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Abstract
A plasmonic refractive index sensor based on a metal-insulator-metal (MIM) waveguide coupled with rings and two 
cavities and interconnected teeth is proposed and investigated numerically. Transfer (T), sensitivity (S) and Figure of Merit 
(FOM) were calculated and analysed via Finite Difference Time Domain method (FDTD). The simulation results show 
the generation of double Fano resonances in the system that the resonance line-shapes and the resonance wavelength can 
be adjusted by changing the geometry of the device. By optimizing the structure in the initial configuration, the maximum 
sensitivity of 2832 nm / RIU and FOM of 15.1 is achieved. Then we change the structure parameters and the number 
of resonators. In this case, the maximum sensitivity and FOM are 2083nm / RIU and 18.9 respectively. Therefore two 
detection points can be used for the refractive index sensor. Such a plasmonic sensor with simple and optimal framework 
could be suitable and practical for sensing systems and integrated optical circuits. 
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1. Introduction 
Surface plasmon polaritons (SPPs) are electromagnetic fields propa-
gating along the interface of metal-insulator, and have been debated 
for decades due to the ability to modulate light in nanoscale as well 
as break the diffraction limit [1,2]. Plasmon surface polaritons can 
also be used to transfer data in high-density photonic integrated cir-
cuits [3]. The importance of plasmon surface polaritons has led to 
the study and design of various types of plasmonic devices such 
as filters, absorbers, splitters and sensors, among which plasmonic 
sensors have attracted more attention because they are much smaller 
in size comparable to sensor performance. This means that they are 
more suitable for integrating [4-10]. So far, various sensors such 
as refractive index sensors, temperature sensors, phase sensors  and 
gas sensors have been designed and analyse. A sensor must have 
high sensitivity (S) and high competence (FOM) to have excellent 
performance and quality. Therefore, these two factors must be eval-
uated [11-15]. Fano resonance is used to improve the performance 
of sensitivity and figure of merit (FOM) which results from struc-
ture symmetry break or dark-bright resonance interference, and it 
has an asymmetric spectral line shape with narrow FWHM that is 
very sensitive to changes in structure parameters and surrounding 
environment [16-22]. This phenomenon occurs when a discrete 
state is paired with a continuous state and can also be caused by the 
interaction between a wide bright mode and a narrow dark mode 
[23,24]. Also in this research, metal-insulation-metal waveguide 
(MIM) is used to create a regular and quality structure.  Because 

this waveguide has many features such as high wavelength propaga-
tion amplitude, overcoming the diffraction limit and the capability to 
confine light within considerable propagating length [25-32]. These 
structures will also increase the speed of information processing by 
integrating integrated electronic and photonic features [33]. In this 
paper, we propose a refractive index sensor with a simple plasmonic 
structure consisting of two waveguides, rings and two cavities with 
interconnected teeth. The transmission spectrum, and magnetic field 
distributions | Hz | are simulated by the Two-dimensional time do-
main (FDTD) with completely matched layer boundary conditions 
(PML) and simulation parameters, Δ x and Δy equal to 8 nm, are 
simulated. The results indicate the design of a sensor with proper 
and regular operation. 
 
2. Theory Analysis and Structural Model 
As shown in Fig.1, the proposed structure has two waveguides, a 
ring and two cavities. Each cavity has ten teeth. The width of the two 
waveguides is equal to W = 50 nm. The middle ring, which is locat-
ed in the middle of two waveguides, has an inner radius of r = 152 
nm and an outer radius of R = 192 nm. The cavities have a length 
of L = 565 nm and a height of H1 = H2 = 25 nm. The teeth have a 
length of g = 25 nm and a height of h = 85 nm. According to the re-
sults obtained from several simulations, the best performance of the 
proposed sensor is obtained when the distance between the cavities 
and the waveguide is D = 287.5 nm and the distance between the 
teeth and the waveguide is d = 220 nm. 
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Fig.1 2D picture of the proposed plasmonic sensor. 
 

