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Abstract: We demonstrate a compact multi-resonant metamaterial structure
based on integrated U- and T-shaped nano-aperture antennas. We
investigate the physical origin of the multi-resonant behavior and determine
the parameter dependence of the nano-aperture antennas both
experimentally and numerically. We also show enhanced field distribution
in the apertures at the corresponding resonance wavelengths. Both multi-
spectral response and enhanced near field distributions can open up exciting
new opportunities in applications ranging from subwavelength optics and
optoelectronics to chemical and biosensing.
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1. Introduction

Metamaterials have gained tremendous interest over the past few years due to their unusual
electromagnetic properties, which can be useful for negative refractive index materials,
perfect lensing, bio-sensing, and invisibility cloaking [1-4]. The electromagnetic properties of
metamaterials are derived mainly from the resonating elements rather than atoms or
molecules as in conventional materials [5]. Engineering metamaterials with multiple
resonances that can be tuned from mid- to near-IR wavelengths could have in depth
consequences for chip based optical devices, active filters, optical modulators, and bio-
sensors [1-5]. The multi-resonant character of a metamaterial structure makes it particularly
suitable for light control at several frequency ranges simultaneously [6-8]. A microwave dual-
band negative-index metamaterial was fabricated [9] and experimentally confirmed as a
multi-frequency resonator [10]. Recently, near-IR metamaterials with dual-band negative-
index characteristics were also reported [11,12]. Obtaining such unique electromagnetic
responses require investigation of novel metamaterial designs. As a result, many researchers
have focused on subwavelength apertures, resulting in unusual high transmissions, in the
optical [13,14], infrared [15], terahertz (THZz) [16,17], and microwave [18] frequency ranges.
The optical characteristics of the apertures are highly dependent on the refractive index of the
adjacent medium [19], the shape and orientation of the apertures [20-22], metal film thickness
[23], and lattice geometry [24-27].

In this study, we propose a compact metamaterial composed of integrated U- and T-
shaped nano-apertures supporting multi-spectral resonances. We investigate the spectral
response of this novel metamaterial antenna both numerically and experimentally. In order to
understand the physical origin of the multi-resonant behavior, we analyze the structure by
finite difference time domain (FDTD) method and obtain the field distributions of resonant
modes. Strong near field enhancements are observed around the apertures. For further
confirmation, we experimentally investigate the spectral responses of the individual U- and T-
shaped nano-aperture antennas and compare the experimental results with the numerical
analysis. We also determine the parameters that can enable fine control of the resonance
frequencies. Due to the multi-spectral response and enhanced near field distributions, the
proposed antennas can be useful for wide range of applications. Large field enhancements are
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highly important for non-linear optics and sub-wavelength lithography. Similarly, multiple
resonant bands can be important for wavelength-tunable filters as well as for advanced optical
modulators and ultrafast switches operating at multiple wavelengths.
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Fig. 1. The schematic view of the proposed UT-shaped metamaterial antenna design (a) Top
view of the UT-shaped metamaterials including the geometrical parameters: L, the length, H,
the height, w, the gap width, and s, the distance between the individual U- and T-shaped
apertures. The y-polarized illumination source is indicated in the figure as well. (b) Side view
of the proposed antenna geometry: 30 nm thick Au, 5 nm thick Ti, and 80 nm thick SiNy
layers.

2. Numerical analysis and fabrication process of the UT structures

Figure 1 shows the schematic view of the proposed UT-shaped metamaterial antenna design.
In this figure, L indicates the length of the structure, H indicates the height, w indicates the
gap width, and s shows the distance between the individual U- and T-shaped apertures. We
investigate the spectral response of the proposed antenna both numerically and
experimentally. For the numerical analysis, the UT-shaped nano-aperture antennas are
modeled by FDTD method [28]. During the simulations, the dielectric constants of Ti and Au
are taken from ref [29]. In the unit cell, consist of the two individual elements, periodic
boundary conditions is used along x and y axes and perfectly matched layers are used along z,
the direction of the illumination source.

