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In this work, a refractive index sensor structure is proposed, which consists of the
met-al-insulator-metal (MIM) waveguide coupling with ring resonator with a
rectangular cavity. Its sensing characteristics are analyzed by the finite element
analysis method. SPPs is an electromagnetic wave mode excited by the
oscillatory coupling of free electron-photon interactions on the surface region
of a metal, whose field strength is maximum at the metal-dielectric partition
interface and then decays exponentially to both sides The results show that the
sensing characteristics of the ring resonator can be changed by introducing a
stub, which can achieve the purpose of enhancing the coupling efficiency of
SPPs. The structure has two Fano peaks, and each peak can be individually
regulated by changing the size of the sensing structure. Sensitivity is the key
performance indicator of the system, which is the shift in resonance wavelength
caused by a change in refractive indexwhen the ambientmedium is changed. The
best sensitivity of this structure can reach 2,300 nm/RIU with a figure of merit
(FOM) value of 60 RIU−1. The proposed structure has great potential in
nano-sensors.
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1 Introduction

Surface plasmon polaritons (SPPs) are generated by electrons under the influence of an
external electromagnetic field [1, 2]. Its essence is an electromagnetic wave mode excited by
the interaction of free electrons and photons on the metal surface area [3, 4]. The field
strength is the largest at the interface of the metal medium. The exponential form decays to
both sides. SPPs can break through the optical diffraction limit of traditional optics, thereby
realizing the adjustment and transmission of light at sub-wavelengths [5, 6].

Resonant phenomena are the tendencies of a physical system to absorb more energy
from the environment when it is near the natural frequency of oscillation (called the
resonant frequency) and near the natural wavelength. Unlike the symmetrical Lorentz
resonance, Fano resonance is an asymmetric line-shaped scattering resonance
phenomenon, which usually occurs during the coupling of the SPPs [7]. Hence, it has a
high spatial electromagnetic field confinement ability, and can better identify small
frequency shifts [8]. Various SPP based light devices were born, such as refractive index
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sensors [9–13], slow light devices [14, 15], optical switches [16, 17],
biosensors [18–24], etc. Because the resonator structure is also an
important factor in generating Fano resonance, rectangular
resonators, annular resonators, semi-ring resonators, tie
resonators, etc. All exhibit different sensing characteristics due to
different structures, such as in [12], who designed a plasmon system
coupled with a MIM waveguide and a ring cavity, and its sensitivity
can reach 1,600 nm/RIU. It achieves coordinated multiple Fano
resonances and similar electromagnetic transparency effects [25].
Chau-Yuan Fong Chou et al. designed a sensor structure of a MIM
waveguide coupled with an elliptical resonator with a stub, and by
embedding an air path in the MIM waveguide to increase its
coupling efficiency, the performance of the sensor was greatly
improved [26]. [18] proposed a sensor structure of a MIM
waveguide coupled with a rectangular ring resonator with defects.
By changing the position, number and other parameters of the
defects, it was proved that under certain conditions, the symmetrical
resonator structure, the anti-symmetric mode cannot be stimulated.
The sensitivity of the improved structure can reach
1,850 nm/RIU [27].

A necessary condition for the creation of Fano resonance is the
simultaneous generation of high-level multi-order sub-radiative and
super-radiative modes. The subsequent overlapping coupling
behavior of these modes is guaranteed. In some structures, there
will be a situation where the structure is extremely symmetrical, and
the dipole resonance mode and the higher-order resonance mode
will be converted in-to orthogonal coupling, and the coupling
cannot be overlapped at this time. In this case, it is necessary to
modify the degree of symmetry of the structure, that is, to adjust the
structural model. Or directly use asymmetric structures to excite
bright and dark states to generate Fano resonance waveforms. This is
a common approach in designing optical sensor structures, where
the microstructure can be altered so that enough light can be
confined to the gas sample to increase the interaction between
the light and the sample. For example, the photonic crystal fiber
based high sensitivity, low confinement loss gas sensor designed by
[28] The insertion of circular dot matrix air holes in the core region
and hexagonal dot matrix air holes in the cladding region allows
more swift waves to pass through the cladding holes and interact
with the detected gas, thus increasing the relative sensitivity of the
gas sensor. In most of the previous articles, the coupling efficiency
was increased by changing the structure and the MIM waveguide. In
this paper, we try to embed a simple rectangular cavity (stub-2) into
the ring structure to break the symmetry structure, and investigate
whether Fano can exhibit different characteristics. In this work, we
propose a MIM waveguide structure. This structure includes the
MIM bus waveguide with a rectangular cavity (stub-1) and a ring
resonator with stub-2. Stub-2 is used to break the symmetric
structure to obtain different sensing characteristics. In-depth
study of the influence of different parameters on Fano curve,
sensitivity S, figure of merit (FOM) and other parameters.