The simulation substrate is made of silver to reduce the relative losses in the sensor [34]. As 
shown in 2D picture (fig.1), the Blue and white areas represent silver and air, respectively. The 
permittivity of air is set as εi=1, as for silver (Ag) the Drude model is utilized as follows [4,35]: 

ε(ω) = ε∞ −
ωp

2 
ω2  +  iγω       (1) 

Here ɛ∞ =1 gives the medium constant for the infinite frequency, ωp = 1.37 × 1016 refers to 
bulk frequency for plasma, γ = 3.21 × 1013 means damping frequency for electron oscillation, 
and ω shows incident light angular frequency. The Droud model provides a microscopic 
description of metal dynamics in the form of classical sentences. According to Fig.1, the 
electromagnetic spectrum enters the device from the left and exits from the right, and to collect 
the incident and transmitted power, two monitors are put respectively at Pin and Pout. The 
transmittance (T) can be calculated by the following equation: 
T = Pout / Pin                           (2) 
Surface plasmon polaritons can propagate at the surface of the interface in the waveguide when 
coupled into the MIM structure. Given that the incident wavelength the width of the bus 
waveguide is much smaller, and given the scattering relationship of the Surface plasmon 
polariton, we conclude that only the TM base state exists in the Surface plasmon polariton. The 
dispersion relation of this fundamental mode is described as follows [25]: 
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Figure 1: 2D picture of the proposed plasmonic sensor.

The simulation substrate is made of silver to reduce the relative 
losses in the sensor [34]. As shown in 2D picture (fig.1), the Blue 
and white areas represent silver and air, respectively. The permit-
tivity of air is set as εi=1, as for silver (Ag) the Drude model is 
utilized as follows [4,35]:

Here ɛ∞ =1 gives the medium constant for the infinite frequency, ωp 
= 1.37 × 1016 refers to bulk frequency for plasma, γ = 3.21 × 1013 
means damping frequency for electron oscillation, and ω shows 
incident light angular frequency. The Droud model provides a mi-
croscopic description of metal dynamics in the form of classical 
sentences. According to Fig.1, the electromagnetic spectrum en-
ters the device from the left and exits from the right, and to collect 
the incident and transmitted power, two monitors are put respec-
tively at Pin and Pout. The transmittance (T) can be calculated by the 
following equation:

Surface plasmon polaritons can propagate at the surface of the in-
terface in the waveguide when coupled into the MIM structure. 
Given that the incident wavelength the width of the bus waveguide 
is much smaller, and given the scattering relationship of the Sur-
face plasmon polariton, we conclude that only the TM base state 
exists in the Surface plasmon polariton. The dispersion relation of 
this fundamental mode is described as follows [25]:

Here k0=2π⁄λ means wave number, ω refer to the width of bus 
waveguide, εi and εm give the relative dielectric and metal per-
mittivity, λ shows incident light wavelength in vacuum, and  βspp 
and neff are propagation constant  and effective refractive index 
of Surface plasmon polaritons (SPPs). The optical responses of 
the structure and distribution of the |Hz| simulated and calculat-
ed by Finite Difference Time Domain (FDTD) method with the 
PML boundary conditions. The purpose of using PML is to absorb 
waves inside the structure and prevent the impact of unwanted re-
flection waves in the simulation environment. We will calculate 
the resonant wavelength in terms of effective refractive index us-
ing the standing wave theory [36]:
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Re (neff) is the real part of the refractive index, and the phase shift Φ is due to the reflection of 
light from the metal-air interface in the resonant cavity. L is the effective length of the resonant 
cavities, and m is the order of resonant mode, which is an integer. The addition of teeth and 
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changes the shape of the transmission spectrum line, causing resonance peaks in the 
transmission line, and when the structure is entirely simulated, it has four fano resonance at λ= 
465.7 nm, λ= 587.4 nm, λ=858.1 nm, and λ=1677.3 nm (Fig.2). 
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Re (neff) is the real part of the refractive index, and the phase shift 
Φ is due to the reflection of light from the metal-air interface in the 
resonant cavity. L is the effective length of the resonant cavities, 
and m is the order of resonant mode, which is an integer. The ad-

dition of teeth and cavities in the sensor structure changes the am-
plitude and phase of the propagated wave and changes the shape 
of the transmission spectrum line, causing resonance peaks in the 
transmission line, and when the structure is entirely simulated, it 
has four fano resonance at λ= 465.7 nm, λ= 587.4 nm, λ=858.1 nm, 
and λ=1677.3 nm (Fig.2).
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To better understand the mechanism of the transmission spectrum, 
the field distribution | Hz | in resonance peaks and dips studied. As 
shown in Fig.3, SPPs are inserted through the pin port and then 
propagated in the waveguide, and when the wavelength reaches to 
resonance point, most of them are coupled to the ring. As shown 
in the figure, field distribution |Hz|, showing that in which part of 

