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Optical devices play an important role in different fields, such as refractive index detection
in food processing and the biochemical industry. In our work, a novel nanoscale optical
structure, composed of a metal-insulator-metal waveguide with a stub and a horizontal
number eight-shape cavity (HNEC), is presented. The transmission properties of this
structure are investigated in detail by using finite element method The effects of geometric
parameters on sensing performance are studied in detail. Moreover, the influences of an
asymmetric resonator caused by shifting central rectangular cavity of HNEC on
transmission spectrum are discussed. The changing parameters of HNEC resonator
have different effects on different resonance dips. Then, when the parameters of this
presented structure are fixed as a of 540 nm, b of 340 nm,S of 0, l of 70 nm and g of 10 nm,
this intriguing structure can serve as a refractive index sensor, whose maximum sensitivity
can reach 1,500 nm/refractive index unit with a figure of merit of 75. Therefore, this
structure will contribute to the development of miniaturization of optical devices.
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INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic waves that can be considered as the energy
and optical signal carrier in next-generation ultrahigh-density integrated photonic circuits because
they can overcome the traditional diffraction limit [1–3]. Furthermore, SPPs also show a promising
pathway for realization of the high-sensitivity nano-sensor because of their strong field confinement
and the surface field enhancement at the interface of the metal and dielectric [4–6]. In recent years,
numerous SPP guiding structures have been systematically discussed, such as metal-insulator-metal
(MIM) waveguides, nano-slits, hybrid Bragg waveguides, metal nanoparticle waveguides, and
plasmonic nanoclusters. Among these, the MIM waveguides are considered as the preferable
structure as a result of its strong deep-subwavelength confinement, easy integration, and low
bend loss. Therefore, many kinds of optical devices based on the MIM waveguide coupled with
resonator are investigated, including nanosensors [7–13], demultiplexers [14], optical switch [15,
16], filters [17–19], logic gate [20], and so on. These devices can be applied in future optical on-chip
nanodevices.

An intriguing physical feature based on Fano resonance has been found. Fano resonance has great
potential in sensing fields owing to their comparatively high sensitivity and figure of merit (FOM)
[21]. This phenomenon arises from the coherent interference between bright mode and dark mode.
Its transmission spectrum shows a sharp and asymmetric profile [7, 22]. In the last few years, many
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works about the structure of the MIM waveguide coupled with a
resonator which can generate Fano resonance have been
produced. A nano-sensor was designed by Zhang et al. [7]
consisting of MIM waveguide and double rectangular cavity,
which achieved 596 nm/RIU. Zhang et al. [8] designed a
refractive index sensor with a sensitivity of 1,160 nm/RIU
(refractive index unit), which was comprised of MIM
waveguide and dual side-coupled ring resonators. Li et al. [9]
proposed a nanostructure with multiple rectangular cavities
based on MIM waveguide system which can reach 1,011 nm/
RIU with FOM of 47.91. Zhu and Li [10] presented a structure of
MIM waveguide coupled with a semicircular resonator and a
key-shape resonator, which can reach 1,261.67 nm/RIU.
Rakhshani [23] designed a structure with circular arrays of
nanorods and nanotubes for detecting cancerous cells, whose
maximum FOM and sensitivity are 19.5 and 1,055 nm/RIU,
respectively. Rakhshani [24] also proposed a structure using
nanorods array for imaging, which can reach 1,200 nm/RIU.
However, the problem of sensing performance hinders the
development of integrated optical circuits. Thus, how to
improve the value of FOM or sensitivity is a key task for
future research works.

