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a b s t r a c t

A composite with high visible light transmittance, mechanically tunable refractive index (RI) and rubber-
like mechanical properties, based on poly(dimethylsiloxane) (PDMS) and barium titanate nanoparticles
(BT) was prepared on three steps. First, BT nanoparticles were obtained by high-energy milling. Second,
the nanoparticles were embedded in PDMS by in-situ polymerization; the BT content was varied up to
1.0 wt% (0.17 vol%). Finally, ~0.5 mm membranes were prepared by solvent casting. The effect of the BT
concentration was examined. Powder XRD and Raman spectroscopy revealed a tetragonal crystal
structure for the nanoparticles. SEM images confirmed a mean particle size of ~64 nm and together with
EDX mappings showed a moderate dispersion of the nanoparticles in some membranes, whereas other
exhibited agglomerates at the surface. The normal transmittance of the membranes was measured with a
spectroscopic ellipsometer while they were stretched in-situ at different percentages. The RI variations
as a function of strain were calculated from the transmittance spectra. The results exhibit surprising
variations in the RI, up to ~5 times higher than those associated to PDMS alone, implying that the
presence of BT significantly influences the optical response of the PDMS when stretched. However, the
response is neither linear nor well understood; further studies must be performed to clarify this new
interaction.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The impact of materials with tailored optical properties is real
and massive, as can be appreciated in the telecommunication rev-
olution triggered by optical fiber; materials with the capability to
bend light around them or confine it to a specific region of space
[1e3] or prevent light propagation in certain directions [4,5] or at
certain frequencies [6e8] are only possible if the optical properties
can be controlled at will. The last implies the modification of the
light-matter interaction; this interaction is mainly defined by the RI
(n) which in turn is defined by the electric (electric permittivitye εr)
and magnetic (magnetic permittivity e mr) response of the material
(n ¼ ffiffiffiffiffiffiffiffiffi

εrmr
p

). It is known that the RI of amaterial can be “adjusted” by
simply changing its composition (by either doping or mixing
different materials, like in a composite) [9e12]; however, this
change is a passive change, since it is only defined by the RI and the
er.mohamednr@uanl.edu.mx
volume fraction of each of the different constituents of the material
(the last is described by the “Effective Medium Approximation” e
EMA), without any further interaction beyond the mixing, in
contrast to changes in the RI achieved as a result of an external
stimulus, such as chemical [13,14], thermal [15], photonic [16,17],
magnetic [18,19], electric [20,21] or mechanical [22,23]. Moreover,
the changes result from an external stimulus may be reversible in
most cases, leading to materials with tunable RI; such materials
have drawn the attention of scientist and industry due to their po-
tential range of applications such as adjustable lenses, waveguides,
optical filters, optical shutters/switches and sensors, among others.

Leaving aside stress-induced-birefringence, few reports are
found in literature about the photoelastic properties of materials,
especially when designing devices/materials with tunable RI, like
adjustable lenses; other stimulus like electric and chemical are
preferred. Perhaps, the reason lies on the magnitude of the RI
variations achieved by a mechanical stimulus, compare to other
stimulus. All materials present a variation on the RI as a response to
a mechanicals stimulus, but the variations obtained are commonly
small for polymers [24e27] and even smaller for harder materials
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like glass or inorganic crystals [28e31]; however, for some appli-
cations or environments a mechanical stimulus is the only suitable
stimulus.

Polymer-based composites incite great interest when designing
materials with tunable RI due to the variety of properties that could
be achieved when fillers are incorporated [10], especially of inor-
ganic nature; polymers offer a flexible, transparent and easily
processable matrix, while the fillers provide the active or functional
element. Thus, this paper proposes a composite material with
mechanically tunable RI, composed of a transparent polymer ma-
trix, with embedded piezoelectric nanoparticles as active filler. It is
expected that the piezoelectric nanoparticles polarize electrically
as a consequence of the applied mechanical stimulus and that such
polarization affects the local field of the polymer [32] provoking a
change in its electric permittivity and subsequently in the RI;
considering the mechanical properties of the polymer matrix, a
reversible and tunable change in the RI is expected. It is not in the
knowledge of the authors that such kind of interaction has been
previously studied, thus the aim of this work is to evaluate the
feasibility of such material.

