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Thin films of pure polyvinylidene fluoride (PVDF) and PVDF/SnO; nanocomposites were
fabricated by sol—gel spin coating method. The weight percentage of SnO, in PVDF
matrix was varied from 0.25%, 0.5%, and 1%. X-ray diffraction graphs exhibited the rutile
structure of SnO,. Scanning electron microscope confirmed densely packed morphology
of pure PVDF and dispersion of SnO, agglomerated spherical particles in PVDF matrix.
The presence of all constituent elements in a specific ratio was confirmed from energy-
dispersive X-ray spectroscopy. Furthermore, optical properties were taken by ellipsometry
in terms of y (Psi) and A (Delta) values which were acquired through the specific fitting
model, and these modeled values were fitted with the experimental values. The real part of
the dielectric function showed a high refractive index at minimum energy for pure PVDF
as compared to PVDF/SnO, nanocomposite films whereas the imaginary part exhibited
significantly high absorption spectra at minimum energy for pure PVDF and vice versa for
PVDEF/SnO; films. Furthermore, pure PVDF film showed high absorption which increased
with the increase of energy of interacting light but decreased with the incorporation of
SnO; nanoparticles. The entire observation exhibited that PVDF/SnO, nanocomposite thin
films can be utilized for optical devices like transpicuous conductors and chemical sensors
etc.
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1. Introduction

Transparent semiconductors are at the heart of the optical industry because of their
applications in various devices like photodetectors, photovoltaic cells, and liquid crystal displays
[1]. Generally, a number of semiconducting oxides have been extensively used for these
applications [2]. Tin oxide (SnO;) is a unique wide bandgap (3.4 eV) semiconducting material
with high optical transparency (=85%) and n-type carriers [3]. In addition, it is non-toxic,
environmentally friendly, has high chemical and electrical stability with low cost of production.
Electrical conductions of SnO; stem over the native and foreign oxygen vacancies which generate
extra energy levels in bandgap and thus facilitate the conduction phenomenon. Therefore, SnO»
has low resistivity (3.71x10"' Sem™) and high carrier concentration (5.5 x10'® cm™) as compared
with other transparent conducting materials [4]. Furthermore, optical transparent nature in the
visible range of wavelength and simplest noncubic structure with no orbital complications make it
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an exceptional choice for display devices like transpicuous conductors, light-emitting diode, gas
sensors in microelectronics, anti-reflective coatings on the top of solar cells, and electrochemical
detectors [4]

Owing to the wide spectrum of applications of SnO; based composite, a lot of work has
been devoted to synthesize their thin films using different deposition techniques such as aerosol
assisted chemical vapor deposition [6], sol-gel technique [7], chemical spray pyrolysis technique
[8], RF magnetron sputtering technique [9], electron beam evaporation [10], chemical vapor
deposition technique [11], etc. Among all these techniques, low processing cost, cheap apparatus
used, and time efficiency make the sol-gel method advantageous It is the better choice to
synthesized pure and dopes metal oxides because it provides good control over stoichiometry and
crustal structure growth.

The next-generation electronic industry relies on flexible and optically transparent
materials in the visible range of wavelength which could be achieved by making the composites of
optically transparent semiconductors with polymer matric. Due to this reason, nano-composite thin
films of transparent semiconducting material have gained much attention [12]. However, the
mixing of inorganic semiconducting compounds in polymer matrix produces surprising results
which improve optical characteristics of nanocomposite thin films significantly [13, 14].
Therefore, the potential of such nanocomposites thin films for optoelectronic devices is the main
reason for their exploration in the last few years.

Few reports revealed that the introduction of SnO, nanoparticles into the PVDF matrix can
increase its optical and electronic properties which motivated us to explore the optical behavior of
PVDEF/SnO; nanocomposite thin films to check their potential for next-generation optoelectronic
devices [15]. Therefore, this work intends to characterize the PVDF/SnO, nanocomposite thin
films with different concentrations (0.25%, 0.5% & 1%) of SnO, in pure PVDF matrix which were
successfully prepared onto a p-type silicon substrate by sol-gel method using spin coating
technique. The structural, morphological, elemental, and optical properties of pure PVDF and
PVDEF/SnO; nanocomposite thin films were studied by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and spectroscopy ellipsometry
(SE).

