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Abstract. Polymer films with high refractive index are suitable for a wide range of applications, such as
optical fibers, lens and other components for optoelectronic devices. In this work, polyvinyl alcohol films
were prepared from aqueous solutions, which were homogenized by ultrasonication. In order to increase
the refractive index, the polymer was reinforced with barium titanate nanoparticles, which are
previously ultrasonicated for an adequate dispersion inside the host polymer. The dispersion of the
refractive index in visible domain was analyzed as a function of filler percent introduced in polymer,
showing that an increase in sample's polarizability determined an increase in the refractive index values.
The reinforcement caused a decrease of Abbe number indicating a higher light dispersion in the samples.
Optical dispersion parameters were extracted from dispersion curves, revealing a reduction of band gap
from 3.448 eV for pure polymer to 2.605 eV for the sample containing 2% barium titanate. Doping with
the ceramic nanofiller determined a increase in optical conductivity and real part of dielectric constant
as a result of appearance of new level states in the band gap. The increase of third order nonlinear
optical susceptibility and nonlinear refractive index indicates the suitability of the analyzed
nanocomposites for nonlinear optics applications.
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1.Introduction

Polymeric materials have known a growing evolution, in the past decades, as a result of the necessity
to optimize their balance of properties for specific applications. Significant breakthroughs were offered
by the nanotechnologies in the development of nanocomposites that have proved high technological
potential in numerous industries [1-3]. In other words, the incorporation of inorganic nanoparticles in a
polymer matrix determined great achievements in the properties of the reinforced material [4,5]. Optical
and dielectric characteristics of polymer nanocomposites (PNCs) have received a particular attention
because of their importance in manufacturing components for optoelectronic devices, such as
antireflection coatings [6], holographic optical elements [7], radiation shielding layers [8], encapsulants
for light emitting diodes or solar cells [9], waveguides [10] etc. However, besides the numerous
advantages of PNCs, the low value of refractive index (n) limits their some optical uses where high-n is
needed [11]. Therefore, depending on the pursued technological area, the choice of the adequate
inorganic nanofiller is also crucial. There are many types of high refractive index dopants, such as ZnS
and ZrO- [12, 13], TiO2 (rutile, anatase or brookit phase) [11] and BaTiOz [14]. The latter is shown to
be less photocatalytic than TiO, but it has superior refractive index (np = 2.40) comparatively with ZrO,
(np = 2.16) [14]. Also, BaTiOz (white powder), is a ferroelectric inorganic material from the perovskite
class with a high permittivity, which is widely investigated for its photorefractive effects [15] and
piezoelectric properties [16]. From this point of view, it can be used in passive and active electronics
components, sensors, electro-optic devices, thermistors, electromagnetic shields or in biomedical
application [17].
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The polyvinyl alcohol (PVA) is one of the most popular synthetic polymers, known for its water
solubility, odorless, optical transparency, noncorrosive, and biocompatible properties. In addition, this
eco-friendly thermoplastic polymer exhibits excellent film forming capability combined with good
adhesion features. For these reasons, many researchers started to upgrade the optical performance of
PVA by insertion of different additives. Abdullah and Saber [18] prepared PVA/NICI; films and studied
the effect of PNC composition on optical parameters revealing a decrease in band gap value upon doping
and a small increase in n value. Mahendia et al [19] investigated the optical performance of PVA
containing various amounts of citrate-stabilized Au nanoparticles and obtained a n value of about 1.59
at 520 nm. TiO2 in PVA gave rise to a composite of n ~1.517 at 589 nm [20]. In another study, Mahendia
and co-workers [21] introduced metal nanoparticles in PVA and observed an increase of n at 589 nm up
to ~1.75 for PVA/Cu and ~1.58 for PVA/Ag. Banerjee et al [22] filled PVA with MnCl; and obtained
sunflower-like assembled pattern and a n value around 1.70 at 589 nm. Other studies were focused on
doping PVA to display specific dielectric or magnetic characteristics [23-26]. One of the main
advantages of PVA-based materials resides in the facile processing into components for optical devices,
such as optical waveguides and optical image storage system [22].

