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Abstract: Due to their compact size and high sensitivity, plasmonic sensors have become a hot topic
in the sensing field. A nanosensor structure, comprising the metal–insulator–metal (MIM) waveguide
with a stub and a horizontal B-Type cavity, is designed as a refractive index sensor. The spectral
characteristics of proposed structure are analyzed via the finite element method (FEM). The results
show that there is a sharp Fano resonance profile, which is excited by a coupling between the MIM
waveguide and the horizontal B-Type cavity. The normalized HZ field is affected by the difference
value between the outer radii R1 and R2 of the semi-circle of the horizontal B-Type cavity greatly.
The influence of every element of the whole system on sensing properties is discussed in depth. The
sensitivity of the proposed structure can obtain 1548 nm/RIU (refractive index unit) with a figure of
merit of 59. The proposed structure has potential in nanophotonic sensing applications.

Keywords: MIM; horizontal B-Type cavity; Fano resonance; nanosensor

1. Introduction

Surface plasmon polaritons (SPPs) are a kind of electromagnetic phenomenon and
are bound to the vertical direction of propagation in the form of exponential decay [1].
As their wave vectors are much larger than the wave vectors of light in a vacuum, they
can be bound to the interface of metal media without radiating outwards. They have the
properties of local electric field enhancement, subwavelength binding of an electromagnetic
wave, selective absorption and scattering of light, etc. [2].

The Fano resonance is a unique phenomenon in SPPs-based coupling structures that
shows a sharp asymmetrical profile. Its physical essence is the interaction between the
narrow band mode and the broad band mode in the process of energy changing from the
initial state to the final state. The interaction phenomenon means the scattering of the struc-
ture is inhibited well in a narrow frequency band and has stronger local electromagnetic
properties in the near field. As the curve of Fano resonance is asymmetric and steep, it has
a high space electromagnetic field constraint ability, of which the subtle wavelength shift is
easy to distinguish [3,4].

One of the most important platforms for Fano resonance are metal nanostructures,
because such structures are prone to coherence effects. Metal nanostructures can support
surface plasmons well, and their resonance frequency is related to the morphology, size of
the metal particles and the refractive index of the surrounding environment and is easy
to tune [5–7]. The constructive and destructive interference between the broad band state
mode and the narrow band state mode is the fundamental reason for the resonance of
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metal nanostructures [8]. The broad band state mode can be directly excited by incident
light; the narrow band state mode cannot be directly excited by incident light, and the
coupling effect of the broad band mode needs to be excited [9–11]. The broad band state
mode and the narrow band state mode constitute the two resonance modes of surface
plasmons, and the broad band state and the narrow band state are directly coupled to form
the Fano resonance [12].

The metal–insulator–metal (MIM) waveguide structure, geometric size, and small
changes in the surrounding environment will make the transmittance and the position of
Fano resonance peak or dip largely [13–17]. Compared with narrow band and broad band
states without coupling effects, Fano resonance has stronger near-field local characteristics,
higher resolution, narrower full width at half maximum (FWHM) and higher figure of merit
(FOM) and is suitable for light transmission and control at sub-wavelength sizes [18–21].
Its resonance characteristics have been widely used in optical switching, pressure sensing
and refractive index sensing [22]. Therefore, many optical devices based on the Fano
resonance have been proposed.

In an optical switching field, Yang et al. designed a Berreman-type perfect absorber
which was switched on and off within 800 fs [23]. Kuttruff et al. realized a nondegenerate
all-optical ultrafast modulation which realized that the control of the reflectance was no
more than 3 ps at a specific wavelength [24].

In pressure sensing field, Wu et al. were the first to use the SPPs resonator to design
a pressure sensor which was no more than 1 µm [25]. Carrara et al. presented a pressure
measuring device, to report deep sub-wavelength size variations (<λ/200) [26].