2 Geometry structure and
analysis methods

The structure model is built with COMSOLMultiphysics 5.4.
We used the FEM to analyze the transmission performance

exhibited by the SPPs. Most researchers of MIM plasmonic
sensors make the height infinite because the height affects the
loss of the waveguide. This phenomenon is due to the inverse
relationship between the height and the real and imaginary parts
of the effective refractive index. As the height increases, the real
and imaginary parts decrease and remain stable for infinite
height values. And only under the irradiation of the TM wave
mode, the metal-dielectric interface layer will produce SPPs. For
the TM mode, the electromagnetic wave propagates forward
along the xoy plane, so we can build a two-dimensional model to
study SPPs [29]. Above and below of the structure, we set up
boundary conditions for a perfectly matched layer that absorbs
the waves escaping from the structure (The size of the model is
1,320 nm × 950 nm, the perfect matching layer size is 1,320 nm ×
200 nm), and set the ultra-fine meshing, which can perfectly
divide the structure to ensure the simulation accuracy (the step
size of the wavelength is 500 nm, the mesh size is wave-length/
100, and the value of degrees of freedom is 12,356). The two-
dimension structure is shown in Figure 1. This two-dimension
structure is composed of a MIM bus wave-guide with stub-1
coupled to a ring resonator with stub-2 (RRS). The radius of RRS
is R. The length of stub-2 is L, and the angle formed by the center
of RRS is φ. The distance between the RRS and MIM waveguide
is g. The height of stub-1 is h. When the width w of the MIM
waveguide and the annular cavity with a stub-2 is small, the SPPs
transported in the upper and lower metal-dielectric interfaces
couple and produce two dispersion modes called odd-symmetric
and even-symmetric modes. Among them, in the odd-symmetric
mode, the SPPs have a large energy loss and a close transmission
distance during propagation, while in the even-symmetric mode, the
SPPs are transmitted over a long distance with a small energy loss.
When the incident wave length is larger than w, only TM0 mode,
i.e., even symmetric mode, exists in the MIM waveguide structure. In
the MIM waveguide structure, in order to ensure the existence of only
one transmission mode, TM0, the width of the dielectric layer is
generally set to 50 nm, and its dispersion relation is defined as [30]:

tanh kω( ) � − 2kαc

k2 + p2αc
(1)

In Eq. (1), k represents the wave loss in the waveguide.
p � εin/εm, αc � [k02 * (εin − εm) + k] 1

2, The εin and εm are the
permittivity of the medium and the metal. The k0 � 2π/λ0 is the
wave vector in free space.

The mental (orange area) and insulator material (while area)
represented silver and air. The silver was chosen as a filler metal
because it had a low imaginary part of the relative permittivity in the
near-infrared range, resulting in low power consumption. The
relative dielectric constant of silver is defined by the Debye-
Drude dispersion model [31]:

ε ω( ) � ε∞ + εs − ε∞
1 + iτω

+ σ

iωε0
(2)

In Eq. (2), the relative permittivity of infinite frequencies (ε0)
and the static permittivity (εs) are 3.8344 and −9,530.5, respectively.
τ � 7.35 × 10−15s is the relaxation time of silver, and σ �
1.1486 × 107S/m represent the conductivity of silver.

The performance of the sensor can be expressed by sensitivity
and FOM, which defined are as follow [32, 33]:
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S � Δλ/Δn (3)
FOM � S/FWHM (4)

In Eq. (3), Δλ is the amount of drift of resonance tilt, Δn is the
amount of change in refractive index, and in Eq. (4), FWHM is the
peak width of half the peak height. (that is, a straight line parallel to
the bottom of the peak is drawn through the midpoint of the peak
height. distance).

Resonant wavelength expressions:

λ � 2DRe nef f( )

m − φref /π
(5)

where D represents the effective side length of the resonant cavity,
Re(neff) denotes the real part of the effective refractive index, m

represents the mode order, and φref refers to the phase shift caused
by the reflection of the SPPs on the metal wall.

