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Abstract
This study proposes a highly sensitive refractive index sensor based on the TM wavelength resonance
excited in a structure of a plasmonic sensor. The results show that the resonance wavelength will shift
signi�cantly with increasing and changing the refractive index, which shows that this method can be
used to understand the resonance wavelength and refractive index. Based on this approach, the sensing
characteristics, including the sensitivity and the �gure of merit (FOM) and the Q quality factor, have been
investigated, where the sensor sensitivity has reached 1165 nm / RIU. Compared to plasmon surface
resonance sensors, which are based on a similar structure, the proposed sensor can achieve a more
�exible range of wavelengths and a wider range of refractive index. Therefore, this method has
tremendous potential for use in various �elds of measurement, such as biochemical analysis and
medicine, and can �nd useful applications in measurement systems and integrated circuits. Also, all the
diagrams obtained in this research have been drawn using MATLAB program.

1. Introduction
Surface plasmon resonance (SPR) can generate a strong electromagnetic �eld enhancement on the
surface of a metal structure, and is very sensitive to the surrounding environment. Therefore, SPR can be
applied to numerous �elds such as absorption enhancement [1, 2], magnetic �eld enhancement [3, 4],
photocatalysis [5–10], THz oscillation [11–13], Fano resonance [14–17], surface enhanced Raman
scattering (SERS) [18–21], sub-wavelength lithography [22, 23], and refractive index (RI) sensors [24–29].
For refractive index sensors based on SPR, the resonance is excited mainly in two modes, the angular
mode (at �xed wavelength) and the spectral mode (at �xed angle) [30, 31]. If the light beam is in a
direction where the incidence angle is �xed and the spectrum of the re�ectance is probed, is called the
spectral interrogation con�guration and if the light beam is in a direction in which the wavelength of the
incident light can be constant and the angle of incidence (slope of the light line) can be changed, it is
called angular navigation con�guration. Due to the low e�ciency of continuous change of impact angle
in a real system, the wavelength scanning method is preferred as a tool for faster measurement of the
re�ectance spectrum. Therefore, in this paper, we examined the wavelength scanning method, which
simultaneously irradiated the analyte with different wavelengths, which showed obvious improvements
over the angular-based refractive index measurement method. Using �xed-wavelength scanning, the
re�ection spectrum can be detected using a spectrometer, and the close relationship between Refractive
index and the wavelength resonance position can be used to determine refractive index [32]. In the
following, we examine parameters such as high transmission e�ciency, high resolution, high quality
coe�cient, optical stability, sensitivity (S) and �gure of merit (FOM) so that the designed sensor displays
an excellent performance with high optical resolution. Obtaining and improving these parameters
increases the speed of information processing in optically integrated circuits.

2. Structural Model And Theory Analysis
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The two-dimensional schematic view of the proposed plasmonic refractive index sensor consisting of
two waveguides and �ve cavities with different dimensions and characteristics is shown in Fig. 1. Two
plasmonic waveguides have a height of w1 = 50 nm. A cavity with a height of w2 = 62 nm and a length of
L1 = 264 nm is located in the middle of two waveguides. The two cavities at the top have a height of w3 = 
220 nm and w4 = 100 nm, and a length of L2 = 100 nm and L3 = 100 nm, respectively, and the two cavities
at the bottom have a height of w5 = 100 nm and w6 = 220 nm, respectively. Length is L4 = 100 nm and L5 
= 100 nm. Two monitors, Pin and Pout, are used to measure the input and output waves. The transfer rate
is calculated by the following equation:

T = Pout / Pin (1)

Now, in order to measure the dimensions and coordinates of the cavities and to show a better sensor, we
examine the transmission spectra with different numbers of cavities. According to Fig. 2, the
transmission spectrum has a higher altitude for the case where only the middle cavity is active, but for
the case where all �ve cavities are active, it has the highest wavelength transfer.

3. Sensor Simulation And Design Methods Using Refractive Index
Measurement
The proposed plasmonic resonance behavior is investigated numerically and theoretically. For the
numerical approach, we use the time domain �nite difference simulation method with perfectly matched
layer boundary conditions (PML) because this method effectively reduces the numerical re�ection. The
uniform mesh size for the x and y directions is considered to be 8 and 8 nm, respectively, and the
transmission line model is used for structural theory analysis [33,34]. Two-dimensional simulation is
performed, which is in�nite in one dimension. The reason for this is to reduce the simulation time and
achieve the desired result. The simulation is calculated in the wavelength range of 400 to 1600 nm.
Because the drude model can be easily integrated in time-difference �nite difference simulations, we use
the drude model to show the optical properties of metals in simulation:

Here  ∞ =1 gives the medium constant for the in�nite 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 propagates in the waveguide, and
the closer it gets to the output port, the lower its intensity. This beam of light that hits the metal surface
from the air, never stimulates plasmon on the joint surface of the metal, unless the light beam
momentum increases to match the surface plasmon momentum and obtain an intersection between two
lines. This intersection re�ects the resonance phenomenon and speci�es the operating point at which the
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frequency and vector of the excited light wave and the plasmon are determined. As shown in Figure 3, the
middle cavity absorbs the largest amount of TM wave. It also has the most �eld exchange with
waveguides. When the �eld distribution in the structure is similar, the energy loss is reduced. To achieve
the maximum �eld distribution in the simulated structure, all dimensions must be optimized.