PDMS is a popular elastomer for its clarity, flexibility and
chemical resistance, while BT is well known for its piezoelectric
properties, which have been studied at the macroscale [33],
microscale [34,35] and nanoscale [36e40]. Nevertheless, the
incorporation of any kind of filler into a polymer matrix may cause
significant light scattering, diminishing the transparency of the
composite, if the particle size is not considerably smaller than the
wavelength of the incident light (for spherical particles 2r < l/10);
thus, in the visible range, a particle size of around 50 nm assures
little scattering as long as the particles are homogeneously
dispersed, as reported by several authors [10,41e43]. However, it is
also known that as the particle size of piezoelectric materials de-
creases, the electric permittivity (which is associated to the
piezoelectric properties) reduces until it reaches a “critical size”
where the piezoelectric properties are lost [44,45]. Recent studies
on BT have shown that depending on the synthesis method, the
“critical size” may vary between 3 nm and 100 nm, with a major
incidence around 20 nm [39,46e51]; the “critical size” is associated
with the stabilization at room-temperature of the paraelectric cubic
polymorph, instead of the tetragonal crystal structures which is
normally stable up to 120 �C in bulk [52]. Because of that, it is
essential to ensure the tetragonality of the BT nanoparticles.

To confirm the proposed interaction between the polymer ma-
trix and the piezoelectric nanoparticles, we measured the normal
transmittance and calculated the RI of thick membranes made of a
composite based on poly(dimethylsiloxane) (PDMS) and different
amounts of barium titanate nanoparticles (BT), while they were in-
situ bi-directionally stretched at different percentages.

2. Experimental

2.1. Materials

Barium titanate was provided by Sigma-Aldrich (CAS: 12047-
27-7) as a powder with particle size smaller than 2 mm (purity
99.9%); it was used as received without purification. Poly(-
dimethylsiloxane) was purchased from Dow Corning (SYLGARD
184) as a two-component kit, composed of a polymer base and a
curing agent; mixed at a 10:1 ratio and preferably heat cured.
Chloroformwas obtained from ACS Chemicals and used as a solvent
and a dispersant.

2.2. Nanoparticles preparation

A high-energy mill was used for 30 min to pulverize the BT
powder and obtain a particle size of ~60 nm. This particle size was
chosen to avoid the “size-effect” of ferroelectrics and to minimize
the light scattering at the visible range.

2.3. Nanocomposites preparation

The BT content was varied up to 1.0 wt% (0.17 vol%) (Table 1).
First, the BT nanoparticles were dispersed in the polymer base and
sonicated for ~30 min. Subsequently, chloroform was added to the
dispersion and sonicated for another 5 h; afterwards, the disper-
sions were kept overnight to improve the wetting of the particles.
Next day, the dispersions were placed into awater bath at 50 �C and
mechanically mixed for 10 h (curing-time required in the PDMS
specifications), while the curing agent was added to initiate the
polymerization. Finally, ~0.5 mm membranes were prepared by
pouring the PDMS-chloroform solution in a Petri-dish and placing
it in a vacuum furnace at 50 �C for 20 h to extract the solvent and air
of the membranes. The thickness of the membranes was chosen to
assure a self-holding membrane (no substrate needed).

2.4. Characterization

The crystal structure of the BT nanoparticles was determined by
X-ray diffraction using Cu Ka radiation and by Raman spectroscopy
with a 514 nm laser. SEM was used to determine the mean particle
size and to qualitatively evaluate the distribution of the particle in
the membranes (with the aid of EDX mappings). The RI was
calculated from measurements of normal transmittance (in a
spectroscopic ellipsometer), while the membranes were in-situ
stretched at different percentages (Strain ¼ 0%e24%); the mate-
rial was modeled with the Cauchy model [53] and the trans-
mittance spectra with the Fresnel equation. In order to in-situ
stretch the membranes and evaluate the evolution of the RI as a
function of deformation, a mechanical device capable of producing
“radial stress” on the membranes was designed and fabricated
(Fig. S3); the device assembles to the ellipsometer.

3. Results and discussion

3.1. Characterization of nanoparticles

Fig. 1 shows the particle size distributions of BT powders as-
received and after 30 min of milling. Normality tests performed
on the data indicated a D50 diameter of ~532 nm and ~64 nm for
the as-received and milled powders respectively; representative
SEM images are shown in Fig. S1. Considering the preparation
method, the particle size distribution of the milled powder is
moderately narrow; however, the presence of aggregates could not
be avoided.

