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Two dimensional all dielectric grating metamaterial based on polydimethylsiloxane and TiO,
materials were prepared via sputtering method in two different configurations as PDMS/TiO, (50
nm)) and 2D grating (etalon) TiO, (50 nm)/PDMS/TiO; (50 nm). As it was measured by a charged
coupled device (CCD) camera, the hotspots confirm four points symmetry of the structure and also
the refractive index falls in the negative part to show meta state. In addition, the absorption spectra
show the clear separation between electric dipole (ED) and Magnetic dipoles (MD) by enhancing
the incidence angle onto the sample. We noted the gradual increase in the angle begins to appear
and became more noticeable from 52° to 60° and the reason for this separation at these angles may
be the fall of the beam at an oblique angle, and it is clear that inclination at an oblique angle leads

to a more pronounced metamaterial behavior.
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1. Introduction

Metamaterials have opened new insights with potential ap-
plications in optical filters, medical devices, remote acti-
vation applications, intelligent energy management, infra-
structure monitoring, solar and laser sensor detection [1-7].
In all-dielectric metasurfaces, nanoparticles cause diffrac-
tive scattering of the incident light, leading to the propaga-
tion of lattice surface modes (LSMs) within the structure.
These LSMs, such as LSPRs in plasmonic nanostructures,
have the ability to interfere with the localized excitations
of each individual nanoparticle. As a result, the coupled
scattering resonance is observed, leading to the narrowing
of the reflection or transmission spectrum width of the all-
dielectric structure. All-dielectric metasurfaces with high
refractive index can also facilitate Mie scattering resonances,
leading to the appearance of electric dipole (ED) and mag-
netic dipole (MD) resonant modes, and can enhance the
optical field intensity by adjusting the incident wavelength
to the resonance wavelength. Therefore, high-index all-
dielectric nanostructures have become promising elements
in modern nanophotonic systems due to low loss and tun-
able optical properties and offer potential applications in
various fields such as lasing [8, 9], biosensing [10, 11], non-

linear optics [12], and structural color and color display
[13].

Given the fact that all of the structures go to miniaturization
and also flexible ones, the design and fabrication of new
all-dielectric and flexible structures is mandatory for lab on
a chip application. Thus, in this report, we fabricate and
investigate the main physical reason of modes in the optical
response by the aid of ED and MD within specific angles
of incidence with the aid of optical refractometry and also
Numerical simulator respectively.

2. Experimental part

The nanoimprint lithography approach has been used suc-
cessfully to fabricate 2D metasurface grating. A Schematic
array of the sample preparation is shown in Fig. 1la. Two
different 2D charge-coupled devices (CCDs) were detached
from a camera for this purpose, and these CCD stamps were
then adhered to a glass substrate with a two-sided adhe-
sive and enclosed in a plexiglass frame. The next step was
to fill the frame with a sufficient amount of material that
was roughly 1.4 mm thick after weighing the polydimethyl-
siloxane (PDMS) and the curing agent (1:10) and mixing
them for 5 minutes [13—15]. For degassing, the sample was
placed in a vacuum chamber for 15 min. This step was
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Figure 1. (a) Schematic diagram of the sample preparation steps, (b) first and second samples illustrations as one side 2D
grating (PDMS/TiO,(50nm)) and two-sided 2D grating (etalon) (TiO,(50nm)/PDMS/TiO,(50nm), (c) and (d) Experimental
setup of samples’ characterization by ccd camera and spectrometer.

carried out to remove air bubbles that formed during mixing.
Afterward, the sample was cured at temperatures between
50° and 100° degrees for 1 hour using a hot plate. CCD
stamps could be removed after roughly a day, provided the
material has dried out, the resultant 2D surface was then
coated with 100 nm of TiO; using a sputtering device. It
should be mentioned that the radio frequency (RF) sputter-
ing deposition of TiO; thin film was performed under the
process conditions as follows: RF power of 70 W, chamber
pressure of 0.004 mbar, Ar gas, thickness of 50 nm, and
substrate rotation speed of 28 rpm.