4. Simulation And Design Of A Sensor Using Two Waveguides And A
Cavity
Now we do the simulation only for the middle cavity (Fig. 4).

First, to �nd the optimal structure, we change its length and width. The diagrams related to the change in
length and width of the cavity are shown in Fig. 5. We choose a height of 62 nm and a length of 264 nm
for the middle cavity because the cavity in these points has a higher height and more wavelength change.

We now increase the refractive index of the middle cavity by a step of 0.01 from 1.14 to 1.2, which leads
to a change in the resonance spectra and wavelength. We see the transmission spectrum resulting from
changing the sensor refractive index in Fig. 6.

To measure the performance of a plasmonic sensor, we need to consider several criteria.The �rst 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)

In this equation, Δλ is the change in resonance wavelength, Δn is the change in refractive index. We see
the sensitivity coe�cient diagram of the plasmonic sensor in Fig. 7. The maximum sensitivity for the
refractive index is n = 1.18 (in mode2), which is equal to 1009 nm / RIU.

The next criterion is the competency digit (FOM) whose equation is as follows:

FOM = S / FWHM (4(

The FOM eligibility �gure for the plasmonic sensor is plotted in Fig. 8. According to the �gure, the
maximum �tness �gure of merit (FOM) for the refractive index is n = 1.16 (in mode2), which is equal to
13.368 nm / RIU.

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

Q = λres / FWHM (5(

We see the diagram of the quality coe�cient of the plasmonic sensor in Fig. 9. According to the �gure,
the highest quality factor Q is for the refractive index n = 1.2 (in mode1), which is equal to 16.187 nm /
RIU.
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5. Simulation And Sensor Design Using Two Waveguides And Three
Cavities
Now we add two cavities to the sensor structure and measure its performance (Fig. 10).

We change the refractive index of the middle cavity with a step of 0.01 from 1.14 to 1.2 and the refractive
index of the waveguides and the other two cavities remain constant. Figure 11 shows the resulting
transmission spectrum, which has three modes, in the wavelength range of 400 to 1600 nm.

We now calculate the sensitivity of the sensor, which according to Fig. 12 has the highest sensitivity for
the refractive index n = 1.2 (in mode 3), which is equal to 1018 nm / RIU.

Next, we calculate the FIT and the quality factor Q and draw the corresponding diagrams (Fig. 13).
According to the �gure, the highest �gure of merit (FOM) for the refractive index is n = 1.18 (in mode2)
which is equal to 12.483 nm / RIU and the highest quality factor Q for the refractive index is n = 1.15 (in
mode2) which is equal to With 19.089 nm / RIU.

Next, we change the structure of the sensor and change the coordinates and dimensions of the two upper
and lower cavities (Fig. 14), to measure the quality of the sensor and create a suitable structure for the
sensor.

As in the previous structure, we change the refractive index of the middle cavity by a step of 0.01 from
1.14 to 1.2 and the refractive index of the rest of the sensor structure remains constant. The transmission
spectrum from the simulation can be seen in Fig. 15. This spectrum, which is displayed in the wavelength
range of 400 to 1600 nm, has three modes. Mode 3 on the right side of the chart has more �exibility than
changing the wavelength.

We now move on to measuring the sensor designed in Fig. 14 and computing the sensitivity coe�cient,
quality factor Q, and the �gure of merit (FOM). First the coe�cient diagram we obtain the sensitivity,
which according to Fig. 16, the highest sensitivity is obtained at a refractive index of n = 1.16 (in mode3),
which is equal to 1165 nm / RIU. Compared to the highest sensitivity obtained from the sensor in Fig. 10,
this sensor has better performance and has reached a higher sensitivity. Therefore, changing the
dimensions and coordinates of the cavities has improved the sensor.

By calculating and plotting the Diagrams of the �gure of merit (FOM) and the quality factor Q, the
performance measurement of this structure is completed (Fig. 17(. According to the �gure, the highest the
�gure of merit (FOM) for the refractive index is n = 1.17 (in mode 2) which is equal to 15.128 nm / RIU
and the highest quality factor Q is for the refractive index n = 1.2 (in mode 1) which is equal to 24.183 nm
/ RIU.

