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ABSTRACT

Fano resonance with high quality (Q) factor and figure of merit (FoM) has significant application prospects in biosensors and lasers.
However, most of the previous studies achieve Fano resonance with high Q and FoM by directly regulating the structural asymmetry, which
needs high processing precision. To maximize the Q factor of a given resonator, the best constituent material could be a hypothetical perfect
electrical conductor (PEC) without ohmic losses. Here, we can indirectly regulate the asymmetry of the structure by perturbation between
structures. At low asymmetry, PEC double split rings can obtain high Q factor of 374 and FoM of 257 by adjusting structural asymmetry
based on structural perturbation. These are significant for Fano resonances of extremely low-loss and low ohmic losses practical application

in the THz band.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131487

I. INTRODUCTION

Terahertz (THz) spectroscopy has significant applications in
many aspects due to its rich physical and chemical information
characteristics. Moreover, Fano resonance can generate asymmetric
sharp spectral lines and strong electromagnetic fields." Therefore,
the artificial photonic microstructures” at THz frequencies have
significant application prospects in biosensors™” and lasers.>’

The performance of Fano resonance depends on its ability to
capture light energy in the cavity, which is usually characterized by
the Q factor. The Q factor (Q = fo/Af) is the ratio of the Fano reso-
nance frequency (fy) and the full width at half maxima (Af)."
However, the Fano resonance with a high Q factor has a narrow
linewidth accompanied by an extremely small resonance intensity.
Resonance intensity (AI) refers to the amplitude difference between
the peak and trough of the resonant peak. To evaluate the Fano res-
onance, the figure of merit [figure of merit (FoM)=Q xAl]
parameter is considered, which considers the trade-off between the
Q factor and the resonance intensity."’

Fano resonance can be realized by single metal nanoparti-
cles,'! coupled plasma structures,' "’ and dielectric structures.'”
Recently, the Fano resonance metasurfaces have been linked to
the bound states in the continuum (BIC),'”™'° which is an area
that has attracted more and more attention. The Fano resonance
metasurfaces with broken symmetry can support high Q reso-
nances arising from a distortion of symmetry-protected BIC. The
metasurfaces in the BIC have an infinite Q factor theoretically,
but they cannot couple and radiate energy outward. The
quasi-BIC can achieve high Q resonances by broken symmetry.
The radiative Q factor is proportional to the negative second
power of asymmetry.”’ Therefore, lower asymmetry can obtain a
higher Q factor. But low asymmetry needs high processing preci-
sion. Moreover, interference coupling between a multimode and a
phase can achieve high Q factor.”'™>’ Due to the interference
between multiple modes playing an important role in the forma-
tion of high Q, the influence of multiple resonance modes on
individual resonance is worth studying.
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The metal and dielectric materials are widely used to achieve
Fano resonance with high Q by broken symmetry. Since the plas-
monic metal metasurfaces possess significant absorption, plas-
monic metasurfaces cannot obtain high Q factor and FoM at low
asymmetry. While at high asymmetry, the Fano resonance intensity
increases but the Q factor decreases due to the increase in the radi-
ative loss of the system. Therefore, metals can obtain relatively high
FoM at high asymmetry.'>**** Compared to metals, extremely
low-loss dielectric materials can obtain Fano resonance with a
higher Q factor. For example, LiTiO; has very high permittivity
and negligible dissipation loss, which can achieve a high Q factor
and FoM at low asymmetry.”® Moreover, owing to superconducting
metamaterials with extremely low radiative loss at THz frequencies,
the high-temperature yttrium barium copper oxide superconductor
split ring resonator has provided a higher Q factor than an identical
metallic resonator at low asymmetry, which is inaccessible to high
conductivity Drude metals.”””

