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Abstract
A metal-insulator-metal (MIM) waveguide structure consists of semi-elliptical ring resonator (SERR) and a baffle was 
proposed and numerically investigated by using the finite element method (FEM). By changing the geometrical parameters 
such as the radii of SERR and the width of the baffle, the transmission characteristics and line shape can be easily tuned. The 
simulation results show that the proposed plasmonic system is used as a sensor by filling the insulator region with different 
refractive index. The sensitivity and figure of merit of this sensor can reach 1783 nm/RIU and 27, respectively. It is found 
that the proposed structure exhibits a slow light effect, and it is shown that the optical delay achieved is 0.887 ps. The results 
clarified that the developed structure could have a great potential in nanosensor devices and slow light systems.

Keywords Surface plasmons SPPs · Fano resonance · Metal-Insulator-Metal (MIM) waveguides · Plasmonic sensors · 
Refractive index

Introduction

Surface plasmon polaritons (SPPs) are electromagnetic 
waves in the form of collective oscillations, which are 
generated by the interaction between incident light and 
free electrons on the metal surface; it can propagate along 
the metal/dielectric interface with an exponential decay in 
the direction perpendicular to this interface [1, 2]. Having 
the perfect characteristics of breaking the diffraction limit 
of light and controlling optical signal propagation at the 
nanoscale [3], SPPs are very promising for applications 
in highly integrated photonic circuits and optical devices 
[4–6]. In particular, metal-insulator-metal (MIM) wave-
guides based on SPPs have deep subwavelength field con-
finements and low bending loss. What is more, this type of 
waveguide presents strong local field enhancement char-
acteristics, long propagation length, and easy integration 
at the nanoscale, which make them very promising for the 
realization of potential applications in highly integrated 
nanophotonic circuits. Many MIM waveguide-based opti-
cal devices consisting of waveguides and resonators have 

been investigated, such as plasmonic sensors [7, 8], filters 
[9–11], and splitters [12]. Resonators coupled to a MIM 
waveguide can produce special optical effects such as elec-
tromagnetically induced transparency (EIT) [13] and its 
analog [14] which is the Fano resonance [15, 16]. The 
asymmetric Fano resonance is a particular optical phenom-
enon of interacting quantum systems, which arises from 
the interference between a continuous state band and a 
discrete quantum state [17]. Systems that excite Fano reso-
nances are very sensitive to the surrounding environment 
in a specific frequency range, exhibiting faster optical 
responses and high local field enhancement. In contrast to 
the Lorentzian line resonance, the Fano resonance exhibits 
a typical sharp and asymmetric line profile [18] and due to 
the high dispersion of the Fano resonance curves is receiv-
ing special attention and many nanostructures have been 
proposed for optical applications in miniature sensors [19, 
20], optical switches [21, 22], all-optical logic gates [6], 
slow light devices [23, 24], and wavelength demultiplexing 
systems [25, 26]. In recent years, many Fano resonance 
systems based on MIM waveguide structures coupled 
with double side-coupled slot cavities or double paral-
lel slots [27, 28] have been designed. For example, Hua 
Lu et al. [29] proposed a dual-array resonator coupling 
structure. Ouyang et al. proposed and studied the tunable 
Fano resonance in MIM waveguide structure coupled with 
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hetero-cavities [30]. Meng et al. investigated the control 
of Fano resonance in photonic crystal nanobeams coupled 
with nanobeam cavities and its application in detection 
[31]. Houlin An et al. [32] designed two MIM waveguide 
structures consisting of a cavity and a T-type deflector. In 
addition, several tunable Fano resonances were first real-
ized in an end-coupled system consisting of a rectangular 
cavity and an inverted U-shaped slot by Fang et al. [33]. In 
this paper, a novel compact refractive index nano-sensor 
is proposed and numerically investigated. For this sensor, 
the designed structure is composed of a baffle coupled to 
a semi-elliptical ring resonator (SERR).

