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Abstract—In this paper, a plasmonic sensor based on a metal-insulator-metal (MIM) waveguide with
a slotted side-coupled racetrack cavity is proposed. The transmission characteristics of the cavity are
analyzed theoretically, and the improvements of performance for the racetrack cavity structure compared
to a single disk cavity are studied. The influence of structural parameters on the transmission spectra
and sensing performances is investigated thoroughly. The achieved sensitivity for the first mode was
S = 959 nm/RIU and S = 2380 nm/RIU for the second one. Its corresponding sensing resolution is
1.04 × 10−5 RIU for mode 1 and 4.20 × 10−6 RIU for mode 2, respectively, and high transmissions are
achieved at the two resonant wavelengths of 898.8 nm and 1857.1 nm. The proposed plasmonic sensor
is a good candidate for designing novel devices and applications, in the field of chemical and biological
sensing, and also in the field of plasmonic filters, switches, etc.

1. INTRODUCTION

Due to the advances achieved in the investigations of electromagnetic properties of nanostructure
materials, the interest in the field of nanoplasmonics is rapidly increasing [1–3], which has opened
up many opportunities toward practical applications. The extreme confinement and enhancement of
light at the nanoscale are very interesting features of metallic nanostructures [4–7]. The understanding
of this confinement has led to the development of a wide range of interesting materials for various
fields. Plasmonic field represents the study of the interaction between electromagnetic radiation and
free electrons of a metal [1, 2]. In certain conditions these interactions are conduced to a collective
excitation of conductive band electrons, a surface plasmon (SP) that is [1].

Surface plasmon polaritons (SPPs) are particularly important in the integrated optics research
field [8–10]. SPPs are electromagnetic waves that propagate along the metal-air or metal–dielectric
interface in plasmonic nanostructures due to their specific merit of confining and manipulating light in
subwavelength scale [11–13]. They have attracted a great deal of attention and been applied to various
devices and technologies based on the SPPs, such as plasmonic filters, metamaterials [14–17], optical
couplers [18, 19], optical switching [20], slow-light [21, 22], and biosensors [23–26].

Among the different plasmonic structures, SPPs-based MIM waveguide [27] structures at the
subwavelength scale have aroused great interest due to their good properties of light confinement [28, 29],
the wide range of available frequencies, the absence of bending losses, and the ease of manufacturing.
Accordingly, it is considered as an important and promising component in integrated optical circuits,
and a promising candidate for integrated plasmonic biosensing devices [25, 26, 29–32]. Zhang et al. [30]
proposed a plasmonic refractive index (RI) sensor based on MIM waveguide, coupled with a concentric
double ring resonator (CDRR).
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Wang et al. [31] reported an RI nano-sensor composed of a MIM waveguide with a baffle and a
circular split-ring resonator cavity. Ben Salah et al. [26] proposed a plasmonic refractive index (RI)
sensor based on MIM waveguide coupled with double teeth and a rectangular shaped defect inside the
first tooth cavity. Recently, in another study presented by Yu et al. [25], a slotted side-coupled disk
resonator (SSCDR) was inserted with a metallic block based on the subwavelength MIM waveguide
containing a baffle, applied to nano-filters, RI sensors, temperature sensors, and slow light devices.

In this paper, a slotted side-coupled racetrack resonator is proposed as a specific sensor to
theoretically demonstrate that the cavity with a slotted racetrack resonator infiltration can be used for
RI sensing, where the increase in the RI is accompanied with changes to the resonance characteristics
of the cavity.

The simulation results show that the resonance wavelength is shifted with the variation of RI and
the proposed cavity exhibit high RI sensitivity, with high transmission and wide measurement range.

2. STRUCTURAL AND THEORETICAL ANALYSIS

The proposed structure is shown in Figure 1, which consists of a MIM slit (waveguide) with w = 50 nm
as a width and fixed to that value so the only excited mode is (TM) in the MIM waveguides [33],
embodying a baffle with a width D. This waveguide is coupled with a Slotted-Side Coupled Racetrack
Resonator (SSCRR), with R as the radius of two disks intertwined with distance X. H is the width of
slot in the cavity, with a length L1. Y and L2 represent the length and width of the inserted metallic
block. The values of D, R, L1 = L2, and H are respectively fixed to: 30 nm, 300 nm, 180 nm, and
50 nm. Gap = 10 nm is the distance between the SSCRR and the waveguide. The gray area represents
the silver layer, and the white one represents the dielectric material. The frequency dependent dielectric
constant of silver is calculated and expressed by Lorentz-Drude model [34]:

εm (ω) = ε∞ − ω2
p

ω(ω + iγ)
(1)

In Eq. (1), ε∞ is the dielectric constant at the infinite angular frequency with a value of 3.7, ωp the bulk
plasma frequency (ω = 1.38 × 1016 Hz), γ the electron collision frequency (γ = 2.73 × 1013 Hz), and ω

Figure 1. Schematic diagram of the proposed structure.
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the angular frequency of the incident wave in vacuum [35].
To simulate the excitation process in SPP mode, the incident light must be polarized in TM mode,

from where the magnetic field is parallel to y axis [36]. The resonance wavelength λm of the plasmonic
elliptical cavity can be obtained theoretically by [37]:

λm =
2neffS

m − φref

π

(2)

where neff is the real part of effective refractive index, S the effective length of the resonator, ϕref the
phase, and m a positive integer which signifies the resonance order in the resonator.