2. Experimental

2.1. Preparation of PVDF/SnO; nanocomposites

Before the nanocomposite synthesis, SnO, nanoparticles were synthesized separately
using the sol-gel auto-combustion technique. In this technique, the calculated amount of
Sn(CH3CO»), was dissolved in 100 ml distilled water to prepare a 0.01 M solution and put on the
hot plate. Then a fixed amount of citric acid (CsHsO7).H,O was added to this solution as a fuel
agent and the temperature of the hot plate was adjusted to 80 °C to form (gel). After few hours
when gel became sufficiently thick, the temperature was increased by 250 °C which caused auto
combustion. This combustion turned the viscous solution into powder form. The obtained powder
was thermally treated at 600 °C for 4 h to get a fine crystalline form of tin oxide (SnO,)
nanoparticles. The synthesis procedure of SnO; nanoparticles can be seen in Figure 1(a).

To prepare PVDF/SnO, nanocomposite thin films for next-generation flexible electronic
components we dissolved a particular amount of PVDF powder into a specific quantity of N, N-
dimethylformamide (DFM). Then, we added a desire concentration (0.25wt.%, 0.5wt.% & 1wt.%)
of SnO, nano-particles into this solution. This solution was heated at 50 °C for 6 h for the
preparation of PVDF/SnO, nanocomposite thin films. The p-type silicon was used as a substrate to
deposit the nanocomposite thin films with the help of a commercial spin coater as shown in Figure
1(b). Before depositing nanocomposite thin film, all the substrates were chemically cleaned and
dried with the N, gun. After that, the substrate was fixed on the rotator of the spin coater one by
one and kept the speed at 4000 rpm for 30 sec. Then all the prepared PVDF/SnO, nanocomposite
thin films were cooled at room temperature.
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Fig. 1. (a) Schematic of Auto-Combustion method and (b) Sol-Gel Spin Coater.

3. Results and discussion

3.1. Structural analysis

Figure 2 shows the XRD patterns of pure PVDF and PVDF/SnO, nanocomposite thin
films of various concentrations (0.25%, 0.5% & 1%) of SnO, nano-particles. For the polymer
structure of pure PVDF, the peaks in the diffraction pattern were noticed at 20 values of 18.82°,
37.00°, 43.20°, and 76.62° respectively which belong to the p-phase of PVDF.
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Fig. 2. XRD patterns of pure PVDF and PVDF/SnO; nanocomposite thin films.
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The peaks in the diffracted pattern of PVDF/SnO; nanocomposites film were observed at
20 values of 25.64°, 32.82°, 50.78", 60.94°, 63.46°, and 64.86  which corresponds to the (110),
(101), (211), (310), (112) and (301) planes respectively and belong to the rutile phase of SnO..
The formation of the rutile phase of SnO, was confirmed by matching these peaks with JCPDS
card no. 01-072-1147. The calculated values of lattice constant were @ = b = 4.71 A and ¢ = 3.86
A. It has been observed that the intensity of peaks belonging to the rutile phase of SnO, is
enhanced as the concentration of SnO; increases from 0.25 wt.% to 1 wt.%. In addition, the
calculated values of crystallite size (2.294-3.690 nm) and micro-strain are summarized in Table 1.
Thus, the presence of peaks belongs to PVDF and the rutile phase of SnO, provide quite
convincing evidence regarding the formation of PVDF/SnO; nanocomposites.

Table 1. Crystallite size and micro strain of pure PVDF and PVDF/SnO; thin films.

Thin Films Crystallite Size (D) Micro Strain ( ¢ )
(nm)
Pure PVDF 2.294 0.565
PVDF/Sn0O; (0.25%) 1.943 0.432
PVDF/SnO; (0.5%) 1.950 0.436
PVDF/Sn0O» (1%) 3.690 0.324

3.2. Morphology analysis

Figure 4 represents the different features of the SEM images of pure PVDF and
PVDF/SnO; nanocomposite thin films at a magnification of 100,000x. The arbitrary and
spherulite-shaped particles with agglomeration were found in Figure 3(a). The average particle
size of pure PVDF is 78 nm. The PVDF’s surface topography consists of numerous spherulites
because PVDF is a polymer that is semicrystalline in nature [16]. On the other hand, all
PVDEF/SnO; nanocomposite thin films show spherical nanocrystalline grains which are randomly
dispersed in the PVDF matrix which can be seen in Figure 3(b), (c) & (d). The particle size is
mentioned in the SEM images.
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Fig. 3. SEM images of (a) PVDF, PVDF/SnO; composites with (b) 0.25 wt.%, (c) 0.50 wt.% and (d) 1 wt.%
SnO; in PVDF matrix obtained at a magnification of x100,000.
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3.3. Compositional analysis

Figure 4 represents the EDX spectra of pure PVDF and PVDF/SnO, nanocomposite thin
films with different concentrations of SnQO,. It confirms the presence of SnO, nanoparticles and
determines their weight percentage (wt.%). Figure 4(a) shows the EDX spectrum of 0.25% SnO»
in PVDF where all peaks belong to the elements such as fluorine (F), carbon (C), tin (Sn), and
oxygen (O) with respective elemental percentages. Similarly, Figures 4(b) & (c¢) confirm the
preparation of PVDF/SnO» nanocomposite thin films with 0.5% and 1% of SnO, by the existence
of respective elements. Where Si peak came from the substrate. Hence, the substitution of SnO; in
PVDF was affirmed. The weight percent of all elements in nanocomposite thin films are shown in
Table 2.
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Fig. 4. EDX Spectra of PVDF/SnO; nanocomposite thin film with 0.25, 0.5 & 1 wt.% of
SnO; in composite.