There are some reasonable motivations to choose the 
SERR resonator shape. Firstly, in the elliptical shape, the 
different optical resonance tuning scenarios are likely to 
be compared to the other shapes; thus, the performance 
of the device can be tuned by adjusting the major and 
minor radii of the elliptical shape. Elliptical resonators 
offer a higher coupling coefficient and quality factor than 
the majority of earlier resonator systems using MIM wave-
guide, making them preferred for slow light devices [34]. 
Additionally, the substantial energy loss in the corners of 
acute angle resonators can limit their use; however, by 
rounding the corners and selecting an ideal radius of cur-
vature, this energy loss can be reduced [35, 36]. Finally, 
the different fabrication technics of an elliptical geometry 
can be easier and accurate compared to the fabrication 
process of shapes with corners like rectangular and tri-
angular shapes [37, 38]. Regarding the nanofabrication 
of plasmonic components, Stade et al. [39] and Campos 
et al. [40] have demonstrated the experimental fabrication 
of nanostructures with dimensions on the same scale and 
even less of the studied device. Bozhevolnyi et al. studied 
experimentally the Channel plasmon subwavelength wave-
guide components [41]. The fabrication methods used for 
such devices with high resolution are focused ion beam 
milling (FIB) [42], electron beam lithography (EBL) [43], 
or nanoimprint lithography (NIL). The latter option can be 
considered an excellent choice for both commercial and 
academic applications due to its cost-effectiveness and 
high throughput capabilities [44].

In this work, the peaks of multiple Fano resonances 
are obtained using a compact MIM waveguide structure. 
Both the narrow-band “bright” modes and the broad-band 
“dark” modes are switched on because the SERR operates 
as a Fabry-Perot (FP) resonator and the baffle (slot) has 
the potential to function as a reflector. The Fano resonance 
arises from interactions between these two modes. In respect 
to the geometrical parameters of SERR, we present an inves-
tigation of their effects on optical characteristics of the pro-
posed structure like the optical delay to evaluate slow light 
effect, and the sensitivity and the figure of merit (FOM) are 
used to assess the detection properties of the sensor.

Structure Design and Simulation Method

Figure 1 shows the structure of the proposed multiple Fano 
resonance plasmonic system. It consists of a MIM wave-
guide edge-coupled to a metal baffle (which is located 
between the two input and output ports) and side-coupled 
to a semi-elliptical ring resonator (SERR). The major and 
minor mean radii of the semi-elliptical resonator are R and 
r, respectively. The width and height of the baffle are d and 
w, respectively. For the entire article, the MIM waveguide’s 
width is fixed, w = 50 nm. The coupling distance between 
the MIM waveguide and the semi-elliptical resonator is g.

The optical properties in Fig. 1 are investigated numeri-
cally using the finite element method (FEM), and the results 
will be compared initially with the finite difference time 
domain (FDTD) method. Since the width of the waveguide 
is significantly smaller ( w = 50 nm) than the wavelength of 
the incident light, the waveguide supports a single TM

0
 prop-

agation mode. In this numerical study, a TM-polarized plane 
wave is injected into the MIM structure, where ( (��⃗H∕∕ �⃗Z) ), 
i.e., the magnetic field, is perpendicular to the plane of Fig. 1 
[6]. While the SPPs waves are forming on the two metal 
interfaces, the incident light will be coupled into the bus 
waveguide. A perfectly matched layer (PML) serves as an 
absorbing boundary condition for the FDTD method in order 
to absorb the outgoing waves, reduce simulation errors, and 
minimize sidewall reflections. The simulation parameters 
are as follows: grid size used in FDTD simulation is set 

