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A single baffle metal–insulator–metal (MIM) waveguide coupled with a semi-circular cavity and a cross-shaped cavity
is proposed based on the multiple Fano resonance characteristics of surface plasmon polaritons (SPPs) subwavelength
structure. The isolated state formed by two resonators interferes with the wider continuous state mode formed by the
metal baffle, forming Fano resonance that can independently be tuned into five different modes. The formation mechanism
of Fano resonance is analyzed based on the multimode interference coupled mode theory (MICMT). The finite element
method (FEM) and MICMT are used to simulate the transmission spectra of this structure and analyze the influence of
structural parameters on the refractive index sensing characteristics. And the transmission responses calculated by the FEM
simulation are consistent with the MICMT theoretical results very well. The results show that the figure of merit (FOM)
can reach 193 and the ultra-high sensitivity is 1600 nm/RIU after the structure parameters have been optimized, and can
provide theoretical basis for designing the high sensitive refractive index sensors based on SPPs waveguide for high-density
photonic integration with excellent performance in the near future.

Keywords: surface plasmon polaritons, MIM waveguide, Fano resonance, finite element method

PACS: 73.20.Mf, 42.79.–e, 71.36.+c, 71.38.–k DOI: 10.1088/1674-1056/ab888c

1. Introduction

Surface plasmon polaritons (SPPs) are a kind of collec-
tive oscillation caused by the interaction between electromag-
netic wave and free electrons on the metal surface. The SPPs
can overcome the diffraction limit and confine light in sub-
wavelength dimension, so it very promises to be used as an
information carrier for high-density photonic integration cir-
cuits. The metal–insulator–metal (MIM) waveguide has strong
binding ability to serve as SPPs with low transmission loss
and bending loss, small structure size, long transmission dis-
tance, and many other characteristics, and it can realize the
manipulation of nanoscale light. Therefore, the MIM waveg-
uide is one of the most promising waveguide structures for
realizing nano optical equipment and highly integrated nano
optical circuits. Recently, Fano resonance has received at-
tention of many researchers and has been realized in many
systems. Moreover, the Fano resonance effect generated in
the MIM waveguide structure is particularly sensitive to envi-
ronmental change. Meanwhile, the Fano resonance, a sharp
asymmetric line-shape, can be induced by changing the MIM
waveguide structure, through which the higher quality fac-

tors and sensitivity than traditional Lorentz resonance can be
achieved. The Fano resonance was found first in the autoion-
ized state of atoms, and then in classical optical systems.[1]

Ugo Fano pointed out that the interference between a wide
continuum state and a narrow discrete state can give rise
to asymmetric peaks in transmission spectra. Fano gave this
phenomenon an earlier qualitative explanation.[1] This theory
can also be extended to the interaction of one discrete level
with two or more continua. Klimov et al.[2] verified the ex-
istence of Fano resonance by studying the optical character-
istics of photonic crystals covered by perforated metal mem-
brane, and proposed a method of designing a Fano resonance
sensor sensitive to change in environmental refractive index.
Klimov et al.’s experimental description of photonic crystals
covered with perforated metal films provided a foreshadow
for the research in this paper. Various MIM waveguide struc-
tures based on Fano resonance have been designed and man-
ufactured, including optical multiplexer,[3,4] filter,[5] optical
switch,[6] distributed Bragg reflector mirror,[7–9] which have
the huge application prospect in biosensing technique, nano
lithography,[10] and other fields. At the same time, other
laboratory also conducted some researches of the applica-
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tions of MIM waveguide absorbers,[11] perfect metamaterial
absorber,[12–15] surface-enhanced Raman pectroscopy[16] and
graphene plasmon-enhanced infrared spectroscopy.[17]

