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Nanoparticle-Based Metamaterials as Multiband
Plasmonic Resonator Antennas
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Abstract—Plasmonic metamaterials based on metal-dielectric
nanostructures exhibit unique optical properties such as high near-
field enhancement, negative refractive indexing, and optical cloak-
ing. In this paper, we present a plasmonic multiband metamate-
rial based on UT shaped nanoparticles. In order to understand
the multispectral response, we analyze the near-field distributions
at the corresponding resonance frequencies. In addition, we both
numerically and experimentally, show the dependence of the spec-
tral response on the geometrical parameters of the structure. By
embedding the system in a dielectric cladding medium, we show
strong sensitivities of the resonant behavior to the refractive index
and thickness of the dielectric load. Due to its tunable multiband
spectral characteristics, the proposed metamaterial antenna can
be used for wide range of applications, such as wavelength-tunable
active filters, optical modulators, ultrafast switching devices, and
biosensing.

Index Terms—Metamaterials, nanofabrication, optical commu-
nications, optical filters, plasmonics, resonators, subwavelength
optics.

I. INTRODUCTION

ETAMATERIALS have received tremendous interests
M over the past few years due to their unusual electromag-
netic properties. These properties provide unique applications,
i.e., negative indexing, extraordinary near field enhancement,
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Fig. 1. (a) Schematic view of UT-shaped metamaterial antenna. In figure, the
polarization and propagation direction of the incident wave is included. (b) SEM
image of the fabricated structure with corresponding parameters: H = 400 nm,
L = 800 nm, s = 100 nm, and w = 100 nm.

high-frequency magnetism, superlens, electromagnetic cloak-
ing, and nonlinear optics [1]-[17]. Metamaterials are artificially
fabricated subwavelength materials with optical and electro-
magnetic characteristics depending on their microscopic struc-
ture and geometry. Latest advances in the field of nanofabrica-
tion technology have enabled the realization of metamaterials in
different sizes and shapes. In recent years, metamaterials based
on metallic nanostructures have received significant attention
as they can concentrate and manipulate light at subwavelength
range through surface plasmons (SPs) that are collective os-
cillations of free electrons in a metal [18], [19]. These nanos-
tructures can also be termed as plasmonic resonator antennas
(PRA) due to their analogy to the conventional microwave an-
tennas [20]. These metamaterials based on PRAs can offer wide
tunability of spectral responses [21]-[24]. Furthermore, as SPs
enhance the sensitivity to the surface conditions, these struc-
tures are employed in biosensing and surface enhanced spec-
troscopy [25]-[32].

In this paper, we propose a nanoparticle-based plasmonic
metamaterial composed of individual U- and T-shaped PRAs as
shown in Fig. 1. We investigate the spectral response of these
PRAs both numerically and experimentally. The proposed meta-
material supports a multiband spectral response. In addition, its
design has a compact geometry. Moreover, the spectral response
of the system has dual- or triple-bands with respect to the polar-
ization direction of the illumination source. To understand this
behavior, we analyze the structure by the 3 dimensional-finite
difference time domain (3D-FDTD) method [33] and obtain the
corresponding near-field distributions. We experimentally de-
termine the spectral dependence on the geometrical parameters
for controlling the resonance frequencies. We then embed the
resonator system into a dielectric medium to realize a multires-
onant dielectric loaded metamaterial antenna. We determine the
sensitivity of the structure to the refractive index and thickness
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Fig.2. Reflection spectra of (a) UT-, (b) U-, and (c) T-shaped PRAS. In (d)—(f),
field distributions (total magnetic field intensity, | F|>) are shown for UT-shaped
antenna at three different resonance peaks: f1, f2, and f3. The corresponding
parameters are: H = 400 nm, L = 800 nm, s = 100 nm, and w = 100 nm.

of the cladding medium for fine-tuning of the resonances. Due to
the tunability of the multiband spectral response, such PRAs can
be used for wide range of applications, i.e., wavelength-tunable
active filters, optical modulators, ultrafast switching devices,
and biosensing.