Fig. 1  a 3D Schematic diagram of the MIM waveguide structure 
composed of a baffle and a SERR resonator. b The corresponding 2D 
view of the proposed structure. The parameters of the structure are as 
follows: R = 225 nm, r = 105 nm, d = 10 nm, and g = 10 nm 
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to 2 nm to keep convergence, input type: continuous wave 
field modulated by a Gaussian, simulation time: 1400 fs. It 
is worth noting that all these studies were performed using 
a two-dimensional (2D) model, since the characteristics of 
3D models can be approximately analogous to those of 2D 
models, assuming that the thickness of the proposed struc-
ture in the third dimension is much larger than the size of 
the element in the design plane (2D) [45]. Therefore, the 
effect of substrate thickness on the obtained results can be 
mathematically neglected by assuming that the structure is 
infinite in the third dimension [46]. In addition, 2D simu-
lations are significantly faster for highly resonant devices 
without compromising the accuracy of the calculations. In 
the simulations, the transmission of SPPs from the input 
port to the output port is calculated using the elements of 
the system scattering matrix, T =∣ S

21
∣2 , where S

21
 is the 

transmission coefficient from the input port Pin to the output 
port Pout . In this article, a two-dimensional model has been 
implemented for simplicity’s sake, where the yellow and 
gray areas represent air (�d = 1) and silver (�Ag) , respectively. 
The permittivity of silver is defined by the Drude model:

Here, �∞ is the dielectric constant at the infinite fre-
quency, and �p and � stand for the bulk plasma frequencies 
and the electron collision, respectively. � is the angular fre-
quency of incident light. The parameters for silver can be set 
as �∞ = 3.7 , �p = 9.1 eV and � = 0.018 eV [33].

For the MIM waveguide structures, the dispersion rela-
tion for the surface plasmon polaritons (SPPs) supporting 
the mode can be expressed by the following equation [47]:

(1)�Ag = �∞ −
�2

p

�2 + j��

middle of the MIM waveguide bus, while a semi-elliptical 
ring (SERR) is placed on one of the two sides of this wave-
guide and separated with a coupling distance g. The dark 
mode (narrowband) and a bright mode (broadband) are pro-
duced by the SERR ring and the baffle, respectively. Since 
the last two modes are overlapped, the Fano resonances are 
generated according to the order of the existing modes.

Simulation Results and Discussion

In order to understand the principle of producing the Fano 
resonance phenomenon by the proposed overall structure 
which is shown in Fig. 1, it was spectrally analyzed according 

Fig. 2  a The obtained transmission spectra, without resonator (dotted 
black line), with single MIM SERR resonator (red solid line) and of 
the overall plasmonic system (dash dot blue line). b The comparison 
between transmission spectra obtained by the FEM (red solid line) 
and the FDTD (dotted black line) methods. The geometrical param-
eters of the structure are as follows: w = 50 nm, d = 10 nm, g = 10 
nm, r = 105 nm, and R = 225 nm 

where k
0
= 2�∕� is the free-space wave vector, and �spp is 

the wave vector of SPPs in the MIM waveguide.
The wavelength of the resonant modes of the MIM res-

onator cavity in the transmission spectra can be obtained 
approximately by the following analytical model [5]:

where Re(neff ) is the real part of the effective refractive index 
for a wavelength in the MIM waveguide, Leff  represents the 
effective length of the resonator, and m is the order of the 
resonance mode (m is a positive integer).

To model the optical response of the device structure, we 
use the commercial solver COMSOL Multiphysics which is 
based on the FEM method; then, the results are corroborated 
using the Lumerical FDTD solver which is based on the 
FDTD method. As shown in Fig. 2a, a baffle is placed in the 

(2)
�d

√
(�2
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to three parts: the first one is without baffle, the second one 
is composed of MIM waveguide with baffle only, and the last 
one represents the whole structure. Initially, the geometrical 
parameters of the structure are defined as R = 225 nm, r = 105 
nm, d = 10 nm, and g = 10 nm. As shown in Fig. 2a, for the 
structure without baffle (red solid line), there are three trans-
mission dips (less than 0.04) at �

1
= 1692 nm, �

2
= 842 nm, 

and �
3
= 571 nm in the transmission spectrum, which can be 

treated as narrow discrete states. Meanwhile, the MIM wave-
guide with baffle can form a broad continuum state as indi-
cated by the dotted black line in the transmission spectrum.