To determine the nature of Fano resonance and the ability of
its enhancement, previous studies have also assumed that the ideal
metal resonator is made of perfect electrical conductor (PEC) for
simulation.”* Therefore, periodical PEC double split rings are
proposed in this work. The transmission is numerically calculated
and the properties of the resonance mode are analyzed. Compared
to the single split ring, double split rings can obtain higher Q
factor and FoM by structural perturbation at low asymmetry. The
observation of the Fano resonance behavior of PEC can provide a
theoretical basis for realizing Fano resonance with high Q and FoM
values for low-loss dielectrics and superconductors.

Il. MODEL AND METHOD

The schematic diagram of the double split rings’ resonator is
shown in Fig. 1. The substrate is based on polydimethylsiloxane
(PDMS), and PEC is employed for the microstructure. In this
diagram, the period of the structural is P =70 um. The side length
for the square frame is L =60 um. The frame width of the square
frame and the gap width are D=6 um and G =3 um, respectively.
The thickness of PDMS is 20 um and the refractive index is set to a
fixed value of 1.4. Meanwhile, the distance X between the upper/
lower split gap and the center line of the structure is fixed at

AN TS &) 3
S T
KE PDMS
H PEC -

Perturbation structure - - g A

FIG. 1. (a) The double Fano resonance structure and (b) simplified two-
dimensional diagram of a Fano resonance unit. The period of the structural is
P =70um. The side length for the square frame is L = 60 zm. The frame width
of the square frame and the gap width are D =6 um and G = 3 um, respectively.
The distance X is fixed at 15 zm, and the distance X1 is initially 15 um.
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15um, and the distance X1 between the middle split gap and the
center line of the structure is initially 15um. The finite-difference
time-domain (FDTD) method is used to analyze the electromag-
netic properties of the structure in the simulation. The middle strip
is the introduced perturbation structure.

lll. RESULTS AND DISCUSSION

Figure 2 shows the transmission obtained by simulation. The
two Fano resonances with lower and higher frequencies are, respec-
tively, denoted as FR1 and FR2. Besides, to further understand the
physical mechanism of two Fano resonances, we further explain and
fit the transmission by the multimode coupled oscillator model.””
The multimode coupled oscillator model can be set as follows:

o 2 —+ 50' N

1

where & = B(L)L/meoe;, B(L) is the coupling constant, which is set
to 0.15 here. L is the cavity length, & is the dielectric constant of the
vacuum, and &; is the relative permittivity, which is set to 1.18 here,

_ — ia)D1 D2
"~ DoD\D, — D:K; — DiK;

@
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Here, Dy = 1 — (0/oy)* — iyy(@/on)(N = 0,1,2); 7o 71
and 7, are the attenuation coefficients of the bright mode, the first
dark mode, and the second dark mode, respectively; and K; and K,
are the coupling coefficients of the first dark mode and the second
dark mode, respectively. The amplitude and resonance position of
FR1 and FR2 can be fitted well by the multimode coupled oscillator
model in Fig. 2.
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FIG. 2. Transmission of FDTD and theory. The parameters of the multimode
coupled oscillator model: y, = 0.12; ¥4 = 0.002; y, = 0.001; K;=0.01; and
K2 =0.06.
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For analyzing the origination of the two Fano resonances, the
electric field and surface current of the FR1 and FR2 are shown in
Fig. 3. From the electric field distribution in Fig. 3(a), it can be
found that the FR1 is mainly caused by oscillation at the upper and
lower split gap, while the FR2 shown in Fig. 3(b) is formed by
oscillation at the middle split gap and the upper/lower split gap.
Moreover, the current distributions of FR1 and FR2 are shown in
Figs. 3(c) and 3(d), respectively. It can be observed from Fig. 3(c)
that the excited magnetic dipole resonance associated with FRI is
attributed to the surface ring current formed in the subject struc-
ture, which refers to the outer frame of this structure, and the inner
frame plays a role in perturbation. In Fig. 3(d), two magnetic
dipoles can be excited, respectively, within two split rings. Due to

FIG. 3. (a) and (b) Electric field, (c)
] and (d) surface current, and (e) struc-
/ tural decomposition of the PEC double
split rings. The black dotted arrow in
(c)-(e) represents the surface current.
The solid black line and the dotted
blue arrow represent the length of the
structure in (e).