In refractive index sensing field, Chen et al. designed a surface plasmon waveguide
structure, and the sensitivity is up to 1180 nm/RIU [27]. Qi et al. presented an asymmetric
plasmonic resonator system with sensitivity up to 1350 nm /RIU [28]. Yang et al. de-
signed an MIM waveguide structure with the sensitivity of 1075 nm/RIU [29]. Wang et al.
designed an isosceles triangular cavity obtaining a sensitivity about 1200 nm/RIU [30].
Zhu et al. proposed a key-shaped cavity achieving a sensitivity of 1261.67 nm/RIU [31].
Rahmatiyar et al. designed a circle resonance cavity coupled with a tapered defects waveg-
uide with the sensitivity of 1295 nm/RIU [32]. Chen et al. presented an MIM waveguide
coupled a resonator with a single metallic baffle with a sensitivity of 1120 nm/RIU [33].
Recently, some high-sensitivity refractive index sensors have been proposed. Butt et al.
proposed a nanosensor based on a metal–insulator–metal waveguide with the sensitivity
of 1948.67 nm/RIU [34]. Chao et al. proposed an MIM waveguide with a side-coupled
ring with several silver rods with the high sensitivity of 2080 nm/RIU [35]. At present, the
number of high sensitivity devices, whose sensitivities are more than 10,000 nm/RIU [36],
is small. Moreover, the high sensitivity is not the only criterion, and there are a lot of
demands in this field.

In this study, an MIM waveguide structure comprising the MIM waveguide with a stub
coupled with a horizontal B-Type cavity was proposed and analyzed as a refractive index
sensor. The effects of different geometric parameters on the normalized field distributions
HZ, transmission responses, the sensitivity (S) and figure of merit (FOM), were studied
in depth.

2. Materials and Methods

Figure 1 is the geometric structure of the presented design, which consists of a hori-
zontal B-Type cavity coupled with the MIM waveguide with a stub. Here, we use the 2D
model to replace the 3D one, which can simplify the calculation. As if the structure height
is larger than the skin depth of SPPs (in real photonic devices, the structure height is larger
than the skin depth of SPPs), the role of structure height in the losses of the 3D model can
be approximated by a 2D model. The green and white parts represent a Ag layer and air
(εS =1), respectively. The refractive index of the white part will change with the change
of surrounding materials. The transmission spectra are performed by the finite element
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method (FEM) numerically, and the dieletric constant of Ag can be expressed using the
Debye–Drude dispersion model:

εAg(ω) = ε1(ω) + ε2(ω)i = 1 −
ω2

pτ2

1 + w2τ2 + (1 −
ω2

pτ

ω(1 + w2τ2)
)i (1)

where ω, ωp = 1.38 × 1016 rad/s and τ = 7.35 × 10−15 s represents the angular frequency
of the light, the plasma frequency of Ag and the relaxation time, respectively [4,23].

Figure 1. The geometric structure of the coupled the horizontal B-Type cavity.

The length of the horizontal B-Type cavity is denoted as L. The outer and inner radii
of the semi-circle of the horizontal B-Type cavity are described as R1, R2, and r1, r2. The
height of stub is denoted by h. g is defined as the coupling distance. In this study, we set w
which stands for the width of the MIM waveguide at 50 nm to ensure only TM0 modes
exist in the waveguide. P1 and P2 are the input port and output port, respectively.

The simulation is a good method to study and optimize the SPPs’ structure because
their nanosize is difficult to manufacture. The physical model is built by the COMSOL
Multiphysics software which can also obtain the transmission spectrum by the FEM. First
of all, we need to create a physical field; and what we use here is the electromagnetic
wave frequency domain field. Next, we set the parameters and set the selected material.
Then, we design the scheme and draw the geometric structure. Furthermore, we configure
the parameters of the selected physics field. Finally, we set the boundary conditions and
grid for simulation. The perfect matched layer is set as an absorption boundary condition.
Moreover, ultra-fine meshing is chosen to realize simulative accuracy. In this design, sub-
domains are divided into triangular mesh elements with a fine mesh grid size. At the same
time, to approximate an open geometry, we use scattering boundary conditions at the outer
edges of the FEM simulation area.

