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Abstract

This paper analyzes and designs the structure of a sensor, the performance of which is evaluated by changing the
refractive index. The structure of this sensor consists of two waveguides, eighteen cavities and nine rings. For better
and more accurate results, we only change the refractive index of the middle ring and the refractive index of the
other amplifiers remains constant. The results show that with increasing and changing the refractive index, the
resonance wavelength will shift. This means that this method can be used to understand the refractive index and
resonance wavelength. By changing the wavelength and refractive index and calculating the resonance amplitude
curve (FWHM), three characteristics of sensitivity coefficient, Figure of Merit (FOM) and quality factor Q can be
examined. These three characteristics, especially the sensitivity coefficient, tell us whether this sensor has a good
performance or not. In this structure, the sensor sensitivity has reached 6591 nm / RIU. This means that the
performance of the proposed sensor is better and more powerful than similar sensors and can achieve a more flexible
amplitude of the wavelength. Also, the maximum Figure of Merit (FOM) is 43.73 nm / RIU and the highest quality

factor Q is equal to 60.01. In the end, we come to the conclusion that this method has tremendous potential for use in
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various fields of measurement, such as biochemical, medical and military analysis. Also, all the diagrams obtained
in this research have been drawn using MATLAB program.

Keywords: Photonics; Plasmonic; Optic; Superficial Plasmon; Sensor Failure Rate; Waveguide.

1. Introduction

Plasmonics is an emerging, interdisciplinary discipline that combines materials science, physics, Nano photonics,
and computational simulation to detect many phenomena. Our aim in this paper is to investigate and improve the
properties of a plasmonic refractive index Nano sensor based on surface plasmon resonance technology by finite
difference time domain method and then measure its performance using refractive index change. For this reason,
proper sensor configuration, determination of data, dimensions and coordinates of amplifiers and accurate
calculation of sensitivity, Figure of Merit (FOM) and Q quality factor are of particular importance. Plasmon Surface
Polaritons (SPPs) are also electromagnetic fields that propagate along the metal insulation interface and have been
noted for their ability to modulate light at the nanoscale and break the diffraction limit. Therefore, plasmon surface
can be increased in many fields such as increase in adsorption [1,2], photocatalysis [3-8], increase of magnetic field
[9,10], THz oscillation [11-13], fano resonance [14-17], surface Raman scattering SERS [18-21], below-wavelength
lithography [22,23] and refractive index sensors [24-29]. Plasmonic coefficient sensors, meanwhile, have attracted
more attention because they are much smaller in size comparable to sensor performance, meaning they are more
suitable for integration. By changing the dimensions and coordinates of the resonators, we come to the conclusion
that the closer the distance between them to the waveguides and to the intermediate amplifier, the greater the
sensitivity coefficient and will have a greater impact on improving sensor quality. Also, in all simulations, we only
change the refractive index of the intermediate resonator located between the two waveguides, and the refractive
index of the other resonators remains constant, as this improves the quality of the sensor and more accurate
evaluation. Its performance will be [30]. According to calculations, the highest sensitivity is 6160 nm / RIU, which
is higher than similar sensors.

2. Literature Review

2.1. Structural Model and Theory Analysis
Figure 1 shows a two-dimensional image of the proposed refractive index sensor. This sensor consists of two

waveguides, nine rings and eighteen cavities. The height of two plasmonic waveguides is equal to w=50 nm. The
middle ring has an inner radius of r1=81 nm and an outer radius of R1=140 nm and its distance with two
waveguides is 10 nm. The other eight rings are located above and below the waveguides and has internal radius r2 =
13 =r4 =15=r6=r7 =r8 =19 = 91 nm and the external radius R2 = R3 = R4 = R5 = R6 = R7 = R8 = R9= 126 nm
and each of these rings is connected to one of the cavities. The cavities wl, w2, w3, w4, w6, w7, w8, wll, wl2,
w13, wl4, wl5 and w16 have a height of 150 nm and a length of 30 nm. The w9 and w10 cavities are 417 nm high
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and 30 nm long. The cavity w5 has a height of 630 nm and a length of 30 nm. The cavity w18 has a height of 1670
nm and a length of 30 nm.

Figure 1. Proposed Structure for Refractive Index Sensor.