In our work, a nanostructure composed of MIM waveguide
with a stub and a Horizontal Number Eight-Shape cavity (HNEC)
is designed. Furthermore, the model of proposed structure is
numerically analyzed by the finite element method. Here, the
formation reason of Fano resonance in our proposed structure is
investigated according to the transmission spectra and the
magnetic field distribution. Meanwhile, the effects of geometric
parameters of this structure on sensing performance are analyzed
in detail. Additionally, the influences of asymmetric resonator
caused by shifting central rectangular cavity of HNEC on
transmission spectrum are studied. Finally, the application of
the designed structure is discussed, which has a sensitivity of
1,500 nm/RIU and an FOM of 75. It has great potential for use in
refractive index nano-sensors. The sensing performance of the
proposed structure is better than those mentioned above. In
addition, compared with other MIM-based structures with
high sensing performance not listed, this structure has a
smaller size in the case of small performance gap. It can also
be integrated easily. This proposed structure makes it easier for

fabrication in the future. Hence, it will play an important role in
the high-density integrated optical circuit in the future.

GEOMETRY MODEL AND
COMPUTATIONAL METHOD

Figure 1 displays 2D and 3D schematics of the proposed
structure, comprising a MIM waveguide with a stub and a
HNEC resonator. As shown in Figure 1B, this structure is
built on the SiO2 substrate. The blue part and white part in
Figure 1 represent Ag and air, respectively. Silver is selected as the
metal material for MIM waveguide because of the lower power-
consumption. Compared with gold (Au), Ag has merit due to its
lower absorption and lower ohmic loss to guarantee a stronger
field intensity, which promotes the propagation properties. The
length of the HNEC is a and the width of the HNEC is b.g denotes
the coupling distance between the HNEC resonator and the stub
resonator, and l denotes the height of the stub resonator.
Meanwhile, to ensure that only the transverse magnetic mode
(TM) is propagated in this designed structure, the width of the
HNEC resonator, stub, and bus waveguide are w � 50 nm. S
represents horizontal shift distance of central rectangular cavity.
When S � 0 nm, the structure is in symmetry with the reference
line. In our work, the model of this structure is simulated by using
COMSOL Multiphysics 5.4a. The incident light enters this
structure from input port Pi and excites SPPs, which
propagate through the bus waveguide and couple into the stub
resonator and HNEC resonator. Finally, it will output from the
port Po. The transmittance of this system can be described as T �
|Po|

2/|Pi|
2.

The complex relative permittivity ε(w) of silver is described by
the well-known Drude dispersion model [25]:

ε(w) � ε∞ − ω2
p

ω2 + c2
+ i

ω2
pc

ω(ω2 + c2)
(1)

where ε∞ � 3.7, c � 0.018 ev, and ωp � 9.1ev. It agrees well with
the experiment value [26] in the range of 800∼2000 nm.

The TM mode equation of MIM waveguides is expressed as
[27, 28]:

FIGURE 1 | (A) 2D schematic of the proposed structure. (B) 3D schematic diagram of the designed structure.
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tanh(kw) � −2kpαc

k2 + p2α2
c

, (2)

where w denotes the width of waveguide and k is wave vector in
the waveguide. αc � [k0

2 (εin - εm) + k]1/2, p � εin/εm. The k0 � 2π/λ0
is the wave vector in free space. The εm and εin are permittivity of
metal and dielectric, respectively. According to (Eqs. 1, 2), the
real part of refractive index Re (neff) can be obtained by
Re (neff) � [ εm + (k/k0)

2]1/2. k can be calculated by equation
(Equ. 2) using iterative method.

Resonance would occur in this structure when the phase-match
condition is satisfied. According to the standing wave theory, the
resonance wavelength (λr) can be described as [8, 29, 30]:

λr �
2LRe(neff )
m − ϕref /π

, (m � 1, 2, 3...) (3)

where k can be solved by Equation 1 and mode order is m, which
can be calculated bym� 2L/λspp. L is the effective length of resonator.
λspp is the wavelength of SPPs and it can be expressed as λspp � λ0/
Re(neff). Re (neff) is the real part of effective refractive-index and φref
is the phase shift of SPP reflection at the cavity metal wall.