This observation is in good agreement with the resonance 
condition mentioned in the analytical Eq. (3). In addition, as 
shown by the blue (dash dot) spectral line produced by the 
overall structure, there are three sharp asymmetric resonance 
shapes that rapidly changed from peaks to dips. The spec-
tral line shape is formed by a phenomenon produced by the 
interference of a broad continuous state (black dotted line) 
and a narrow discrete state (red solid line) which is called the 
Fano resonance. The transmission values of the triple Fano 
resonance peaks are about Tp1 = 0.52 (for �p1 = 1668 nm), 
Tp2 = 0.73 (for �p2 = 833 nm), and Tp3 = 0.87 (for �p3 = 615 
nm). In order to consolidate the simulation results, a compari-
son between the transmission spectrum of the MIM wave-
guide structure obtained with the FEM and FDTD methods 
is presented in Fig. 2b. In this figure, the two spectra have 
almost the same general shape with a slight difference in 
intensity and a slight shift of the resonance peaks. These small 
differences can be explained to the different approaches of 
the two methods, such as meshing and boundary conditions 
(see reference [38]). What is left in this paper, all results 
will be obtained using the FEM method. The exact shape 
of the obtained Fano resonance profile depends indeed on 
the interaction between the discrete state and the continuum 
of states, this interaction being quantified by a phenomeno-
logical parameter q. The profile of the effective section of the 
observed physical phenomenon is given by [48]:

where q is given by the ratio of the optical response of the 
localized state to the continuum that refers to the degree 
of resonance asymmetry. The reduced energy � is defined 
by 2(E−EF)

Γ
 , EF being the resonance energy and Γ the width 

of the self-ionized state. In the |q| → ∞ limit, the shape of 
the line is entirely determined by the transition through the 
discrete state only with the standard “Lorentzian” profile. 
The case where q = 0 is unique to the Fano resonance and 
refers to a symmetric dip, sometimes called anti-resonance. 
In the case where q < 0 , the direction of the asymmetric 
Fano line shape is negative; this is why the Fano line shape 
in Fig. 2a occurs at �

3
= 615 nm and �

1
= 1692 nm in such 

(4)� =
(� + q)2

�2 + 1

a way that the Fano resonance peak is on the left, while the 
Fano resonance valley is on the right. In the case of q > 0 , 
the shape of asymmetric Fano spectral is positive, that is 
why in Fig. 2a, the Fano resonance occurs at �

2
= 833 nm 

in a manner that the Fano resonance peak is on the left and 
the valley is on the right. To understand the internal mecha-
nism of the resonance peak in the transmission spectrum, 
the |Hz| distribution of the steady-state magnetic field of the 
proposed waveguide system was studied. Figure 3 shows the 
|Hz| magnetic field distributions at the peaks and dips of the 
Fano resonances.

Figure 3b, c, e shows the |Hz| distribution at wavelengths 
of 615 nm, 833 nm, and 1671 nm, respectively, where most 
of the SPPs are able to pass through the waveguide, while 
the SPPs are almost cancelled in the output port ( P

2
 ) as 

shown in Fig. 3a, d, f at wavelengths of 571 nm, 855 nm, and 
1609 nm, respectively. In addition, there are two, three, and 
four nodes in the |Hz| distribution for the Fano FR1, FR2, 
and FR3 resonances, respectively. According to the number 
of nodes in the resonator wavelength (FP) [11], the three 
resonance modes of FR1, FR2, and FR3 can be represented 
by TM

1
 mode, TM

1.5
 mode, and TM

2
 mode, respectively; 

these resonance modes of the SERR resonator can be clas-
sified into symmetric modes ( TM

1
 and TM

2
 ) and asymmetric 

mode ( TM
1.5

 ). This last observation is in good agreement 
with the resonance condition mentioned in the analytical 
Eq. (3). Afterwards, the mechanism of the Fano resonance 
at the peaks (615 nm, 833 nm, and 1671 nm) is discussed. 
The SPPs can travel through the input waveguide in Fig. 3b, 
c, e where the near field |Hz| in the baffle oscillates in phase 
with the field |Hz| of the input MIM waveguide and a strong 
field is confined in this baffle and the SERR resonator, 
which causes constructive interference and transmission 