Also, two monitors, Pin and Pout, will be used to measure the input and output waves. The wave transmission rate
will be calculated by the following equation:

P,
T = out 1
Pin 0

To study the wave transmission in the designed sensor, we use a metal-based structure built on the surface Plasmon
polariton and apply Maxwell equations at the interface between a metal and a dielectric. Therefore, we conclude that
only TM transverse magnetic polarization participates in wave transmission. This conclusion is obtained by
examining the relationship between the scattering of incoming light and considering that the height of the waveguide
is smaller than the wavelength of the incoming light. The scattering relationship of this condition is expressed as
follows [31]:
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l—ekw

o kw (2)

EmPp l+e

Here, ® width causes A wavelength of light in a vacuum. :Bsp and n, 1 are effective constants and refractive index

of SPPs. g and £, give the relative dielectric permittivity of metal and ko =27/ means the number of waves.

A

2.2. Sensor Simulation and Design Methods Using Refractive Index Measurement
The resonant behavior of the proposed sensor structure is investigated by both numerical and theoretical methods. In

the numerical method, we will use the time domain finite difference simulation method with perfectly matched layer
boundary conditions PML. Because this method will effectively reduce the numerical reflection. In the mesh of this
simulation, x and y are equal to 8 nm. Also, the transmission line model is used to analyze the theory of structure
[32,33]. To achieve a better result and reduce the sensor simulation time, we need to do the simulation in two
dimensions. This simulation will be calculated in the wavelength range of 500 nm to 1500 nm. We use the drude
model to show the optical properties of metals in simulation. Because the drude model can be easily integrated into
time-difference finite difference simulations:

5(00):500 —L‘ (6)
o~ +iyw

Here, @ shows incident light angular frequency, &, =1 gives the medium constant for the infinite frequency, a)p =

©2023, IJCSMA All Rights Reserved, www.ijcsma.com 21

This work is licensed under a Creative Commons Attribution 4.0 International License.



http://www.ijcsma.com/

I

UCShAA,

Abbasi, H. International Journal of Computer Science and Mobile Applications, Vol.11 Issue. 3,
March- 2023, pg. 18-34.
ISSN: 2321-8363
Impact Factor: 6.308

(An Open Accessible, Fully Refereed and Peer Reviewed Journal)

1.37 x 1016 refers to bulk frequency for plasma and y= 3.21 x 1013 means damping frequency for electron

oscillation. The TM input wave starts moving from the left and will propagate in the waveguide. The closer this
wave is to the output, the lower its intensity. If the input wave momentum matches the surface plasmon momentum,
the input wave can stimulate the surface plasmon. As a result, a diffusion and longitudinal polarization are obtained.
To start the simulation; we first do the work with a ring and several cavities. In the second step, we remove all the
cavities from the structure and do the simulation only with the rings. Finally, we put all the resonators (cavities and
rings) together in the simulation to fully examine the proposed sensor structure. That is, the type and number of
resonators and their dimensions and coordinates help us to design a functional sensor and to examine the
performance of this sensor in detail.

2.3. Simulation and Design of a Sensor Using Two Waveguides, Sixteen Cavities and A Ring
The proposed sensor is designed with two waveguides, sixteen cavities and a ring (Figure 2).

Figure 2. Proposed Structure for the Designed Refractive Index Sensor, Consisting of Two Waveguides, Sixteen
Cavities and a Ring.

The refractive index of waveguides and cavities remains constant and we change the refractive index of the middle
ring. We change the refractive index of the middle ring with steps of 0.01 nm from n=1.08 to n=1.13. The
transmission spectrum of the sensor structure has two peaks. The left peak has a higher height and a narrower
FWHM. At the right peak, the rate of wavelength change is greater, so the right peak is more sensitive (Figure 3).