The objective of this investigation was to analyze linear and nonlinear optical characteristics of PVA
doped with nanoceramic filler. For this purpose, BaTiOs nanoparticles were dispersed in PVA host by
ultrasonication. The n dispersion was discussed as a function of introduced filler percent. Optical
dispersion parameters were obtained by applying single effective oscillator model, revealing the effect
of BaTiOs amount on the band gap. Dielectric constant at optical frequencies and optical conductivity
were also evaluated. The nonlinear optical parameters, like third-order susceptibility and nonlinear
refractive index were determined through Miller’s rule, which involves the linear optical parameters to
examine the suitability of the prepared PNCs for application in nonlinear optical and photonic devices.

2. Materials and methods
2.1 Materials

Poly(vinyl alcohol) (PVA) , 99-100% hydrolyzed, was purchased from Acros Organics and used as
received. According to the provider, the polymer has an number average molecular weight of Mn =
124,000. The precursors for barium titanate, titanium dioxide (Chemical Company, 98% purity) and
barium carbonate (Sigma-Aldrich, 99% purity) were also used as received.

Barium titanate (BaTiOgz; BT) was prepared by using a modified solid-state reaction described in a
previous work [17]. Shortly, a 1/2 (w/w) titanium dioxide / barium carbonate mixture was ultrasonicated
in Milli-Q ultrapure water (60 mL) for 60 min (119 kJ were dissipated and the temperature exceeded
92°C). The obtained powder was further decanted and dried in a microwave furnace for 10 minutes. The
last step was the thermal treatment for 3 hours, performed in a laboratory furnace at temperatures of
500°C.

For the preparation of PVA/BT composites, a stock polymer solution was first obtained by dissolving
5 g of PVA in 250 ml of deionized water at room temperature. PVA/BT composites of different
composition (0.5, 1 and 2 wt% BaTiOs) were prepared by ultrasonication of mixture of 50 mL of PVA
solution and BT particles for 20 minutes, when 36.5 kJ energy was dissipated) and the temperature
increased from 20 to 94°C. Finally the mixtures were poured onto glass plates (Petri dishes of diameter
10 cm) and the obtained films were dried in air at room temperature.

2.2 Methods

The thickness of the film samples was measured using a digital micrometer (Insize Co., LTD, Spain)
and the average values are presented in Table 1. Standard deviation is £ 0.01 mm. Four samples were
considered for each thickness measurement.

The refractive index of the PVA/BT nanocomposites was measured on a Abbe multi-wavelength
refractometer DR-M4 type (Atago Co., Ltd., Japan) at 486 nm, 589 nm, 656 nm and 670 nm.
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The transmittance of films at the same measuring wavelengths was recorded on a SPECORD 210
PLUS (Analytik Jena, Germany) spectrophotometer.

The ultrasonication experiments were performed with an Sonics Vibracell ultrasound generator (750
W nominal electric power, 20 kHz ultrasound frequency, provided with a display giving the energy
delivered to the end of the probe and a sensor for temperature). A microwave heating facility (800 W
electric power, 2,5 GHz microwave frequency) and a Vulcan A 130 laboratory oven were used for the
drying and the thermal treatment of BT powder, respectively.

3. Results and discussions
3.1 Refractive index and optical dispersion parameters

The refractive index values for the pure and filled PVA films were determined by means of
refractometry at room temperature (23°C). The obtained values are listed in Table 1, together with the
transmittance at 600 nm of each examined nanocomposite film. For all samples the refractive index
decreases as the wavelength of incident light increases. Embedding BaTiO3 nanoparticles in PVA matrix
induces an increase of the refractive index, at all measuring wavelengths, via enhancing the
reinforcement degree with respect to the pure PVA. So, according to the Lorentz-Lorenz relation, the n
follows the same trend. For instance, at 589 nm, the magnitude of n increases from 1.50 for pure PVA
up to 1.57, when the filler amount reaches 2%. Similar variation of n values was reported by Mahendia
et al [19] for PVA doped with citrate-stabilized Au nanoparticles. Such increase in refractive index value
could be also attributed to an increase in density of the nanocomposite. Banerjee et al [22] showed that
reinforcement of PVA determined an increase in chain packing generated by strong interaction between
the filler and PVA.