To evaluate the sensing performance of the designed structure,
two important evaluation indices should be considered, including
the sensitivity (Sr) and FOM. They can be described as [31]:

Sr � Δλ/Δn (4)

FOM � Sr/FWHM (5)

where Δλ and Δn are the variation of resonance wavelength and
change of refractive indices, respectively. FWHM is full width at
half maximum of resonant peak/dip.

SIMULATIONS AND RESULTS

To understand the transmission properties of the presented structure
and the formation process of Fano resonance, the transmission
spectra of waveguide with the HNEC resonator, waveguide with the
stub resonator, and prototype structure are investigated respectively.
The initial geometric values of the prototype structure arefixed as g�
10 nm, l � 70 nm, a � 540 nm, b � 320 nm, and S � 0 nm. The
transmission spectrum of the prototype structure exhibits two fano
resonances at 1,177 nm (R2) and 1,469 nm (R1) as shown in
Figure 2, and it shows an asymmetric and sharp outline. This
phenomenon can be explained by the interaction of bright mode
(broad continuous state) and dark mode (sharp discrete state). For
the black curve, the broad continuous outline, transmittance changes
slowly in the range of 0.7–1.0. Additionally, the stub resonator is
directly excited by the SPPs generated from the input port.
Therefore, the transmittance will remain at a relatively high
value, which can be called the bright mode. For the blue curve,
the transmission spectrum of the waveguide with the HNEC
resonator displays some dips, which are next to R1 and R2, with
extremely low transmittance. Further, the HNEC resonator is
directly excited by the stub resonator instead of the bus
waveguide. Thus, the HNEC resonator acts as a dark resonator
(dark mode).

Successively, to further explore the transmission
characteristics of the prototype structure, the magnetic field Hz

distributions of this structure are investigated. As depicted in
Figure 3, when incident wavelengths are at R1 and R2, most of
the magnetic field is concentrated in HNEC resonator. When the
incident wavelength λ � 1,469 nm, the effective length L � 2 (a-w)
+ 3 (b-w) � 1790 nm, according to Eqs 1–3, the effective index neff
≈ 1.377–0.003i, and the propagation length of SPPs Lspp ≈ 1/
(2kspp) � 1/{2k0 [εm× εin/(εm+εin)]

1/2} ≈ 32 μm. This total length of
this designed structure, at about 3 μm, is much smaller than the
propagation length of SPPs. Hence, the Ohmic loss in the metal
can be neglected. The effective SPPs wavelength λspp can be
calculated by λspp � λ/Re (neff) ≈ 1,067 nm. Hence, the mode
order can be calculated bym � 2L/λspp ≈ 3.36 � 3. In a similar way,
when the incident wavelength λ � 1,177 nm, λspp � λ/Re (neff) �
841 nm, and the mode order can be calculated by m � 2L/λspp ≈
4.26 � 4. It is consistent with the simulation results in Figure 3.
On the contrary, when we know the value of mode order, the
resonant wavelength can be calculated. It indicates that the
HNEC resonator has strong ability to trap the SPPs, resulting
in a lower transmittance in the spectrum. However, there are
some different characteristics in resonance R1 and R2. First, when
the incident wavelength is at R2, as plotted in Figure 3A, there are
four nodes in the HNEC resonator. The Hz field is divided into
three parts, two of which are concentrated on the ends of the
HNEC resonator. However, when wavelength is at R1, there are
three nodes in the HNEC resonator, as shown in Figure 3B. The
Hz field is divided into two parts, which are concentrated on the
upper parts and lower parts of the HNEC resonator. Second, as
shown in Figure 2, it can be seen that the FWHM of R2 is
narrower than that of R1. Third, after calculating the sensitivity of
the two dips in prototype structure (this will be calculated in the
discussion below), the sensitivity of R1 is 1,423 nm/RIU and that
of R2 is 1,162 nm/RIU. These phenomena show that the
resonance caused by different incident wavelengths have

FIGURE 2 | Transmission spectra of the waveguide with the HNEC
resonator (blue line), waveguide with stub resonator (black line), and prototype
structure (red line).
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different sensing performances. According to Eqs 3–6, the change
of resonance wavelength will make the dip in the different
resonance mode, which has a great relationship with the
sensing performance of the presented structure.