©2023, IJCSMA All Rights Reserved, www.ijcsma.com 22

This work is licensed under a Creative Commons Attribution 4.0 International License.



http://www.ijcsma.com/

I

UCShAA

Abbasi, H. International Journal of Computer Science and Mobile Applications, Vol.11 Issue. 3,
March- 2023, pg. 18-34.
ISSN: 2321-8363
Impact Factor: 6.308

(An Open Accessible, Fully Refereed and Peer Reviewed Journal)

0.8 =
A

0.7 } ll'_l ]

o6 L "Ii I.-"I._:" o 1
-E 0.6 F Iillll f "*."'.H"" -
= . [ 1 L
E I:}d i :II:|: |I' i lI|II|I III'|_ b
= =II i i |III
o L | J
S 03 I f A 3

i Jfﬂ\ W
| | _ B o
D A o -"';-l * i i I ﬁ*_l_—r_'ﬁh.‘,_ el
500 &00 TO0 B0 Q00 1000 1100 1200 1300 1400 1500
Wavelenghit{nm)

Figure 3. Transmission Spectrum of the Plasmonic Structure with Sixteen Cavities and a Ring.

We can use three criteria to evaluate the performance of the designed sensor. The first criterion is the sensitivity S,
which is described as the change in resonance wavelength when the refractive index changes:
s=orm] (1)
An\ RIU

In this equation, AA is the resonance wavelength change, Anis the refractive index change. We see the sensitivity
coefficient diagram of the designed sensor in Figure 4. According to the figure, the maximum sensitivity for the
refractive index is n=1.11 (in mode 2), which is equal to 1438 nm / RIU. According to this diagram, the peak on the
right has a balanced increase in wavelength and sensitivity. Thus there is a linear relationship between the two
resonant wavelength parameters and the refractive index.
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Figure 4. Sensitivity Diagram of a Designed Sensor with Sixteen Cavities and a Ring.

We draw the field distribution for the wavelength that is most sensitive. According to Figure 5, the maximum
radiation is in the middle ring. The interesting thing is that the cavities on the left absorb more energy than the
cavities on the right and have more exchange with the input wave. Of course, all the cavities in the sensor structure
absorb part of the input wave, which proves that the designed sensor has an optimal structure.
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Figure 5. Display of Field Distribution [Hz| in Structure at the Resonance Wavelength.

The second criterion is the Figure of Merit(FOM) and its equation is as follows:
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S

FOM = g (

8)

The Figure of Merit (FOM) diagram for the plasmonic sensor, it is drawn in Figure 6. According to the figure, the
maximum Figure of Merit (FOM) for the refractive index is n=1.11 (in mode2), which is equal to 10.27 nm / RIU.

FOM

5¢

—
4 } T
!
.09

3
2
1

~ e

1095 1.1 1105 1L.11 1115 112 1125 1.13
n

Figure 6. Figure of Merit(FOM) for the Proposed Sensor.

The third criterion is the quality factor Q, which is obtained according to Equation 9 comes:

_ ﬂ-res
0= rwmr ¥

The diagram of the plasmonic sensor quality factor is shown in Figure 7. According to the figure, the highest quality
factor Q is for the refractive index n=1.3 (in model), which is equal to 16. 05.
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Figure 7. Designed Sensor Quality Factor Diagram.
2.4. Simulation and Design of a Sensor Using Two Waveguides, Nine Rings
The proposed sensor is designed with two waveguides and nine rings (Figure 8).

Figure 8. Two-Dimensional Image of the Designed Refractive Index Sensor, Consisting of Two Waveguides and
Nine Rings.

The refractive index of the waveguides and the eight upper and lower rings remain constant and we change the
refractive index of the middle ring. We change the refractive index of the middle ring with steps of 0.01 nm from n
=1. 08 to n=1.13. The transmission spectrum of the sensor structure has two peaks. The left peak has a higher height
and a narrower FWHM. At the peak on the right, FWHM is wider and the change in wavelength is greater, so the
peak on the right is more sensitive and shows better performance (Figure 9).
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Figure 9. Transmission Spectrum of the Plasmonic Structure with Nine Rings.

We see the sensitivity diagram of the desired sensor in Figure 10. According to the figure, the maximum sensitivity
for the refractive index is n=1.09 (in mode2), which is equal to 1183 nm/ RIU.

1200,
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Figure 10. Sensitivity Diagram of a Designed Sensor with Nine Rings.
We draw the field distribution for the wavelength that is most sensitive. According to Figure 11, the maximum
radiation is in the middle ring.
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wiren]

Figure 11. Display of Field Distribution [Hz| in Structure at the Resonance Wavelength.