Table 1. The transmittance of the prepared samples, film thickness (d), refractive
index (n) at several wavelengths and Abbe number (V)

Sample code Transmittance at d, mm n \Y
600nm, % (£ 0.01) 486nm 589nm 656nm 670nm
PVA/ 0% BaTiO3 91 0.11 1.52 1.50 149 1.49 16.67
PVA/ 0.5% BaTiO3 53 0.13 1.55 1.53 1.51 1.51 13.25
PVA/ 1% BaTiO3 31 0.14 1.58 1.55 1.53 1.52 11.00
PVA/ 2% BaTiO3 10 0.16 1.62 1.57 1.56 1.55 9.50

The light dispersion is very important when using the prepared PNCs in modern technologies like
optical fibers. The variation of n with wavelength is essential since it affects the functional role of optical
fiber [22]. The dispersion properties allow the controlling the cross-talking during transmission in optical
fiber and concomitantly restrains the information carrying capacity. An essential parameter that
describes the dispersion properties of materials is Abbe number (V), which is defined as follows:

Vo Mol Q)
Nags — Nese
where n denotes the refractive index and the subscript numbers refer to the photon wavelength.

A low value of Abbe number is related to high dispersion and vice-versa [27]. Therefore, the analysis
of Abbe number is very useful when designing optical fibers, lens and other optics items. For the studied
samples, the calculated V-values were found to slightly decrease as the BaTiOs percent is higher. Thus,
according to the values of Abbe number the studied samples follow the following inequality:
PVA/2%BT < PVA/1%BT < PVA/0.5%BT < PVA. In other words, the optical dispersion values of all
filled PVA films are higher than that of the pristine PVA matrix.

Having in view this background from Abbe number analysis, the optical dispersion parameters are
further extracted from Wemple and DiDomenico (WDD) model [28] depicted by equation (2):

2 _Eo— () +E4Ey
E§ —(hv)° 2)
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where h represents the Planck’s constant, v is the frequency, Eo denotes the single-oscillator energy for
electronic transitions and Egq is the dispersion energy.

Figure 1(a) presents the graphs of 1/(n® - 1) versus (hv)? for PVA matrix and its BaTiOz-based
nanocomposites. The values of Eo and Eq were computed from the slope and intercept values of linear
dependencies depicted in Figure 1(a) and the results are given in Table 2. According to WDD model
[28], Eq is linked to the strength of the interband optical transitions, whereas Eq provide information on
the average energy band gap, which is the half of its value. The oscillator energy ranges in a similar
manner as the optical band gap energy. It can be noticed that the band gap values are lowered as the
nanoceramic filler amount increases in the PVA matrix. The data concerning Eo and Eq are further used
to evaluate the static refractive index (no) at zero photon energy, as described by equation (3):

E
n, = /1+E—d (3)
0

Table 2. The values of the dispersion energy (Eqd), single-oscillator energy (Eo),
band gap energy (Eg), average oscillator energy (So), average interband oscillator
wavelength (Ao) and static refractive index (no):

2
Sample code Ed (eV) Eo (eV) Eq (eV) So (M) Ao (nm) No
PVA/ 0% BaTiO3 7.797 6.896 3.448 3.477-10'14 180 1.459
PVA/ 0.5% BaTiO3 7.221 6.182 3.091 2.893-1014 201 1.473
PVA/ 1% BaTiO3 6.410 5.455 2.728 2.270-1014 228 1.476
PVA/ 2% BaTiO3 6.420 5.210 2.605 2.171-1014 238 1.493
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Based on Sellmeier dispersion theory [29], one may understand the normal dispersion behavior of n
in the wavelength domain of maximum transparency. According to this approach, the material is
imagined as being composed of a collection of atoms, which lead to polarized oscillating dipoles in the
presence of the oscillating electric field of the light. This model assumes that at higher wavelengths,
these dipoles become in resonance with the incident light frequency and, therefore, the material presents
almost no absorption [19]. The single term Sellmeier oscillator model equation is presented below:

n’ -1 )

2 =12 4

n® -1 (/1) )
n2 =1+Sy23 )

where n., is the long wavelength refractive index, Ao iS the average interband oscillator wavelength and
So is the average oscillator strength.

By plotting 1/(n? - 1) versus A one may estimate from the values of intercept and slope the A, and
So. For the analyzed PVA nanocomposites these plots are depicted in Figure 1(b) and the results are
listed n Table 2. The reinforcement of PVA with ceramic nanoparticles determines a slight decrease in
average oscillator energy values, while the average interband oscillator wavelength increases. The
obtained Sp and Ao values are of the same order with those reported for other polymer materials [30].
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3.2 Dielectric constant and optical conductivity
The real (er) and imaginary (&i) parts of the dielectric constant at optical frequencies can be evaluated
based on refractive index and extinction coefficient (k), using equations (6) and (7) [28,29]:
g, =n’ -k’ (6)
& =2nk (7
where extinction coefficient, k, depends on the absorption coefficient a as follows: k = aA/4m.

