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Abstract 

 

A plasmonic refractive index sensor including a Metal-Insulator-Metal waveguide (MIM) with four teeth is proposed. 
Transmittance (T), Sensitivity (S) and Figure of Merit (FOM) investigated numerically 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 wavelength and the resonance line-shapes can be adjusted by changing the geometry of the device. By optimizing 

the structure in the initial configuration, the maximum sensitivity of 1078nm/RIU and FOM of 3.62×105 is achieved. Then 
change the structure parameters. In this case, the maximum sensitivity and FOM are 1041nm/RIU and 2.94×104 respectively, 
thus two detection points can be used for the refractive index sensor. Due to proper performance and adjustable Fano 

resonance points, this structure is significant for fabricating sensitive refractive index sensor and plasmonic bandpass filter. 

Keywords Surface plasmon-polaritons . Fano resonances . MIM waveguide . Refractive index sensor . Plasmonic filter 

 

Introduction 

Fano resonance is a resonant scattering phenomenon that 
occurs during the coupling of a discrete state with a 

continuous state [1]. Fano resonance can also be caused by 
the interaction between a wide bright mode and a narrow 

dark mode [2]. Compared to Lorentzian resonance, this 
phenomenon has an asymmetric and ultra-sharp transmission 
spectrum that is very sensitive to change in structure 

parameters and surrounding environment [3]. These features 
make it useful for designing measurement tools and using 

two parameters Sensitivity and FOM (Figure of Merit), the 
system performance can be evaluated [4]. Since the Fano 

resonance is strongly influenced by changes in the 
environment, the use of Fano resonance points in sensors, 
improves their resolution and sensitivity [5]. 

Surface Plasmon-polaritons (SPPs) are the result of a 

coupling between the incident electromagnetic waves and the 

free electrons of metal surface, which are strongly confined 

near the metal-dielectric boundary and propagate at the 

metal-dielectric interface [6, 7]. SPPs have attracted attention 

of many researchers, and the construction of a variety of 

devices such as sensors [8], couplers [9], filters [10], 

demultiplexers [11], slow Light [12] and optical switches 

[13] have been suggested. In addition, SPPs can be used to 

transfer data in high-density photonic integrated circuits [14]. 

Metal-Insulator-Metal (MIM) waveguide coupled resonators 

have unique properties such as overcome the diffraction limit 

[15], high wavelength propagation range, simplicity of 

construction [16] and high ability to confine light at the scale 

below the wavelength. [17]. In these structures, by merging 

the properties of integrated electronic (high miniaturization) 

and photonic (high speed), a unique device can be produced 

for the next generation, which will bring a very high 

processing speed [16, 18]. Therefore, more and more 

scientists are emphasizing research on plasmonic materials 

and promoting the use of these materials in the production 

and development of new tools [19]. The use of plasmonic 

materials to produce optically integrated circuits has been 

considered by many researchers due to the high ability of 

these structures to confine light in the sub-wavelength range 

[20]. Recently, various plasmonic structures have been 

proposed to study Fano resonances, and various types of 

plasmonic sensors have been reported based on this 

resonance. For example, Jing Guo et al. Designed a refractive 

index nanosensor based on Fano resonance, which includes 

an MIM waveguide and a single rectangular cavity without a 

long side with a maximum sensitivity of 1840nm/RIU [21]. 

Yihong Fang et al. Have introduced a plasmonic sensor 
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refractive index with multi-channel Fano resonances with a 

sensitivity of 1940nm/RIU [22]. A refractive index sensor 

designed by Mengmeng Wang et al. Includes a baffle 

coupled with a circular split ring resonance cavity with a 

sensitivity of 1114.3nm/RIU [23]. The refractive index 

sensor is based on Fano resonances in plasmonic waveguide 

with two-way ring resonators designed by Xuewei Zhang et 

al. With a sensitivity of 1160nm/RIU [24]. In all papers, 

scientists have made every effort to ensure that the structure, 

while simple in design, has the best performance in terms of 

sensitivity and Figure of Merit. 

In this paper, we propose a refractive index sensor with a 

simple plasmonic structure consisting of a waveguide with 

four teeth. The transmission spectrum, and magnetic field  

distributions |Hz| are simulated by the two-dimensional 

FDTD method with PML absorber boundary conditions and 

simulation parameters, Δx and Δy are equal to 5nm. Due to 

the importance of FOM and sensitivity values in the 

refractive index sensor, both cases are investigated and the 

results are given. Simplicity in construction and high 

performance can lead to the use of the proposed structure as 

a refractive index sensor. 