Using Equation 8, we plot the Figure of Merit (FOM) of the desired sensor (Figure 12). According to the figure, the
maximum Figure of Merit (FOM) for the refractive index is n=1.1 (in mode2), which is equal to 43.73 nm / RIU.
This amount of FOM is a significant increase over the previous sensor.
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Figure 12. Figure of Merit(FOM) for the Proposed Sensor.

5
1

Using Equation 9, we plot the quality coefficient of the desired sensor (Figure 13). According to the figure, the
highest quality factor Q for the refractive index is n=1.1 (in mode 2), which is equal to 60.01, which is a significant
increase over the previous sensor.
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Figure 13. Designed Sensor Quality Factor Diagram.

2.5. Simulation and Design of the Sensor Using Two Waveguides, Eighteen Cavities and Nine

Rings

The proposed sensor is designed with two waveguides, eighteen cavities and nine rings (Figure 14). Here, we
combine the structure of the previous two sensors to achieve better results. The refractive index of waveguides and
cavities remains constant and we change the refractive index of the middle ring. We change the refractive index of
the middle ring with steps of 0.01 nm fromn=1. 08 ton=1.13.

Figure 14. Two-Dimensional Image of a Designed Refractive Index Sensor, Consisting of Two Waveguides,

Eighteen Cavities and No Rings
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The transmission spectrum of the sensor structure has three peaks. The courier on the left has the narrowest FWHM.
The middle peak has the highest height. The peak on the right has a wider FWHM and has a much larger wavelength
change. The type of sensor structure and the extremely high rate of wavelength change indicate that this sensor has a
very good performance and quality compared to similar sensors and will be very useful in the manufacture of
military equipment and technological advances (Figure 15).
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Figure 15. Transmission Spectrum of the Plasmonic Structure with Eighteen Cavities, Nine Ring.

TO0 800 @00 1000 1100 1200
Wavelsnght{nm)

1300 1400

1500

Using Equation 7, we plot the sensitivity coefficient of the designed sensor (Figure 16).
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Figure 16. Sensitivity Diagram of a Designed Sensor with Eighteen Cavities, Nine Rings.

n

According to the Figure, the maximum sensitivity for the refractive index is n = 1.1 (in 3 modes), which is equal to
6591 nm / RIU. According to this diagram, the peak on the right has a very high and extraordinary increase in
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wavelength and sensitivity. We draw the field distribution for the wavelength that is most sensitive. According to
Figure 17, the maximum radiation is in the middle ring and the middle cavity. Also, the distribution of the field with
two rims on the left and three cavities at the bottom was appropriate and these resonators have also been successful
in absorbing input energy. Of course, all the cavities in the sensor structure include part of the input wave, which
proves that the designed sensor has an optimal structure.

yinmj)
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A0 0y 04 0.1 03 05 08 3
dnm) win

Figure 17. Display of Field Distribution [Hz| in Structure at the Resonance Wavelength.

Using Equation 8, we plot the Figure of Merit (FOM) of the desired sensor (Figure 18). According to the figure, the
maximum Figure of Merit (FOM) for the refractive index is n=1.1 (in mode3), which is equal to 30.12 nm / RIU.
This amount of FOM is a significant increase over the previous sensor.
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Figure 18. Figure of Merit(FOM) For the Proposed Sensor.
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Using Equation 9, we plot the quality coefficient of the desired sensor (Figure 19). According to the figure, the
highest quality factor Q is for the refractive index n = 1.12 (in mode 1), which is equal to 17.76.
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Figure 19. Designed Sensor Quality Factor Diagram.

3. Conclusion

In this paper, a refractive index sensor based on plasmonic waveguide resonance is investigated. A resonator system
connected to a plasmonic waveguide, consisting of two waveguides, nine cavities and eighteen rings, has been
designed and investigated. The results show that the resonance wavelength will change dramatically with increasing
and changing refractive index, which suggests that this method can be used to evaluate the performance of the
proposed sensor. In the following, the sensitivity coefficient and the Figure of Merit (FOM) and the Q quality
coefficient are examined, in which the highest sensitivity of the sensor is 6591 nm / RI. Also, the maximum Figure
of Merit (FOM) is 43.73 nm / RIU and the highest quality factor Q is equal to 60.01. The calculations performed and
the results obtained prove that this sensor has an excellent performance and it is more efficient than similar sensors.
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