Table 2. Elemental Composition of PVDF/SnO2 nanocomposite thin films.

Wt.% of SnO, in PVDF Wt.% Wt% | Wt.% | Wt% | Wt.%
Sn F (0] C Si
0.25 8.72 60.08 | 1.83 29.37 | -
0.50 16.35 55.22 | 2.97 25.10 | 0.36
1.00 35.64 37.82 | 7.51 17.42 | 1.61

3.4. Optical analysis

Characterization of the optical response of the material is vital before using it for optical
devices. The optical response of pure PVDF and PVDF/SnO; nanocomposite was analyzed using
spectroscopic ellipsometry. It is used to observe the optical behavior of pure PVDF and
PVDF/SnO; nanocomposite thin films of different wt.% (0.25%, 0.5% & 1%) of SnO;
nanoparticles. The optical parameters are associated through a ratio between rs and 1, as given in
Eq. 1.

p = :—p x tan We's (1)

S
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The ellipsometry technique is generally composed of two components (s & p) which are
parallel and perpendicular and that's normally created after the polarization of light when it strikes
with the material. A light in which E aligned to an incident dimension and magnetic field is
perpendicular to that incident light and vice versa for S-polarized light. By using Eq.1, two
parameters, amplitude ratio (y) and angle/phase shift (A) are set up from which all optical
properties are extracted. A root means square error (MSE) is used to observe how much the
experimental values are matched with the built-in ellipsometry model as shown in Eq. 2 [17].

1
MSE = \/3m_1 Z{rzll(NEi - NCi)2 + (CEi — CCi)2 + (SEi — SCi)Z x 1000 (2)

In this equation m is the total no. of measured wavelengths, C = sin2WcosA,N =
cos 2¥ and S = sin 2Wssin A.

The Cauchy model is applied to derive the optical properties which are related to the phase
shift (A) and the amplitude ratio (¥). For obtaining these properties, place a thin film in
ellipsometry spectroscopy for the analysis by a given light source that falls on the film at a specific
angle within a particular energy regime. Figure 5 shows the experimental fitting lines and model
fitting lines for obtaining Psi (W) and Delta (A) graphs with energy. Figure 5(a) shows the fitting
graph of pure PVDF for the analysis of W/A which shows that there is not a good agreement
between the experimental values and model data. With the addition of 0.25% and 0.5%, SnO;
nano-particles to pure PVDF, the agreement between theoretical and experimental results
increased as shown in Figure 5(b) & (c), respectively. But in Figure 5(d) W/A plot, it can be seen
that there is a very good fitting agreement which appeared by incorporation of 1% concentration of
SnO; nano-particles. From all the films, Figure 5(d) showed the best fit with the model.
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Fig. 5. y, 4 plot of the ellipsometry graph for (a) pure PVDF (b) 0.25 % SnO.,, (c) 0.5 % SnO, and (d) 1%
SnO . Figure 6(a) shows the plot of refractive index (n) of pure PVDF and PVDF/SnO; nanocomposite thin
films.
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The pure PVDF shows the value of the refractive index of 1.95 at minimum energy of 1.38
eV, upon increasing energy it shows variation with increasing energy up to 3.25 eV. An
introduction of 0.25% concentration of SnO, shows a decrease in the value of n as compared to
pure PVDF film. However, when the concentration of SnO, was increased to 0.5% & 1% in the
nanocomposite thin films the fluctuation in the value of the refractive index decreased significantly
and became an almost stable value in the range of energy 1.5-3 eV. When the energy of incident
light increases beyond 3 eV, the value of n for all compositions is sharply reduced which shows
that all these compositions are transparent in near IR and visible region of light. Variation in
extinction coefficient (k) with the energy of an incident photon is shown in Figure 6(b). The figure
shows that the value of x for pure PVDF is 0.3 cm™ at minimum energy and reaches a maximum
value at 0.48 cm™ at high energy 3 eV after a huge dip. After reaching the maximum, the value
again starts decreasing. When the concentration of SnQO, is introduced and then increased all-
composite thin films exposed the same trend i.e., attenuation increased sharply when the energy of
incident light is increased from 2.9 eV.
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Fig. 6. Variation in (a) refractive index (n) and (b) the extinction coefficient (k) vs energy (eV) for 0.25%,
0.5% & 1% of SnO, and pure PVDF.

