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Abstract: In this paper, a plasmonic refractive index sensor based on metal insulated metal waveguide (MIM)
with three rings and a resonant cavity is first proposed and numerically evaluated. Next, we add four teeth to the
sensor structure. We study and simulate the resonant wavelengths and refractive index of resonators using the
time difference finite difference method. Given that the sensor and the conduction characteristics of plasmonic
waves are influenced by the structure parameters,Therefore, by changing the refractive index and changing the
dimensions and coordinates of the cavity and rims, we can change the passage coefficient in the resonant modes
and measure the sensor performance. As a result, we obtain the sensitivity coefficient, the figure of merit (FOM)
and the quality factor Q of the sensor. We modulate the resonance wavelength FWHM using the generated
modes and reach a sensitivity of 2166 nm / RIU. These plasmonic sensors with a simple framework and
balanced performance and high optical resolution can be used to measure the refractive index in the medical,
chemical and food industries.
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1. Introduction

The attractive feature of surface plasmon polarites (SPP), ie the restriction of light in nano-dimensions,
has caused this phenomenon to be widely studied and this feature can be used to build many plasmonic
structures such as filters [1], multiple optical instruments [2], absorbers [3], splitters [4] and sensors [5-
13]. Also metal-insulated-metal plasmonic waveguide (MIM) due to its ability to limit light in a small
area and its compatibility with electronic operating systems is widely used in the design of many
plasmonic devices. In addition, having a simple design method of these structures has made them one
of the most desirable and popular structures. As a result, a variety of MIM plasmonic devices have
been designed and implemented [14,15]. Many criteria can be used to design and implement refractive
index sensors, one of which is the calculation of good sensitivity (S) and figure of merit (FOM) [16-
24]. For this reason, researchers have made great efforts to improve the sensitivity of MIM plasmonic
sensors, but longer wavelengths always suffer from wider FWHM, which reduces the figure of merit
(FOM) and sensitivity coefficient. Recently, to enhance the performance of plasmonic sensors, various
approaches have been used, such as Fano resonance with dark and light resonance interference, which
results from structural symmetry failure or resonance interference, but such resonance is unstable and
can be easily broken due to phase or mode mismatch. In this study, arrays of metal-dielectric-metal
(MIM) plasmonic waveguides and resonators are designed, simulated and analyzed to design and
fabricate plasmonic sensors. The two-dimensional finite difference time domain (FDTD) method is
used to simulate the sensor. Boundary conditions for all directions are selected as the perfectly
matched layer (PML). To simulate FDTD, a uniform mesh size of 8 nm was used.

2. Structural model and theory analysis

As shown in Fig.1, two MIM waveguides coupled with three rings and a cavity are proposed. The
waveguides are etched on the silver surface. As shown in 2D picture, the grey and white areas
represent silver and air, respectively. The permittivity of air is set as i = 1, as for silver (Ag) the Drude
model is utilized as follows [1]:
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Here €, =1 gives the medium constant for the infinite frequency, wp = 1.37 x 1016 refers to bulk
frequency for plasma, y = 3.21 x 1013 means damping frequency for electron oscillation, and  shows
incident light angular frequency. To describe metal and plasmonic waveguides in sensors, the Drude
model is used because the Drude model can be easily integrated into time-difference finite difference
simulations.

Fig.1. Two-dimensional image of a plasmonic sensor

The height of the two waveguides is w1 = 50 nm. The cavity has a height of w> = 130 nm and a length
of Ly =92 nm. The middle ring has an inner radius of r1 = 90 nm and an outer radius of Ry = 133 nm
and the two side rims have an inner radius of r3 = r = 91 nm and an outer radius of R3 = R> = = 126
nm, respectively.Pin and Pout are the monitors for measuring the input wave and the output wave,
respectively. These two monitors are computed by merging the natural component of the Poin Ting
vector along the blurred lines. As a result, the wave transmission is calculated by the relation:

T= Pout/ Pin (2)