With the development of nanotechnology, on-chip high-
sensitivity detection technology will become an important re-
search direction for future sensors.[18] In Ref. [19], it was
pointed out that the symmetry breaking introduced by an ad-
jacent infinite dielectric can cause the plasmon modes of a
metallic nanostructure to couple and hybridize. This effect is
particularly large for entities with a large contact area adja-
cent to the dielectric. We can make transverse magnetic (TM)
wave enter into the MIM waveguide structure, the SPPs will be
generated at the MIM interface, the SPPs are a kind of collec-
tive oscillation caused by the interaction between electromag-
netic waves and free electrons on the metal surface. In this
way we can avoid adjacent entities with large contact areas of
the dielectric. Due to the unique properties of Fano resonance
and SPPs, the design of highly sensitive on-chip SPPs sen-
sor that can be easily integrated with the help of these optical
phenomena has become a research hotspot.[20] Wen et al.[21]

proposed an MIM waveguide structure composed of a single
baffle and a rectangular cavity, and studied the dual Fano res-
onance characteristics of the structure. The research showed
that the multi Fano resonance system possesses important ap-
plications in nonlinear, slow-light, and bio-nanometer sens-
ing devices. Wu et al.[22] proposed an MIM straight waveg-
uide structure with branch nodes, studied and analyzed the
effects of coupling spacing, geometric dimensions, and other
parameters on Fano resonance peak. The results showed that
the Fano resonance generated by this structure can be used
to fabricate high precision sensors. Wu et al.[23] designed a
kind of MIM waveguide-coupled circular ring and disc cavity
structure, through continuously adding a section, which can
be tuned to achieve independence in multiple Fano resonance.
By changing the length of the section, the degree to which the
multiple Fano resonance peaks varies is different from the sin-
gle Fano peak does, because of the parallel processing ability
of the multiple Fano resonance compared with that of the sin-
gle Fano resonance. This structure had unique advantages in
spectrometer and enhanced biochemical sensing.[24,25] The ex-
isting research on cavity mainly focused on the rule of the rect-
angular cavity or ring cavity, in addition, in the above studies,
the position of the resonance peak needs adjusting by chang-
ing a certain parameter of the resonant cavity structure and the
proposed structure was difficult to adapt to the existing level
of manufacturing technology. So we design a structure which
can realize the coarse modulation of the resonance peak posi-
tion, the resonance peak can be independently adjust and easy
to manufacture. Therefore, it will be widely used in the field
of nano-refractive index sensing.[26]

In this paper, an MIM waveguide with a single metal

baffle coupled with a semi-annular cavity and a cross-shaped
cavity is designed. It is different from a square-shaped cav-
ity which is easy to manufacture and study.[27] It can obtain
more resonance peaks (finally, we obtain six resonance peaks).
When the TM wave is incident into the MIM waveguide struc-
ture, the SPPs will be generated at the MIM interface, contin-
uous states will be formed through the direct waveguide into
the semi-annular cavity, and discrete states will be formed in
the crosswise cavity. These continuous state and the discrete
state are coupled to each other to form Fano resonance un-
der the action of near field, forming five Fano resonances and
one Lorentz peak. The transmission characteristics of Fano
resonance formed by the coupling of the continuous state and
the discrete state are analyzed by combining the multimode
interference coupled mode theory (MICMT). The COMSOL
software based on the finite element method (FEM) is used to
simulate the structure, quantitatively analyze the influence of
structural parameters on the sensing characteristics, refractive
index sensitivity and FOM value, and then optimize the struc-
tural parameters, to realize the regulation of structural sensing
characteristics and finally realize the multi-function and high-
sensitivity sensor.[28,29]

2. Theoretical analysis
In order to discuss the structure of a single baffle MIM

waveguide coupled with a semi-circular cavity and a cross-
shaped cavity, we start with a single exit waveguide resonant
cavity system. The resonance mode can be fully described by
only the equation which is satisfied by the mode amplitude of
the isolated lossless resonator system obtained as follows:[30]

da
dt

=−jω0a, (1)

where ω0 is the resonance angular frequency. If the system
is lossy and the loss is small, the perturbation term can be
added to the mode amplitude equation to represent the loss
as follows:[30]

da
dt

=−jω0a− 1
τ0

a, (2)

where 1/τ0 is the attenuation rate due to the internal losses
of the system and τ0 is the decay time of internal loss of the
resonant mode in resonant cavity. For the SPPs’ system, a
common resonant cavity or other form of perturbation of the
resonant mode is the connection of the resonator to the trans-
mission waveguide. In this case, the attenuation rate of the
mode will change because the power will not only dissipate
internally but also enter the waveguide. Equation (2) is further
rewriten as follows:

