaces of differ-
ent conductivity constituents in these composite materials as
noted in numerous inorganic—organic based polymer com-
posites [24, 27, 28, 30, 32, 33, 69-71]. Further, the shape of
tand spectra reveals that these materials may exhibit relaxa-
tion peaks below 20 Hz and also above 1 MHz correspond-
ing to the IP process and the polymer dipolar reorientation
process, respectively.

Figure 12 shows the &’ and €” plots as a function of
SiO, concentration (x wt%) for the (PVA-PVP)—x wt%
SiO, films and also as a function of temperature for the
(PVA-PVP)-3 wt% SiO, film at selective frequencies e.g.

100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz. From Fig. 12a,
it can be noted that the &' values of these PNC films have ini-
tial decrease with the addition of SiO, nanofiller up to 3 wt%
and at 5 wt% SiO, concentration these values again increase
up to that of the pristine PVA-PVP blend film at all the fre-
quencies. These dielectric results reveal that the loading of 1
and 3 wt% SiO, in the PVA-PVP blend matrix significantly
reduce the number of parallel aligned dipoles in the polymer
blend structure which is mainly due to polymer—nanofiller
interactions, and hence, there is a decrease in the effective
amount of dielectric polarization. The 3 wt% SiO, contain-
ing PNC film has ¢’ value less than 2.5 at 1 MHz which
confirms its suitability as low permittivity nanodielectric
material for the substrate and insulator in the fabrication
of micro electronic and electrical devices working at radio
frequencies. Further, the €” values of these PNC materials
are low by more than one order of magnitude as compared to
that of the respective €' values confirming their suitability as
low-loss nanodielectric for the fabrication of energy storing
micro capacitors workable at the radio frequency electric
field. Furthermore, the €’ value of SiO, nanopowder is 3.8 at
1 MHz and 27 °C [72] which is comparable to that of the
pristine PVA-PVP blend matrix, and therefore, the variation
in €' values of the PNC films with the change of SiO, con-
centration is predominantly due to the polymer—nanofiller
electrostatic interactions.

The &’ and €” values of the (PVA-PVP)-3 wt% SiO, film
increase non-linearly with the increase of temperature of
the film, and the non-linearity become more pronounced at
lower frequencies (Fig. 12b). The temperature dependent

Fig. 12 Plots of SiO, concentra- (a) : : : : : : : : : :
tion dependent &’ and €” values 10°F —0— 100 Hz (b) 100 Hz
of a (PVA-PVP)—x wt% SiO, - 1 kHz —m— | kHz
nanocomposite films having —0—10kHz —0— 10 kHz
x=0, 1,3 and 5 at 30 °C, and —— 100 kHz 10° F —@— 100 kHz
b temperature dependent €’ and - 4~ 1 MHz 0 —— 1 MHz
¢" values of (PVA-PVP)-3 wt% w
SiO, nanocomposite film at
several fixed frequencies M
.W/. .

10"k 10

4.0 - 6L

35F 5L

»w - - w
3.0 F 4r
L | N
25
C 1 L 1 L 1 L 1 L 1 L 1 ] 2 1 L 1 L 1 L 1
0 1 2 3 4 5 30 40 50 60
x wt% SiO, T(°0)
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increase of dielectric data confirms the thermally activated
dielectric behaviour of the PNC film. Mostly, the increase of
temperature creates more free volume in the polymer matrix
of composite dielectric material which provide more struc-
tural space in regards to ease of dipolar re-orientation and
results in enhancement of dielectric polarization (dielectric
permittivity values) of the polymeric dielectric materials as
confirmed earlier for various PNC materials [23, 30-33, 35,
73-75].

3.9 Electric modulus spectra of PNC films

The electric modulus spectra M*(w) = 1/¢*(w) of these
PNC materials were derived from their frequency depend-
ent ¢’ and €” values. These spectra nullify the contribu-
tion of electrode polarization (EP) effect, and the elec-
trode material, the electrode-dielectric contact and
adsorbed impurity effects in the composite material [76].
The real part M' and loss part M" of electric modulus
spectra of (PVA-PVP)-x wt% SiO, films at 30 °C and
for (PVA-PVP)-3 wt% SiO, film with temperature vari-
ation from 30 to 60 °C are depicted in Fig. 13. It is found
that the M’ values of these films increase non-linearly

(@ [T
0.4

M!

03}

02}

0.04

0.03

M"

0.02 -

with the increase of frequency which confirms that the
complex permittivity values of these materials reported
in Fig. 11 represents the bulk properties because the M’
values remain close to zero over the EP effect contributed
frequency range. The shape of M" spectra is found identi-
cal to that of the " spectra, and a relaxation peak is exhib-
ited in the lower-frequency-region of the spectra for the
PVA-PVP blend film only (Fig. 13a). This relaxation peak
may be assigned to the Maxwell-Wagner—Sillars (MWS)
relaxation process i.e., the interfacial polarization (IP)
effect occurs in the multi-phase composite material. From
the comparative shapes of the M" spectra, it seems that the
nanofiller—polymer interactions increase hindrance to this
process, and therefore the MWS-relaxation peak for the
PNC films shifts towards lower frequencies as compared
to the pristine polymer blend film and it has not appeared
in the experimental frequency range at room temperature.