6. Simulation And Design Of A Sensor Using Two Waveguides And
Five Cavities
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We now design a combination of the two structures designed in Figs. 9 and 13 to obtain a better and
more e�cient sensor (Fig. 18(.

We obtain the transmission spectrum by changing the refractive index of the middle cavity with a step of
0.01 from 1.14 to 1.2 (Fig. 19). Here the refractive index of the other four cavities remains constant. This
stabilizes the sensor performance and improves its quality. The resulting transmission spectrum has two
peaks, with the right peak having more �exibility in changing the wavelength.

To analyze the structure of this sensor, we �rst calculate the sensitivity coe�cient in the wavelength
range of 400–1600 nm and then draw a graph. The sensitivity coe�cient diagram, as the �rst criterion
for measuring the performance of this sensor, shows us that the maximum sensitivity coe�cient
obtained using the transmission spectra of this sensor is equal to 1124 nm / RIU (Fig. 20).

The next criterion for measuring the performance of the FOM sensor is obtained using Eq. 4. Drawing the
corresponding diagram (Fig. 21), we �nd that the highest value of Qom is the merit (FOM), with a
refractive index of n = 1.15 (in case 1), which is equal to 12.395 nm / RIU.

The �nal criterion for measuring the structure of this sensor is the quality factor Q. Using Eq. 5, we draw
the corresponding diagram (Fig. 22). The highest quality factor Q for the refractive index is n = 1.15 (in
case 1) which is equal to 20.505 nm / RIU.

Our research on this sensor is over. With the structure that was designed and by changing the coordinates
and dimensions of the cavities, we were able to study and analyze our desired sensor in different states
and conditions and achieve a stable and balanced structure for making plasmonic sensors.

7. Conclusion
In this paper, a refractive index sensor based on TM wavelength resonance is investigated. An ampli�er
system connected to a plasmonic waveguide, consisting of two metal-insulated metal waveguides (MIM)
with �ve cavities, has been designed and numerically evaluated using the Finite Deference Time Domain
method. The results show that the resonance wavelength will shift signi�cantly with increasing and
changing the refractive index, which suggests that this method can be used to understand the resonance
wavelength and refractive index. Next, the sensitivity coe�cient and FOM competency �gure and Q
quality coe�cient are examined, in which the sensor sensitivity has reached 1124 nm / RIU and 1165 nm
/ RIU. This means that the sensor, due to its high resolution, can easily analyze the change in refractive
index of 0.01 for materials with a refractive index of between 1.14 and 1.2. Also, all the diagrams
obtained in this research have been drawn using MATLAB program. Hopefully, the proposed structure will
provide guidelines for the design of nano-sensors.
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Figure 1

Two-dimensional image of a plasmonic sensor

Figure 2

MIM waveguide transmission spectra with �ve cavities in different coordinates
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Figure 3

Electric �eld distribution at resonant frequency

Figure 4

Two-dimensional image of a plasmonic sensor with two waveguides and a cavity.

Figure 5
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Diagrams related to the change in length and width of the middle cavity

Figure 6

Plasmonic refractive index sensor transmission spectra

Figure 7

Plasmonic sensor sensitivity coe�cient diagram

Figure 8

Plasmonic sensor �gure of merit (FOM)

Figure 9

Plasmonic sensor quality coe�cient diagram

Figure 10
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Two-dimensional image of a plasmonic sensor with two waveguides and three cavities

Figure 11

Plasmonic refractive index sensor transmission spectra for three cavities

Figure 12

Plasmonic sensor sensitivity coe�cient diagram with three cavities

Figure 13

�gure of merit (FOM) and Q coe�cient diagram of plasmonic sensor with three cavities
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Figure 14

Two-dimensional image of a plasmonic sensor with two waveguides and three cavities

Figure 15

Plasmonic refractive index sensor transmission spectra for three cavities

Figure 16

Plasmonic sensor sensitivity coe�cient diagram with three cavities
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Figure 17

the �gure of merit (FOM) diagram and the Q coe�cient diagram of plasmonic sensor with three cavities

Figure 18

Two-dimensional image of a plasmonic sensor with two waveguides and �ve cavities

Figure 19

Plasmonic refractive index sensor transmission spectra for �ve cavities

Figure 20

Plasmonic sensor sensitivity coe�cient diagram with �ne cavities

Figure 21

the �gure of merit (FOM) diageram for Plasmonic Sensor with Two WaveGuides and Five cavities

Figure 22

Q quality factor diagram for plasmon sensor with �ve cavities


