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Abstract
In this research, we design a plasmonic refractive index sensor and 

examine it numerically, using transparency, refractive index, sensitivity, 
FOM fit shape and Q quality factor, to optimize and improve performance 
quality. We will be. To design the structure of this sensor, we use two 
plasmonic waveguides, a cavity, two rings and two teeth. The resonant 
wavelengths and refractive index of the resonators are investigated and 
simulated by the finite difference time domain (FDTD) method, and we 
draw the obtained diagrams using MATLAB software. After completing 
the sensor design, due to the fact that the amplifiers are very sensitive to 
changes in the refractive index, so by changing the refractive index and 
changing the dimensions of the structure, we can weaken or strengthen the 
passage coefficient in the resonant modes. These plasmonic sensors with a 
simple frame and high optical resolution can be used to measure refractive 
index in the medical, chemical and food industries.
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Introduction
The polariton surface plasmons has been noted for their ability to 

modulate light at the nanoscale as well as to refract diffraction. SP waves 
are a longitudinal charge density distribution generated on the metal side 
interface when light propagates through the metal. When plasmon is excited 
at this common surface, the fields are strongly enclosed at this surface and 
decompose rapidly on both sides of the metal and dielectric. Both metal and 
dielectric specimens can have complex refractive indices of 𝜀𝑚 = √𝑛𝑚 and 
𝜀𝑑 = √𝑛, respectively. Within the electrodynamics approach, the surface 
plasmon propagates as an electromagnetic wave parallel to the x direction with 
magnetic field oriented parallel to the y direction, that is, transverse magnetic 
polarization (TM or P) state. The condition of (TM) polarization state is 
needed to generate the charge distribution on the metal interface, which is 
considered as the first condition for SP excitation. The SP phenomenon can be 
easily understood, and its main characteristics can be determined by solving 
Maxwell’s equation to the boundary-value problem [1,2]. One of the most 
important tools that can use SP waves to develop integrated optical circuits 
is the plasmonic sensor. Plasmonic sensors are more suitable for integration 
due to their very small size and show stronger sensing performance [3]. 
Recently, various types of plasmonic sensors have appeared, such refractive 
index sensors [4], temperature sensors [5], phase sensors [6] and gas sensors 
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[7]. The metal-insulator-metal (MIM) waveguide is one 
of the basic plasmonic waveguides with the capability to 
confine light within considerable propagating length [8] 
and many works of sensor are based on this structure [9-
17]. Parameters such as high transmission efficiency, high 
resolution, high quality factor, optical stability, adjustable 
range of wavelengths, sensitivity (S) and figure of merit 
(FOM), should be considered in the structure of plasmonic 
sensors for excellent performance sensor with Provide high 
optical resolution. In this study, arrays of metal-insulated-
metal plasmon waveguides and resonators are designed and 
simulated to design and fabricate plasmonic sensors. The 
purpose of this work is to achieve the desired parameters in 
plasmonic sensors and its development in optically integrated 
circuits [18].

Structural model and theory analysis
The two-dimensional schematic view of the proposed 

plasmonic refractive index sensor consists of a quadrilateral 
cavity resonator and three rings with different dimensions 
along with two input and output waveguides are shown in 
Figure 1.

The structure of the sensor consists of two plasmonic 
waveguides with a height of w1 = 50 nm and a quadrilateral 
cavity with a height of w2 = 270 nm and a length of L1 = 200 
nm and three rings. The upper ring at the top of the cavity has 
an inner radius of r1 = 62 nm and an outer radius of R1 = 92 
nm. The two nested rings at the bottom have an inner radius 
of r2 = 100 nm and r3 = 62 nm and an outer radius of R2 = 
149 nm and R3 = 62 nm, respectively.

Pin and Pout monitors are used to measure input and 
output. The transfer rate is calculated by the following 
equation:

T = Pout / Pin					           (1)

Dimensions are optimized for better performance of the 
sensor structure in the near-infrared region.

Limited difference time domain method and 
transmission line model

Using the time domain finite difference method, we 
examine and analyze the sensor performance (numerical 
analysis) and using the transmission line model method, 
we theoretically examine the performance of the sensor. 
Summarizing these two methods, we analyze the proposed 
structure resonance behavior and get a sensor with good 
performance is obtained [19-21].