Subsequently, the influences of geometric parameters of this
prototype structure on sensing performance are studied. The
impact of the length a of HNEC resonator is examined. The value
of a changes from 520 to 560 nm at intervals of 10 nm and other
parameters of this structure remain the same. The resonance R1
and R2 have evident redshift with increasing a as plotted in
Figure 4A. According to equation (3), the resonance wavelength
will red shift with the increase of the effective length of the HNEC
resonator by increasing a. Additionally, the transmittance of R2
increases with the increase of a but that of R1 has no obvious
change. It can be inferred that the R2 is more susceptible to the

changes of geometric parameters. Figures 4B,C show the fitting
curve of sensitivity at different resonance dips. For the R2, the
maximum and minimum sensitivity are 1,174 nm/RIU and
1,137 nm/RIU, respectively. For the R1, the maximum and
minimum sensitivity are 1,477 nm/RIU and 1,386 nm/RIU,
respectively. Moreover, the change of sensitivity at R1 when
increasing the a is more obvious than that of R2. Therefore,
the dip R1 is more suitable to act as a nanosensor than dip R2.

Similarly, the effects of the width b of HNEC resonator are
then investigated. The parameter b increases from 300 to 340 nm
at intervals of 10 nm and other parameters of this structure stay
the same. The resonance dips have obvious red shift with the
increase of parameter b in Figure 4D. The reason for this
phenomenon is the same as the explanation of parameter a
mentioned above. When increasing b, the transmittance of dip

FIGURE 3 | The Hz field distribution at (A) λ � 1,177 nm (R2), (B) λ � 1,469 nm (R1).

FIGURE 4 | (A) transmission spectra for different a of HNEC; fitting curve of sensitivity (B) at R2; (C) at R1; (D) transmission spectra for different b of HNEC; fitting
curve of sensitivity (E) at R2; (F) at R1.
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R2 increases remarkably and that of dip R1 still has no obvious
change. The sensitivity of dip R1 and R2 increase remarkably with
the increase of parameter b in Figures 4E,F. It is indicated that the
transmission properties are mainly determined by the parameter
b. In other words, b is a key parameter in the presented structure,
which can be applied in tuning the sensing performance of this
structure to meet individual requirements.

The remaining geometrical parameters of HNEC are
investigated, including parameter l and parameter g.
Transmission spectra for different l is shown in Figure 5A,
which increases from 50 to 90 nm at intervals of 10 nm.
Meanwhile, other parameters remain unchanged. When l
increases, the resonance wavelength and the transmittance of
R1 and R2 stay the same. It is indicated that transmission
properties are almost unaffected by the height of the stub
resonator. Moreover, after calculating FWHM and the
sensitivity, two evaluation indices also lack obvious changes
when increasing l. It can be seen that l is not an important
parameter for this structure. However, for coupling distance g, the
transmission spectra have changed dramatically, as shown in
Figure 5B. It is seen from Figure 5B that the transmittance of R1
and R2 increases sharply with the increase of coupling distance. It
can be explained by the theory that the ability of coupling SPPs
into HNEC resonator becomes weaker with increasing g.
Furthermore, Figure 5C shows that the FWHM of R1 and R2
decreases with the increase of g. When the coupling distance is
equal to 10 nm, the values of transmittance and FWHM are in
good condition. Therefore, the coupling distance g � 10 nm is
more suitable for the presented structure.