Since the tetragonal structure is the desired polymorph of BT, it
was essential to confirm the crystal structure after milling. Fig. 2
shows the diffractograms of the as-received and milled powders.
The crystal structures were assigned to tetragonal BT, as shown by
the reference; the peaks that do not correspond to tetragonal BT are
marked with a black dot and belong to BaCO3 produced by the
decomposition of BT when exposed to environmental CO2 [54,55].
Additionally, the inset in Fig. 2 shows a magnification of the dif-
fractograms in the 2q region between 40� and 50�, usually used to
distinguish between the cubic and tetragonal structure of BT.
Typically, the discrimination between cubic and tetragonal arises
from the splitting of the peak associated to the (200) plane of the
cubic phase, into the two peaks associated to the (200)/(002) planes
of the tetragonal phase. However, the splitting may be masked by
the broadening of the peaks as the crystal size decreases in the
nanoscale; nevertheless, Raman spectroscopy can distinguish



Table 1
Design of experiments.

Sample
M0

Sample
M1

Sample
M2

Sample
M3

Sample
M4

Sample
M5

wt% BT 0.00% 0.05% 0.25% 0.50% 0.75% 1.0%
wt% PDMS (Base) 90.90% 90.86% 90.68% 90.45% 90.22% 90.00%
wt% PDMS (Curing Agent) 9.10% 9.08% 9.06% 9.04% 9.02% 9.00%

Fig. 1. Particle size distributions of BT powders as-received (left) and after 30 min of milling (right); a dashed normal curve was drawn as an aid to the observer.

Fig. 2. Diffractograms of BT powders as received (black) and after 30 min of milling (gray), with a magnification (inset) in the region corresponding to the (002)/(200) diffraction
planes. As a reference, the relative peak intensities for tetragonal BT (PDF No. 80-18-80) are shown (red); the black dots correspond to BaCO3 peaks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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between the cubic and tetragonal structure. Fig. 3 shows the Raman
spectrums of the as-received and milled powders. The peaks
around 180 cm�1, 307 cm�1, 525 cm�1 and 715 cm�1 are
Fig. 3. Raman spectrums of BT powders as-received (black) and after 30 min of milling
(gray); the representative bands for tetragonal BT (180 cm�1, 307 cm�1, 525 cm�1 and
715 cm�1) are shown with a red line. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
characteristic of the tetragonal structure [46,56,57]. From the dif-
fractograms and the Raman spectrums is evident that the milled
powder has a predominantly tetragonal crystal structure.
3.2. Characterization of nanocomposites

Fig. 4 shows photographs of the membranes with different BT
contents. Given that the PDMS and the BT are transparent to visible
light, the loose in transparency is due to scattering; most probably
caused by the presence of large aggregates. SEM images and EDX
mappings (Ba and Ti) show the distribution of BT into the PDMS
matrix and evidence the presence of aggregates (Fig. S2); the SEM
images show the fracture surface of the membranes after theywere
embrittled with liquid nitrogen and transversally fractured. Sample
M1 and M2 show no sign of aggregation, while M3 to M5 show
large aggregates (4e15 mm) close to the surface of the membranes.
An increasing content of BT and specially the presence of large
aggregates close to the surface of the samples M3 to M5 reduce
drastically the transparency of the samples. The transmittance
spectrumwas obtained for each sample at seven strain percentages
(0%, 4%, 8%, 12%, 16%, 20% and 24%); Fig. 5 shows the average of each
spectrum, where the variation of the normal transmittance is



Fig. 4. Photograph of sample M0 ¼ 0.0 BT wt% (a), M1 ¼ 0.05 BT wt% (b), M2 ¼ 0.25 BT wt% (c), M3 ¼ 0.50 BT wt% (d), M4 ¼ 0.75 BT wt% (e) and M5 ¼ 1.0 BT wt% (f).
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plotted as a function of the BT content and the strain percentage
(strains greater than 24% resulted in the tearing of the membranes).
As already mentioned, the transparency losses are mostly due to
the presence of large aggregates, while the stretching of the
membranes shows little effect on the transmittance; especially at
small strains.