the sensor structure the electromagnetic field is concentrated. We 
conclude that the maximum radiation is in the middle ring and the 
Fano resonance is the result of the interaction between the nar-
row resonance caused by the middle ring and the wide resonance 
caused by the MIM.
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3. Simulation Methods and Plasmonic Refractive Index Sensor 
After designing the structure of the plasmonic sensor, its simu-
lation begins using the Finite Difference Time Domain (FDTD) 
method. To reduce the simulation time and achieve the desired re-
sult, two-dimensional simulation is performed. The uniform mesh 
size (simulation parameters) for the x and y directions is 8 nm. 
Two important factors for examining the characteristics of a plas-
monic structure are sensitivity (S) and Figure of Merit (FOM). By 

changing the structure Refractive index, the calculation of sensi-
tivity (S) and Figure of Merit (FOM) begins. To achieve a better 
result, we only change the refractive index of the middle ring. We 
change the refractive index of the rim with a step of 0.01 nm, from 
1 to 1.12 nm, which leads to a change in the spectra and resonance 
wavelength. The transmission spectrum resulting from the refrac-
tive index change in the sensor structure is shown in Fig.4. 

interaction between the narrow resonance caused by the middle ring and the wide resonance 
caused by the MIM. 
 

 
 

Fig.3 Display of field distribution |Hz| in structure at the resonance wavelengths λ= 465.7 nm, λ= 
587.4 nm, λ=858.1 nm, and λ=1677.3 nm. 

 
3. Simulation methods and plasmonic refractive index sensor 
After designing the structure of the plasmonic sensor, its simulation begins using the Finite 
Difference Time Domain (FDTD) method. To reduce the simulation time and achieve the 
desired result, two-dimensional simulation is performed. The uniform mesh size (simulation 
parameters) for the x and y directions is 8 nm. Two important factors for examining the 
characteristics of a plasmonic structure are sensitivity (S) and Figure of Merit (FOM). By 
changing the structure Refractive index, the calculation of sensitivity (S) and Figure of Merit 
(FOM) begins. To achieve a better result, we only change the refractive index of the middle 
ring. We change the refractive index of the rim with a step of 0.01 nm, from 1 to 1.12 nm, 
which leads to a change in the spectra and resonance wavelength. The transmission spectrum 
resulting from the refractive index change in the sensor structure is shown in Fig.4. 
 

 
Fig.4 Plasmonic refractive index sensor transmission spectra 

465.7 nm                                                                                            587.4 nm 

858.1nm 1677.3 nm 

 Figure 4: Plasmonic refractive index sensor transmission spectra

The wavelength transmission spectrum has four peaks. The first 
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The second factor to evaluate the sensor performance is the Figure 
of Merit (FOM) and its equation is as follows: 
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According to Figure 6, the maximum Figure of Merit (FOM) for 
the refractive index is n = 1.07 (in mode 1), which is equal to 15.1. 



  Volume 6 | Issue 4 | 244Petro Chem Indus Intern, 2023

The wavelength transmission spectrum has four peaks. The first and most important factor to 
evaluate the performance of the refractive index sensor is sensitivity. Sensitivity is described 
as the change in resonant wavelength when the dielectric changes unit. The sensor sensitivity 
equation is expressed as follows: 
S = Δ λ/ Δn   (nm/RIU)            (8) 
Here, Δλ is the change in resonance wavelength and Δn is the change in refractive index. 
According to Fig.5, the maximum sensitivity for the refractive index is n = 1.12 (in mode 4), 
which is equal to 2832 nm / RIU. 

 
 

Fig.5 Sensitivity for the structure with the proposed parameters. 
 
The second factor to evaluate the sensor performance is the Figure of Merit (FOM) and its 
equation is as follows: 
FOM = S / FWHM      (9) 
According to Figure 6, the maximum Figure of Merit (FOM) for the refractive index is n = 
1.07 (in mode 1), which is equal to 15.1. 
 

 
Fig.6 Plasmonic sensor Figure of Merit (FOM) with the proposed parameters. 