The M'" and M" spectra of (PVA-PVP)-3 wt% SiO, film
at temperatures 30, 40, 50 and 60 °C are shown in Fig. 13b.
The M’ spectra of the PNC film decreases with the increase
of temperature, whereas the M" spectra exhibit the MWS-
relaxation peak at 50 and 60 °C. This peak has shift towards
high-frequency side as the temperature of the film increases

(b) [T
0.4

02

0.1F

0.06

0.04

0.02 |

Fig. 13 Frequency dependent real part M' and loss part M" of complex electric modulus of a (PVA-PVP)-x wt% SiO, nanocomposite films hav-
ing x=0, 1, 3 and 5 at 30 °C, and b (PVA-PVP)-3 wt% SiO, nanocomposite film at several temperatures
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confirming that the PNC film also has the same relaxation
process below 20 Hz at 30 and 40 °C.

3.10 AC conductivity and impedance spectra of PNC
films

The ac electrical conductivity (¢’ and ") and the complex
impedance (Z' and Z") spectra of (PVA-PVP)-x wt% SiO,
films, at 30 °C, are shown in Fig. 14. On a log-log scale, ¢’
and Z' values of these materials have non-linear variation,
whereas the 6" and Z" values exhibit linear behaviour with
unity value of the slope. Further, the ¢’ and Z' values are
found about one order of magnitude lower than that of the
corresponding ¢” and Z” values of these PNC materials.
It can be noted from the figure that the low values of con-
ductivity of these PNC materials over the broad frequency
range confirm them as novel nanodielectric for an electrical
insulator. Further, the magnitude of Z" > Z' also confirms the

o', ¢" (S/cm)

ZV’ _ZH (Q)
S

Fig. 14 Frequency dependent real part ¢’ and loss part ¢” of the com-
plex ac electrical conductivity and the real part Z’' and reactive part
Z" of complex impedance of (PVA-PVP)-x wt% SiO, nanocomposite
films containing x=0, 1, 3 and 5 at 30 °C

@ Springer

dominant capacitive behaviour of these PNC films which is
required for the design of microsize capacitive devices using
such type of flexible composite materials.

Figure 15 shows separately the o' spectra of
(PVA-PVP)-x wt% SiO, films at 30 °C and also of
(PVA-PVP)-3 wt% SiO, film with the temperature vari-
ation. These spectra exhibit two clearly distinguishable
dispersion regions; firstly over the lower audio frequency
(AF) range denoted by region-I and secondly over the inter-
mediate and the radio frequency (RF) range denoted by
region-II. This type of conductivity dispersion behaviour of
the PNC materials appeared mainly due to their semicrys-
talline structures [32, 39, 40]. The experimental ¢’ values
of both the regions were fitted to the power law relation
o'(w) =04, +Aw" where o, is the direct current (dc) electri-
cal conductivity, A is a pre-exponential factor and n is a frac-
tional exponent. The 6, values i.e., 64, and 64, and also
the exponent n;) and n .y, were obtained by power law fit of
region-I and region-II, respectively as shown by solid lines
separately in the figure. The observed o, and n values for
these PNC materials are recorded in Table 6. The n;, values
are found significantly lower than unity confirming the hop-
ping mechanism of charges with a long-range translational
movement, whereas the n g, values of these PNC films are
found slightly greater than unity confirming that the charge
motion involves localized hopping without leaving neighbor-
ing sites as discussed for similar type of PNC materials [8].
Further, both the 6., and 64y, values of the SiO, filled
these PNC films are found low as compared to that of the
pristine PVA-PVP blend film. The temperature dependent
conductivity and exponent parameters (64> G gcqry 2y and
1) for the (PVA-PVP)-3 wt% SiO, film obtained by power
law fit of o' spectra (Fig. 15b) are also given in Table 6.

Figure 16 shows the plots of 6,y and 64y, values as a
function of SiO, concentration and also the reciprocal of
temperature. From Fig. 16a, it can be noted that the 6,
values are more than two orders of magnitude higher than
that of the 6, values for these PNC films, whereas these
conductivities differ by less than two orders of magnitude
for the pristine PVA-PVP blend film (Fig. 16a). These
results confirm that the dispersion of SiO, nanoparticles
in PVA-PVP blend matrix produces some hindrance to the
charge transport mechanism in the polymeric structures.
Further, these conductivity values vary anomalously with
an increase of SiO, concentration in the PNC films. The
G4c(1y Values of the PNC films are about 10713 S/cm at 30 °C
confirming the very high electrical insulation ability of these
materials.