The aforementioned procedures were carried out on two
CCDs using two different types of unit cells. Thus, us-
ing two different types of unit cells, we created two sam-
ples of all-dielectric metasurfaces. The first sample as
One-sided 2D grating (PDMS/TiO,(50nm)), was from
a two-dimensional single grating (PDMS/TiO,(50nm))
structure. This sample consisted of a periodic two-
dimensional square array onto the PDMS substrate cov-
ered with a thin layer of TiO; as displayed in Fig. 1b.
In addition, the second sample as two-sides 2D grating
(etalon) (TiO»(50nm)/PDMS/TiO,(50nm), consisted of a

two-dimensional square periodic matrix, based on PDMS,
covered with a thin layer of TiO, on both surfaces as shown
in Fig. 1b.

A schematic array of the optical imaging and spectroscopy
experimental setups is shown in Figs. 1c and d, respectively.
In the optical imaging arrangement, the green laser beam is
illuminated the sample, and the transmitted light is collected
using a high numerical aperture (NA) objective lens. Finally
transmitted light is focused onto a CCD camera using a lens
(Fig. 1c). In this manner, the optical excitation and imaging
of the sample can be performed.

On the other hand, the broadband halogen lamp was utilized
as a light source in the spectroscopy experimental setup
(Fig. 1d). The polarization of the light is controlled by
a polarizer and the light with a certain polarization (s- or
p-polarization) is focused on the sample. Afterward, the
transmitted light is collected by the high NA objective lens
and coupled to the spectrometer (Fig. 1d).

3. Results and discussion

As the first stage, the samples were examined by the X-
ray diffraction techniques (XRD) to obtain the crystalline
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Figure 2. X-ray diffraction pattern of (a) S1, one-side 2D grating (PDMS/TiO, (50nm)), (b) S2, two-sided 2D grating
(etalon) (TiO, (50nm)/PDMS/TiO, (50nm) and (c) SEM image of two-sided 2D grating (etalon) (TiO; (50nm)/PDMS/TiO,

(50nm).

structure of them. Fig. 2 indicates that both samples as one
sided, S1, and etalon, S2, have polycrystalline structure of
metastable phase of 3-TiO; according to the (JCPDS card
No. 46-1238).

For S1 film, the notable preferred orientations are along
(200), (401), and (020) planes at (20= 15.880°, 37.240°,
and 48.080°) respectively. In addition, the notable preferred
orientations of S2 are along (201), (002), and (310) planes
at (20=23.18°, 28.35°, and 33.68°) respectively. The pat-
terns reveal disappearance of the notable orientations of
S1 and appearance of different notable orientations in S,.
This behavior may be due to the layer-by-layer growth and
recrystallization process corresponding to the preparation
method of S1 in one- dimension and S2 in two dimensions.
The evaluated data from XRD patterns have been reported
in Table 1. The crystallite sizes (D) of the samples have
been calculated using the evaluated data of XRD patterns
by Scherrer formula;

094
~ BcosH

ey

where f is the full width at half maximum (FWHM), de-

Table 1. The extracted data from XRD.

Samples (hkl) 20 (°) cos® PB(°) D (nm)
(200) 15.88 0.990 3.96 2.02
S1 (401) 3724 0947 1.03 8.14
(020) 48.08 0913 396 2.19
(201) 23.18 0979 2.82 2.87
S2 (002) 2835 0969 1.6 5.12
(310) 3368 0957 337 246

notes the diffraction angle, and shows the incoming Cu-K,
radiation wavelength (1.5406 nm). The values for crystallite
sizes show that the S1 and S2 nanocrystal films are present,
as listed in Table 1. In addition, the crystalline nature of
nanostructured films can be determined by many structural
parameters such as dislocations density () and strain (€),
which are calculated by equations 2 and 3 [14]:

1

51@ (2)
gzﬁczse 3)

The structural parameters values of the preferred direction
of S1 and S2 nanostructured films have been tabulated in Ta-
ble 2. The low values of § and € indicate high quality and
abundance of crystalline with low deformations in the films
structure. One can see that, the particles have dimensions
2.7 to 3.04 nm and 2.53 to 2.89 nm and distance between
the particles is 227 to 979 nm for S1 and S2 respectively.
For the second stage, pictures were captured using the CCD
camera for the prepared samples, as well as the spectra were
measured for the same samples using a spectrometer, with
the results being presented in figure 3.

We notice through the results that the intensity is high in

Table 2. Parameters of the structure of nanofilms.