In this paper, the influences of asymmetry of the HNEC
resonator on the transmission properties are also investigated.
Six derived structures obtained by shifting the central rectangular
cavity of HNEC resonator are discussed. The displacement
distances S of the derived structures are set as −50, −100,
−150, 50, 100, and 150 nm, respectively. The other parameters
are still fixed as a of 540 nm, b of 320 nm, l of 70 nm, and g of
10 nm. In order to describe this easily, the derived structures are
divided into three groups. Group 1 is composed of the structure
with S � 150 nm and structure with S � −150 nm. Group 2 is
composed of the structure with S � 100 nm and structure with S �

−100 nm. Group 3 is composed of the structure with S � 50 nm
and structure with S � −50 nm. As shown in Figure 6A, structures
in the same group have similar transmission spectrums. It can be
inferred that two structures that are in symmetry with the
reference line have similar transmission properties. Therefore,
the structures with S � 0 nm, S � 50 nm, S � 100 nm, and S �
150 nm are then investigated. There are two intriguing
phenomena in Figure 6A. First, when S gradually increases,
R1 has red shifts, while R2 has blue shifts. To easily explain
this phenomenon, as shown in Figure 6B, we assumed that the
larger rectangle right above the stub resonator is the Rect 1 and
another smaller one is Rect 2. It can be seen from the above
discussion that movement of resonance dip is related to the
effective length of the resonator. Therefore, it can be inferred that
R1 is mainly affected by Rect 1 and R2 is mainly affected by Rect
2. As a result, the R1 has red shifts and the R2 has blue shifts when
S gradually increases. Second, for R2, the transmittance of
resonance dip obviously decreases with the increase of S.
However, for R1, the transmittance of resonance dip has no
obvious variation trend. It is indicated that the ability of trapping
SPPs for R2 is enhanced with the change of S. To further explain
the reason of this phenomenon, the Hz field distributions of the
structure with S � 0 nm, S � 50 nm, S � 100 nm, and S � 150 nm at
R2 are studied. As shown in Figures 7A–D, when S � 0 nm, the
magnetic field distribution at both ends of the HNEC resonator
are similar, and the magnetic field mainly concentrates on the
central rectangle cavity. Meanwhile, the Hz field is in symmetry
with the reference line. However, when increasing S, the Hz field
intensity of the leftmost rectangle becomes gradually weaker and
stronger in the rightmost rectangle cavity. The distribution of
magnetic field becomes asymmetric due to the asymmetric
structure. Moreover, the power flow at ends of the HNEC
resonator is difficult to leak into the bus waveguide. Therefore,
the transmittance of R2 gradually decreases with the increase of S.
However, for R1, as shown in Figures 7E–G, the Hz field is always
distributed in the upper and lower part of the HNEC resonator.
The power flow leakage leads to similar transmittance of
resonance dip. Meanwhile, due to the influence of the Hz field,
the corresponding electric field distributions are shown in
Figure 8.

FIGURE 5 | (A) Transmission spectra for changing l of HNEC resonator; (B) transmission spectra for changing g of HNEC resonator; (C) the value of FWHM for the
increase of g.
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APPLICATION OF THE DESIGNED MODEL

The structure, whose parameters are fixed as a � 540 nm, b �
340 nm, g � 10 nm, l � 70 nm, and S � 0 nm, served as the
refractive index sensor in the following discussion according to
the influence of structure parameters on sensing performance.
From the conclusion of the above paragraphs, the sensing
performance of R1 is better than that of R2. Therefore, R1 is
considered as the appropriate resonance dip for the detection.
Based on this structure’s parameters just mentioned, R1 of the
presented structure can obtain its best performance whose
sensitivity is 1,500 nm/RIU with a FOM of 75. Table 1 shows

comparisons of results with some reported research [32–34] on
structure type, sensing performance, and wavelength range in
recent years. As shown in Figure 9, the dips exhibit linear
redshift. That is to say, the refractive index can be obtained by
the value of R1 when this structure serves as the refractive-index
sensor. The fabrication of this structure can be realized by the
focused iron beam on a 100 nm thick Ag film that is sputtered on
a quartz substrate [35, 36]. Additionally, another way to fabricate
the proposed structure is to deposit a thin layer of Ag on a quartz
substrate and then etch the silver film. Specifically, the Ag film is
deposited on a quartz substrate followed by a spin coating of an
electron-sensitive film (resist). The custom shapes on a resist can

FIGURE 6 | (A) Transmission spectra for changing displacement distance. (B) schematic of defining Rect one and Rect two.