da
dt

=−jω0a−
(

1
τ0

+
1
τe

)
a, (3)
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where 1/τe is the additional attenuation rate due to the power
escaping from the resonator into the waveguide and τe is the
decay time of the coupling between the resonant cavity and
waveguide. When the waveguide carries an amplitude of s+
and when the wave propagates to the resonant cavity, the mode
amplitude a will be driven by the incident wave, then

da
dt

=−jω0a−
(

1
τ0

+
1
τe

)
a+κs+, (4)

where κ means the coefficient of coupling degree between the
resonant cavity and incident wave s+, and s+ is normalized
(equal to the power of the incident wave). According to the
time reversibility of Maxwell’s equations, we can obtain

κ =

√
2
τe

e jθ . (5)

The reflected wave is denoted as s−. In a linear system, the
reflected wave s− increase or decreases as incident wave s+
and the mode amplitude a increases or decreases, respectively,
as expressed below:

s− =−s++κ
∗a. (6)

Equation (4) and the above equation (6) are the basic equa-
tions of a resonant cavity coupled to an input port (waveguide
or optical mode) known as coupled mode theory (CMT).

Ag
air

outputinput
SPPs

g

t
w

g

D

D

L

Ri

S1

Ro

H

S2

Fig. 1. Schematic diagram of umbrella resonator coupled with MIM waveg-
uide with metal baffle.

As shown in Fig. 1, an air-filled busbar waveguide is
placed on the silver metal but is cut off by the middle baf-
fle. There are a side-coupled semi-ring cavity with an upward
opening (denoted as cavity USR) above the baffle and a verti-
cal cross structure (denoted as cavity VCS) above the side-
coupled semi-ring cavity. The grey region of the proposed
structure represents the relative permittivity of Ag(εm) rep-
resented by the Drude model and εm is expressed as

εm = ε∞−
ω2

p

ω2 + iωγ
. (7)

The parameters in this well-known equation are set to be
ε∞ = 3.7, ωp = 9.1 eV, and γ = 0.018 eV.[31,32] The white

part in Fig. 1 represents the insulator in the embedded waveg-
uide and resonator is air (εi = 1.0). In this paper, the width
of waveguide is fixed at w = 50 nm, so that only fundamen-
tal transverse magnetic wave (TM0) is the excited spectra in
the SPPs. Accordingly, we can determine that the dispersion
equation of SPPs’ propagation in MIM structure is[33]

εmki tanh
(
− jkiω

2

)
+ εikm = 0. (8)

Here, the transverse propagation constant in air and Ag
can be expressed by the following equation:

ki,m =
2π

λ

√
εi,m−1/n2

eff.

On a nanoscale, the contribution of its imaginary part Im(neff)

can be ignored, so we should pay more attention to the relative
phase of the contribution of the real part Re(neff). Based on the
standing wave theory, the resonant wavelength of the resonant
cavity can be described by the following equation:[34,35]

λ =
2Re(neff) lUSR

n−φ/2π
, n = 1,2,3, . . . , (9)

where lUSR represents the perimeter of the USR resonator and
φ denotes the phase shift reflected on both ends of the resonant
cavity. This relationship of two variables between λ and lUSR

can enlighten us to design a resonant cavity with an appropri-
ate size to achieve sharp and asymmetric Fano resonance. In
the structure, the coupling phases and moduli of different res-
onance modes should be considered. Due to the interference
between the modes, the transmittance of the plasmon system
will be affected by these coupling phases ϕn1, ϕn2, so the rela-
tionship between the coupling phases needs considering. The
multi-mode interference coupling theory (MICMT)[36] equa-
tions of resonant cavity and dual waveguide coupling system
with phase are as follows:

dan

dt
=−jωnan−

(
1

τn0
+

1
τne1

+
1

τne2

)
an

+κn1s1++κn2s2+,

s1− =−s1++∑
n

κ∗n1anγn1 e jϕn1 ,

s2− =−s2++∑
n

κ∗n2anγn2 e jϕn2 ,

κn1 =

√
2

τne1
e jθn1 , κn2 =

√
2

τne2
e j(θn2−φn),

(10)

