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We propose a novel dual-band resonator nanoantenna array based on fence-shaped
nanoparticles for infrared detection applications. Here, we demonstrate that the proposed
antenna has a dual-band spectral response, and the locations of these resonances can be
adjusted by varying the geometrical dimensions. To enable further discussions on the
physical origin of the dual-band resonance behavior of the structure, we determine the
parameter dependence of this nanoparticle-based nanoantenna array. Furthermore, we
analyze the field distributions of the structure at the corresponding resonance frequencies.
Finally, we show the sensitivity of the resonant behavior to the refractive index and
thickness of the dielectric load by embedding the structure in different cladding media.
Owing to the dual-band spectral response and enhanced near-field distributions, the
proposed resonator nanoantenna array with adjustable spectral responses can be useful
for infrared detection applications.

1. Introduction

Recent advances in nanofabrication and computational electromagnetic design
techniques have enabled the realization of metallic nanostructures in different shapes and
sizes with adjustable resonance frequencies.®% Plasmonic nanoantennas operating at
the infrared and visible regions open up new opportunities for various applications, from
light manipulation to waveguiding devices.®® Such structures provide a unique way to
capture, control and manipulate light at the nanoscale through the excitation of collective
electron oscillations known as surface plasmons (SPs).©19 They are already used to
concentrate light and have enabled a wide variety of infrared detection application
techniques, such as surface-enhanced infrared absorption (SEIRA) spectroscopy.®-13
Moreover, these types of metallic nanostructure have also gained significant attention for
their ability to support propagating SPs known as surface plasmon polaritons (SPPs).©10
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The metallic nanostructures supporting SPPs can serve as optical waveguides, and
they are suggested for use in chip-scale optical information transmission.® Because of
their high radiation efficiency, plasmonic resonator antennas can also be thought of as
optical analogs to traditional microwave antennas.¥ These types of resonator antenna
and metamaterial having dual- and multiple-band resonances were previously
studied.®19 |n addition, recent work has provided a tunable dual-band metamaterial
for infrared detection of a multiple-band molecular system through the matching of the
plasmonic resonances of the structure with the vibrational modes of the molecules.@

In this study, we propose a novel plasmonic resonator antenna operating in the
mid-infrared regime and that is based on fence-shaped nanoparticles (or H-shaped
nanoparticles with extended arms) supporting dual-band spectral resonances. We
investigate the spectral response of this novel plasmonic nanoantenna array by the finite-
difference time-domain (FDTD) method. To prove that these kinds of structure can be
used in infrared detection applications, we analyze the spectral response of the fence-
shaped nanoantenna by loading easily depositable dielectric materials with different
refractive indices, such as magnesium fluoride, silicon dioxide, glucose, and aluminium
oxide. Moreover, to understand the physical origin of the dual-band resonant behavior,
we obtain the field distributions of the resonant modes. Strong near-field enhancements
are observed at the metal-dielectric interfaces. We also determine the parameters that
can enable fine control of the resonance frequencies of the structure. Owing to the dual-
band spectral response and enhanced near-field distributions, the proposed antenna can
be useful for infrared detection applications.

2. Numerical Simulations for Field Distribution Analysis

Figure 1 shows a schematic of the unit cell of the proposed resonator antenna design.
In this figure, L indicates the length of the horizontal nanorod, H indicates the height of
the upper and lower arms, W indicates the width of the nanorods, D shows the distance
between the vertical nanorods, and p, and p, are the periodicities of the structure. Since
FDTD has become an extremely powerful technique for modelling nanostructures with
complex shapes as well as the arrangements of multiple nanostructures,®1017-2) we