Fig. 3  The magnetic field distributions of the SERR structure at the 
peaks and dips of the triple Fano resonance: a � = 571 nm, b � = 615 
nm, c � = 833 nm, d � = 855 nm, e � = 1609 nm, f � = 1671 nm 
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enhancement. Furthermore, the magnetic field profile |Hz| 
for the plasmonic system at the dip wavelength is shown in 
Fig. 3a, d, f, where the |Hz| field in the baffle is well coupled 
and oscillates in anti-phase with the |Hz| field of the input 
MIM waveguide. In the last case, the destructive interference 
occurs, leading to transmission cut-off, where most of the 
input SPPs cannot cross the bus waveguide.

According to the above discussions, when there is no sin-
gle metal baffle, TM

0
 waves penetrate into the waveguide 

bus, and a narrower discrete state is formed by using the 
SERR resonator. In this case, the transmission spectrum 
satisfies the standing wave resonance condition at a certain 
frequency. As a result, when both states occur at the same 
time, the Fano resonance will be produced by the coupling 
between the wider continuous state and the narrower dis-
crete state under the near-field interaction, where destruc-
tive interference occurs when the continuous state and the 
discrete states are coupled to each other on the transmis-
sion spectrum, causing an asymmetric Fano resonance line 
in the transmission spectrum. As shown in Fig. 3, it can 
be known that the three Fano resonances are caused by a 
coupling effect resulting from the SERR elliptical resona-
tor and the metal baffle. Meanwhile, the resonance mode 
is confined and distributed along the effective perimeter of 
the SERR resonator depending on the baffle width and the 
coupling distance, so that the adjustment of these parameters 
will change the wavelength and transmission intensity of 
the resonance. In the following section, the effect of these 
parameters will be investigated.

The Influence of Geometrical Parameters

The influence of MIM waveguide geometrical parameters 
on system characteristics was studied. As was indicated pre-
viously, Fano resonance is an asymmetric Lorentzian line 
formed by the coupling between a wider continuous state 
created by the baffle and a narrower discrete state generated 
by the SERR; thus, changing their geometrical parameters 
will have a certain influence on the position and line shape 
of Fano resonances.

First, we analyze the effects of different coupling dis-
tance g on sensor properties. The coupling distance directly 
affects the coupling effect between the discrete state and the 
continuous state; thus, the influence of coupling distance g 
on Fano resonance is analyzed, which was investigated in 
Fig. 4. This figure represents the transmission spectra of the 
proposed structure at the three Fano resonance modes with 
different coupling gap distances g. We changed coupling 
distance g from 10 to 35 nm in steps of 5 nm, and the other 
structural parameters were kept changeless which are set at 
R = 225 nm, r = 105 nm, and d = 10 nm. For the represented 
Fano resonances, it can be seen that the transmittance tends 

to decrease as the coupling distance g increases. For the res-
onance peak FR1, it has a blue shift with the increase of g, 
while for the others resonance peaks, wavelengths still basi-
cally remain unchanged, and their profiles are roughly the 
same. This is due to the attenuation of the coupling between 
the discrete narrow-band state excited by the SERR and the 
continuous broadband state created by the baffle as it moves 
away from the bus waveguide. To obtain both a higher trans-
mission peak and sharp Fano line shape which is suitable 
spectra for sensing application and also to take into account 
the constraints of accuracy of the manufacturing process, the 
distance of the coupling gap can be chosen close to 10 nm. 
Therefore, the distance g was considered to be 10 nm in all 
simulations in this section. We suggest within the next study 
to investigate the effect of the SERR radii on the waveguide 
transmission spectra.