Using the values of k and #, the dielectric parameters such as real part €;(®) and imaginary
part &(®) can be analyzed in the visible range of energy as shown in Figure 7(a) and (b). &; of pure
PVDF is very high and shows an almost constant value up to 2.7 eV then an increase in the energy
of incident light causes an increase in €.
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Fig. 7. Plots of (a) g real part and (b) &, imaginary part of dielectric constant vs energy (eV)
for 0.25%, 0.5%, 1% SnO, and pure PVDF.
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The value of g for all composites is very low as compared to pure PVDF and remains
almost constant in the full energy range. The composition with 1% SnO- revealed a peak at 1.7 eV
which may be attributed to the relaxation process associated with the SnO, semiconductors.

The absorbance graph of pure PVDF and PVDF/SnO; nanocomposite thin films is shown
in Figure 8(a). It can be seen from the graph that pure PVDF thin film has sufficiently high
absorption in near IR and visible spectra which exhibited that it is a good absorber while
PVDF/SnO; nanocomposite thin films have relatively low absorption in the same region. It is clear
from the figure that all nanocomposite thin films are transparent for the visible and near IR region.
Figure 8(b) shows the reflected intensity of pure PVDF and PVDF/SnO nanocomposite thin films.
The reflective intensity of pure PVDF is highest among all these compositions and varies with the
energy of incident radiation. The maximum reflection intensity is noticed at 2.5 eV which rapidly
decreased when energy is further increased. This shows that pure PVDF film has good reflectivity
in the visible region as well as near IR region while all nanocomposite thin films show low
reflectance in the same spectrum.

250000 W 160 | (b) —0.25 % SnO,
(a) o 0.5 % SnO,
—_—05% \ o -
200000 f eSO 140 —— 1% Sn0,
% 500, 120 — Pure
g Pure PVDF - Pure PVDE
= 150000 [ = 100 F
< .
= ~
[ ~ 80}
2 100000 =
= @® 60}
< p
50000 [ = 40t
200 -
0 L I I l . 0 i /__/k
1.0 1.5 2.0 25 30 35 1.0 1.5 2.0 2.5 3.0 35
Energy (eV) Energy (eV)

Fig. 8. Variation in (a) absorbance spectra (o) and (b) the intensity (arb. units) vs energy (eV) for 0.25%,
0.5%, 1% SnO2 and pure PVDF
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Fig. 9. Band gap (ahv)z vs energy (eV) for (a) pure PVDF (b) 0.25% SnO,, (c) 0.5% SnO-, and (d) 1% SnO:.

Among the optical parameters, the energy bandgap is a key factor that was calculated
using Tauc relation and plotted against the energy of incident radiation as shown in Figure 9. This
figure shows the variation of (athv)* vs energy (eV) which gives information about the bandgap
(Eg) of the pure PVDF thin film and PVDF/SnO; nanocomposites. The value of E, is about 2.67
eV for pure PVDF as shown in Figure 9(a). This bandgap has increased to 3.09 eV with the
addition of 0.25% SnO, nanoparticles as shown in Figure 9(b). However, the remaining two
nanocomposite thin films show a bandgap between the pure PVDF and PVDF/SnO, (0.25%) such
as 3.02 eV and 3.04 eV respectively which can be seen in Figure 9(c & d).

4. Conclusion

Here we synthesized optically transparent semiconductor (SnO;) based nanocomposites
thin films using a spin-coating technique. SnO, nanoparticles synthesized using the sol-gel auto-
combustion route were added to the PVDF matrix by varying its weight percentage as 0.25%,
0.5%, and 1%. Structural investigations revealed the presence of B-phase of PVDF and rutile phase
of SnO, which confirmed the formation of PVDF/SnO, nanocomposites. The value of lattice
parameters for SnO, particles was noticed as a = b = 4.71 A and ¢ = 3.86 A while the value of
crystallite size was in the range of 2.294-3.690 nm. Wight percentage of all elements present in the
composites matched with their stoichiometric calculations and thus confirmed the formation of
PVDF/SnO, composites.

Morphological analysis revealed the dispersion of spherical grains of SnO; in the PVDF
matrix and the average particle size of these particles was 65 nm. Using ellipsometry the optical
parameters like refractive index, extinction coefficient, the real and imaginary part of dielectric
constant with absorbance and reflectance were plotted in the visible range of energy. These results
revealed that the addition of SnO, particles in the PVDF matrix reduced the refractive index,
extinction coefficient, and absorption intensity. These results highlight the importance of these
composite thin films for transparent semiconducting devices.
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