Figure 16b shows that the 6., and 64,y versus 1/7 plots
are linear confirming the Arrhenius behaviour of temperature
dependent conductivity of the (PVA-PVP)-3 wt% SiO, film.
The conductivity activation energy E_ value of this PNC film
was determined from the relation 64, =6, exp(—E/kgT), where
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Fig. 15 Frequency dependent real part ¢’ of the complex ac electri-
cal conductivity of a (PVA-PVP)—x wt% SiO, nanocomposite films
containing x=0, 1, 3 and 5 at 30 °C, and b (PVA-PVP)-3 wt% SiO,

Table 6 Values of dc electrical conductivities 6,y and 64, deter-
mined from low frequency and high frequency regions ¢’ spectra fit to
the power law, respectively and their corresponding fractional expo-

107 F  region-I

10° 10° 10
f(Hz)

nanocomposite film at several temperatures. Solid lines show the
power law fit ¢'(w)=04.4+Aw" of experimental data over low fre-
quency region-I and the high frequency region-II

nent ng;, and ngy, of the (PVA-PVP)-x wt% SiO, polymer nanocom-
posite (PNC) films at 30 °C, and the (PVA-PVP)-3 wt% SiO, film at
different temperatures T’

PNC films ey X 101 (S/cm) ng Gaeany X 10' (S/em) nap

x (Wt%) (PVA-PVP)—x wt% SiO, films

0 2.71 0.66 1.27 1.08
1 1.98 0.69 0.47 1.08
3 1.69 0.69 0.38 1.08
5 2.26 0.70 0.89 1.08
T (°C) (PVA-PVP)-3 wt% SiO, film

30 1.69 0.69 0.38 1.08
40 2.78 0.68 1.17 1.08
50 8.12 0.66 3.25 1.06
60 26.81 0.64 5.40 1.02

o, is pre-exponent factor, &y is the Boltzmann’s constant and T
is the temperature in absolute scale. The evaluated E_ values
corresponding to both the conductivities of the PNC film are
marked in the figure which is nearly same i.e., ~0.8 eV. These
E values are found in good agreement with the literature val-
ues of E for the PVA-PVP blend film (E£;,=0.78 eV [77]) and
also the nickel chloride filled PVA—PVP blend composite film
(E;=0.92 eV [62]).

4 Conclusions
The PVA-PVP blend matrix dispersed with SiO, nanopar-

ticles based polymer nanocomposites (i.e., (PVA-PVP)-x
wt% SiO,; x=0, 1, 3 and 5) were prepared by the

solution-cast method. The XRD and EDX studies con-
firmed that the PNC films are semicrystalline and do not
have any kind of impurity traces. The presence of SiO,
nanoparticles in the PVA-PVP blend matrix significantly
modifies the surface morphology and topography of the
PNC films. The addition of SiO, in the PVA-PVP blend
matrix largely destructs the polymer—polymer interac-
tions due to the formation of polymer—nanofiller interac-
tions. The glass phase transition temperature significantly
decreases whereas the melting phase transition tempera-
ture slightly increases for the PNC films as compared to
the pristine PVA-PVP blend film. The optical band gap
energy of the PVA—PVP blend film non-linearly decrease
with the loading of SiO, contents in the PNC films. The
complex permittivity and electrical conductivity values
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Fig.16 a SiO, concentration dependent dc conductivity o4, and
Gacqn Plots of (PVA-PVP)—x wt% SiO, nanocomposite films contain-
ing x=0, 1, 3 and 5 at 30 °C, and b the Arrhenius plots of dc conduc-
tivity 64,y and 6,y of (PVA-PVP)-3 wt% SiO, nanocomposite film

were found relatively low for 3 wt% SiO, containing PNC
film over the frequency range 20 Hz to 1 MHz. The loss
tangent and electric modulus spectra reveal that these
PNC films have MWS-relaxation peak below 20 Hz and
the polymer chain segment dipolar reorientation relaxation
above 1 MHz, at 30 °C. The temperature dependent study
of (PVA-PVP)-3 wt% SiO, film over 30-60 °C exhibit
the MWS-relaxation peak in the lower frequency range
at temperatures 50 and 60 °C. The temperature depend-
ent dc conductivity of the PNC film obeys the Arrhenius
behaviour of activation energy E_ ~ 0.8 eV. The complex
permittivity (¢' and €”) values of the PNC film non-linearly
increase with the increase of temperature. The relatively
low permittivity and low-loss confirm the suitability of
these PNC materials as flexible nanodielectrics for the
substrate in microelectronic devices especially fabrica-
tion of micro-capacitors, and also electrical insulator in
the organic electronic devices. The high amorphous phase
of these materials infers their uses as a base matrix in the

@ Springer

preparation of nanocomposite solid polymer electrolytes.
The SiO, concentration dependent optical band gap of
these PNC films confirms their uses in band gap tunable
optoelectronic devices.
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