where s1± and s2± are the mode amplitude of the input port S1

and output port S2 of the waveguide incoming(corresponding
to sign “+”) and escaping (corresponding to sign “−”) from
the resonator, respectively; an and ωn represent the amplitude
and resonance frequency of the n-th resonance mode, respec-
tively; τn0 means the internal loss time for the n-th mode; τne1

and τne2 are the coupling attenuation time between the res-
onant cavity and the input/output waveguides, respectively;
likewise, θn1 and θn2 represent coupling phases of the n-th
resonant mode; φn refers to the phase difference between the
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output and input ports; γ is the normalized coefficient(in this
paper, γn1 = γn2 ≈ 1). When the SPPs are incident only from
the input port, we can assume that s2+ = 0. In this case, the
complex amplitude transmission coefficient of the whole sys-
tem can be expressed as

t =
s2−
s1+

= ∑
n

γn1 |κn1| |κn2| e jϕn

−j (ω−ωn)+1/τn +1/τne1 +1/τne2
,

ϕn = ϕn1 +φn +θn1−θn2, (11)

where ϕn is the total coupling phase of the n-th resonant
mode.[37] The transmittance from the input port to the output
port can be expressed by the expression T = |t|2. We assume
that the left part and the right part of the waveguide in the sys-
tem have the same length, then we can take τne1 = τne2 = τne

and θn1 = θn2, and the transmittance formula of the whole sys-
tem can be further simplified into

T = |t|2 =

∣∣∣∣∣∑n

2e jϕn

−j (ω−ωn)τne +2+ τne/τn

∣∣∣∣∣
2

,

ϕn = ϕn1 +φn. (12)

3. Simulation and discussion
3.1. Umbrella resonator coupling MIM waveguide struc-

ture with metal baffle

In the simulation of this paper, the geometric param-
eters of the structure are set to be as follows: waveguide
width w = 50 nm, baffle width t = 30 nm, coupling distance
g = 10 nm, vertical chamber length H = 450 nm, horizon-
tal chamber length L = 450 nm, waveguide width of VCS
D = 50 nm, outer circle radius Ro = 370 nm, and inner cir-
cle radius Ri = 320 nm. Throughout the paper, the normal-
ized transmittance of waveguide structures is defined as the
quotient of the power flow between output port S2 and input
port S1 (acquired by integrating the Poynting vector over the
MIM waveguide cross section). In addition, the transmission
responses of the structure is calculated by the MICMT method
and FEM simulation as shown in Fig. 2(a). The results show
that the results from the MICMT (the red circle line) agree
very well with the FEM simulation results (the blue solid line).
The transmission spectra of the only metal baffle, only USR,
VCS and the whole coupled system are shown in Fig. 2(b).
For the MIM waveguides with metal baffle, the transmittance
is less than 8.6% in a range of 500 nm–2000 nm.[38,39] There-
fore, metal baffle can be regarded as a continuous state. To cre-
ate a discrete state, a semi-annular cavity is laterally coupled to
the MIM waveguide, plus a cross-shaped waveguide coupled
to the semi-annular waveguide. It can be seen that there are
five peaks representing the first, second, third, fourth, and fifth
eigenmodes of the semi-annular cavity in a range of 500 nm–
2000 nm. These five narrow resonance modes overlap with

the wide continuous state, thus forming four sharp and asym-
metrical Fano resonance peaks and one Lorentz peak in the
transmission spectrum. These four Fano resonance peaks are
FR1, FR2, FR3, and FR4, respectively, the Lorentz resonance
peak is LR. For the FR1 peak at a wavelength of 555 nm the
transmission rate is about 75.6%; for the FR2 peak at a wave-
length of 805 nm, the transmission rate is about 67.0%; for the
FR3 peak at a wavelength of 1039 nm, the transmittance rate
is about 16.1%; for the FR4 peak at a wavelength of 1337 nm,
the transmittance rate is about 11.9%; for LR peak at a wave-
length of 1625 nm, the transmission rate is about 39.8%.
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o
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FEM
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T
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n
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FR3

FR4

Fig. 2. (a) Transmission versus wavelength of the structure calculated by
FEM method (blue solid line) and MICMT method (red circle), and (b) trans-
mission versus wavelength of the proposed structure with only metal baffle
(green solid line), only USR & VCS (blue dash–dot line), and coupled system
(red dotted line) studied by COMSOL(FEM) simulation.