Moreover, the effect of the width d of the silver baffle 
on the excited Fano resonance is discussed. The geomet-
rical parameters are R = 225 nm, r = 105 nm, and g = 10 
nm where d is increased from 10 to 160 nm with a step of  
20 nm as shown in Fig. 5. This figure indicates that for the 
Fano resonances FR1 and FR2, when the width d increases, 
both the resonant wavelength and the transmission at peaks 
remain basically unchanged, i.e., they are not sensitive to the 
change of the parameter d. While that increasing the distance 
d will change the shape of the curves more obviously, which 
transformed an almost asymmetrical shape into an entirely 
symmetrical shape (Lorentzian). For the Fano resonance 
FR3, the transmission spectra decreases gradually, and the 
curves transformed from an almost asymmetrical shape into 
an entirely symmetrical shape without a significant influ-
ence of this distance on the resonance wavelength of this 
Fano resonance.

Likewise, the effect of main radii R and r on the transmis-
sion spectra will be discussed also. By independently varying  
both the main radii R and r of the SERR resonator where the 
remaining parameters are the same as in Fig. 3, the obtained 
results are shown in Fig. 6. As shown in Fig. 6a, on the one 
hand, the wavelength of the Fano resonances of the investi-
gated plasmonic system exhibits a linear red-shift when the 
radius R of the resonator increases from 80 to 280 nm, with 
a linear increase in the transmission of the FR1 resonance 
peak. For the Fano resonances FR2 and FR3, the spectrum 
shape gradually transforms from an almost symmetrical 
(Lorentzian-like) shape to an asymmetrical Fano-like shape 
with increasing radius R. On the other hand, the wavelength 
of the Fano resonances produced by the SERR resonator 
shows a simultaneously significant red-shift when the radius 
r increases from 80 to 280 nm with a decrease of the trans-
mission intensity at the the Fano FR1 and FR2 resonance 
peaks, but at the Fano FR3 resonance, it undergoes to a pro-
gressive increase up to the value Tp3 = 0.87 at �

3
= 571 nm.  

For the Fano FR3 resonance, the shape of the spectrum is 



726 Plasmonics (2024) 19:721–732

1 3

gradually transformed from an almost symmetrical shape 
(Lorentzian type) to an asymmetrical Fano type shape with 
the increase of the minor radius r.

Consequently, the use of a semi-elliptical ring resonator 
offers greater adjustability in the transmission characteristics 

of the MIM waveguide structure. By changing the geometri-
cal parameters of the proposed structure, the Fano resonances 
shapes can be easily adjusted spectrally. The optimized geo-
metrical parameters of the structure are as follows: w = 50 nm, 
d = 10 nm, g = 10 nm, r = 105 nm, and R = 225 nm

Fig. 4  a Transmission spectra 
with different values of the gap 
g ranging from 10 to 35 nm. 
b The resonant wavelength 
and the transmission of Fano 
resonance peak as a function of 
the coupling distance. The other 
geometrical parameters are 
R = 225 nm, r = 105 nm, and 
d = 10 nm 
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Sensing Applications Based on Fano Resonances

The MIM plasmonic waveguide-based Fano system has 
great potential as a highly integrated refractive index sensor 
due to its asymmetric spectral shape, where the transmission 
can drop sharply from the peak to the valley (dip) of the 
spectrum. Such a short wavelength change can provide an 
ultra-narrow transmission peak, which can greatly increase 
the resolution of refractive index sensing (a biochemical sen-
sor for example). As shown in Fig. 7, initially, we assume 
that the refractive index of the detected insulator has a value 
of n = 1 , and subsequently, it is changed from 1 to 1.06.

