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Abstract

We investigated a change in the Q-factor of THz meta-resonance as a function of temperature in a
symmetric metamaterial superlattice composed by double-split ring resonators (DSRR). THz time-
domain spectroscopy is carried out to measure the transmission spectra. From the FDTD simula-
tion we found that counter-flowing current densities among the nearest neighboring metaparticles
cancel each other, resulting in the excitation of a trapped mode in meta-resonance. Thus at low
temperatures, we could analyze the impact factor for determining the Q-factor of the trapped mode
compared with open-mode meta-resonance where radiative damping is still dominant.

1. Introduction

In metamaterials, it is possible to control the near-field interaction by changing their structural design,
allowing for a control of Fano resonance characteristics such as the resonance frequency, and the qual-
ity factor [1]. It is well known that the asymmetric meta-particle in a symmetric array could excite a
high Q-factor trapped mode. When an electromagnetic wave incident to asymmetric meta-particle an
asymmetric current flow takes place in the meta-particle and the counter-flowing currents cancel each
other by coherent coupling [2]. Also, it was reported that a metamaterial superlattice composed of
symmetric double split ring resonators (DSRR) in an asymmetric array can excite a trapped mode by
our group [3]. In this case, cancelation of counter-flowing currents among the nearest neighboring
meta-particles give rise of trapped mode. But still there exists remnant dissipation owing to the pres-
ence of Joule loss of metallic resonator [4][5]. In this paper, we propose a symmetric metamaterial
superlattice composed of symmetric DSRRs in a symmetric array to excite trapped mode. Also we
demonstrate an increase in the quality factor by changing temperature from room temperature (300K)
to cryogenic temperature (4K) using liquid helium.

2. Fabrication & Experiment

Double-split ring resonator (DSRR) is a highly symmetric structure possessing two orthogonal sym-
metry axes. It has the symmetric gap openings of 20° arc between +10° and between +170°. Our
metamaterial is a superlattice structure of the DSRR metaparticle with the gap orientation alternating
along £22.5° respect to the x axis (Fig. 1(a)). And this alignment makes this superlattice structure as a
mirror-symmetric structure with respect to the x-z and y-z planes. To fabricate metamaterial superlat-
tice structure, a standard photolithography and lift-off process were employed. P-doped silicon wafer
was used as substrate, and after photolithography process Au with thickness of 200nm was deposited
on top of 10nm thick titanium which is an adhesion layer. Time-domain terahertz transmission meas-
urements were carried out with a TeraView TPS Spectra 3000 Spectrometer at a resolution of 1.0cm™
in vacuum. The time-domain pulse duration is about 2 ps, leading to the accessible spectral range of
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0.1-3 THz (3-100cm™). And by using temperature controllable cryostat, liquid helium was introduced
to vacuum chamber near the metamaterial superlattice permitting a low temperature measurement to
investigate the changes in transmission spectra as a function of temperature.

3. Results

In Fig. 1(b), the time-domain THz pulse at different temperature of the metamaterial superlattice is
shown. The silicon substrate experiences a huge change at low temperatures, so the position of time-
domain THz pulse of sample has been changed [6]. In Fig. 1(c), THz transmission spectra of the
metamaterial superlattice are shown for different polarization directions of the incident wave. Because
of their symmetric structure, the transmission spectrum has almost the same shape when polarization
angle of incident light is at 30°, 150° and at 60°, 120°. A notable feature is the appearance of a high Q
resonance at 1.2THz (40cm™), which is called “trapped mode”. From an FDTD simulation we figure
out that trapped mode is induced by counter-flowing current densities among the nearest neighboring
metaparticles. And by cancelation of these counter-flowing current densities, radiative damping is re-
duced resulting in high Q resonance. In Fig. 1(d), absorbance spectra of the metamaterial superlattice
which is obtained from tranmission spectra are shown at different temperatures. At the liquid helium
temperature it was possible to reduce Drude damping which comes from the Joule loss of metallic
resonator, leading to an additional increase of the quality factor of the trapped mode.
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Fig 1: (a) Microscope picture of metamaterial superlattice structure and polarization angle of E-field. (b) Time-
domain THz pulse of metamaterial depending on temperature. (c) Transmission spectra at different polarization

angle. (d) Absorbance obtained from transmission spectra at different temperature.
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From the Lorentzian resonance fitting of THz transmission spectra at each temperature, we obtain the
Q-factor of trapped mode and open mode (Fig. 2). At liquid helium temperature, a 16% increase of Q
factor of trapped mode is observed compared with room temperature. Also, for open mode 7% in-
crease of Q factor is observed. With the Mathiessen’s rule of the conducting electron mobility and as-
suming a linear dependence of the phonon scattering on the absolute temperature T, the least-squared
fit of the measured damping is carried out. And supported by these results the impact factor for deter-
mining the Q-factor of the trapped mode is discussed compared with open mode [7].
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Fig. 2: Temperature dependence of the Q-factor of trapped and open-mode. The solid curve is fit to the experi-
mental data

4. Conclusion

We demonstrated the excitation of trapped mode resonance in metamaterial superlattice structure
without the presence of asymmetry. From the Finite-difference-time-domain simulation we found that
cancelation of counter-flowing current densities among the nearest-neighboring meta-particles is re-
sponsible for the trapped mode excitation. The temperature dependence of meta-resonance in the
symmetric metamaterial superlattice is investigated by a THz time-domain-spectroscopy measurement
at the cryogenic temperature. A 16% increase of Q factor for trapped mode and 7% increase of Q fac-
tor for open mode are observed compared with room temperature.
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