3. SIMULATION RESULTS AND DISCUSSION

A two-dimensional FDTD method of Rsoft tool is used to analyze the structure with perfectly matched
layer (PML) absorbing boundary condition in x and z directions of the simulation domain [38]. The
incident light for excitation of the SPP mode is TM-polarized. In the simulation domain, the grid sizes

(a)

(b)

Figure 2. (a) The transmission spectra of MIM plasmonic waveguides coupled with disk and racetrack
cavity with n = 1, X = 40 nm, Y = 300 nm. (b) Magnetic field patterns of the MIM plasmonic
waveguides coupled with racetrack cavity at resonance wavelengths of = 0.8695µm (left), 1.7391 µm
(right).
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in x and z directions are chosen to be Δx = Δz = 5nm and Δt < Δx
c
√

2
due to the Courant condition

which are sufficient enough for numerical convergence.
The transmitted light was collected at the right side of the waveguide which is defined as

T = Pout/P in. Initially, the structural parameters are set to X = 40 nm, Y = 300 nm, and both
the insulator in the dielectric core and the cavities have a refractive index n of 1.

As we can see in Figure 2(a), the structure with SSCDR cavity [25] exhibits a low transmission
peaks (black line), compared to our design with the SSCRR (red line), at the resonance wavelengths of
λ1 = 869.5 nm and λ2 = 1739.1 nm, corresponding to the first and second resonance modes. Compared
to the SSCDR structure when X = 0 [25], it is obvious that when X �= 0 (transformation of the disk
resonator to racetrack resonator), the structure has a relatively high transmittance, and it is clearly seen
that there is an enhancement in the transmission of 32% for the first peak at wavelength λ1 = 869.5 nm,
and 61% for the second peak at λ2 = 1739.1 nm in our proposed racetrack resonator compared to the
disk one.

Figure 2(b) depicts the field distributions |Hy| of the proposed structure. It is clear that the
incident light with the wavelengths of λ1 = 869.5 nm and λ2 = 1739.1 nm couples to the output, while
the rest of the wavelengths are blocked, at these wavelengths, and the light remains confined in the
structure.

To investigate the underlying physics of the Fano line shapes in the proposed structure, the structure
could be divided into the following two structures: a MIM waveguide with baffle and an individual
SSCRR resonator. The transmission profile of an isolated MIM waveguide with a baffle Figure 3
(Bleu line) corresponds to the broadband continuous spectrum, which has a negative slope and a low
transmittance. The transmission profile of the individual SSCRR resonator (red line) has two narrow
transmission dips, hence, we consider this as a narrowband discrete state.

Figure 3. The FDTD simulation results. The transmission spectra of the single metal baffle, and
coupled waveguide plasmonic structure, single ring resonator.

The two Fano resonances were excited by the MIM waveguide with a baffle mode interacting with
the symmetric two modes of the SSCRR resonator.

The interference of the continuous spectrum (resonator) and the discrete spectrum (baffle which is
the new resonator) results in an asymmetric Fano-like line (green line).

Figure 4(a) depicts the transmission spectra of the proposed structure, by increasing the refractive
index from 1 to 1.08 in steps of 0.02. The increase in the refractive index led to a red-shift of resonance
wavelengths of the transmitted spectra, with a larger shift in mode 2 than mode 1. Figures 4(b) and
(c), show the linear relationships between the refractive index and the wavelength of modes 1 and 2.
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(a)

(b) (c)

Figure 4. (a) The transmission spectrum of MIM sensor for different refractive index n. (b) The
resonance wavelength versus the refractive index n of the material under sensing for mode 1. (c) The
resonance wavelength versus the refractive index n of the material under sensing for mode 2.

For designing and analyzing the SPR based sensors, the sensitivity is a very important aspect,
which can be calculated as S = Δλ/Δn (nanometer per refractive index (nm/RIU)) [39], where Δλ
denotes the shifting rate of resonant peak wavelength of transmittance, and Δn represents the changing
rate in the refraction index in the plasmonic sensor structure.

Keeping other parameters unchanged and increasing the refraction index from n = 1 to n = 1.08, the
sensitivity for the first mode is around 860 nm/RIU and for the second mode is around 1571.4 nm/RIU.
Subsequently, we will calculate and optimize the transmission and sensitivity of the SSCRR by adjusting
the geometrical parameters of the racetrack cavity made by air, the intertwined distance X, and the
length of the inserted metallic block Y .

