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A metal-insulator-metal (MIM)-based arc-shaped resonator coupled with a rectangular stub (MARS) structure is pro-
posed. This structure can generate two tunable Fano resonances originating from two different mechanisms. The structure
has the advantage of being sensitive to the refractive index, and this feature makes it favorable for application in various
microsensors. The relationship between the structural parameters and Fano resonance is researched using the finite ele-
ment method (FEM) based on the software COMSOL Multiphysics 5.4. The simulation reveals that the sensitivity reaches
1900 nm/refractive index unit (RIU), and the figure of merit (FOM) is 23.75.

Keywords: Fano resonance, metal-insulator-metal (MIM) waveguide, refractive index sensor, Fabry—Perot

(F-P) cavity
PACS: 81.07.0j, 87.85.0x

1. Introduction

Surface plasmon polaritons (SPPs) can break through
the diffraction limit and confine light in the sub-wavelength
range.!'! When incident photons are coupled to the electrons
on the conductor’s surface, SPPs will occur. Research on SPP-
based metal-insulator-metal (MIM) waveguides has attracted
the attention of researchers worldwide. In recent years, the
SPP-based MIM waveguide has been applied in many areas,
such as filters,>! sensors,[®°! and slow light systems.['"]
These applications promote the rapid development of novel
instruments.

The Fano resonance effect emerges from the coupling and
interference of a non-radiative or continuum of the radiative

(11-13] Fano resonance exhibits an asymmetrical and

spectrum.
ultra-sharp shape compared to the Lorentzian-shaped reso-
nance. Because of its ultra-sharp transmission spectrum, Fano
resonance has been applied in sensing equipment.[!413 By de-
tecting the small changes in ambient parameters, equipment
based on Fano resonance can monitor changes in refractive in-
dex. In recent years, the design based on the structure of the
MIM waveguide has been widespread. Qian Yang proposed
a MIM waveguide structure comprised of a cross-shaped res-
onator, and the value of its sensitivity is 1075 nm/refractive
index unit (RIU).['®) The Fano resonance of the structure
can be tunable by changing the resonator’s length parame-
ters. Jialing He designed a structure consisting of a ring
resonator and a stub coupled with a MIM waveguide. The
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structure’s sensitivity is 1100 nm/RIU, and the figure of merit
(FOM) reaches 42550.171 Cheng Zhang proposed a simple
waveguide-microring Fano structure and applied it to temper-
ature measurement. [1%]

This study proposes a MIM-based arc-shaped resonator
coupled with a rectangular stub (MARS) structure. This struc-
ture can generate two tunable Fano resonances, including Fano
resonance 1 (FR1) and Fano resonance 2 (FR2). The wave-
length of FR1 is between 1400 nm and 2000 nm, and FR2
is between 800 nm and 1200 nm). To understand the forma-
tion principles of Fano resonances, this study adds three other
structures to conduct comparative experiments. The size of
the structure is controlled by hundreds of nanometers. The
structure is sensitive to the changes in the surrounding envi-
ronmental parameters and has the potential to be applied to
various microsensors. The relationship between the structural
parameters and Fano resonance is researched using the finite
element method (FEM) based on the software CMOSOL Mul-
tiphysics 5.4. The simulation reveals that the sensitivity can
reach 1900 nm/RIU and the FOM is 23.75. Refractive index
sensors based on Fano resonance have proven to be efficient.
However, due to the limits of etching precision, it is difficult
to precisely take control of the distance d and manufacture the
MARS resonance cavity system.[!>?° This study mainly ana-
lyzes the formation principles and influencing factors theoreti-

cally and provides experience for manufacturing in the future.
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2. Structure model and analysis method

A 2D illustrative diagram of the MARS structure pro-
posed in this study, composed of a MIM with a rectangular
stub coupled with the arc-shaped resonant cavity, is shown in
Fig. 1. The white part represents the dielectric layer of air, and
the green part indicates metal Ag separately. R; and R, are the
radii of the inner and outer arc-shaped resonator, respectively;
r1, 2 and r3 are the radii of the three inner circles, respectively;
d is used to describe the distance between the arc-shaped res-
onant cavity and MIM waveguide, and % indicates the height
of the rectangular stub.

We choose the air as the isolators in the MIM waveguide
and the arc-shaped resonator (nq = 1). The Ag is chosen to
be the metal-dielectric, whose relative dielectric constant (&)
can be described by!?!]
€0 — w—g

o(w+1iy)

Herein, w represents the angular frequency of an incident

&4 (o) = 6]

wave in a vacuum, the infinite dielectric constant &. is 3.7,
the angular frequency of the plasma oscillation ®, is equal to
9.1eV (1.38 x 10'6 rad/s), and the frequency of electron col-
lision yis 0.018 eV (2.73 x 10'3 rad/s).

Fig. 1. A 2D schematic of the structure comprising a MIM with a rectangu-
lar stub coupled with the arc-shaped resonant cavity.