 

Simulation and analysis 

 

Simulations and analyzes are performed in two dimensions 

to avoid the complexities of data processing. Fig. 1 shows a 

two-dimensional design for the proposed structure consisting 

of a waveguide with four teeth, including three teeth at the 

top and one tooth below the waveguide. In this structure, the 

width of the waveguide and all the teeth are equal to w and 

four teeth with lengths L1, L2 and h1, h2 are assumed. 

According to Fig. 1, the distance between the teeth is 

assumed d1 and d2. To ensure that the single-mode spectrum 

propagates through the waveguide and the four teeth, the 

value of w is assumed to be a constant value of 50nm. 

According to Fig. 1, the electromagnetic spectrum enters the 

device from the left and exits from the right, so the Pin is the 

power at the input port and the Pout is the power at the output 

port. The parameters are calculated at the two points Pin and 

Pout and the transmittance (T) is defined as inout PPT  . In 

the initial configuration, in order to design the best 

performance of the device and make it easier to study the 

characteristics of the transmission spectrum, L1 and L2 are 

assumed to be equal to 205nm. The size of h1 is 75 nm and 

h2 is 105nm. According to the results of several simulations, 

the best performance of the device is obtained for equal 

distance between the teeth, and therefore the values d1 and 

d2 are considered equal and with a length of 15nm. The air  
 

 

Fig. 1 Proposed structure for plasmonic sensor and filter 

and silver sections are shown in Fig. 1, where the air 
dielectric constant is 1.0 and the permeability of the silver 
metal follows the Drude model [25]: 

γiω

ω
εε

2

2
p


                          (1) 

where the dielectric constant at the infinite frequency is taken 

as 3.7ε  , the plasmonic oscillation frequency is taken as  

9.1eVωp  and the characteristic collision frequency is 

0.018eVγ  . The wave reflection due to the addition of teeth 

to the waveguide changes the amplitude and phase of the 

wave propagated inside the waveguide and therefore changes 

the transmission spectrum line-shape and creates a sharp and 

asymmetric line-shape compared to the toothless state. The 

optical responses of the structure and distribution of the |Hz| 

simulated and calculated by the two-dimensional FDTD 

method with the PML absorber boundary conditions. The 

purpose of using PML is to absorb waves inside the structure 

and prevent the impact of unwanted reflection waves in the 

simulation environment. Using standing wave theory, the 

resonant wavelength can be calculated in terms of effective 

refractive index [26]: 
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the phase shift Φ is due to the reflection of light from the 
metal-air interface in the resonant cavity, and L is the 
effective length of the resonant cavities. m is the order of 

resonant mode, which is an integer. Also, Re(neff) is the real 
part of the refractive index and neff is defined as follows: 
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Fig. 2 Transmission spectrum of the plasmonic structure with two 

teeth, three teeth and the entire device. The parameters are set as 

L1=205nm, L2=205nm, W=50nm, h1=75nm, h2=105nm, d1=15nm 

and d2=15nm 

 

where k is the wave vector in the waveguide. In order to 

understand the effect of adding teeth to the waveguide on the 

performance of the device, the transmission spectra for the 

structure with two teeth, three teeth and the entire structure 

are drawn(see Fig. 2). As shown in Fig. 2, the addition of 

teeth to waveguide creates resonance peaks in the 

transmission line, and when the structure is entirely 

simulated, it has two Fano resonance points at FR1 and FR2  

which are located at nm743λ   and nm1100λ  , 

respectively. Also, the transmission spectrum has resonance 

point at nm1597λ  , the line shape of which is asymmetric 

but not very sharp, and is marked with the name FP, which is 

not investigated in this work. In other words, points FR1 and 

FR2 will be investigated for sharper peaks and better 

properties. In order to better understand the internal 

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 

teeth. According to the Figs. 3a to 3d, field distribution |Hz|, 

showing that in which part of the structure the 

electromagnetic field is concentrated. In Fig. 3a, the 

electromagnetic field |Hz| plotted at nm744λ  , which is the 

peak of FR1, and it is clear that the field is concentrated in 

teeth h1 and h2. This indicates that Fano resonance in FR1 is 

the result of an interaction between the narrow resonance 

caused by the h1 and h2 teeth and the wide resonance caused 

by the MIM. It is important to noted that according to Fig. 