3. Results

To understand the transmission properties of the designed structure, firstly, the whole
system, single stub and single horizontal B-Type cavity are compared. We fix initial
structural parameters as L = 460 nm, h = 10 nm, R1, R2 = 127.5 nm, r1, r2 = 77.5 nm,
g = 10 nm. The results are plotted in Figure 2.
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Figure 2. Transmission spectra of the whole system, the single stub and horizontal B-Type cavity.

Figure 2 shows that the whole system exhibits an obvious Fano resonance curve.
The transmission spectrum of the single stub shows a positive slop and has very high
transmittance, so the single stub excites a broad-spectrum resonance mode. The trans-
mission spectrum of the single horizontal B-Type cavity has a Lorentz-like shape, so it
excites a narrow spectrum resonance mode. Therefore, the Fano resonance is excited by the
interaction between the broad band mode and narrow band mode of the whole system.

The dip of the transmission wavelength which is denoted by the incident wavelength,
which (λFR) can be calculated according to the standing wave theory by:

λFR =
2Le f f ne f f

f − ϕre f /π
(2)

ne f f =
[
εAg + (k/k0)

2
]1/2

(3)

where Leff is the perimeter of the cavity, ϕre f is the phase shift of SPPs reflection in the
cavity, neff is the effective refractive index. Additionally, f is the resonance mode order
(f = 1, 2, 3 . . . ) [15]. k and k0 are the wave vector in the waveguide and wave vector in free

space and k =
√

β2 − εAgk2
0, k0 = 2π/λFR, β is the propagation constant [18].

As it is a nanostructure and the working wavelength is about 1600 nm, the material
loss must be taken into account. When ω < ωp, the imaginary part of εAg(ω) should be
taken into consideration which stands for the absorption loss. The tg(ε(ω)) is the general
formula of dielectric loss and, after calculating, it is about 0.08, which is a reasonable value.

The skin depth of silver is described as δAg = λ/(4π
√∣∣εAg(ω)

∣∣) which is 10.27 nm in this
system. Additionally, this means that the SPPs are bound to the metal surface.

As shown in Figure 3a, we can see two Fano resonance dips in the transmission
spectrum, and they are described as F1 and F2. Although the FWHM of F2 is narrower,
the sensitivity of F2 obtaining 760 nm/RIU is lower than that of F1 that is 1320 nm/RIU.
Therefore, we choose F1 as the object of this study.
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Figure 3. (a) Transmission spectrum of the system; (b,c) the magnetic field distribution HZ at λ = 1500 and 2000 nm.

In order to further understand the underlying principle of Fano resonance, the HZ
filed distributions are studied and plotted in Figure 3b,c. From Figure 3b, the power
flow is almost concentrated in the horizontal B-Type cavity and Fano resonance is excited,
the reason for which is that destructive interference is induced between the incident
SPPs and the SPPs from the stub to the MIM waveguide. From Figure 3c, the power
flow is almost concentrated in the MIM waveguide and transmission is enhanced, the
reason of which is that constructive interference is induced between the two excitations.
According to Equations (1)–(3) and the effective SPPs wavelength,λSPPs = λFR/ne f f , when
λFR = 1500 nm, λSPPs = 1071 nm, (π(R1 + L)/λSPPs ≈ 1, which shows that λSPPs = 990 nm
meets the condition of Fano resonance and confirms the simulation result when f = 1.

The S and FOM are important values for a sensor, which are described as:

S =
∆λ

∆n
(4)

