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Plasmonics is a young area of nano-optics research. Owing to its ability to produce nanoscale hot spots, 

which are close to the size of bioparticles, it has been largely applied in biodetection with enhanced mat-

ter/light interactions and heightened sensitivity to refractive index (RI) changes. In this manuscript, we 

propose a miniature plasmonic RI sensor with high detection performances. Our proposed plasmonic RI 

sensor based on Fano resonances in a metal-insulator-metal (MIM) waveguide with a nanowall coupled 

with an oval resonator is presented in this work. The spectral characteristics and the transmission proper-

ties of the sensor are extensively analyzed using the finite difference time-domain (FDTD) method. The 

proposed sensor proves to be highly sensitive for label-free detection with an optimum design. FDTD simu-

lations show that RI sensitivity values can be as high as 3787.9 nm per refractive index unit (RIU). 
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1. INTRODUCTION 
 

With the fast development of nanofabrication skills, 

nano-optics has been applied and improved in several 

areas of research and industry. One major branch of 

nano-optics is plasmonic sensing. Owing to its ability to 

create nanoscale hot spots, which are close to the size of 

bioparticles, plasmonics has been widely applied in 

biosensing with improved light/matter interactions and 

enhanced sensitivity to refractive index (RI) variations 

[1-6]. 

The modern plasmonic sensor industry is faced with 

the search for new nanostructures with design func-

tions, where the concept of utilizing surface plasmon 

polaritons (SPPs) proves itself useful over other nano-

technologies. SPPs are guided electromagnetic waves 

that propagate along the metal-insulator interface due 

to the ability to modulate light on the nanoscale, as 

well as break the diffraction limit, which has been 

widely discussed for several decades [7, 8]. One of the 

basic plasmonic waveguides capable of confining light 

within a considerable propagation length is the metal-

insulator-metal (MIM) waveguide [9], and several stud-

ies of RI sensors are based on this structure [10-14]. 

For example, Zhang et al. [12] proposed a plasmonic RI 

nanosensor based on MIM waveguide-coupled double 

rectangular cavities, which can achieve an RI sensitivi-

ty (S) of 596 nm/RIU and a figure of merit (FOM) of 7.5. 

A plasmonic waveguide coupled system that uses a 

MIM waveguide with two silver baffles and a coupled 

ring cavity was shown by Zhao et al. [15] with an S of 

718 nm/RIU. Zhang et al. [16] also presented a sym-

metric plasmonic waveguide with a shoulder-coupled 

rectangle cavity that has an FOM of 57. As an RI sen-

sor, it requires both high FOM and high sensitivity (S) 

to assure excellent performance. Currently, Fano reso-

nance is generally used to improve FOM that results 

from structural symmetry breaking or dark-bright 

resonance interference and has an asymmetric spectral 

line shape with a narrower full width at half maximum 

(FWHM) [12, 14, 15, 17]. 

In this context, a highly sensitive plasmonic RI sen-

sor based on Fano resonances in a MIM waveguide 

coupled with a defective oval resonator is proposed. The 

transmission properties are numerically simulated by 

finite-difference time-domain (FDTD) method. The 

properties of the proposed structure in applications of 

RI sensing are studied in detail, which shows that the 

designed plasmonic system can have promising appli-

cations for integrated optical devices of nanoscale opti-

cal switches, sensors, and optical filters. 

 

2. DESIGN AND THEORETICAL ANALYSIS 
 

The proposed structure of the plasmonic RI sensor 

is schematically shown in Fig. 1. It consists of an MIM 

waveguide coupled with a thin metal nanowall directly 

below a defective oval resonator. Throughout this work, 

the width of the MIM waveguide is fixed as w  50 nm 

[18] to ensure that only the fundamental TM0 type SPP 

mode can be excited and transmitted. 