To ensure that only the fundamental transverse magnetic
(TM) exists in the MIM waveguide, w is set to 50 nm. The TM
is characterized by the field amplitude decaying exponentially
into both media away from the interface.[??! The electric field
intensity of the z-axis and y-axis, and the magnetic field inten-
sity of the x-axis are shown on the right-hand side of Fig. 1.
The top and bottom boundaries are the perfectly matched lay-
ers (PMLs). With the help of FEM, 23! the transmission spec-
trum of the structure can be obtained. The trajectory of inci-
dent light is from the input port P to the output port P>. Here,
S1+, S1—, So4 and Sp— are the scattering parameters of the in-
cident light.

3. Simulation and results

To understand the formation principles of Fano reso-
nances, this study adds three other structures, including a

structure without the rectangular stub, a structure without three
circles in the arc-shaped resonant cavity, and a structure with-
out the arc-shaped resonant cavity. By comparing the different
transmission spectrums of four structures, it is easy to learn
about the formation process of Fano resonance. The transmis-
sion spectra of these four structures are shown in Fig. 2.

— The whole system

| — Without the rectangular stub
1.0 — Without three circles

— Without the arc-shaped cavity
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Fig. 2. The transmission spectrum of the whole system (the black line),
without the rectangular stub (the red line), without three circles in the
arc-shaped resonant cavity (the blue line), and without the arc-shaped
cavity (the green line).

From the principle of resonance formation, Fano res-
onance will be generated when the continuous wide-band
state interacts with the discrete narrow-band state. It is the
MIM waveguide that provides the continuous broad-band-
state mode. It can be seen that when adding the arc-shaped res-
onant cavity, the FR1 occurs at the wavelength of 1673.5 nm.
The arc-shaped resonator generates the discrete narrow-band
state mode in the formation of Fano resonance. In addition, by
comparing the red curve with the black curve, it is easy to find
that the FR2 is formed at the wavelength of 1070 nm when
the rectangular stub is added. The rectangular stub can be ap-
proximately regarded as a Fabry—Perot (F-P) cavity. The air
medium layer is sandwiched between two silver medium lay-
ers, which form a grating structure. This structure makes the
directly transmitted light and the diffracted light interfere eas-
ily. It can be seen in Fig. 3(a) that when the rectangular stub
is added to the structure, stronger resonance occurs in the arc-
shaped resonant cavity and, at this time, SPPs are practically
limited in the arc-shaped one.

When the three circles do not exist in the arc-shaped res-
onant cavity, two Fano resonances also form at 1030 nm and
1295 nm. The arc-shaped resonant cavity and the rectangular
stub make two Fano resonances. In contrast, the circles inside
the cavity make the dip of the Fano resonances move towards
longer wavelengths and increase the wavelength differences
between two Fano resonances. Meantime, the full width at the
half maximum (FWHM) also becomes smaller, which is the
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reason for the more significant FOM value, and it is our goal
to obtain the significant FOM value.
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Fig. 3. The distribution of the Hz field in the dip of 1070 nm: (a) with
and (b) without the rectangular stub.

To evaluate the sensing performance of the Fano system,
two vital indices, including sensitivity and FOM, are intro-
duced to the following experiments. The formulas of the sen-
sitivity and FOM can be expressed by

AL
§= A’ 2
FOM = S5 (3)
~ FWHM'

Herein, AA and An are the changes in the wavelength and re-
fractive indices, respectively.

Figure 4(a) shows that when the refractive index changes
from 1.00 to 1.05 at an interval of 0.01, the transmission spec-
trum shows a redshift. According to Eq. (2), when d = 8 nm,
h=100nm, Ry =176 nm, Ry =110 nm, and r| =rp, =r3 =
22 nm, the sensitivity reaches 1900 nm/RIU, which makes it
efficient to detect changes in the refractive index.
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Fig. 4. (a) The transmission spectrum shows a redshift when changing
the refractive indices; (b) the sensitivity curve of Fano resonance.