II. NUMERICAL ANALYSIS

Fig. 1 shows the schematic view of the UT-shaped PRA de-
sign. In the figure, the geometrical parameters are L the length
of the structure, [ the height, w the rod width, and s the dis-
tance between the individual U- and T-shaped nanorods. Here,
the structure stands on a silicon nitride (SiN,.) substrate with re-
fractive index of 2.16. For the numerical analysis, the structure
is modeled by the 3D-FDTD method. The unit cell of the sys-
tem consists of two individual elements, U- and T-shaped gold
nanoparticles. Along x and y axes, periodic boundary condition
is used and along +z, which also corresponds to the direction
of the illumination source, perfectly matched layer is used. The
frequency-dependent dielectric constants of the metals are taken
from [34].

In far field, for y-polarized illumination source incident from
air, the system supports a dual-band spectral response while
for x-polarized illumination source, it provides a triple-band
response. In this study, we focus on the x-polarized incident
source case. In order to understand the physical origin of the
multispectral response, we look at the field distributions cor-
responding to the three distinct resonance peaks as shown in
Fig. 2(a) (f1, fo, and f3). Fig. 2(d)—(f) show the total magnetic

(a) EBL patterning on PMMA

PMMA LR

(b) Metal Deposition
Au

(c) Lift-off and O, cleaning
Au

Fig. 3. Fabrication process steps: (a) EBL is performed on the PMMA-coated
surface and EBL performed patterns are removed by MIBK-IPA solution.
(b) PMMA layer is covered with 5-nm-thick titanium and 30-nm-thick gold.
(c) Lift-off process is performed to get rid of the gold, covering the unexposed
surfaces. Then, plasma cleaning is performed to remove the remaining PMMA
on the surface.

field intensities |H|? at the air-metal interface (top surface of
the nanoparticles) for the corresponding reflection peaks. The
first- and third-order modes of the UT-shaped antenna are orig-
inated from the individual U-shaped antenna while the second
mode is originated from the individual T-shaped one as shown
in Fig. 2(b) and (c), respectively. For the first-order mode of
the UT-shaped antenna at f, the field enhancement is mainly
localized at the inner edges of the bottom horizontal bar [see
Fig. 2(d)]. For the second-order mode at f5, it is focused at
the center of the top horizontal bar [see Fig. 2(e)]. For the third-
order mode at f3, it is localized at right and left vertical rods and
the center of the bottom horizontal bar [see Fig. 2(f)]. Further-
more, these field enhancements are maximum at the top surface
of the structure (air—metal interface). This is highly desirable
for biosensing applications as it increases the overlap between
the electromagnetic fields of the SPs and the analytes in the
surrounding medium [30], [31].

III. FABRICATION OF THE UT-SHAPED METAMATERIAL
ANTENNAS

For the experimental demonstration of the multiresonant char-
acteristic, the proposed UT-shaped PRAs are fabricated on a
SiN, film. The fabrication process is summarized in Fig. 3. We
first perform electron-beam lithography (EBL) on a resist poly-
methyl methacrylate (PMMA )-coated film. Then, EBL-defined
patterns are removed by a methyl isobutyl ketone—isopropyl al-
cohol (MIBK-IPA) solution. The EBL-exposed parts are then
covered with 5-nm-thick titanium (adhesion layer) and 30-nm-
thick gold layers. Later, lift-off process is performed to get rid of
the gold layers covering the unexposed surfaces. Finally, plasma
cleaning is performed to remove the rest of the resist on the sur-
face [35]. SEM images given in Fig. 1(b) clearly show that the
surface of the fabricated structures is smooth, and nanorods are
well defined. The unit cells are observed to be uniform over
large areas.