The MIM waveguide is coupled with a side defective 

oval resonator above the nanowall, with R as the radius 

of two intertwined disks with distance XR, the nanowall 

thickness is D. The green and white areas represent 

the silver layer m and the dielectric material in, re-

spectively. In all simulations performed in this work 

using FDTD, the Debye-Drude dispersion model [19-21] 

can describe the relative permittivity of silver: 
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where   c/  is the incident SPP frequency,  is the 

dielectric constant at an infinite angular frequency 

with a value of 3.7, p  1.38·1016 Hz is the bulk plasma 

frequency,  is the incident wave frequency, 

  2.73·1013 Hz is the electron collision frequency. 
 

 
 

Fig. 1 – Proposed design. The geometric parameters of the 

proposed structure were set as follows: w  50 nm, D  50 nm, 

R  300 nm, XR  80 nm, r  40 nm, Xr  60 nm, g  10 nm 
 

In our simulation, the spectral responses of the de-

signed plasmonic structure are numerically studied by 

the 2D FDTD method using the commercial simulator 

R-Soft. During the simulation, it is supposed that the 

thickness of the Y direction is infinite, and for a real 3D 

structure in the laboratory, this supposition is accepta-

ble for thicknesses larger than 1 µm [22, 23]. In our 

study, only the 2D model is investigated, and this is to 

consider the trade-off between computational accuracy 

and time costs. Perfectly matched layer (PML) bounda-

ry conditions are used in FDTD simulations, and a 

uniform mesh grid (∆x, ∆z) equal to 5 nm was chosen to 

ensure speed and accuracy of the calculation in both x 

and z directions [24]. The Gaussian light source is 

placed on the left side of the waveguide. When the inci-

dent light is a TM-polarized wave, SPPs will be excited, 

confined and transmitted in the waveguide. When the 

transmitted light is collected from the right side of the 

waveguide, the transmittance T can be calculated as 

follows [14, 25]: 
 

 out

in

P
T

P
 , (2) 

 

where Pin and Pout are the incident power and the 

transmitted power observed at positions A and B, re-

spectively. 

 

3. NUMERICAL SIMULATION, RESULTS AND 

DISCUSSION 
 

There are many topologies for designing optical sen-

sors based on the plasmonic structure. These optical 

sensors usually include waveguides and resonators. In 

this work, a simple structure of an RI sensor with high 

detection parameters is designed. The simulation re-

sults due to the interaction of incident waves with the 

designed RI sensor are presented. The geometric pa-

rameters of the proposed design are set as: w  50 nm, 

D  50 nm, R  300 nm, XR  80 nm, r  40 nm, 

Xr  60 nm, dr  160 nm, g  10 nm. The simulated 

transmission spectra are numerically calculated by the 

FDTD method and presented in Fig. 2. 
 

 
 

Fig. 2 – FDTD simulation results. Transmission spectra of a 

simple MIM waveguide, a MIM waveguide with only a nan-

owall, a MIM waveguide with only a defective oval resonator, 

and a coupled system (a MIM waveguide with a nanowall side-

coupled to the oval resonator) 
 

The transmission spectra of a simple MIM wave-

guide are greater than 0.8 in the range of 700-200 nm 

(green curve in Fig. 2). For a MIM waveguide with a 

metal nanowall, the transmittance (orange curve) is 

less than 0.16 in the same range. Here, the spectrum 

can be considered as a wide continuum state, this is 

due to the nanowall, which practically blocks the 

transmission. To create a discrete state, a defective 

oval cavity is side coupled with the MIM waveguide. It 

can be seen clearly that in the range of 700-1500 nm, 

there are two symmetric Lorentzian-like valleys, which 

represent the first and second modes of the defective 

oval cavity, and this can be regarded as two discrete 

states. When the nanowall is inserted into a MIM 

waveguide and coupled with a defective oval resonator, 

interference will occur between two states, one contin-

uum and one discrete, thus two sharp and asymmetric 

Fano resonances will appear in the transmission spec-

trum (red curve). Fano resonance peaks are marked by 

FR1 and FR2 with wavelengths FR1  792.079 nm and 

FR2  1269.84 nm. 

Two Fano resonances can be tuned by the geometric 

parameters of a defective resonator or a metal nan-

owall. For the first time, the effect of the radii R and r 

on the transmission spectra is studied and displayed in 

Fig. 3a. 