For all examined films the values of o were obtained based on transmittance at similar wavelengths
with those involved in refractometry experiments. The variation of &r and & with photon energy is shown
in Figure 2. The magnitude of & is much higher than that of &; because the first one is mainly affected
by the square value of n, while the second one is more impacted by k value. Also, it can be noticed that
the real part of dielectric constant increases with photon energy, whereas the imaginary part is almost
constant in the studied optical energy domain. The values of both real and imaginary parts of the optical
dielectric constant increase with addition of a higher percent of BaTiOz in PVA matrix.
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The optical conductivity is related to the refractive index, n, and the absorption coefficient, a. For all
studied materials this optical parameter was estimated using equation (8):

o, ,=a-n-cldr (8)

opt
where o, is the optical conductivity and c is the speed of light in empty space.

Optical conductivity is a measure of the material's optical response as a result of the charge carrier

motion in the presence of incident electromagnetic waves. Figure 3 depicts the variation of o, with

photon energy for the pure PVA and PVA/BaTiO3 samples. The optical conductivity of the PVA matrix
is almost constant in the range of 1.8-2.6 eV. The same trend is observed for the samples containing
0.5% and 1% BaTiOs. When the filler amount reaches 2%, a slight decrease in optical conductivity with
photon energy is noticed. The addition of ceramic nanoparticles determines an increase of optical
conductivity with respect to the pure polymer matrix. This could be ascribed to the fact that new states
appear in the band gap and allow easier movement of electrons to travel from valence to the nearest state
as remarked in the decrease of optical band gap (see Table 2).
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3.3 The nonlinear optical parameters

For specific optical applications, one should evaluate the nonlinear optical parameters like
susceptibility and refractive index. The linear optical susceptibility of the material is linked to the single-
oscillator energy and dispersion energy as shown in equation (9):
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yo=EulE ©)
4r
where ¥ is the linear optical susceptibility.
The results for ™ are presented in Table 3, indicate a slight increase with reinforcement percent.
Based on y? and the energies extracted from WDD model [28], one can further determine the nonlinear

third order optical susceptibility according to equation (10):

79 =A-(y") =6.82.10"(E, /E, ) (es.u) (10)
where ¥® is the third order optical susceptibility and A is a constant, which has a value of 1.7 - 10™%°
(e.s.u.).

The nonlinear refractive index (n2) is evaluated from ® and static refractive index, as indicated by
the relation (11):
n, =2 (11)
nO
The data concerning the nonlinear optical parameters are displayed in Table 3. It was found that the
addition of ceramic nanofiller in PVA produces an increase in third order optical susceptibility nonlinear
refractive index. These aspects confirm the suitability of the PVA/BaTiOz nanocomposites for nonlinear
optical and photonic devices.

Table 3. The values of the linear optical susceptibility (x), third order
optical susceptibility (x¥) and nonlinear refractive index (n,):
1

@ @
Sample code X ) (e.s.u.) nz (e.s.u.)
PVA/ 0% BaTiO3 0.090 1.115- 10 1.972 - 1023
PVA/ 0.5% BaTiO3 0.093 1.270 - 10 2.205- 1013
PVA/ 1% BaTiO3 0.094 1.300 - 101 2.247 - 1013
PVA/ 2% BaTiO3 0.098 1.572- 10 2.656 - 10713

4.Conclusions

Polymer nanocomposite films were prepared by dispersing barium titanate in PVA through
ultrasonication and drying. They were characterized for application in optoelectronics. The
reinforcement agent produced modification of light dispersion through the samples. As the ceramic filler
percent increases from 0% to 2%, one may notice an increase of the refractive index from 1.50 to 1.57
at 589 nm. The reinforcement also generated a reduction of the Abbe number values, revealing a higher
light dispersion in the filled polymer films. The band gap is lowered by addition of the ceramic
nanoparticles from 3.448 eV for pure polymer to 2.605 eV for the sample containing 2% barium titanate.
Optical conductivity and real part of dielectric constant are enhanced by embedding barium titanate,
which leads to appearance of new states in the forbidden band gap. The increased third order nonlinear
optical susceptibility and nonlinear refractive index values are arguments for the suitability of the PVA-
BaTiO3z nanocomposites in nonlinear optics applications.
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