Current

the inverse direction of two magnetic dipoles, a toroidal dipole
mode (FR2) can be formed.

Here, we mainly study FR1 with high Q factor. To analyze the
cause of high Q, structural decomposition is shown in Fig. 3(e),
which includes subject and perturbation parts, respectively. The
subject structure plays an important role in Fano resonance, and
the perturbation structure has a small effect on the surface current
distribution of the subject structure. The solid black line and the
dotted blue arrow represent the length of the structure in Fig. 3(e).
It is obvious that the length of L1 and L2 is the same as in
Fig. 3(e). According to bound states in the continuum theory,”’ the
symmetrical subject structure cannot obtain Fano resonance.
However, owing to the length of L3 and L4 and the length of L5
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FIG. 5. The Fano intensity, Q factor, and FoM of the single and double PEC
split rings with the variation of X1. The single split ring structure is shown in the
illustration.

and L6 being different, the structures of L1 and L2 can form ring
currents to obtain Fano resonance. Meanwhile, the difference
between the asymmetry of L3 and L4 and the asymmetry of L5 and
L6 is the cause of FR2.
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Therefore, according to the analysis, the asymmetry of the
FRI can be empirically expressed as

e a— 3
L1+12 L3+ 14 L5+ Le 3)

HLl - Lz‘ HLa — L4’ ‘LS - L6’H
L= - - .

Here, L1, L2, L3, L4, L5, and L6 are the lengths of the struc-
ture. The coupling coefficient is A. It can be seen from Fig. 5 that
the Fano intensity, Q factor, and FoM value of single split ring
when X1 is 6 um are the same as those of double split rings when
X1 is 15pum. Therefore, the structural asymmetry of single and
double split rings can be regarded as the same. When X1 is 6 um,
the asymmetry of the single split ring is o=|(L1—L2)/
(L1 +12)| =0.0571, so A =0.1485. According to formula (3), when
the asymmetry of the subject structure is zero, it can obtain a very
low asymmetry o; to achieve Fano resonance with high Q and
FoM by adjusting the position of the middle split gap to deviate
from the center.

The transmission of the PEC double split rings obtained by
FDTD and multimode coupled oscillator model theory is shown in
Fig. 4. With the distance X1 of the middle split gap varying from
15 to 0 um, the Fano intensity of FR1 is reduced to zero. When the
middle split gap locates in the center, the asymmetry of the FR1 is
zero. Therefore, it cannot obtain FR1. The symmetry can be broken
to obtain FR1 when the middle split gap is off-center. This result
has verified the correctness of formula (3). Moreover, the theory
results of Fig. 4(b) are almost the same as the FDTD results of
Fig. 4(a).

For further investigating the dependence of the FR1 on the
middle split gap locations, the Fano intensity, Q factor, and FoM of
PEC single/double split rings with the variation of X1 are shown in
Fig. 5. The single split ring structure is shown in the illustration.
The single split ring fixes the position of the upper split gap on
15 um. With X1 decreasing, the Fano intensity decreases. However,
the Q factor continues to increase. Moreover, when X1 is 7.5 um,
the high Q factor and highest FoM of double split rings are 374
and 257, respectively. Compared to the Q factor and FoM of the
single split ring, the Q factor and FoM of the PEC double split

Theory

0.99 (b) 0 7 0.99
3 4
0.74 0.74
0.49 =~ 0.49
% 9
0.25 12 0.25
0.00 15 | 0.00
00 04 08 12 1.6 2.0 00 04 08 12 16 20
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FIG. 4 The transmission of (a) FDTD and (b) theory with varying X1 from 15 to Oum. The parameters of the multimode coupled oscillator
model: wy = 1.38 THz; @1 = 1.11 THz; w, = 1.54—0.00006 x (n — 50)2 THz; 7 = 0.12; 4 = 0.002; 7, = 0.001 + 0.0003 x n; K;=0.01—0.0002xn; and

K, =0.06. And n is 1-50 with an interval of 1.
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rings remarkably improve. Although PEC without ohmic losses is
used here, this method provides a theoretical basis to obtain Fano
resonance with high Q and FoM for low loss or even lossless dielec-
trics and superconductors at low asymmetry.