To better understand the physical significance of Fano
resonance, figure 3 shows the magnetic field distributions of
|Hz| at the wavelengths of five transmission peaks (555 nm,
805 nm, 1039 nm, 1337 nm, and 1625 nm) and five trans-
mission dips (586 nm, 854 nm, 1116.5 nm, 1354.5 nm, and
1701 nm). For the sake of research, all field profiles are nor-
malized and the values of the color bars are unified. It can be
seen from Figs. 3(a) and 3(c) that the SPPs can pass through
the bus waveguide. The fairly strong magnetic field is con-
fined into the semi-ring cavity. The distributions of the mag-
netic field at dip wavelength are shown in Figs. 3(b) and 3(d).
We can obtain that the field in the semicircle ring resonator
and waveguide has destructive interference, and most of the
input energy cannot reach the outlet.[40] Further investigation
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of the origin of the other two Fano resonances shows that the
|Hz| field distribution of FR3 and FR4 peak wavelengths at
1039 nm and 1337 nm are shown in Figs. 3(e) and 3(g), re-
spectively. The wavelength at 1116.5 nm of FR3 dip and
1354.5 nm of FR4 dip are shown in Figs. 3(h) and 3(i), re-
spectively. In Figs. 3(e) and 3(g), there are obvious strong
field distributions in the resonator composed of USR and the
metal baffle waveguide, while there are almost no SPPs waves
in the VCS, which is due to the high reflectivity of the short in-
tercept resonator. In this case, there is only a similar structure
to those proposed by Chen et al.,[41] which are also described
in Figs. 3(e) and 3(g). It can be seen from Figs. 3(h) and 3(i)
that as the incident wavelength is satisfied with Eqs. (12), a
standing wave in USR forms in the cavity, and the SPPs can
serve as a high metal baffle reflector waveguide of reflection
waveform with high quality.[42]

(e) (f) (g)

(h) (i) (j)

0

1

2

3

4

5

6

7
105

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

Fig. 3. Magnetic field distributions at wavelengths of five transmission
peaks: (a) 555 nm, (c) 805 nm, (e) 1039 nm, (g) 1337 nm, (i) 1625 nm
and of five transmission dips (b) 586 nm, (d) 854 nm, (f) 1116.5 nm, (h)
1354.5 nm, and (j) 1701 nm.

In order to make the whole system practical, considering
the existing level of manufacturing technology, we analyze the
effect of coupling distance g and width t of metal baffle on the
performance of the whole system. First, we search the effect of
the change in the lateral coupling distance g on the transmis-
sion spectrum of the whole system. As shown in Fig. 4(a), we
can see that the resonance wavelength of LR shows a signifi-
cant blueshift, while the resonance wavelengths of FR1, FR2,
FR3, and FR4 are basically unchanged. At the same time, with
the increase of the side coupling distance, the transmittance
of the whole system decreases obviously. The thickening of
the metal layer will certainly affect the energy exchange ef-
ficiency between the resonator and the waveguide, and thus
directly affecting the transmittance of the whole system. This
also means that the coupling distance g should be as small
as possible in the manufacturing of the whole system. Com-
pared with the high requirement for the coupling distance g,
it can be seen from Fig. 4(b) that when the width of the metal
baffle is t = 30 nm, there will still be no significant influence
on transmittance and resonance peak wavelength.[43] So the