Surface plasmon polarites (SPP) TM mode, when attached to the MIM structure, can propagate at the
interface level in the waveguide. Compared to the excited wavelength, the width of the bass waveguide
is much smaller, so only the TM base mode can only participate in the sensor simulation. The input
wave starts moving from the left and after passing through the rings and cavities, it goes to the output
waveguide. The silicon substrate is made of silver and the reason for this is to strengthen the
performance of the refractive index [25]. We also use the following equations to calculate the TM
wave scattering relationship [15]:
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Here w refer to the width of bus waveguide, A shows incident light wavelength in vacuum, & and &m
give the relative dielectric and metal permittivity, Bspp and nesr are propagation constant and effective
refractive index of SPPs, and =2wA ko means wave number. Two-dimensional simulation is used to
enhance sensor performance and achieve more accurate results and reduce simulation time. We must
also choose the right height for the input wave, because too much wave height will reduce the wave
penetration into the sensor structure and reduce the refractive index (can lead to longer propagation
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length) [26]. To describe the wave behavior, we draw a field distribution diagram (Fig.2). According
to the figure, the wave goes to the resonators after starting to move. The resonant system is now
considered as a single loop resonator whose effective radius is determined by the energy distribution.
The middle cavity gets the largest share of the field distribution and creates a uniform state with the
internal phase.
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Fig.2. Electric field distribution at resonant frequency

MIM waveguide transmission spectra for different modes are plotted in Fig.3. When the middle ring is
present in the sensor structure with one of the other three resonator (R2 ring or Rs ring or cavity), the
transmission spectrum has three peaks But when all four resonator (R1 ring, Rz ring, Rz ring and
cavity) are present in the sensor structure, the transmission spectrum has two peaks. Also, the
wavelength change in this diagram (R1 ring, Rz ring, Rs ring and cavity) is more and will reach a
higher sensitivity factor. Therefore, we use the following equation to calculate the resonance
conditions:

NA = Re (nefr) Lett ,N=1,2,3..... (7)

Where N refers to mode number which is an integer. nesr refers to the effective refractive index of the
ring resonator which can be solved by Eq (6), Less means effective perimeter, generally refers to the
average of the inner and outer perimeters.
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Fig.3. MIM waveguide transmission spectrum with resonators

3. Fracture coefficient simulation and measurement methods
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The proposed plasmonic resonance behavior is investigated numerically and theoretically. For the
numerical approach, we use the finite difference method of time domain with perfectly matched layer
boundary conditions (PML) because this method effectively reduces numerical reflection. The uniform
mesh sizes for the x and y directions are 8 and 8 nm, respectively. The transmission line model is used
to analyze the structure theory and the simulation is done in two dimensions, which is infinite in one
dimension. We change the effective refractive index of the middle ring to evaluate the performance of
the sensor. This change in refractive index is calculated in the wavelength range of 400 to 1500 nm
and the transmission spectrum from the sensor device is shown in Fig.4. We increased the dielectric
refractive index by a step of 0.01 from 1.15 to 1.2, which resulted in a change in the resonance spectra
and wavelengths.
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Fig.4. Transmission spectra of a plasmonic refractive index sensor

We increased the dielectric refractive index by a step of 0.01 from 1.15 to 1.2 nm, which resulted in a
change in the resonance spectra and wavelength. The first characteristic to be measured for a sensor is
the S sensitivity, which is used to quantify the sensitivity of refractive index sensors:

S=AMAn (nm/RIU) (8)

In this equation, AX is the change in resonance wavelength and An is the change in refractive index.
According to Fig.5, the sensor transmission spectra have two peaks, which according to Figure 4, have
the highest sensitivity for the refractive index n = 1.2, which is equal to 1938 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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Fig.5. Plasmonic sensor sensitivity coefficient diagram

Because sensitivity alone is not a measure of good performance for comparing different types of
sensors, and light resolution is also very important for sensors, figure of merit (FOM) is required to
compare sensors:

FOM=S/FWHM (9)
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Fig.6. Plasmonic sensor FOM diagram

We also need the quality factor of the sensors:
Q=Ares/ FWHM (10)
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Fig.7. Plasmonic sensor quality coefficient diagram

According to Fig.7, the quality coefficient is obtained by using Equation 10 by dividing the
wavelength by FWHM, whose value in the refractive index n = 1.2, which has the highest sensitivity
coefficient, reaches 8.934. Equations 8, 9 and 10 are the Measurement capabilities of plasmonic
sensors obtained by changing the refractive index of the structure. Using these three equations, we plot
the coefficients of sensitivity, quality, and figure of merit.