3 Simulation results and analysis

Firstly, we studied the difference between a single stub structure
(red line), a single ring structure (blue line), and the entire structure
(green line) to understand the cause of Fano resonance, as shown in
Figure 2A–C. Its specific parameters are set as following: R =
220 nm, h = 50 nm, L = 200 nm, g = 10 nm, φ � 45°. The
transmittance (T) can express by T � Pout/Pin, where output
power Pout and input power Pin are calculated as integral values
of energy-flux density [34]. The red line is a curve with a

FIGURE 1
Two-dimension structure.

FIGURE 2
(A) Single stub structure; (B) Single ring structure; (C) Transmittance spectrums.
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transmittance as high as 0.8, as a wider continuous state, and the
blue line exhibits ultra-low transmittance (transmittance less than
0.1), which acts as a narrow discrete state. The Fano curve (green
line) is produced under the combined action of the continuous state
and the discrete state. The green line shows a very narrow FWHM
and low transmittance. Therefore, the entire structure has better
system performance.

In order to study how the φ affects the transmission
performance of the system, we set its parameters as:
90°, 45°, 30°, 0°,−30°,−45°, and its images are shown in Figures
3A (when changing the angles, 45° and 135° are symmetrical
about the centerline, so we only take values to the right of the
centerline and discuss the results). Regardless of the structure of 90°,
we find that the angle has almost no effect on the inclination position
and the transmittance of FR1 (λ = 1654 nm), but it has a greater
effect on the transmittance of FR2 (λ = 1885 nm). The performance
is best under the 45° structure, and its transmittance value is 0.199.
For the 90° structure, the inclination angle of FR1 almost disappears,
and the inclination position of FR2 increases to 1,905 but the
transmittance decreases to 0.128. This is due to the perturbation
in theMIMwaveguide and the resonator, resulting in an asymmetric
Fano curve. At the resonance peak, the incoming electromagnetic
wave will be coupled into the resonant cavity, part of it will be
reflected, and part of it will be transmitted to the output port. This
phenomenon can be seen in Figure 2B (λ = 1651 nm) and c (λ =
1904 nm). In Figure 3B, when SPPs is transmitted, a coherent
enhancement phenomenon (that is, the same color) will occur

between the bottom of the RRS and the MIM waveguide, which
is due to the fact that the SPPs that are in the state of entering the
ORR structure are in the same phase as the SPPs that are escaping,
and the interference phenomenon they produce causes the electric
field strengths to be superimposed, which enhances their response
signals and leads to high transmittance. In Figure 3C, interference
will occur between the SPP entering the RRS structure and the
escaping SPP, which exhibits the phenomenon of coherent
cancellation (that is, different colors), resulting in extremely low
transmittance at λ = 1904 nm.

Next, the mode order of the structure is calculated from the
magnetic field normalisation diagram. Taking FR1 as an
example, when the incident wavelength is 1,601 nm, the
effective edge length of the SPPs: λspps = λ/Re(neff) =
1,143.57 and the finite edge length of the structure L = 2πR ≈
1,256 nm, then the mode order: m � 2L/λspps ≈ 2.197 ≈ 2. The
calculation results are the same as the simulation results. The
same analysis was performed for FR2. We break the symmetry of
the resonator by adding a stub-2. When the magnetic fields on
both sides of the stub-2 are in phase, the symmetric modes are
stimulated, when the magnetic fields on both sides of the stub-2
are in phase, the antisymmetric modes are stimulated. This
means that at different angles, the coupling strength of the
resonator to the bus waveguide is also different. Hence,
introducing a stub and changing its parameters plays an
important role in the transmission characteristics of the
designed structure.

FIGURE 3
(A) Transmittance spectrums at different angles; (B) Magnetic field intensity in the FR1 (λ = 1601 nm) resonance mode in the 90° structure; (C)
Magnetic field intensity in the FR2 (λ = 1904 nm) resonance mode in the 90° structure.
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Subsequently, we studied how the R parameter value affects the
system performance. The different parameter R settings are as
follows: 180 nm, 190 nm, 200 nm, 210 nm, 220 nm. Its spectrums
chart and sensitivity image are depicted in Figures 4A, B. With the
increase of the outer radius R, the curve has a red shift phenomenon,
its dip position has moved from 1,541 nm to 1,885 nm and the
sensitivity has enhanced from 1,540 nm/RIU to 2,300 nm/RIU. This
result also proves that the RRS acts as a narrow discrete state, and if
its outer radius is changed, it will have an effect on the performance
of the system. At the same time, we can also use the resonant
wavelength formula to explain this phenomenon. When R (that is,
the effective wavelength L) increases, the wave-length will increase,
so that the position of the dip shifts to the right. When R = 220 nm,
the sensitivity reaches 2,300 nm/RIU and has a FOM of 64.24 RIU−1,
which is better than the data in Table 1. But this does not mean that
the larger R the better, we need to consider the transmittance, FOM,
and the required wavelength of the laser.