Sample  Preferred D o €
orientation (nm) (I1/nm?)
S1 (200) 2.02 0.243 0.017
2 201) 287 0120 0012
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Figure 3. CCD image of the (a) S1, one-side 2Dgrating (PDMS/TiO, (50nm)) and (b)S2, two-sided 2D grating (etalon)
(TiO3 (50nm)/PDMS/TiO; (50nm) and Table which shows characteristics the hotspot of two samples.
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Figure 4. Reflection spectra for the S1 and S2 under different incidence angles.
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Figure 5. Reflection spectra for the S1 and S2 under different incidence angles.

the first sample, because it consists of one layer, and there-
fore the absorbance is lower. As for the second sample,
the intensity is lower as it has two layers, and therefore the
absorbance is higher in this sample. As for diffraction, we
notice that the beam width is greater in the second sample
since the exposure is larger considering the presence of two
grating the refraction of the prepared samples were mea-
sured, and the results were as follows. The case of high
symmetry that appeared in the previous images, which arose
from the presence of a supercell of the prohibited samples,
and that the first sample (one side) showed a higher sym-
metry than (two side) since it causes a higher diffraction
condition than the first sample.

In the suggested structures, each TiO; unit cell (Fig. 1b)
can support an electric (and magnetic) dipole mode. As
a consequence, the coupling between electric (as well as
magnetic) dipole modes in a periodic arrangement leads to a
significant enhancement in the magnitude of the resonance
modes, such as the localized surface plasmon resonance
(LSPR) in traditional plasmonic nanostructures. The re-
flection spectra of both samples were measured at different
incidence angles of 46°, 52°, 58°, and 60° under s- and p-
polarization (Fig. 4). As seen, two distinct resonances were
observed in the form of two peaks that correspond to the
electric dipole (ED) and magnetic dipole (MD) resonances,
respectively. This phenomenon can be explained by the cou-
pling between electric (and magnetic) dipole modes in the
fabricated periodic structure. Although electric dipole and
magnetic dipole modes appeared under incidence angles of
46° and 52°, stronger resonance occurred at an incidence
angle of 58° in which ED and MD resonance modes were
separately observed.

The resonance wavelength depends on various parameters
such as the geometric dimensions of the structure, the ma-
terial type, the light polarization, and the incidence angle.
For the proposed etalon structure, the location of the res-
onance dip under p-polarization is shifted toward longer
wavelengths at an incidence angle of 58° (Fig. 4).

This red shift can be explained according to the coupling of
the dipole moment of each neighboring unit cell. It appears
that in larger incidence angles, the greater the separation
in the peak, where the clear separation represents the ED

on the left and MD on the right, and we notice that the
gradient of the increase in the angle begins to appear and
become more clear, as we notice its appearance at the 52°
and increase at 58° and the most obvious at the angle of
60°. The reason for this separation at these angles may be
the fall of the beam by the oblique angle, and it is clear that
the fall by the oblique angle leads to the behavior of the
metamaterail more clearly.

To gain more insight into the physical reason of the meta-
structure of the samples, we calculated the refractive indices
of the samples as indicated in Figure 5. Changes in the re-
fractive index within the wavelengths, where we notice the
convergence at the wavelength (700 nm) and we notice the
difference is large at the wavelength (650 nm), where the
single is higher and therefore the linear applications of the
double are greater because it has a greater refractive index
and thus decreases.

As for the imaginary part of the refractive index, we note
an increase in the single within the wavelengths from 550
nm to the end of the visible spectrum, and after that there is
a clear reduction. While the double has a different behavior,
as there is a decline down to the end of the visible spectrum
due to the effect of the meta-structure with a note Single
has far lower k-values than double.

4. Conclusion

We noticed through the CCD camera that the intensity
is high in the first sample, as it consisted of one layer,
and therefore the absorbance is lower. As for the second
sample, the intensity was lower because it has two layers,
and therefore the absorbance was higher in this sample.
Also, from the absorption spectra we noticed through the
results, the greater the angle, the greater the separation
in the peak, where the clear separation represented the
(E.D) on the left and (M.D) on the right, and we noticed
that the gradient of the increase in the angle begins
to appear and become more clear, as we observed its
appearance at the angle 52° and the increase at 58° and
the most obvious at the angle 60°. The reason for this
separation at these angles may be the fall of the beam by
the oblique angle, and it is clear that the fall by the oblique
angle leads to the behavior of the metamaterial more clearly.
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