At first, in order to study the effect of the difference X between the radii of two disks on the
transmission characteristics, X is gradually increased from X = 0 to X = 65 nm (X = 0, 20, 40, 60, and
65 nm), and other parameters are fixed at Y = 300 nm and n = 1. Figure 6(a) shows the transmission
spectra of the two modes for different values of X, where it can be noted that as the distance X
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Figure 5. (a) Transmission spectra of MIM sensor for X varying from 0 to 65 nm. (b) The transmission
versus the distance X = 0, 20, 40, 60 and 65 nm and Y =30nm of the two modes.

increases, the resonance wavelength exhibits a slight blue-shift, with an increase followed by a decrease
in the transmission. From Figure 5(b), it is seen that when the distance X is increased and within
the interval of 0–60 nm, the transmission level is enhanced, conversely to the case outside this interval,
where the transmission level is decreased.

Racetrack resonator possesses characteristics of both rectangle and disk cavity. A rectangle
resonator can support Fabry-Perot modes FPMs, and a disk resonator can have whispering-gallery
modes WGMs [40]. Therefore, such a racetrack resonator possesses a hybrid characteristic of both
rectangle and disk resonators via changing parameter X of the ellipse, and the resonant wavelengths of
FPMs and WGMs can be independently tuned and close to each other.

The best transmission values of 0.95 and 0.86 were observed for mode 1 and mode 2, respectively,
at X = 60 nm.

Secondly, in order to study the influence of the length of the inserted metallic block Y , on the
position of the resonance wavelength, Y is gradually increased from Y = 280 nm to Y = 360 nm with an
interval of 20 nm, and the other parameters are fixed at X = 60 nm and n = 1. Figure 5(a) illustrates
the transmission spectra of MIM structure for different values of Y .

It is noted that the resonance wavelength increases with the increment in the value of Y (see
Figure 6(a)), meaning that the change in Y causes a shift in resonance wavelength, and the shift for
mode 2 is larger than that in mode 1. Figure 6(b) shows an approximately linear relationship in the
resonance wavelengths of the two modes as a function of Y .

Third, we also study how the length of the inserted metallic block Y affects the sensitivity of the
MIM sensor. The refractive index n is gradually increased from n = 1 to n = 1.08 nm in steps of 0.02
for different lengths of the inserted metallic block Y (Y = 280 nm to Y = 360). Figure 7(a) shows the
linear relationship between the resonance wavelength and the refractive index for different values of Y
for both mode 1 and mode 2.

Figure 7(b) depicts the sensitivity as a function of the length of the inserted metallic block Y . It
is noted that an enhancement of the sensor’s sensitivity is achieved by increasing the value of Y in the
range of 280–340 nm. For mode 1, the sensitivity was 959 nm/RIU whereas in the case of mode 2, the
sensitivity was 2380 nm/RIU.

With the wavelength detection resolution of Δλ = 0.01 nm, which is a high-resolution, optical
spectrum analyzer can process it, the sensing resolution of the refractive index sensor, defined as
R = (dn/dλ)Δλ [41], will be 1.04× 10−5 RIU for mode 1 and 4.20× 10−6 RIU for mode 2, respectively
corresponding to the value Y = 340 nm, in comparison to sensitivity of 840 nm/RIU for mode1 and
1776.5 nm/RIU for mode 2 where the value of Y was 280 nm.
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(a) (b)

Figure 6. (a) Transmission spectra of MIM sensor for different lengths of the inserted metallic block
Y . (b) Resonance wavelength as a function of the length of the inserted metallic block Y .

(a) (b)

Figure 7. (a) The resonance wavelengths versus the refractive index for different Y . (b) Sensitivities
of MIM sensors as a function of Y .

Table 1. Sensitivity comparison of different sensor structures.

Reference Sensitivity (nm/RIU ) Year
[42] 1540 for mode 1 and 1010 for mode 2 2018
[30] 1060 2018
[31] 1114.3 2019
[26] 2602.5 2019
[25] 1700 for mode 2 and 900 for mode 1 2020

Our results 2380 for mode 2 and 959 for mode 1 2020
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Table 1 compares the sensitivity (S) of our proposed structure to other MIM based plasmonic
sensors in the literature.

4. CONCLUSION

A slotted side-coupled racetrack cavity for RI variation measurement was theoretically proposed and
optimized. When the transmission sensitive characteristics of the structure are incorporated with the
resonance characteristics of the cavity, the variation of RI could be theoretically obtained by monitoring
the output resonance wavelength of the cavity. After optimizing the structural parameters of the
proposed design, the proposed slotted side-coupled racetrack cavity sensor exhibited a high sensitivity
of 959 nm/RIU and 2380 nm/RIU for mode 1 and mode 2. It was also demonstrated that the optimized
cavity could be used in a large scale of RI measurements, making it a possible candidate for gas sensing
applications.
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