Moreover, the influences of the L parameter on system
performance were studied, and its parameters are set as follows: L =
150 nm, 175 nm, 200 nm, 225 nm, and 250 nm. From Figure 5A, the

change of L will not affect FR1, but for FR2, the curve is red-shifted and
the inclination position becomes larger. In order to explore the reasons
for this phenomenon, we have drawn their normalized Hz field maps.
Observed fromFigures 5B, C, a node of FR1 is located on the stub, while
the node of FR2 is not on the stub. The number of nodes is also used to
reflect the intensity of the normalized Hz field. The more the number,
the weaker the intensity. However, there is no normalized Hz field at
the stub of FR1, so the influence of L change on it is weak, and whether
the two ends of stub-2 are in-phase or out-of-phase will also show
different system performance to a certain extent. Hence, we can achieve
the separate modulation of FR2 by change L.

We changed the parameters of g from 25 nm to 5 nm at intervals
of 5 nm to observe the characteristics of the system. From Figure 6A,
we can observe that with the change of g, the transmittance minimum
of the curve decreases sharply and the curve blue shifts, the resonance
wavelength drifts significantly in the range from 5 nm to 15 nm, while
there is little movement in the range from 15 nm to 25 nm. The reason
for this phenomenon is that as the coupling distance increases, the
binding between the waveguide and the resonant cavity becomes
weaker andweaker, resulting in a significant weakening of the effective

FIGURE 4
(A) Change in transmittance obtained via COMSOL simulations, as radius of the waveguide R is varied from 180 nm to 220 nm with a interval of
10 nm; (B) Sensitivity change images of R from 180 nm to 220 nm with a interval of 10 nm.

TABLE 1 Comparison of performance of different structures.

Reference Structure Sensitivity Operating wavelength
range (nm)

FOM

This paper MIM waveguide coupled with a ring resonator with stub 2,300 nm/RIU 1,500 nm < λ < 2,000 60 RIU−1

[35] Isosceles triangular cavity 1,260 nm/RIU 1,000 nm < λ < 1,400 120 RIU−1

[36] Cross-shaped cavity and baffle 1,075 nm/RIU 800 nm < λ < 1,300 193 RIU−1

[37] Bow-tie resonator 2,300 nm/RIU 800 nm < λ < 2,300 31 RIU−1

[38] Nano ring resonator 2,080 nm/RIU 1,000 nm < λ < 2,600 29.9 RIU−1

[39] MIM waveguide consisting of a circular split-ring resonance cavity
and a double symmetric rectangular stub waveguide

1,328 nm/RIU 1,000 nm < λ < 1,400 48,000 RIU−1
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refractive index part of the coupling mode of the resonant cavity,
which can be neglected when the coupling distance reaches a certain
value. According to Eq. 5, when the coupling distance increases to
15 nm, the wavelength drift corresponding to the wave valley will be
smaller as the structural parameters are fixed and the effective
refractive index becomes smaller.

Subsequently, by changing the h parameter, its transmission
spectrums and FWHM diagram are shown in Figures 6B, C. The
change of the h parameter has almost no effect on the
transmittance minimum and tilt position, but it will change
the value of FWHM. When the value of S is constant, the
FOM value will also change. It can be seen from Figure 6C
when h = 125 nm, the FWHM is the narrowest, and the best
performance at this time is: the sensitivity value of 2,300 nm/RIU
and the FOM value of 65.71 RIU-1. Compared with the structural
properties listed in Table 1, the structure can be excited at a

smaller wavelength with higher sensitivity, but the FOM value
will be slightly lower.