Here, the other geometric parameters are the same 

as above in the simulation calculation. A wavelength 

shift of the Fano peaks is observed when the radius R 

of two intertwined disks increases from 290 to 330 nm 

with a step of 10 nm. The position of the Fano peaks is 

directly affected by the position of the resonant modes 

of the oval resonator. In addition, this is because the 

proposed Fano resonances are provided by two discrete 

states arising from the side coupled oval resonator. For 

a better understanding of the physical mechanism of 

the Fano resonance, the magnetic field distributions Hy 
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Fig. 3 – (a) Transmission spectra of the plasmonic Fano system with different radius R; (b) and (c) magnetic field distributions 

(Hy) at two resonance wavelengths FR1 and FR2, respectively, for radius R 
 

at the wavelengths of the two transmission peaks FR1 

and FR2 are presented in Fig. b and Fig. 3c, respective-

ly (for different R). TMm classifies the resonance modes, 

where m is the number of nodes of stationary waves in 

the defective oval resonator. From Fig. b and Fig. 3c, 

the resonant modes are TM4 and TM2, respectively. It 

is also obvious that, at R  320 nm, the electromagnetic 

wave energy is mainly confined in the defective oval 

resonator for two Fano resonance peaks. Therefore, 

these peaks are more sensitive to the alteration of RI 

around the distribution surface, which is very helpful 

for enhancing the sensitivity and performance of the 

biosensor. For the second time, we keep the previous 

parameters and analyze the transmission with the 

variation of the distance Xr of the inner oval. The effect 

of the distance Xr of the inner oval on the transmission 

spectra is studied and displayed in Fig. 4a, b. An in-

crease in the value of Xr is associated with an increase 

in the resonance wavelength, meaning that the Xr val-

ue causes a shift in the resonance wavelength, and the 

shift for FR2 is larger than that for FR1 due to larger 

losses. At the same time, we studied the effect of this 

parameter on sensitivity (S), which is vital for sensors. 

It is characterized by the unit wavelength shift ∆ of 

the unit RI change ∆n [26, 27] and can be expressed as 

S  ∆/∆n. In addition to S, another term used to evalu-

ate the performance of a plasmonic sensor is FOM, 

which can be expressed in terms of both S and FWHM 

of the resonance peak, i.e., FOM  S/FWHM [28]. 

As we mentioned earlier, the electromagnetic wave 

energy is mainly confined in a defective oval resonator. 

Therefore, the peaks are sensitive to the alteration of 

RI around the distribution surface. 

By varying the RI of the outer oval from n  1 to 

n  1.02, one can induce a shift of the resonance spec-

trum. From Fig. 4c, an enhancement of the sensor sen-

sitivity is achieved by increasing the value of Xr to the 

maximum value at Xr  400 nm, after which sensitivity 

decreases. For FR1, the maximum sensitivity value is 

1081.81 nm/RIU, while for FR2 it is 3787.9 nm/RIU, 

i.e., sensing resolution of 9.2410 – 6 RIU for FR1 and 

2.6310 – 6 RIU for FR2 is achieved at Xr  400 nm. 

Finally, the transmission spectra of the optimal 

proposed design with different RI are presented in 

Fig. 5. Also, Fig. 6 shows an approximately linear rela-

tionship between the resonance wavelengths of the two 

modes (FR1, FR2) and RI. Table 1 compares the sensi-

tivity of different sensors previously reported. The high 

sensitivity value achieved with the proposed device 

opens up the avenues for designing real time on-chip 

optical plasmonic RI sensors. 
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Fig. 4 – (a) Transmission spectra of the plasmonic Fano system with different distance Xr, (b) and (c) resonance wavelengths and 

sensitivities of the plasmonic sensors, respectively, for Xr varying from 150 to 450 nm 
 

 
 

Fig. 5 – Transmission spectra of the plasmonic RI sensor with 

different RI 

 

4. CONCLUSIONS 
 

Transmission spectra of two Fano resonances can 

be formed by a combined plasmonic design made up of 

a MIM waveguide with a thin nanowall and a defective 

oval resonator. The continuous state is supported by 

the MIM waveguide with the nanowall, whilst the de-

fective oval resonator can create two discrete states. 