The RI of the membranes (dispersion curves) was calculated
with the aid of a minimization algorithm (Levenberg-Marquardt)
used to fit the transmittance spectrum to the Fresnel equation for
Fig. 5. Variation of the normal transmittance of the membranes as a function of the BT
content and the percentage of strain.
normal transmittance, while the membranes were modeled with
the Cauchy model; because this model considers a minimal scat-
tering, the samples M3 to M5 were not further analyzed. Table S2
shows the fitting parameter (x2). To appreciate the effect of the
mechanical stimulus on the RI, the difference between the strained
and unstrained states are plotted in Fig. 6 (Dn¼ nstrain� nunstrain) for
the samples M0, M1 and M2; the RI at a wavelength of 550 nmwas
used. It is clear from the graphs that the optical response of the
samples cannot be easily described, for neither pure PDMS nor the
composites; nevertheless, it is also clear that the presence of BT
Fig. 6. RI difference (at 550 nm) as a function of strain for samples M0 ¼ 0.0 BT wt%,
M1 ¼ 0.05 BT wt% and M2 ¼ 0.25 BT wt%.
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nanoparticles significantly changes the optical response of the
PDMS. To simplify the comparison and gain an idea of the ability of
the material to tune the RI, let us compare the difference between
the highest and the lowest value for a particular sample. The dif-
ference for sample M0 is 0.2727 and since it is pure PDMS, it is just
associated to the photoelastic effect of PDMS [58,59], while for
samples M1 and M2 the difference is 1.0944 and 1.4282 respec-
tively. Compared to sample M0, sample M1 and M2 show a varia-
tion around 4 and 5 times higher respectively; a colossal change in
the RI. Nevertheless, a significant change in the RI of the PDMS
should not be expected with such a small amount of BT (less than
0.25 wt%) according the Effective Medium Approximation (EMA),
but it is this fact itself what surprises, since it can only be under-
stood if an additional and different interaction between the BT
nanoparticles, the PDMS matrix and the mechanical stimulus takes
place, rather than just the simple effect of mixing two materials
with different RI.

Now, to appreciate the tuning capability of the composites
developed in this work it is interesting to compare them with the
results obtained by other approaches used to tune the RI. From the
different stimuli available to produce a change in the RI, the electric
stimulus is one of the most explored, due to its direct interaction
with the electric field of light and the variety of materials sensible
to it; for example, a liquid crystal cell with one circular electrode
working as a lens produces a change of ~0.9 in RI, depending on the
input voltage [21]. On the other hand, other research groups ob-
tained variations of ~0.6296 by changing the pH of a solvent [13],
~0.098 via a photoisomerization reaction [16] and ~0.013 as a result
of compressing a stacking of layers of two different materials [23].
Another different approach to produce a change in the RI are
photonic crystals (PC), which are based on the light-matter inter-
action, rather than in the stimuli-matter interaction. The classical
example is a rigid arrangement of metallic open-rings embedded in
a dielectric material, capable of a variation up to 2.5, depending on
the frequency of the incident electromagnetic wave (normally in
the GHz) [60]. Likewise, some flexible PC consisting of silicon pillars
incorporated into an elastomeric matrix achieved a variation of ~1.6
in the RI by stretching the PC [61]; the characteristic distance be-
tween the pillars changes and therefore the RI.

This work, proves that the proposed polymer-based composite
material with embedded piezoelectric nanoparticles has indeed a
mechanically tunable RI, with outstanding large variations. How-
ever, as amazing as these results may look, the variations on the RI
are neither linear nor well understood and new questions con-
cerning the role of the different components and their interaction
have arisen; for instance, the size of nanoparticles (therefore, their
piezoelectric properties), but specially the mechanical and opto-
mechanical properties of the polymer matrix, since they are
known to be sensible to multiple parameters like the filler content
[62], temperature [63] and the nature of the mechanical stimulus
[64]. Because of that, a thoughtful rheological characterization of
the composites has to be performed, in order to fully understand
the mechanical interaction between the nanoparticles and the
polymer matrix; together with in-situ creep studies during the
measurement of the RI to complement the rheological character-
ization and to understand the time-dependence of the RI varia-
tions. Furthermore, studies near the Tg should be performed to
evaluate the temperature-dependence of the optical response.

4. Conclusion

Thick membranes of a novel composite that shows visible light
transmittance, mechanically tunable RI and rubber-like mechanical
properties were made of PDMS and ~64 nm BT nanoparticles with
predominantly tetragonal crystal structure. Ellipsometry results
revealed that the presence of BT significantly influences the optical
response of the PDMS when stretched; however, the optical
response showed not to be proportional to neither the BT content
nor the strain. The RI variations for the composites with 0.05 wt%
and 0.25 wt% of BT were ~4 and ~5 times larger than for pure PDMS
respectively. We believe the change in RI is based on the synergic
interaction between themechanical stimulus, the BTand the PDMS,
where the mechanical stimulus polarizes the piezoelectric nano-
particles, which in turn change the electric permittivity of the
polymer matrix and finally provoking a change in the RI, modifying
the propagation of light through the material. This work opens the
possibilities to a new phenomenon and a new way to control light,
encouraging us to continue to study and clarify the mechanisms by
which the RI changes.
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