Moreover, to verify the transmission of double split rings, the
sample of Au double split rings (2 x2cm?) was fabricated by a
standard optical lithography process. The optical image of the
sample and the transmission measured by a terahertz time domain
spectrometer are shown in Fig. 6(a). The resolution of the terahertz
time domain spectrometer is about 3.5 GHz. Figure 6(b) shows the
transmission obtained by simulation. The conductivity of Au is
453 %107 S/m,”" and the thickness of Au is 200 nm in simulation.
The experimentally measured Q factor and FoM of FR1 are 17.3
and 0.9 in Fig. 6(a). While the Q factor and FoM of FR1 obtained
by simulation are 26.6 and 7.0 in Fig. 6(b). There is a bit discrep-
ancy between the measurement and simulation results. The reason
for this discrepancy can be attributed to the difference between the
parameters of the experiment and simulation. To analyze the dis-
crepancy between the measurements and simulation results, the
effects of the substrate refractive index and frame width on the
transmission are studied by simulation in Figs. 6(c) and 6(d).
Quartz glass was used in the experiment. We study the effects of
substrates with different refractive indexes on transmission in
Fig. 6(c). According to previous reports,”"” the refractive index of
quartz glass is 1.9-2.1 at 0.1-2 THz. Compared to the experimental
transmission in Fig. 6(a), it can be determined that the refractive
index of the substrate is 2.0. The increase in the refractive index of
the substrate will cause a decrease in the Fano intensity and the red
shift of the Fano resonance. In addition, by observing the optical

image of the sample in Fig. 6(a), the frame width of the fabricated
structure is 8.6 um. The increase in the frame width will lead to a
significant decrease in the Fano intensity in Fig. 6(d). Therefore,
due to the refractive index of the substrate and the frame width of
double split rings in the experiment being inconsistent in the simu-
lation, the Fano resonance in the experiment deviates from the sim-
ulation result.

Due to the limitation of experimental conditions, our experi-
mental conditions cannot achieve the same parameters as the simu-
lation, resulting in discrepancy in the results. However, after
adjusting the parameters in the simulation according to that used
in the experiment, a good consistency between the experiment in
Fig. 6(a) and the simulation in Fig. 6(b) can still be obtained.
Therefore, it can confirm that the numerical calculation method
adopted in the simulation is correct and its results are credible. In
addition, it can be found that the Fano resonances of PEC in Fig. 2
and Au in Fig. 6(b) are different. This is because the conductivity
of Au is lower than that of the PEC, which suppresses the distribu-
tion of surface current. Therefore, less energy is radiated into the
free space, resulting in lower Fano intensity.

IV. CONCLUSIONS

Because Fano resonance is sensitive to the symmetry of the
structure, the perturbation structure can accurately adjust the asym-
metry of the structure to obtain optimal Fano resonance.
Compared to the PEC single split ring, PEC double split rings
based on structure perturbation can obtain Fano resonance with
high Q and FoM at low asymmetry. Meanwhile, we have analyzed
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the structure by the multimode coupled oscillator model, which
can well fit the simulation results. Moreover, the transmission of
Au has been verified by experiment and simulation. The difference
between the experiment and simulation is also analyzed. Although
PEC does not exist in the real world and the effect of the metal is
poor at low asymmetry owing to significant absorption, this
method provides a theoretical basis for low loss or even lossless
dielectric and superconductor to obtain Fano resonance with high
Q and FoM at low asymmetry. Therefore, Fano resonance with
high Q and FoM based on structural perturbation has important
application prospects in biosensors and lasers.
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