3a, only by changing the size of these two teeth can      

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Display of field distribution |Hz| In structure at the resonance wavelength a λ=744nm, b λ=753nm, c λ=1100nm and d λ=1597nm



controlled the transmittance and the resonant wavelength in 

FR1. According to the above, it can be claimed that FR2 is 

also the result of the narrowing resonance of the teeth and the 

wide resonance of MIM and the FP point is also the result of 

the resonance of the teeth with lengths L1 and L2 with wide 

resonance of MIM [27]. The main purpose of this work is to 

investigate the characteristics of a plasmonic structure for use 

as a refractive index sensor. Judgment of sensor performance 

is possible by two comparable parameters, sensitivity and 

FOM. Sensitivity(S) is an important parameter for evaluating 

sensor properties, which is expressed by [28]: 

)/( RIUnm
dn

d
S


                                       (4) 

which dλ is the amount of change in the resonant wavelength 
by changing the refractive index dn due to changes in the 

device environment. In order to evaluate the performance of 

the device in different environments, we calculate the value 

of the transmittance for different refractive indices in which 

the refractive index is changed from 1.00 to 1.14. Fig. 4 

shows the transmission spectra at different wavelengths by 
varying the refractive index value. According to Fig. 4, as the 

refractive index of the environment increases, the shape of 

the transmission spectrum line remains unchanged. Also, the 

value of the transmittance at the resonance points did not 

 
Fig. 4 The transmittance spectra of the structure for different 

wavelengths by changing the refractive index from 1.00 to 1.14 

 

change much, but the resonant wavelength increased. As 

shown in Fig. 5a, the Fano resonance wavelength changes 

linearly by changing the refractive index, which is in 

accordance with Eq. 2. Using the calculated data and Eq. 4, 

we investigate the sensitivity at the two Fano resonance 

wavelength. At point FR1 the sensitivity is 696nm/RIU and 

at FR2 it is 1078nm/RIU. Another important parameter in the  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. a Sensitivity and b FOM for the structure with the proposed 

parameters 

 

evaluation of refractive index nanosensors is Figure of Merit 

(FOM), which are [29]:  
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And 

max
*)(FOMFOM                                        (6) 

T(λ, n0) is the transmittance in the initial state and T(λ, n) is 
the transmittance after changing the environment refractive 

index. FOM represents the change in the intensity of the 

relative transmission spectrum TΔT  due to the change in the 

refractive index (∆n), which is calculated at wavelength λ0. 

According to Eq. 5 and the available data, the FOM for FR1 

was 482.17, but for FR2 it was 3.62×105, which is shown in 

Fig. 5b. According to the sensitivity and FOM values, in the 

structure, the FR2 resonance point has a better performance 

and can be used as a detection point in the index sensor. To 

compare the performance of the proposed device with other 
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FOM S(nm/RIU) Year Reference 

9.95×104 1075 2020 [2] 

101.3 540 2020 [30] 

- 886.16 2020 [6] 

269 - 2020 [31] 

1.56×105 780 2018 [32] 

5.47×104 825 2018 [33] 

- 1057 2017 [34] 

1.35×104 938 2016 [35] 

53.7 750 2016 [36] 

- 596 2016 [37] 

650 530 2013 [38] 

3.62×105 1078 2021 This work 

 

Table 1. Comparison of the performance of the proposed sensor 

and other structures performed 

 
structures, table 1 shows the sensitivity and FOM values of 

some of the structures previously proposed and this work. As  

 
 

Fig. 6 The influence of change L1 and L2 on transmission 

properties if h1 and h2 are fixed 
 

can be seen, despite the simplicity of the proposed structure 

design in this work, the sensor has better performance and 

the sensitivity than other works. Although the proposed 

structure is in nanoscale, a change in the size of its 

components can affect the sensitivity and FOM values, and 

 
 

Fig. 7 The influence of change h1 on transmission properties if 

other structure parameters are fixed 

 

in other words, these changes can affect the performance of 

the device. Now, in order to study the effect of changing the 

structure size on the device performance, we change the size 

of the teeth and investigate its effect on the transmittance, 

sensitivity and FOM, which ultimately leads to determining  

 

 
 

Fig. 8 The influence of change h2 on transmission properties if 

other structure parameters are fixed 

 

the acceptable error rate in making the device as a refractive 

index sensor so that the operation of the device is not 

disturbed. For this purpose, we first fixed the sizes h1 and h2 

to 75nm and 105nm respectively and change L1 and L2 from 

170nm to 210nm with 10nm step. Fig. 6 shows the changes 

in the transmission spectra for equal and simultaneous 

changes in L1 and L2 sizes. As shown in Fig. 6, with 

increasing L1 and L2, the transmittance line-shape is fixed 

but the transmission in FR2 increases while for the point 
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FR1, this change Decreases the transmission value. In this 

case, the transmittance at the FP point does not change 

significantly, but the resonant wavelength increases(redshift). 