FOM =
S

FWHM
(5)

where ∆λ is the shift of the resonance wavelength; ∆n is the change of refractive index [8,12].
We then analyze the effects of different similar structures on the transmission spec-

tra and normalized magnetic field HZ. The parameters are all consistent with those in
Figure 3, except ∆R = R1 − R2 which is the difference between R1 and R2. We study the
transmission spectra of different structures, whose ∆R are −100, −80, −60, −40, −20, 0, 20,
40, 60, 80 and 100 nm, respectively. As depicted in Figure 4, there are differences among
transmittance spectra of these eleven structures (when the absolute values of ∆R are equal,
their transmission spectra are similar, the reason for which is that the Leff are same and
their structures are symmetrical about the reference line, so we select part of the data for
more intuitive representation). Some observable phenomena can be seen in Figure 4: as the
absolute value of ∆R increases, the transmittance at their dips becomes lower. However,
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their FWHM becomes broader, which means obtaining a poorer FOM. At the same time, it
can be observed that the position of the dips change, an obvious redshift, when the absolute
values of ∆R increase. As for the ∆R = −100 nm, its transmission spectrum is more similar
to the Lorentz shape curve, which has the lowest transmittance among these structures but
a broad FWHM which leads to a low FOM. It can be concluded that proper destruction
of the symmetry of the structure can offer the gain for the generation of Fano resonance,
which has better sensing properties of low transmittance. As when ∆R is smaller than
−100 nm FOM becomes smaller than that of −100 nm and the trend it presented is not
different from the previous groups of experiments, it is meaningless to discuss in this part.
Therefore, when ∆R = 0 nm, the structure obtained the narrowest FWHM, which leads to
the best FOM of these structures.

Figure 4. Transmission spectra of different ∆R.

Furthermore, the normalized HZ field of these structures is analyzed, as plotted in
Figure 5. We can clearly observe in Figure 5 that when the absolute values of ∆R changed,
the normalized HZ field of these structures are still symmetrical about the reference line.
However, it was obvious that the smaller radius of the structure had a stronger binding
ability to the magnetic field and the big one had a wider magnetic field distribution, which
also means that the external environment can be detected over a wider range; there was
only one node in the ∆R = 0 nm structure, but there were two nodes in the other structures.
According to the above analysis, we can understand that we can change ∆R to obtain
different transmittance, the wavelength of Fano resonance and the normalized HZ field.
Hence, we choose the ∆R = 0 nm structure to study in this paper.

The measuring principle of the plasmonic refractive index sensing structure is that the
resonance dip will shift with the changing of the refractive index of surrounding materials.
The refractive index n varies from 1.00 RIU to 1.05 RIU in steps of 0.01 RIU, with the default
structure parameters L, R1, R2, r1, r2, h and g being set at 500 nm, 137.5 nm, 137.5 nm,
87.5 nm, 87.5 nm, 15 fnm and 10 fnm. In practical applications, the refractive index will
change according to the changes to be measured, such as temperature, humidity and
liquid concentration, etc. It is obvious in Figure 6a that the transmission spectra show a
remarkable redshift with the increasing n. Figure 6a shows that the Fano resonance dip
has a nearly linear shift with the change of ∆n. After calculating by the Origin plotted
in Figure 6b, the S is 1548 nm/RIU and the FOM becomes 59. The default values are the
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best structure parameters and the properties is better than most of those that are listed in
Table 1.

Figure 5. The magnetic field distribution HZ at the Fano resonance dip of (a) ∆R = 0 nm at
λ = 1500 nm; (b,c) ∆R = −20 and 20 nm at λ = 1502 nm; (d,e) ∆R = −40 and 40 nm at λ = 1506 nm;
(f,g) ∆R = −60 and 60 nm at λ = 1512 nm; (h,i) ∆R = −180 and 180 nm at λ = 1515 nm;
(j,k) ∆R = −100 and 100 nm at λ = 1530 nm.

Figure 6. (a) Transmission spectra of the refractive indices n ranging from 1.00 to 1.05 RIU. (b) Linear fitting of the sensitivity.
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Table 1. Comparisons of results with other previous research.