whole performance bottleneck of our system is mainly deter-
mined by the side coupling distance g.
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Fig. 4. Transmission spectra of MIM structure changing (a) with coupling
distance g using FEM simulation, (b) with thickness of metal baffle t ob-
tained from FEM simulation.
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Fig. 5. (a) Transmission spectra of the system with different values of verti-
cal cavity lengths H, and (b) resonance wavelengths of the Fano resonance
peaks FR1, FR2, FR3, FR4, and Lorentz resonance peak LR changing with
vertical cavity length.
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We simulate the effect of the length of vertical resonator
on transmission spectrum. As can be seen from Fig. 5(a), with
the length of the vertical resonator H changing from 430 nm to
450 nm, the resonance peak for each of LR and FR4 presents
a certain degree of redshift. We keep the length of the ver-
tical resonator H linearly increasing, so the resonance peak
in the projection spectrum also varies linearly as shown in
Fig. 5(b). The length of the vertical resonator H increases lin-
early, the distance between the vertical resonator H and the
semi-circular waveguide increases linearly, so the resonance
peak also changes linearly.

Then, we change the length of the horizontal resonator L
from 400 nm to 500 nm in steps of 25 nm, and the change
of the transmission spectrum is shown in Fig. 6(a). As ex-
pected, only the resonance peak of FR4 is redshifted, while
the other resonance peaks’ positions remain unchanged. Fig-
ure 6(b) shows the changes of the resonance peaks of FR1,
FR2, FR3, FR4, and LR, respectively.
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Fig. 6. (a) Transmission spectra of system with different values of horizon-
tal cavity length L, and (b) resonance wavelengths of Fano resonance peaks
FR1, FR2, FR3, FR4, and Lorentz resonance peak LR changing with hori-
zontal cavity length L.

Because the wavelength value of the resonance peak and
that of the dip of the same Fano resonance are very close to
each other, our system is very excellent to make sensors. The
influence of refractive index variation on transmission spec-
trum of the system is studied below. When we change the re-
fractive index of the filling medium in the resonant cavity from
1.00 to 1.08 with the step 0.04, the change of the transmission

spectrum is shown in Fig. 7(a). The refractive index sensitiv-
ity S = ∆λ/∆n (nm/RIU, the change of resonance peak wave-
length in the transmission spectrum over the refractive index
change) is used to characterize the sensor’s ability to detect
the change in the surrounding environment. We calculate the
sensitivity of FR1, FR2, FR3, FR4, and LR to be 525 nm/RIU,
775 nm/RIU, 1025 nm/RIU, 1300 nm/RIU, 1600 nm/RIU, re-
spectively. The maximum value of these FR sensitivity results
1300 nm/RIU and the sensitivity of LR result 1600 nm/RIU
are much larger than 1100 nm/RIU in Ref. [44], 1120 nm/RIU
in Ref. [45], and 900 nm/RIU in Ref. [46], respectively. This
shows that the system we designed is very suitable for sensor
parts. In addition, the figure of merit (FOM∗) is also an im-
portant indicator for measuring the sensor performance. Gen-
erally,FOM and FOM∗ are defined as

FOM =
∆λ/∆n
FWHM

and FOM∗ =
∆T/∆n

T
, (13)

where T is generally defined as T = (T1.00 +T1.01)/2 is the
mean value of the system’s resonance peak transmittance be-
fore and after refractive index change. Figure 7(b) shows the
FOM∗ versus wavelength curve in a refractive index range
from n = 1.00 to n = 1.01. From Fig. 7(b), the FOM∗ val-
ues of FR1, FR2, FR3, FR4, and LR, calculated from n = 1.00
to n = 1.01, are 136.70, 169.74, 133.58, 185.76, and 135.68
respectively, which are much higher than the results: 100 in
Ref. [44] and 87 in Ref. [47] reported previously.
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Fig. 7. (a) Transmission spectra for three different refractive indexes, and
(b) FOM∗ varying with wavelength of the whole system.
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3.2. Umbrella resonator coupling MIM waveguide struc-
ture with metal baffle (symmetry breaking)

In order to realize a chip-level integrated photonic de-
vice, multiple functions need to be performed simultaneously
in a single SPPs’ structure. In this case, we use the symme-
try breaking method to split the horizontal resonator L of the
“umbrella” refractive index sensor into L1 and L2, the other
geometric parameters remain the same as previous ones. The
umbrella resonator coupled with a metal baffle MIM waveg-
uide symmetry-breaking structure is shown in the following
Fig. 8.