FIGURE 7 | The Hz field distribution of structure with (A) S � 0 nm; (B) S � 50 nm; (C) S � 100 nm; (D) S � 150 nm at R2. the Hz field distribution of structure with (E)
S � 0 nm; (F) S � 50 nm; (G) S � 100 nm; (H) S � 150 nm at R1.
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be fabricated by using E-beam lithography. Then, to obtain the
desirable pattern, wet etching can be used to remove the
undesirable Ag. Finally, the resist is removed [37]. The
nanofiber is connected to input port as an incident channel
for light source. Meanwhile, the output signal will be detected

by JY Confocal Raman Microscopy that is connected to output
port [38].

Additionally, physical quantities linearly related to the
refractive index can also be measured. For example, it can be
used as biochemical sensors in glucose concentration detection.

FIGURE 8 | The electric field distribution of structure with (A) S � 0 nm; (B) S � 50 nm; (C) S � 100 nm; (D) S � 150 nm at R2. the Hz field distribution of structure
with (E) S � 0 nm; (F) S � 50 nm; (G) S � 100 nm; (H) S � 150 nm at R1.

TABLE 1 | comparisons of some reported research.

References Structure type Sensitivity FOM Wavelength range

[9] Multiple rectangular cavity 1,011 nm/RIU 47.91 550–1,650 nm
[10] Semicircular resonator 1,261.67 nm/RIU — 600–1,600 nm
[32] Racetrack resonator 4,650 nm/RIU — 3,000–6,000 nm
[33] Racetrack resonators 1,618 nm/RIU 89 600–2000 nm
[34] Double-square resonators 1,380 nm/RIU 143 500–2000 nm
This paper Horizontal Number Eight-Shape Cavity 1,500 nm/RIU 75 1,300–1700 nm

FIGURE 9 | (A) transmission spectra for variable n; (B) fit curve of sensitivity at R1.
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Changes in concentration of the glucose solution have influence
on the refractive index of the solution. So, when we get the value
of refractive index by detecting the resonance dip, the
corresponding concentration of glucose solution can be
calculated. The glucose solution can be loaded into this
structure by capillary attraction [39]. The relationship between
refractive index and glucose concentration is described in detail in
Refs. [10, 40]:

n � 0.00011889C + 1.33230545, (6)

where C is the glucose concentration (g/L) and n is the refractive
index. According to the Equation 6, the corresponding
concentration value can be calculated when the refractive
index is measured.

CONCLUSION

In summary, a novel nanostructrue is proposed in this paper,
which consists of waveguide with a stub and a horizontal number
eight-shape cavity. It has great advantages in the application of a
refractive index nanosensor and other biochemical nanosensors.
When the parameters of this presented structure are fixed as a of
540 nm, b of 340 nm, S of 0, l of 70 nm, and g of 10 nm, the
maximum sensitivity of 1,500 nm/RIU and FOM of 75 can be
obtained. There are two research results in this paper. On the one
hand, the sensing performance can be adjusted by changing the
structure parameters. The parameter b plays a vital role in
adjusting sensitivity of this proposed structure. Moreover, the
parameter g is a key parameter in changing the transmittance and
FWHM. Compared with b and g, the parameter a and parameter l
have little influence on the sensing performance of this structure.
On the other hand, the asymmetric resonator caused by the
shifting central rectangular cavity of HNEC resonator has
different effects on different resonance dips. The transmission
properties of R1 are mainly affected by Rect 1 and that of R2 are

mainly affected by Rect 2. Therefore, our work is significant for
the development of optical on-chip nanodevices. Meanwhile, this
study also has reference significance for other researchers in the
design of high-performance optical nanostructures.
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