 
4. Increase the number of resonators 
In this step, we increase the number of middle rings to 3 (Fig.7). The dimensions and 
coordinates of the cavities have not changed and the three rings have an inner radius of r = 152 

Figure 6: Plasmonic sensor Figure of Merit (FOM) with the proposed parameters.

4. Increase the Number of Resonators 
In this step, we increase the number of middle rings to 3 (Fig.7). 
The dimensions and coordinates of the cavities have not changed 
and the three rings have an inner radius of r = 152 nm and an outer 
radius of R = 192 nm. We change the refractive index of the three 

rings with a step of 0.01 nm, from 1 to 1.12 nm and we obtain the 
transfer spectrum resulting from the change of the refractive index 
in the structure (Fig.8). The wavelength transmission spectrum has 
three peaks. 
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Figure 7: Two-dimensional image of the proposed plasmonic sensor.
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nm and an outer radius of R = 192 nm. We change the refractive index of the three rings with 
a step of 0.01 nm, from 1 to 1.12 nm and we obtain the transfer spectrum resulting from the 
change of the refractive index in the structure (Fig.8). The wavelength transmission spectrum 
has three peaks. 
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Figure 8: Plasmonic refractive index sensor transmission spectra.

We examine the Field distribution | Hz | at three peaks of the res-
onant wavelength (Figure 9). The field distribution | Hz | indicates 
in which part of the sensor structure the electromagnetic field is 
concentrated. We conclude that at wavelength of 585 nm, the max-
imum radiation is in the left ring. At wavelength of 1336 nm, the 

maximum radiation is in all three rings At wavelength of 1633 
nm, the maximum radiation is in the left and right rings. Thus, the 
fano resonance is the result of the interaction between the narrow 
resonance due to the three rings and the wide resonance due to the 
MIM.

the left ring. At wavelength of 1336 nm, the maximum radiation is in all three rings At 
wavelength of 1633 nm, the maximum radiation is in the left and right rings. Thus, the fano 
resonance is the result of the interaction between the narrow resonance due to the three rings 
and the wide resonance due to the MIM. 
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Using Equation 8, we obtain the graph of the proposed sensor sensitivity (Fig.10). According to the figure, the maximum sensitivity for 
the refractive index is n = 1.11 (in mode 3), which is equal to 2083 nm / RIU.

Figure 10: Sensitivity for the structure with the proposed parameters.



  Volume 6 | Issue 4 | 246Petro Chem Indus Intern, 2023

Also, using Equation 9, we obtain the diagram for the Figure of Merit (FOM) (Fig.11). According to the figure, the maximum Figure of 
Merit (FOM) for the refractive index is n = 1.06 (in mode 1), which is equal to. 18.9.
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and the wide resonance due to the MIM. 
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Figure 11: Plasmonic sensor Figure of Merit (FOM) with the proposed parameters.

In these two proposed sensors with new sizes, two Fano resonance 
points with good sensitivity and Figure of Merit (FOM) values 
have been produced, which can be used to build a high sensitivity 
refractive index sensor. 
 
Conclusion 
In this paper, a simple structure refractive index sensor including 
two MIM waveguides, three rings, two cavities and twenty teeth 
based on surface plasmon is proposed and simulated and investi-
gated by FDTD numerical method with PML adsorption boundary 
conditions. In the initial configuration, the sensitivity is calculat-
ed by changing the refractive index of the structure and the best 
value is 2832 nm / RIU at the resonant wavelength. Due to the 
importance of Figure of Merit (FOM) in sensors, the value of this 
parameter was calculated in the same structure and the best value 
of 15.1 was obtained. Also, by increasing the number of rings, the 
sensitivity is calculated and the best value of 2083 nm / RIU is ob-
tained during the resonant wavelength. The Figure of Merit (FOM) 
value was calculated in the same structure and the best value was 
18.9. The most important feature of the structure introduced in this 
article is high sensitivity and ease of construction. Also, the sen-
sitivities have the same and regular rhythm and increase with the 
change of the refractive index. This sensor has been considered 
because it causes a significant change in the propagation charac-
teristics of the wave with a small change in the refractive index. 
Plasmonic refractive index sensor is a broad topic and because a 
small change in the refractive index of the causes a large change in 
the propagation properties of the wave, it has become very popular 
in the field of chemical and biological measurements. 
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