Ag
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D
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S2S1

Ro

H

Fig. 8. Schematic diagram of umbrella resonator coupled with MIM waveg-
uide with metal baffle (symmetry breaking).
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Fig. 9. COMSOL (FEM) simulated transmission spectra of proposed struc-
tures respectively with only metal baffle (green solid line), only USR & VCS
(blue dash-dot line), and coupled system (red dotted line).

The transmission spectra of only metal baffle, only USR,
VCS, and the whole coupled system are shown in Fig. 9. First,
we discuss the change of the transmission response of the
whole system before and after the symmetry breaking of the
horizontal resonator. We fix the length of L1 at 205 nm and
set the degree of symmetry breaking to be ∆L = L2−L1, with
the other parameters unchanged. When ∆L values are 30 nm,
31 nm, 35 nm, 40 nm, and 50 nm, respectively, the change
of transmission spectrum is shown in Figs. 10(a) and 10(b).
When ∆L = 31 nm, a very weak Fano resonance that a new
Fano resonance peak (FR5) gradually appears in the transmis-
sion spectrum, occurs at 1313.5 nm. When ∆L changes from

31 nm to 50 nm, the transmittance of FR5 resonance peak in-
creases from 0.04 to 0.09, and the transmittance of dip reso-
nance tends to 0. When the symmetry of the horizontal res-
onator is broken (∆L = 31 nm), the magnetic field distribution
is anti-symmetric and the symmetry is further broken, Fano
resonance gradually becomes stable.
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Fig. 10. Plots of transmittance versus wavelength of proposed system (a) be-
fore and (b) after symmetry breaking of horizontal resonant cavity for five
different values of ∆L.

Figure 11 shows the magnetic field distribution of |Hz| at
the wavelengths of six transmission peaks. As can be seen
from the figure, six sharp Fano resonances appear in the trans-
mission spectrum, and the positions of the resonance peaks
are at 555.5 nm, 805 nm, 1039 nm, 1327 nm, 1360.5 nm, and
1626 nm, respectively. We can see that FR1, FR2, and FR3 are
generated by the interaction between the USR and the metal
baffle, while FR4, FR5, and FR6 are generated by the interac-
tion between USR and the VCS. We can find that the magnetic
field energy values that were evenly distributed in the horizon-
tal resonator before are different. For the FR4, the magnetic
field energy is mainly concentrated in the long part of the hor-
izontal resonator. For the FR5, the magnetic field energy is
mainly concentrated in the shorter part of the horizontal res-
onator. The characteristic that the energy of the magnetic field
is localized in different parts makes it possible to control mul-
tiple Fano resonances independently.[48]
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Fig. 11. Magnetic field distributions at wavelengths (a) 555.5 nm, (b)
805 nm, (c) 1039 nm, (d) 1327 nm, (e) 1360.5 nm, (f) 1626 nm, respec-
tively.
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Fig. 12. (a) Transmission spectra of the MIM structure changing with length
of horizontal resonator L1, (b) transmission spectra of two Fano resonance
peaks FR4 and FR5 (wavelength range from 1250 nm to 1550 nm), and
(c) resonance wavelengths of the two Fano resonance peaks FR4 and FR5
changing with horizontal cavity length L1.

We verify whether the two Fano resonances can be regu-
lated independently by adjusting the length and the length of
the horizontal resonator as shown in Figs. 12(a)–12(c). First,
we fix the length of L2 at 245 nm and adjust the length of
L1, the shorter part of the horizontal resonator, to observe
the change of the resonance peaks. When the length of L1

is adjusted from 190 nm to 205 nm, the resonance peaks of
FR5 and FR4 in the transmission spectrum shift slightly from
1313.5 nm to 1327 nm and 1341 nm to 1360 nm, respectively.
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Fig. 13. (a) Transmission spectra of the MIM structure with changing length
of the horizontal resonator L2, (b) transmission spectra of two Fano reso-
nance peaks FR4 and FR5 (wavelength range from 1250 nm to 1550 nm),
and (c) resonance wavelengths of two Fano resonance peaks FR4 and FR5
changing with horizontal cavity length L2.