The scanning electron microscope (SEM) image and the optical responses of the
fabricated nanostructures are shown in Fig. 2. Calculated and measured reflection spectra,
given in Fig. 2(a) and 2(b), clearly show that the proposed nano-aperture antenna have
multiple resonances (A1, Ay, and A3) at the mid-IR wavelengths. These resonant dips can be
well controlled by changing the physical properties of the apertures. For the experimental
demonstration of the calculated multi-resonant characteristic, the proposed UT-shaped nano-
aperture antennas are fabricated on a free standing 80 nm thick silicon nitride (SiN,)
membrane. Fabricated structures are characterized optically by a Fourier transform infrared
(FTIR) microscope. Our experimental set-up consists of an IR microscope coupled to a
Bruker™ FTIR spectrometer with a KBr splitter. Normally incident electromagnetic radiation,
shown in Fig. 1, is used to efficiently excite the surface plasmon modes on the resonators. For
E, polarized light (where E-field is parallel to the both arms of the U-shaped aperture) the
structure provides three distinct resonances. While for E, polarization, there is only a dual-
band resonant behavior (data not shown). Reflected infrared signal is collected by a
Cassagrian reflection optics (NA = 0.4) and coupled into a liquid Nj,-cooled mercury
cadmium telluride detector. Reflection data are normalized using an optically thin gold
standard.
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Fig. 2. Calculated and measured reflection spectra and SEM image of the proposed UT-shaped
metamaterial antenna. (a) Numerical results obtained by FDTD method. (b) Experimental
results for the UT-shaped nano-aperture antenna. Three distinct resonance modes are clearly
observed both in simulation and experiment (indicated by arrows). The corresponding
parameters are s = 180 nm, w = 120 nm, H = 720 nm, and L = 1200 nm. (c) SEM image of the
fabricated structures.

The fabrication process is summarized in Fig. 3. In order to achieve high quality nano-
structures, we use electron beam lithography (EBL). First, we fabricate the suspended SiN,
membranes using photo lithography, reactive ion etching (RIE), and potassium hydroxide
(KOH) etching, respectively. Then, nano-apertures are patterned on the membranes supported
by UT-shaped nano-apertures using EBL with positive tone resist polymethylmethacrylate
(PMMA). Later, these nano-apertures are transferred to SiNy layer by dry etching method.
The rest of PMMA on the SiN, surface is removed by plasma cleaning, which results in free-
standing nanostructures. The final step of our fabrication process involves direct deposition of
the metallic layers of 5 nm-thick Ti and 30 nm-thick Au layers to obtain the plasmonic
structures on the patterned membranes [30-32]. SEM images clearly show that the surface of
the fabricated structures is smooth, apertures are well defined, and unit cells are uniform over
large areas.
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Fig. 3. Fabrication scheme and the SEM images of the UT-shaped nano-aperture antennas. To
define a suspended SiNyx membrane, (a) Photo lithography and RIE (dry) and KOH (wet)
etchings are applied. (b) PMMA is spinned on the free-standing membrane, and then
nanostructures are patterned on it by using EBL. (c) Apertures are formed after dry etching and
0O, plasma cleaning. (d) Directional metal deposition is used to obtain plasmonic structures
with gold deposition of 30 nm-thick Au film after 5 nm-thick prior adhesion Ti layer. () SEM
images of the UT-shaped nano-aperture array with a zoomed single unit cell.
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3. Field distributions

In order to understand the physical origin of the multi-spectral response supported by UT-
shaped nano-apertures, we perform numerical simulations using FDTD method. We show the
field distributions corresponding to the resonance dips (Ag, Ap, and A3) indicated with arrows in
Fig. 2. The z-component of the magnetic field intensities inside the metal layer, |H,|?, at the
reflectance dips are shown in Fig. 4(a)-(c). These figures show that the first and the third
modes are mainly located at the U-shaped aperture and second one is located at the T-shaped
aperture. The lower order mode of the U-shaped structure has two strong lobes, which are
located at the arm ends of the apertures. Similarly, the second mode, originated from the T-
shaped nano-aperture antenna, has two strong lobes located at the ends of the upper arm of the
T. On the other hand, the third mode which is the higher mode of the U-shaped aperture has
four lobes, two of them are located at the arm ends and the rest is located at the corners of the
aperture. Hence, the first and second modes of the compact structure are the fundamental
modes of the individual nano-aperture antennas.

To determine the near field enhancement, we also show the total electric field intensities,
[E%, of the three modes of the UT-shaped nano-aperture antennas in Fig. 4(d)-(f). The near
field enhancements are larger than 1200 times for the first and second modes as shown in
Fig. 4(d) and 4(e), which are highly desirable for Raman, fluorescence, and infrared
spectroscopy. Furthermore, these field enhancements are mainly located within the apertures.
This is highly desirable for biosensing applications as it increases the overlap of the analytes
with the electromagnetic field inside the aperture.
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Fig. 4. Field distributions (JH.* and |E]?) of the UT-shaped nano-aperture antennas inside the
metallic layer (z = 15 nm) at the resonant modes of the structure with the corresponding
parameters; s = 210 nm, L = 1200 nm, w = 120 nm and H = 720 nm.