(a) (b) Hy

Au

SiN

Fig. 1. Schematic view of the unit cell of the proposed fence-shaped resonator antenna array. (a)
Oblique view of the structure (L, length; H, height; W, width; D, separation distance; p, and p,,
periodicities). (b) Cross-sectional view of the structure: 100-nm-thick SiN, and Au layers, and
5-nm-thick Ti.
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investigated the spectral response of the proposed antenna and its individual particles by
FDTD.@ During the simulations, the unit cell of the proposed resonator antenna array is
modeled on a free-standing 100-nm-thick silicon nitride (SiN,) membrane. For the metal
layers, a 5-nm-thick Ti layer is used as an adhesion layer and then a 100-nm-thick Au
layer is added onto it. Normally incident electromagnetic radiation is used to efficiently
excite the surface plasmon modes on the resonator. The dielectric constants of the metals
are taken from ref. 23. Periodic boundary conditions are used for x- and y-axes, and
perfectly matched layers are used along the z-axis.

To understand the origin of the dual-band resonances, we analyze the individual parts
of the composite system separately. Figure 2(a) shows the calculated reflection spectrum
of the composite fence-shaped particle (dotted line), comprising the H particle (dashed
line) and extended arms (solid line), under an x-polarized light source. As can be clearly
seen from this figure, the first-order mode comes from the H particle, while the second-
order mode originates from the extended arms. Figure 2(b) shows the distribution of the
near-field intensity enhancement, |E|%|E;, /% for extended arms at f = 128 THz (1 = 2343
nm), and Fig. 2(c) shows the near-field distributions of the H particle at f = 55 THz (A =
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Fig. 2. (a) Spectral response of the fence-shaped particle (dotted line), comprising H particle (dashed
line) and extended arms (solid line), under x-polarized light source. Distribution of the near-field
intensity enhancement, |E|%|E;, %, at z = 0 for (b) extended arms at f = 128 THz (4 = 2343 nm) and (c)

H particle at f = 55 THz (4 = 5454 nm). (H =600 nm, L = 1200 nm, W = D = 200 nm, and p, = p,
=2000 nm.)
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5454 nm). However, the field distributions are mainly concentrated at the inner side of
the vertical nanoparticles of the H shape, whereas the local electromagnetic fields for the
extended arms are mainly localized at the end of the particles along the x-axis. Although,
the composite structure is a combination of the H-shape and the extended arms, it is not
completely the same geometry. As an individual structure, the extended arms have four
ends along the x-axis where the field distributions are mainly located but the composite
system has two ends along the same-axis. Therefore, the frequency response of the
composite system should not be expected to be a complete superposition of the separate
spectra of the individual structures.
Figure 3(a) shows that the proposed nanoantenna has dual-band resonances (1, and
J,) at the IR regime under an x-polarized light source (where the E-field is parallel to the
horizontal nanorod). For the y-polarization, the proposed resonator antenna provides
only one resonance peak. The distributions of the near-field enhancement between the
metal dielectric interface (z = 0) at the reflectance peaks are also given in Figs. 3(b)-
3(d) for both x- and y-polarizations. The near-field enhancements are greater than 1000

for the first- and second-order modes. This is highly desirable for infrared detection
applications such as Raman fluorescence and infrared spectroscopy.
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Fig. 3. (a) Spectral response of the proposed structure under x- (solid line) and y-polarized (dashed
line) light sources. Field distributions at z = 0 for (b) y-polarized light source at f = 78 THz (1 =

3846 nm) and for x-polarized light source at (c) f, = 53 THz (4, = 5660 nm) and (d) f, = 98 THz (4,
=3061 nm). (H =600 nm, L =1200 nm, W = D = 200 nm, and p, = p, = 2000 nm.)
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3.  Results and Discussion