Finally, the principle of the plasma refractive index sensor is
that the resonant tilt angle changes with the change of the
refractive index, so when the structural parameters are fixed
(i.e., R = 220 nm, h = 125 nm, L = 200 nm, g = 10 nm,
φ � 45°) to achieve the best performance, we also drew a
graph of refractive index changes, the parameters of which
varied from 1.00 to 1.05 with an interval of 0.01. Figure 7
shows that as the refractive index increases, the curve has a
red shift. It is worth mentioning that many physical quantities in
life are related to the refractive index, so it can be calculated in-
directly through the value of the detectable refractive index. We
have also calculated the accuracy of the structure sensitivity, with
a sensitivity deviation of 19 nm/RIU per 1 nm, provided that the
nano-process and etching techniques are satisfied.

FIGURE 5
(A) Change in transmittance obtained via COMSOL simulations, as length of stub-2 (L) is varied from 150 nm to 220 nmwith a interval of 25 nm; (B)
Magnetic field intensity in the FR1 (λ = 1601 nm) resonance mode in the 90° structure; (C) Magnetic field intensity in the FR2 (λ = 1904 nm) resonance
mode in the 90° structure.

FIGURE 6
(A) Spectrum chart of diverse g from 5 nm to 25 nmwith a interval of 5 nm; (B) Transmittance spectrums of different h from 50 nm to 150 nmwith a
interval of 25 nm; (C) FWHM image.
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4 Application

The designed sensor structure is shown in Figure 8 and is mainly
composed of a laser, a conical waveguide, an optical waveguide, a
high-Q optical microcavity and an array of metal nanoparticles. The
optical field is localed in a small cavity mode volume, high Q
resonant cavity and transmitted in WGM mode, resulting in a
strong abrupt field around the surface of the high Q microcavity,
the conical waveguide region and the interaction with the specimen,
and the excitation of metal nanoparticles on the surface of the
microcavity generating Fano resonance peaks with extremely high
sensitivity to the external environment.

When the air medium in the resonant cavity is replaced with an
ethanol solution it can be used as a temperature sensor, the essence of
which is that when the temperature of the surrounding environment
changes, the refractive index of the solution in the structure changes as
well. Ethanol has a melting point of −114.3°C and a boiling point of
78°C, so the maximum detection range of the structure is
between −114.3°C and 78°C when it is chosen as the filling solution.
The equation for its refractive index as a function of temperature is:

n � 1.36048 − 3.94 × 10−4 T − T0( ) (6)

T in the formula indicates the temperature to be measured, T0

indicates the ambient temperature, which is usually taken as 20. The
expression for temperature sensitivity is:

TSEM � Δλ
ΔT

(7)

The T in the equation represents the amount of change in the
environment. Taking into account the limits of the detection range of
the structure, we set the temperature to be measured to change
from −40°C to 60°C with an interval of 20°C, and the results obtained
are shown in Figure 9A. The images show that as the temperature
increases, the resonance curve blueshifts, the trough moves from
2,566 nm to 2,456 nm and the transmittance increases slightly from
0.0344 to 0.0411, the change in transmittance directly affects the
performance of the sensor, a lower transmittance means that the
coupling strength is greater, the sensor is more sensitive to the change
in refractive index, and small changes in the refractive index can be
detected, thus improving the sensor sensitivity; at the same time, lower
transmittance also means less light reflection loss, which helps to improve

FIGURE 7
(A) Spectrum chart of the refractive index from 1.00 to 1.05; (B) Linear fitting of the sensitivity.

FIGURE 8
Schematic diagram of the sensing structure.
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the stability of the sensor. Temperature and refractive index show a
negative correlation, a phenomenon that is also consistent with Eq. 6.
Substituting the values into Eq. 7 can calculate the temperature sensitivity
as: 1.5 and its linear fitting curve is shown in Figure 9B.

5 Conclusion

In this study, we present a refractive index nano-sensor based on a
MIM waveguide consisting of a MIM bus waveguide with stub-1 and a
ring resonator with stub-2. This structure realizes the modulation of the
double Fano resonance. This structure realizes the modulation of the
double Fano resonance. We analyzed the sensing characteristics using
finite element analysis and found that the parameters of Stub-1 mainly
affect the values of FWHM and FOM, while the parameters of the ring
resonator mainly affect the sensitivity S and wavelength range. Changing
the value of L parameter only affects the transmission performance of FR2,
sowe can realize independentmodulation of FR2 by changing the value of
L without any effect on the performance of FR1. When R = 220 nm, h =
125 nm, L = 200 nm, g = 10 nm, and φ � 45°, the sensitivity performance
of the system can reach 2,300 nm/RIUwith a FOMvalue of 60RIU−1. Our
refractive index sensor provides a better choice for nano-sensors.
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