Reference Sensitivity (nm/RIU) Reference Sensitivity (nm/RIU)

This paper 1548 [31] 1262
[27] 1180 [32] 1295
[28] 1350 [33] 1120
[29] 1075 [34] 1949
[30] 1200 [35] 2080

Subsequently, the effects of geometric parameters of the design on sensing perfor-
mance are studied. The length of the horizontal B-Type cavity L is discussed first (R1, R2,
r1 and r2 will change with it). The values of L change from 420 nm to 500 nm at intervals
of 20 nm and other values are set as default values when n = 1, whose results are shown
in Figure 7. The resonance dip shows an obvious redshift with increasing L as depicted
in Figure 7a which can be explained by Equation (2): when L increases, the propagation
length of SPPs in the Fano resonance cavity will increase, which will cause the value of
λFR to increase. Moreover, it is clear that, when L = 420 nm, the resonance curve is more
similar to the Lorentz curve. However, with increasing L, the curve of asymmetry degree
is increasing, the S of the design will become higher from 1245 to 1548 nm/RIU when L
increases from 420 to 500 nm as plotted in Figure 7b. Therefore, The length of the horizontal
B-Type cavity L influences not only the position of Fano dip but also S.

Figure 7. (a) Transmission spectra of the different length of the horizontal B-Type cavity L; (b) linear fitting of the sensitivity.

Furthermore, we analyze the influence of different h on the transmission properties.
We change the values of h from 5 nm to 25 nm in a step of 5 nm and other values are set as
default values when n = 1, whose results are shown in Figure 8. The resonance dip shows
an obvious blueshift with increasing h as depicted in Figure 8a. Moreover, it is clear that,
with increasing h, the FWHM decreases, which means that FOM increases. The FOM of
the design increases from 18 to 100 as depicted in Figure 8b. However, when h increases
to 25 nm, it can be seen that the transmittance obviously becomes higher, which means
that h corresponds to the broad band in this system, and results in weakening the sensing
performance. Additionally, the transmittance will become higher, which will mean that the
SPPs are difficult to detect, when h is larger than 25 nm. Therefore, we only analyze that h
ranges from 5 to 25 nm. Considering this, we set h as 15 nm in this paper.



Photonics 2021, 8, 125 9 of 11

Figure 8. (a) Transmission spectra of h varying from 5 to 25 nm; (b) the tendency of full width at half maximum (FWHM)
and figure of merit (FOM) with increasing h.

Finally, we analyze the effects of different coupling distances on sensing properties.
The g is set from 5 to 25 nm and the results are plotted in Figure 9. With an increase
in g, there is an obvious blueshift and the transmittance becomes higher swiftly, which
means that the confinement of the cavity to energy becomes weaker. Additionally, the

attenuation distance is δAir = λ
√∣∣εAg(ω)

∣∣/(4πεS) = 1579 nm longer than the coupling
distance. Therefore, we can infer that SPPs from the stub can be coupled into the athletic
track cavity theoretically. According to this result, we can apply it to the pressure sensor
mentioned in the introduction, which will be a good application.

Figure 9. Transmission spectra of different coupling distance g.

The focused ion beam method is used to manufacture this structure. The specific
operation is that the focused ion beam is sputtered on the Ag film (the thickness of Ag
is about 100 nm) above the quartz substrate. Then, the nanostructure is patterned by
controlling the position of the focused ion beam. With the continuous advancement of
material science and MEMS (Micro-Electro-Mechanical System) processing technology, the
nanosenseor based on Fano resonance will be manufactured and used in real life.
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4. Conclusions

In this article, we propose a plamonic nanosensor based on a metal–insulator–metal
waveguide with a stub coupling with a horizontal B-Type cavity. The transmission proper-
ties of the design are investigated on COMSOL by using the FEM. The optimal geometrical
parameters L, R1, R2, r1, r2, h and g are at 500 nm, 137.5 nm, 137.5 nm, 87.5 nm, 87.5 nm,
15 nm and 10 nm, whose sensitivity and FOM are 1548 nm/RIU and 59, respectively. The
normalized HZ field is affected by the difference value between the R1 and R2 greatly. The
sensing performance can be controlled by adjusting the geometric parameters. R1, R2, r1,
r2 and L can adjust the sensitivity largely. The ∆R and h are the key to controlling the
lineshape and the FOM. The simple sensing structure we have proposed offers a better
choice for nanosensing.
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