To establish a control mechanism, we determine the dependence of the spectra on
geometrical parameters including D, H, L, and W. Figure 4(a) shows D variation in
the spectrum while the other parameters are constant, such as L = 1200 nm, H = 600
nm, W = 200 nm, and p, = p, = 2000 nm. Since the second-order mode originates
from the constituent extended arms of the H particle, and D affects the length of these
extended arms, varying D alters the second-order mode significantly. Increasing D,
which shortens the length of the extended arms, increases the reflection and weakly
redshifts the first-order mode. Increasing D also causes a significant blueshift on the
second-order mode. For the extended arms, increasing D reduces the length of the
rectangular particles along the direction parallel to the polarization direction of the
light source. Hence, with larger D, reflection for this mode decreases and the mode
blueshifts. Figure 4(b) shows H variation with L = 1200 nm, D = W = 200 nm and
P, = p, = 2000 nm. Increasing H redshifts both modes and decreases the reflection
for the first-order mode. Figure 4(c) shows the L variation when H = 600 nm,
D =W =200 nm, and p, = p, = 2000 nm. Varying L significantly alters the mode
located at A, since it mainly changes the length of the extended arms. By decreasing
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Fig. 4. Spectral response for x-polarized light source. (a) D variation for L = 1200 nm, H = 600
nm, and W = 200 nm. (b) H variation for L = 1200 nm and D = W = 200 nm. (c) L variation for H
=600 nm and D =W =200 nm. (d) W variation for H = 600 nm, D = 200 nm, and L = 1200 nm.
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L, the reflection for this mode decreases and the mode blueshifts since the length of
the extended arms shortens with smaller L values, which results in a smaller resonance
wavelength. Figure 4(d) shows W variation while the other parameters are kept constant
at H = 600 nm, D =200 nm, L = 1200 nm, and p, = p, = 2000 nm. Increasing W causes
blueshift for both modes and increases the reflection. This analysis is performed to
establish a control mechanism of the resonant modes and to understand the physical
origin of the modes.

Consequently, to prove the idea that the proposed resonator antennas can be
used for infrared detection applications, we analyze the sensitivity of the composite
structure by loading dielectric materials with different refractive indices, such as 25%
glucose solution (n = 1.372), magnesium fluoride MgFl, (n = 1.37), silicon dioxide
SiO, (n = 1.46), and aluminium oxide AlL,O, (n = 1.76). First, the whole antenna
system is fully merged into the dielectric load in such a way that the thicknesses of
the dielectric layers (t,., = 150 nm) are higher than those of the metal layer. Then, we
determine the dependence of the resonance behavior of the fence-shaped plasmonic
resonator antenna on the refractive index [Fig. 5(a)]. We observe that the resonance
frequency of all the modes decreases with increasing refractive index of the dielectric
load. This means increasing the refractive index value causes a redshift of the whole
spectrum. We also calculate the refractive index sensitivity of the system to be
906.5 nm, and define it as the change in the resonance wavelength with respect to the
change in the refractive index of the cladding medium, for the second-order mode. We
also determine the change in the resonance frequency with respect to the dielectric load
thickness. Figure 5(b) shows the effect of the thickness of the cladding medium on the
spectral response in the case of merging the antenna into glucose solution. For both
modes, the resonance frequency decreases with increasing thickness of the dielectric
load. This result shows that the proposed plasmonic resonator antenna can be used for
detecting the molecules that have IR vibrational modes.
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Fig. 5. Spectral response of fence-shaped antenna (a) with respect to different dielectric loads,
MgFl,, SiO, and Al,O, and (b) for different glucose solution thicknesses (H = 600 nm, L = 1200
nm, W =D = 200 nm, and p, = p, = 2000 nm).
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4, Conclusions

We introduced a novel dual-band plasmonic resonator antenna (PRA) for infrared
detection applications. We determined the dependence of the spectral response on
geometrical parameters. We revealed the physical origin of the dual-band behavior by
field distribution analysis. Such PRAs with adjustable dual-band spectral behavior could
have far-reaching consequences for infrared detection applications. The proposed PRA
design can support high-quality resonances with strong near-field enhancement over two
tunable modes, making it highly promising as a SEIRA substrate capable of enhancing
multiple molecular absorption bands simultaneously. Moreover, by embedding the
whole structure in a cladding medium, we determined the sensitivity of the proposed
antenna to the refractive index and the thickness of the dielectric medium. In this way,
we showed the application and established a control and fine-tuning mechanism of the
spectral behavior of the proposed structure.
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