Coherent coupling and interference between the two 

states generate two Fano resonances. FDTD-based 

numerical simulations are performed to study the 
 

 
 

Fig. 6 – Resonance of plasmonic RI sensors for n varying from 

1 to 1.08 nm 
 

1,0 1,5 2,0 2,5 3,0 3,5

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

T
ra

n
sm

is
si

o
n

Wavelength (m)

 Xr=150nm

 Xr=200nm

 Xr=250nm

 Xr=300nm

 Xr=350nm

 Xr=400nm

 Xr=450nm

150 200 250 300 350 400 450

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6

2,8

R
e
so

n
a
n

ce
s 

W
a
v

e
le

n
g

th
s 

(
m

)

Xr (nm)

 FR1

 FR2

150 200 250 300 350 400 450

-1000

0

1000

2000

3000

4000

S
en

si
ti

v
it

y
 (

n
m

/R
IU

)

Xr (nm)

 FR2

 FR1

1,00 1,02 1,04 1,06 1,08

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6

2,8

R
e
so

n
a
n

ce
s 

W
a
v

e
le

n
g

th
s 

(
m

)

Refractive index (RIU)

 FR1

 FR2



 

REFRACTIVE INDEX SENSING AND LABEL-FREE DETECTION … J. NANO- ELECTRON. PHYS. 14, 01012 (2022) 

 

 

01012-5 

Table 1 – Sensitivity comparison of different sensor structures 
 

References Sensitivity (nm/RIU) 

Yan et al. (2017) [29] 1071.4 

Ghorbani et al. (2018) [30] 
1540 for mode 2 and  

1010 for mode 1 

Bensalah et al. (2019) [24] 2602.5 

Hocini et al. (2020) [6] 
2448 for mode 2 and  

1120 for mode 1 

This work 
3787.9 nm/RIU for FR2, 

1081.81 nm/RIU for FR1 
 

dependences of the transmission properties on the 

geometric parameters. As one of the potential applica-

tions, i.e., plasmonic RI sensor, the simulation results 

prove that the proposed sensor can achieve a high sen-

sitivity of 3787.9 nm/RIU corresponding to the FR2 

peak. Finally, this design, due to its small size, high 

sensitivity and high FOM, is very suitable for use in 

highly integrated circuits. 
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Визначення показника заломлення та безмаркерне детектування з використанням стру-

ктурованого плазмонного датчика з овальним резонатором 
 

A. Harhouz1, A. Hocini1, H. Tayoub1,2 
 

1 Laboratoire d’Analyse des Signaux et Systmes, Department of Electronics, University of MSila, P.O. BOX. 166, 
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2 Research Center in Industrial Technologies CRTI, P.O. BOX. 64, Cheraga 16014, Algiers, Algeria 

 
Плазмоніка – молода область досліджень в галузі нанооптики. Завдяки здатності створювати нано-

розмірні гарячі точки, які близькі до розміру біочастинок, вона широко застосовується в біодетектуванні 

з покращеною взаємодією речовина/світло та підвищеною чутливістю до змін показника заломлення 

(RI). У статті ми пропонуємо мініатюрний плазмонний датчик RI з високими характеристиками детекту-

вання. У роботі представлено запропонований нами плазмонний датчик RI на основі резонансів Фано у 

хвилеводі зі структурою метал-ізолятор-метал (MIM) з наностінкою, поєднаною з овальним резонатором. 

Спектральні характеристики та властивості пропускання датчика детально проаналізовані за допомо-

гою методу кінцевих різниць у часовій області (FDTD). Запропонований датчик виявив високу чутли-

вість до безмаркерного детектування при оптимальній конструкції. Моделювання FDTD показує, що 

значення чутливості за RI можуть досягати 3787,9 нм на одиницю показника заломлення (RIU). 
 

Ключові слова: Резонанс Фано, Плазмонний датчик показника заломлення (RI), Хвилевод зі струк-

турою MIM, FDTD, Овальний резонатор. 
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