Then we fix L1 length at 205 to increase the length of the
longer part of the horizontal resonator from 245 nm to 260 nm.
From Figs. 13(a) and 13(b), we find that the position of the
resonance peak of FR5 hardly changes, while the position of
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the resonance peak of FR4 changes uniformly. Thus, we can
determine that for the structure of this side-coupled crosshair
resonator, the two Fano resonances can be regulated indepen-
dently by adjusting the length and sides of the horizontal res-
onator. Figure 13(c) shows the variations of the resonance
peaks during the tuning of the horizontal resonator. We ob-
tain that the difference between the resonance peaks of FR5
and FR4 stabilizes when adjusting L2, the longer part of the
horizontal resonator. However, when adjusting L1, the shorter
part of the horizontal resonator, the difference of the resonance
peak of FR5 is very stable, but it will slightly affect FR4. This
effect can improve the sensitivity of FR4 to incident light fre-
quency, which is what we hope to see.[49]

.
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Fig. 14. (a) Transmission spectra with different refractive indexes and (b)
FOM∗ parameter variation with wavelength of the whole system.

The Fano resonance generated by the modified derived
structure also has a very small resonance peak difference, so
our system is very suitable for making sensors. We change the
refractive index of the filling medium in the resonant cavity
(n = 1.00 and n = 1.01), and the change of the transmission
spectrum is shown in Fig. 14(a). The refractive index sensitiv-
ities of FR1, FR2, FR3, FR4, FR5, and LR are 900 nm/RIU,
800 nm/RIU, 1000 nm/RIU, 1300 nm/RIU, 1300 nm/RIU,
1600 nm/RIU, respectively. The maximum values of these FR
sensitivity result 1300 nm/RIU and the sensitivity of LR result
1600 nm/RIU are much larger than 1002 nm/RIU in Ref. [50],
750 nm/RIU in Ref. [51], and 900 nm/RIU in Ref. [6]. This
indicates that the system which we designed is very suitable

for the sensor. Figure 14(b) shows the FOM∗ curves at dif-
ferent wavelengths when the refractive index n changes from
1.00 to 1.01. From the figure, we can see that the FOM∗ values
of FR1, FR2, FR3, FR4, FR5, and LR are respectively 136.47,
169.31, 193.00, 183.15, 123.94, and 139.80, which are much
higher than the previously reported results.[50–52]

4. Conclusions
In this paper, a single metal baffle MIM waveguide cou-

pled with a semi-circular cavity and a cross-shaped cavity is
proposed. When the TM wave is incident into the waveguide
structure, the SPPs will be generated at the interface of the
MIM. The SPPs form a continuous state on the metal baffle.
Meanwhile, the optical signal enters into a semi-circular cav-
ity and a cross-shaped cavity, forming a narrow discrete state.
In the near field, the continuous state and the discrete state
are coupled to each other to form Fano resonance. It is un-
able to manufacture the nanoscale materials in our laboratory,
and there is no microwave chamber for measuring transmis-
sion spectra. So we use the FEM and MICMT to simulate
the transmission spectra of this structure and analyze the influ-
ence of structural parameters on the refractive index sensing
characteristics. There is in good agreement between the two
results. Our structure not only is very sensitive to the change
of refractive index, but also can realize the independent tuning
of Fano resonance peak by changing the structure parameters
of semi-circular cavity and cruciform cavity as well as the fill-
ing medium. Changing the structural parameters of L1, L2,
H, g, and t can realize the Fano resonance peak position, the
transmission rate, and bandwidth of the effective control, and
can also have high sensing performance in the larger regula-
tion range. And the study of the symmetry-breaking features
shows that the structure can also produce obvious Fano res-
onance, and its mechanism makes the arrangement of Fano
resonance structure more flexible. After optimizing the struc-
ture parameters, the maximum refractive index sensitivity of
the device reaches 1600 nm/RIU and the FOM increases up
to 193.00. The research results are of significance for guiding
us in designing more simple, efficient, and easily machined
on-chip highly sensitive micro-nano sensors.
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