Fabricated structures are characterized optically by a Fourier
transform infrared (FTIR) microscope. Our experimental setup
consists of an IR microscope coupled to a Bruker FTIR spec-
trometer with a KBr splitter. Normally incident electromagnetic
radiation, shown in Fig. 1(a), is used to efficiently excite the SP



210
s variation H variation
(a) 1 (b) 1 vanatio;
—s=50nm —H=350nm
—s = 100 nm ——H =400 nm
—s5 =150 nm 08 ——H=450nm
c 5 = 200 nm o
2 9 o
S i+
[} 5]
T T 0.4
4 4
02|
% e s 10 12 "% s 8 10 120
Frequency (THz) Frequency (THz)
(c) 1 L variation (d) 1 w variation
——L =750 nm ——w=50nm
=L =800 nm ——w=T5nm
08 —L=850nm 08 N, —w=100nm
c L =900 nm c A w=125nm
S g 208 A i
B i}
T o4t/ D 04
o o
02 02|
30 50 B0 100 120 %0 50 B 100 120
Frequency (THz) Frequency (THz)
Fig. 4. Spectral response of the UT-shaped antennas with varying geometrical

parameters. (a) s-variation at fixed H = 400 nm, L = 800 nm, and w = 100 nm.
Subfigure shows the SEM image for s = 200 nm case. (b) H -variation at fixed
s = 100 nm, L = 800 nm, and w = 100 nm. Subfigure shows the SEM image for
H = 500 nm case. (¢) L-variation at fixed H = 400 nm, s = 100 nm, and w =
100 nm. Subfigure shows the SEM image for L = 900-nm case. (d) w-variation
at fixed H = 400 nm, L = 800 nm, and s = 100 nm. Subfigure shows the SEM
image for w = 125-nm case.

modes on the resonators. Reflected IR signal is collected by a
Cassagrian reflection optics (NA = 0.4) and coupled into a lig-
uid N;y-cooled mercury cadmium telluride detector. Reflection
data are normalized using an optically thick gold standard.

IV. EXPERIMENTAL RESULTS FOR THE SPECTRAL
DEPENDENCE ON GEOMETRICAL PARAMETER

It is highly desirable to understand the physical origin of
the spectral dependence for determining control mechanisms of
the resonant behavior of the structures [36], [37]. Therefore, we
experimentally analyze UT-shaped nanoparticles by varying ge-
ometrical parameters. We observe that, the multiband behavior
of the UT-shaped PRAs show strong dependence on geometry.
Fig. 4 shows the change in the spectral response for different
s, H, L, and w variations. In Fig. 4(a), s is varied while the
other parameters are kept constant: L = 800 nm, H = 400 nm,
and w = 100 nm. As s increases, the amplitude of the reflec-
tion peaks of the first- and third-order modes increases slightly
while the peak of the second mode shows negligible changes. In
addition, with increasing s, the resonance frequency of the first-
and third-order modes increases whereas for the second-order
mode, it remains almost the same. Fig. 4(b) shows the H depen-
dence of the spectral response. Here, other parameters are kept
constant at s = 100 nm, L = 800 nm, and w = 100 nm. As
H increases, the resonance frequency of the first-order mode
decreases weakly while that of the third-order mode strongly
decreases. The second-order mode exhibits almost no change.
Besides, the amplitude change of the first two modes is neg-
ligible while the amplitude of the third-order mode increases
significantly with H. For H variation, the change of the reso-
nance frequency is proportional to the field localization at the
arms of the U-shaped nanoparticle. For that reason, the third-
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order mode where the near-field is strongly localized on the
arms of U [see Fig. 2(f)] shows strong dependence on H while
the first-order mode, which supports relatively weak near-field
localization [see Fig. 2(d)], shows smaller changes. Since for the
second-order mode, there is no field localization on the arms, H
variation weakly affects the resonance frequency of this mode.
In contrast, as shown in Fig. 4(c), the resonance frequency of
all three modes decreases with L. (For L variation, other geo-
metrical parameters are: H = 400 nm, s = 100 nm, and w =
100 nm). The amplitude of the first-order mode increases, the
third-order mode decreases, and second-order mode shows neg-
ligible changes with L. For w variation, other geometrical pa-
rameters are kept constant as: H = 400 nm, L = 800 nm, and
s = 100 nm. With increasing w, the resonance frequency and
the amplitude of all three modes increase as shown in Fig. 4(d).
This observation indicates that the UT-shaped PRAs show strong
dependence on geometrical parameters. Therefore, the resonant
locations of the proposed structure can be easily controlled by
changing the geometrical parameters.