For system optimization, we assume L1 and L2 to be fixed 

and equal to 195nm, and investigate the effect of changing 

h1 and h2 on the transmission spectra. Now, we change h1 

from 50nm to 90nm in 10nm steps. As shown in Fig. 7, 

increasing the length of h1 reduces transmittance in FR1 and 

FR2 points. Then, According to Fig. 8, by fixing L1 and L2 

equal to 195nm and h1 equal to 80nm, we assume the h2 

with lengths of 50, 60, 70, 80 and 90nm. As shown, 

decreasing h2 leads to an increase in the spectrum 

transmittance in FR1 and FR2 and decreases the resonant 

wavelength(blueshift). Finally, we try to design a structure so 

that we have the highest sensitivity and FOM at the same 

time in FR1 and FR2 points. After optimizing the geometry 

of the structure, L1 and L2 are considered equal to 195nm, as 

well as h1 to 80nm and h2 to 75nm. For the new sizes of the 

device, the transmission spectra are plotted in Fig. 9 and, as  

 

 
 

Fig. 9 Transmission spectrum for new plasmonic structure. The 

parameters are set as L1=195nm, L2=195nm, W=50nm, h1=80nm, 

h2=75nm, d1=15nm and d2=15nm 

 

can be seen, two Fano resonance points are generated at 

wavelengths of 704nm (FR1) and 1078nm (FR2). As can be 

seen, in the second structure, the wavelengths of the Fano 

resonance points shift to smaller wavelengths. Therefore, by 

changing the structure parameters, we can adjust the 

resonance points. We now plot the distribution of the 

magnetic field |Hz| in the wavelengths of 704nm, 737nm, 

1078nm and 1613nm as shown in Fig. 10. Again, for the new 

structure sizes, we change the environment refractive index 

from 1.00 to 1.14 and plot the transmission spectra as shown 

in Fig. 11 and investigate sensitivity and FOM values using  

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Display of field distribution |Hz| In structure at the 

resonance wavelength a λ=704nm, b λ=737nm, c λ=1078nm and d 

λ=1613nm 

 

Eqs. 4 and 6. The calculations show that in the new structure, 

the sensitivity at the FR1 and FR2 resonance points are 

659nm/RIU and 1041nm/RIU, and FOM are 1.14×103 and 

2.94×104, respectively. In the proposed structure with new 

sizes, two Fano resonance points with good sensitivity and 

FOM values have been produced, which can be used to build 

a high sensitivity refractive index sensor. Also, due to the 

adjustability of Fano resonance points in structure, this 

device can be used as a plasmonic bandpass filter. 
 

 
 

Fig. 11 transmittance spectra of the structure with modified 

parameters by changing the refractive index 
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Conclusion 

 

In summary, in this work, a refractive index sensor and 

plasmonic bandpass filter with a simple structure including 

MIM with four teeth based on SPPs was proposed and 

simulated and investigated by numerical method FDTD with 

PML absorption boundary conditions. In the initial 

configuration, by changing the refractive index of the 

structure, sensitivity was calculated and the best value was 

1078nm/RIU at the FR2 resonance point. Due to the 

importance of FOM in the sensors, the value of this 

parameter was also calculated in the same structure and the 

best value of 3.62×105 was obtained for the FR2 resonance 

point. Also, by changing the structure parameters, the 

transmittance spectrum line-shape includes two Fano 

resonance points, which sensitivity of 659nm/RIU and 

1041nm/RIU and FOM of 1.14×103 and 2.94×104 was 

calculated for FR1 and FR2 points respectively. The most 

important feature of the structure introduced in this paper is 

the appropriate sensitivity and FOM and ease of 

construction. Also, according to the results obtained for 

sensitivity and FOM, this structure can be used as a sensitive 

plasmonic refractive index sensor. Also, due to the 

adjustability of Fano resonance points with changing the 

structure parameters, this device can be used as a plasmonic 

bandpass filter. 
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