4. Parameter dependence of the UT-shaped structures

As shown in Fig. 4, the fields in each resonance dip primarily concentrates at the individual
elements of the compact UT structure. Hence, we obtain the spectral response of the
individual elements both experimentally and numerically. Figure 5(a) and 5(b) show that the
spectra of the U-shaped nano-aperture antenna have two separate resonances while the T-
shaped nano-aperture supports only one resonant mode. The overall qualitative agreement
between experiment and simulated results is quite good. Minor differences are likely due to
fabrication tolerances in the experiment. To control the spectral response of the UT-shaped
metamaterial antennas, we determine the dependence of the spectra on geometrical
parameters including L, H, s, and w. In the compact antenna geometry, T-shaped nano-
aperture antenna is vertically stacked into the U-structure. For this geometry, the control
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parameter of the packing density is “s”, which is the relative distance between the two
individual elements (as illustrated in Fig. 1). The electromagnetic interaction between the
individual resonators can be controlled by s which alters primarily the amplitude of the
resonant dips. The strongest interaction is expected at the end of the vertically stacked arms of
the resonators. The calculated reflection spectra are presented in Fig. 6 for different s values,
while the other parameters are kept constant (L = 1200 nm, H = 720 nm, and w = 120 nm). As
s decreases, the strength of the first and third order modes decreases significantly while the
second mode shows negligible change. At s = 30 nm, due to the strong coupling between the
individual elements, the compact structure loses its multi-resonant behavior. Increasing s
allows the excitation of the two structures independently so that the lower and higher modes
of the individual structures are clearly observed. According to the simulations, separation (s)
within the range of 150 - 200 nm is sufficient enough to make a compact antenna that can
support three distinct resonances.
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Fig. 5. Calculated and measured spectra and SEM images of the individual U- and T-shaped
nano-aperture antennas. (a) Calculated, (b) measured spectra, and (c) SEM image of the U-
shaped nano-aperture antennas (w = 190 nm, H = 800 nm, and L = 1650 nm). (d) Calculated,
(e) measured spectra, and (f) SEM image of the T-shaped nano-aperture antennas (w = 190 nm,
H =800 nm, and L = 1620 nm).

We fabricated different UT-shaped nano-aperture antennas for the experimental
investigation of the parameter dependence. The results of these experiments are illustrated in
Fig. 7(a), 7(b), and 7(c), for w, H, and L, respectively. Increasing w slightly changes the
resonance wavelengths while increasing H and L result in a strong red-shift in the reflection
spectrum. Figure 7(d) shows that there is a linear relation between the resonance wavelength
and the aperture length. According to the H dependence shown in Fig. 7(b), second order
mode shows much weaker variations than the first and third modes. This can be inferred by
analyzing the field patterns presented in Fig. 4. The field patterns for the second order mode
are dominantly located at the corners of the upper arm of the T-shaped nano-aperture antenna.
Therefore, changing height (H) which increases the tail of the T-aperture does not strongly
effect the overall spectral position of the second mode. This is not the case for the first and
third order modes as they are localized in the U-shaped apertures. As a result, calculated and
measured reflection spectrums show that proposed metamaterial antenna has strong dips at the
location of the resonant modes and the strongest one has been observed for the second mode.
Although our proposed structure operate in mid-IR frequency range, by scaling the geometry
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of the compact structure, the resonance locations can be tuned over a wide range, from mid-IR
to visible wavelengths.
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Fig. 6. Calculated reflection spectrum of the UT-shaped nano-aperture antennas for different s
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Fig. 7. Measured reflection spectra of the UT-shaped nanoaperture antennas for different cases
(@) s, L and H are fixed while w is varied (L = 1250 nm, s = 140 nm, and H = 750 nm) (b) s, w
and L are fixed while H is varied (L = 1250 nm, s = 140 nm, and w = 230 nm) and (c) s, w, and
H are fixed while L is varied (H = 750 nm, s = 140 nm, and w = 230 nm) (d) The three
resonance dips (cm™), Ay, A, A3 as a function of length (nm) (H = 750 nm, s = 140 nm, and w =
230 nm).

5. Conclusion

In conclusion, we introduce a novel multi-resonant metamaterial design based on coupled U-
and T-shaped nano-apertures. The resonant modes can be easily tuned to the desired
frequencies by simply changing the structural parameters of the apertures. Such metamaterials
with tunable resonances from mid-IR to visible wavelengths could have far-reaching
consequences for chip based frequency selective optical devices including active filters,
optical modulators, and bio-sensors. Finally, our design shows high near-field resolution,
which can be useful for sub-wavelength lithography, near field imaging and surface enhanced
spectroscopy.
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