V. DIELECTRIC LOADED UT-SHAPED METAMATERIAL
ANTENNAS

The spectral response of the antennas can be tuned by intro-
ducing a cladding medium on the structure [21]-[24], [38], [39].
For that reason, we tune the spectral response of the UT-shaped
antenna by loading easily depositable dielectric materials with
different refractive indices, such as, magnesium fluoride, MgF1I,
(n = 1.37), silicon dioxide, SiO5 (n = 1.46), and aluminium
oxide, Al, O3, (n = 1.76). First, the whole antenna system is
fully merged into the dielectric load in a way that the thick-
nesses of the dielectric and the metal layers are equal (t = 30
nm). We determine the dependence of the resonance behav-
ior of the UT-shaped metamaterials on the refractive index in
Fig. 5(b). We observe that the resonance frequency of all three
modes decreases with the refractive index of the dielectric load.
We also calculate the refractive index sensitivity of the sys-
tem, defined as the change in the resonance wavelength with
respect to the change in the refractive index of the cladding
medium, for third-order mode, AA/An = 423 nm/RIU. We
also determine the change in the field distribution (total elec-
tric field distribution, |E/|*) with respect to different dielectric
materials for the third-order mode. For this propose, we use a
field monitor located at one of the arm-tips of the U-shaped
nanorod [as illustrated in Fig. 5(a)] where total electric field is
maximum for the third-order mode. We observe that with differ-
ent dielectric loads, the near-field distribution does not change
but the field enhancement decreases as shown in Fig. 5(c). For
surface enhanced spectroscopy applications, large field inten-
sities are critical. Hence, UT-shaped metamaterial, supporting
near-field intensity enhancements as large as 600, is an ideal
candidate for these applications. We also determine the change
in the resonance frequency with respect to the dielectric load
thickness. Fig. 5(d) shows the effect of the thickness of the
cladding medium on the spectral response for the case of SiOs.
For all three modes, the resonance frequency decreases with in-
creasing the thickness of the dielectric load. For the third-order
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Fig. 5. (a) Schematic view of UT-shaped metamaterial antenna embedded in
a dielectric medium with a refractive index n. In figure, the position of the field
monitor is illustrated. (b) Reflection spectrum variation of UT-shaped antenna
with respect to different dielectric loads, MgFly (n = 1.37), SiO2 (n = 1.46)
and Al O3 (n=1.76). (¢) Total electric field distributions for different dielectric
loads. (d) Reflection spectrum variation of UT-shaped antenna with respect to
different dielectric load thicknesses. Here, the thickness variation is done for
SiO9 and ¢ is varied from 15 to 45 nm. (e) Total electric field distributions for
different dielectric load thicknesses. The corresponding parameters are: H =
400 nm, L = 800 nm, s = 100 nm, and w = 100 nm.

mode, we observe 4-nm resonance shift with 1-nm load of the
cladding medium. This result shows that, the dielectric-loaded
plasmonic UT-shaped antennas can be used as an anisotropic
metal-dielectric metamaterials with tunable optical properties.
We also determine the field distributions of a bare UT-shaped
antenna and the one with different dielectric-load thicknesses.
Fig. 5(e) shows that the electromagnetic field distributions for
different dielectric load thicknesses exhibit the similar behav-
ior with the bare UT-shaped antenna. Therefore, without losing
near-field characteristics, we can tune the far-field behavior of
the overall metamaterial structure by varying the thickness of
the cladding medium.

VI. CONCLUSION

In this section, we introduce a novel multiresonant metama-
terial design based on UT-shaped PRAs. We theoretically show
the physical origin of the multiband spectral behavior by field
distribution analysis. We experimentally obtain the dependence
of the spectral response on geometrical parameters. Embedding
the whole structure in a cladding medium, we determine the sen-
sitivities on the refractive index and the thickness of the dielec-

tric medium. In this way, we obtain the control and fine-tuning
mechanisms of the spectral behavior of the proposed structure.
Such metamaterials with tunable spectral behavior could have
far-reaching consequences for chip-based frequency selective
optical devices including active filters, optical modulators and
biochemical sensors.
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