The mesh size for the x and y directions of the structure is 
8 and 8 nm, respectively. Most plasmonic devices proposed 
and designed to test the performance of devices with much 
shorter simulation time and less drop use two-dimensional 
simulation.

To show the optical properties of metals in simulation, we 
use the drude model. For practical purposes, a major advantage 
of the Droud model is that it can be easily incorporated into 
Maxwell equations in time-based numerical solutions (such 
as finite-time finite difference method):

Here 𝖼∞ =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 TM wave starts moving from the left and is used for 
SPP excited waves and is published in the waveguideand the 
closer it gets to the output port, the less intense it becomes.

Each resonator reflects a portion of the input signal. As 
shown in Figure 2, the intermediate cavity absorbs the largest 
amount of TM wave and also has the highest field exchange 
with waveguides, thus having a greater impact on sensor 
performance.

Figure 1: Two-dimensional image of a plasmonic sensor.

 

Figure 2: Electric field distribution at resonant frequency
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When the field distribution in the sensor structure is 
similar, energy loss is reduced. To achieve the maximum 
field distribution in the simulated structure, all dimensions 
must be optimized. Therefore, we plot the structure transfer 
spectrum (Figure 3).

First, we draw the transmission spectrum for a quadrilateral 
cavity. In the next step, we add the upper ring (R1) and then 
we add the bottom ring (R2) and in the last step, we add the 
bottom nested ring (R3).

The most suitable structure in the transmission spectra is 
formed when the cavity and the three rings are present at the 
same time. We now increase the dielectric refractive index 
by 0.01 nm from 1.11 to 1.2, which changes the spectra and 
resonant wavelengths. We see the transmission spectrum 
resulting from the change of the sensor refractive index in 
Figure 4.

To measure the performance of a plasmonic sensor, we 
need to consider several criteria. The first criterion is the 
sensitivity S, which is described as the change in resonance 
wavelength when the dielectric changes unit:

S = Δλ / Δn (nm / RIU)       			         (3)

 
Figure 3: The transmission spectra of MIM waveguide coupled with a cavity and three rings R1 and R2 and R3

 

Figure 4: Plasmonic refractive index sensor transmission spectra

In this equation, Δλ is the resonance wavelength change 
and Δn is the refractive index change. We see the sensitivity 
coefficient diagram of the plasmonic sensor in Figure 5. 
According to the figure, the maximum sensitivity for the 
refractive index is n = 1.19 (mode2), which is equal to 1510 
nm / RIU. According to this diagram, there is a relatively 
linear relationship between the two parameters of resonance 
wavelength and refractive index.
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The next criterion is the figure of merit (FOM) whose 
equation is as follows: 

FOM = S / FWHM				           (4)

The figure of merit (FOM) for the plasmonic sensor is 
plotted in Figure 6. According to the figure, the maximum 

figure of merit (FOM) for the refractive index is n = 1.19 (in 
mode2), which is equal to 13.617 nm / RIU.

The last criterion is the quality factor Q, which is obtained 
according to Equation 5: 

Q = λres / FWHM				             (5)

We see the diagram of the quality coefficient of the 
plasmonic sensor in Figure 7. According to the figure, the 
highest quality factor Q is for the refractive index n = 1.19 (in 
mode1), which is equal to 15.87 nm / RIU.

Conclusion
An amplifier system connected to a plasmonic 

waveguide, consisting of a metal-insulated metal waveguide 
(MIM) with a cavity and three rings, has been designed and 
numerically evaluated using the time-difference method. 
The two resonance peaks have different dependencies on 
the structural parameters due to different mechanisms and 
are easily adjustable. In addition, due to its high resolution 
resolution, this sensor can easily detect a change in refractive 
index of 0.01 for materials with a refractive index of between 
1.11 and 1.2. The maximum refractive index sensitivity of the 
proposed structure is 1510 nm / RIU. The proposed structure 
is expected to provide guidelines for the design of nano-
sensors.
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