The proposed structure can be used to detect the changes
in the refractive index. Assuming the initial refractive index
is 1.00, the value increases from 1.00 to 1.05 at an interval
of 0.01. The simulated transmission spectrum is shown in
Fig. 4(a), from which it is evident that the dip of the Fano res-
onance moves to a longer wavelength. The parameter S can be
used to reflect the performance of the structure. The structure
designed in the article has a sensitivity of 1900 nm/RIU, which
means the dip in the wavelength moves at a step of 19 nm.
Therefore, we can calculate the refractive index according to
the value of the resonance dip.
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Fig. 5. The transmission spectrum of (a) different coupling distances
between the arc-shaped resonant cavity and MIM waveguide d; (b) dif-
ferent heights of the rectangular stub /.
Next, the effects of changing several parameters such as
d, h, R, and r are researched. Due to the more significant sen-
sitivity value of FR1, FR1 is a primary study focus to help un-
derstand the effects of different parameters on the structure’s
sensitivity. As shown in Fig. 5(a), when d increases from 7 nm
to 20 nm, the dip of FR1 increases sharply, while both FR1 and
FR2 show a blueshift. The parameter d has a vital influence
on the transmittance of FR1. In this study, d is chosen to be
8 nm. When d = 7 nm or smaller, the sensitivity curve linear-
ity of the system is not good, limiting its application in sen-
sors. Therefore, taking linearity and sensitivity into account,
d is chosen to be 7 nm. As shown in Fig. 5(b), when % in-
creases from 20 nm to 100 nm at an interval of 20 nm, the dip
of FR1 is almost unchanged, while the dip of FR2 decreases
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sharply. The height of the rectangular stub mainly exerts its
influence on FR2. According to the simulation results, the
sensitivity reaches 1900 nm/RIU when /4 is 100 nm. Consider-
ing the structural design, 4 should not be greater than 100 nm.
Finally, % is chosen to be 100 nm.

In the resonator system of the MIM waveguide, the reso-
nance wavelength of the peak can be calculated based on the
standing wave theory as[?*

), . 2Re(l’leff)L
" m—(w/m)’

where L is the length of the cavity, m is the antinodes num-

“4)

ber of the SPP wave, y; describes the phase difference of the
reflected beam, and Re(n.g) represents the real part of the re-
fractive index of a MIM waveguide.
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Fig. 6. (a) The transmission spectrum of different R; (b) the sensitivity
curve of Fano resonance when R changes from R to 1.2R.

In the following part, we set the parameter R as a con-
stant, and R represents the initial values of Ry, R, r{, r», and
r3. The initial values of Ry and R, are set to 160 nm and
100 nm, respectively. The r{, r,, and r3 initial assignments
are all 20 nm. When Ry, R, 71, 2, and 3 vary from R to 1.2R,
the dip of FR1 is redshifted, while the dip of FR2 moves to
shorter wavelengths. As mentioned earlier, the generation of
FRI1 is relevant to the arc-shaped resonant cavity. When the
radius increases to 1.2R, equal to the more significant value
of the length of the arc-shaped resonant cavity, the FR1 shows
a redshift, and the phenomenon is consistent with Eq. (4). In

addition, as previously analyzed, the generation of FR2 is re-
lated to the rectangular stub. As the radius increases, the dis-
tance between the rectangular stub and the arc-shaped resonant
cavity becomes more significant and is not helpful for the arc-
shaped resonant cavity to generate a strong resonance. There-
fore, the dip of FR2 shows a blueshift. The sensitivity fitting
curves of different radii are drawn out based on the experimen-
tal data, as shown in Fig. 6(b). Although the Fano resonance
becomes more sensitive to the refractive index when the radius
increases to 1.2R, the sensitivity curve becomes more nonlin-
ear when the radius is more significant than 1.15R. Therefore,
regarding the sensitivity and linearity, the radius is 1.1R, and
the sensitivity reaches 1900 nm/RIU. At this time, Ry, Ry, r1,
rp, and r3 are 176 nm, 110 nm, 22 nm, 22 nm, and 22 nm,
respectively.

The symmetry of the structure also has an important in-
fluence on the curve. When the circles inside the arc-shaped
resonant cavity are removed partly or entirely, the blueshift of
FR1 will occur. However, it is noteworthy that the middle one
of the three circles is more relevant to FR1. Compared with
when the left or right circle is removed, the dip of FR1 moves
to shorter wavelengths when the middle one is removed. This
fact accounts for the theory that the middle circle in the arc-
shaped circle is helpful for the reinforcement of FR1. This is
the subtlety of the structure designed in this study.

1.0

—— The initial structure
— r9 removed

—— 71 and r3 removed
—— 71 or r3 removed

0.8

0.6

0.4

Transmittance

0.2

of

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig. 7. The transmission spectrum when one or two circles are removed
inside the arc-shaped resonance cavity.

4. Conclusion and perspectives

This study presents the MARS structure, which can gen-
erate two Fano resonances originating from two different
mechanisms. Using the FEM based on the software CMOSOL
Multiphysics 5.4, the relationship between the structural pa-
rameters and Fano resonance is researched. To understand the
formation principles of Fano resonances, this study adds three
other structures to conduct comparative experiments. It has
been found that the parameter d has a vital influence on the
transmittance of FR1, while the height of the rectangular stub
mainly exerts its influence on FR2. When Ry, R;, ry, 12, and
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r3 increase, FR1 shows a redshift. In addition, the symme-
try of the structure has an important influence on the curve,
and the middle circle in the arc-shaped circle is helpful for the
reinforcement of FR1. The structure has the advantage of be-
ing sensitive to the changes in the refractive index, which is
promising for application in various microsensors. The simu-
lation reveals that the sensitivity can reach 1900 nm/RIU and
the FOM is 23.75.
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