4. Sensitivity analysis of the sensor by adding four teeth

Now for better evaluation and to achieve a better quality sensor, we add four teeth with length x1 = X3
= 20, X2 = X4 = 40, height y1 = y3 = 40 and y> = y4 = 20, to the middle ring. The added teeth have an
effect on the intensification of the middle ring, which changes the intensification wavelength or creates
a new state. We change the refractive index of the middle ring and the refractive index of the other two
rings and the teeth and the cavity and the two waveguides remain constant.

Fig.8. Sensitivity diagram of a plasmonic sensor with four teeth added
The transmission spectrum of the sensor device is shown in Fig.9. According to this diagram, there is a

relatively linear relationship between the two parameters of resonant wavelength and refractive index,
and the TM resonance in the range of 400 to 1500 nm, gradually shifting Gives.
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Fig.9. Transmission spectra of a plasmonic refractive index sensor
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By changing the refractive index by step 0.01 in the range 1.15 to 1.2, we obtain the sensitivity
coefficient of the new structure using Equation 8 and plot it (Fig.10).
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Fig.10. Plasmonic sensor sensitivity coefficient diagram

The refractive index diagram in Fig.10 examines the peaks in Fig.9. In the left peak, all sensitivity
coefficients are equal to zero, but the right peak has good results and the highest sensitivity coefficient
is equal to 2166 nm / RIU. The result is better than many similar articles. We now examine the figure
of merit (FOM) of the designed sensor. Using Equation 9, we obtain its diagram and draw it.
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Fig.11. Plasmonic sensor FOM diagram

Like the sensitivity coefficient, all mode 1 numbers of the figure of merit (FOM) are zero, but mod 2
has better quality and the highest FOM value is 18.447. The next criterion for measuring the
performance of this sensor is the quality factor Q.
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Fig.12. Plasmonic sensor quality coefficient diagram
The quality coefficient Q at n = 1.16 (which has the highest sensitivity coefficient) reaches 8.164 nm.

5. Bio-sensing

Finally, we review an application for bioassay. The structure parameters remain constant. Since water
is one of the most common solvents used in chemical and biological applications, it is necessary to test
the performance of the sensor in water (n=1.33) as presented in Fig.13. Since the concentration of the
solution can be reflected by the refractive index, a set of different refractive index values around the
water is used to measure the sensitivity and the figure of merit (FOM).

Fig.13. Two-dimensional image of a plasmonic sensor in water.

The transmission spectrum from the sensor device is shown in Fig.14. We have increased the
refractive index of the middle cavity by a step of 0.0 nm from 1.34 to 1.38.
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Fig.14. Transmission spectrum of a plasmonic sensor in water.

Using the transfer spectrum and using Equation 8, we calculate the sensitivity coefficient of the
plasmonic sensor in water, which reaches the sensitivity coefficient of 2604 nm / RIU. This sensitivity
coefficient is higher than similar tasks and proves that this designed sensor has high quality and good
performance and also has a very good performance in water (Fig.15). Therefore, such structure can be
a sensitive label-free and compact biosensor
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Fig.15. Plasmonic sensor sensitivity coefficient diagram in water

6. Conclusion

A new topology was proposed and analyzed to measure the refractive index. The proposed
configuration has a high sensitivity of 2166 nm / RIU. This sensor is considered because a small
change in the refractive index of the middle ring causes a significant change in the propagation
characteristics of the wave. It also has a high sensitivity as a sensor in bioassay and has excellent
performance with high optical resolution. The plasmonic sensor in water reaches a sensitivity factor of
2604 nm / RIU. Our results and physical analysis due to the small size of the structure and high
sensitivity coefficient can cause excellent light control in plasmonic structures and also reduce losses.
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