Figure 8a–c shows that the spectrum of the investigated 
structure for the three Fano resonances has a shift towards 
infrared frequencies with the increase of the refractive 
index of the dielectric medium. The line shape almost 
unchanged, which exhibits good switching properties. In 
addition, there is a linear relationship between resonance 
wavelength and refractive index, which is a key factor for 
the design of a high-performance sensor. To evaluate the 
performance of the sensor, we measure two parameters: 
sensitivity (S) and figure of merit (FOM). Sensitivity (S) 
is an important performance index to quantitatively evalu-
ate and characterize the nanoscale refractive index sensor, 
which is usually defined as the ratio of wavelength change 
caused by the unit change of refractive index. It is calcu-
lated using the following expression [49]:

(5)S =
Δ�

Δn

Fig. 5  Transmission spectra with different values of the metallic baf-
fle width d ranging from 10 to 160 nm. The other geometrical param-
eters are R = 225 nm, r = 105 nm, and g = 10 nm 

Fig. 6  a Transmission spectra 
with different values of the 
radius R ranging from 80 to 
280 nm (when r = 105 nm). 
b Transmission spectra with 
different values of the radius 
r ranging from 80 to 280 nm 
(when r = 105 nm). The other 
geometrical parameters are 
g = 10 nm and d = 10 nm 
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where Δn is the change in refractive index unit (RIU) and 
Δ� is the change in wavelength. The calculated sensitiv-
ity around the FR1, FR2, and FR3 resonance peaks is 
approximately SFR1 = 1783 nm/RIU, SFR2 = 850 nm/RIU, 
and SFR3 = 520 nm/RIU, respectively. In addition, to fur-
ther evaluate the characteristics and performance of the 

plasmonic sensor, we investigated the figure of merit (FOM) 
which is another important parameter used to quantify the 
performance of the nanoscale refractive index sensor. It is 
defined as the ratio between the sensitivity of the sensor and 
the bandwidth of the resonance (i.e., FWHM: full width at 
half maximum). If the FWHM also increases significantly, 

Fig. 7  Transmission spectra of 
the SERR structure with g = 10 
nm, d = 10 nm, R = 225 nm, 
and r = 105 nm for different 
values of the refractive index of 
the dielectric

Fig. 8  The different Fano peak 
wavelength versus the refractive 
index: a for the Fano FR1 reso-
nance peak, b for the Fano FR2 
resonance peak, c for the Fano 
FR3 resonance peak
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this will result in a reduction in the FOM of the sensor. The 
faster the relative transmission intensity changes, the more 
easily the transmission spectrum change can be detected. For 
a sensing application, FOM is commonly applied to further 
estimate the sensing performance of the sensor and is cal-
culated by the following expression [49]:

The FOM values of the proposed structure are obtained 
around the three Fano resonances as follows: FOMFR1 = 25.5 
RIU−1 , FOMFR2 = 27 RIU−1 , and FOMFR3 = 9 RIU−1 . 
Table 1 summarizes a comparison of the sensitivity and 
figure of merit (FOM) values obtained in this work with 
previous works. This comparison shows that the investigated 
structure has improved results compared to other recently 
published works.

Slow Light Effect

The slow light effect is one of the most important appli-
cations reported by many papers. The waveguide structure 
designed in this paper also supports the slow light effect due 
to the sharp line shape of the Fano resonance. To get more 
insight to the physical characters of slow light effect, it can 
be evaluated by the group delay time �g(ps) ) and the group 
index ng , which are expressed by [57]:

Here, c is the speed of light in free space, and vg stands 
for the group velocity in the plasmonic waveguide systems. 
�g and �(�)) are the optical delay time and transmission 

(6)FOM =
S

FWHM

(7)�g =
d�(�)

d�
= −

�2

2�c

d�(�)

d�

(8)ng =
c

Vg

=
c

L
0

�g = −
�2

2�L
0

d�(�)

d�

phase shift, respectively. L
0
= 1500 nm is the length of the 

plasmonic system, and � is the wavelength of transmitted 
optical signal.

After a detailed study where we changed the different 
geometrical parameters of the structure (this study is not 
represented in this paper), the optimal parameters to obtain 
significant values of the optical delay and the group index 
are R = 225 nm, r = 105 nm, d = 10 nm, and g = 10 nm. The 
calculated results are shown in Fig. 9. This figure shows the 
phase shift and the correspondent optical delay as a function 
of wavelength, from which it can be seen that there is a rapid 
phase change around the Fano transmission profile due to 
the rapid phase change when the SPP resonance takes place. 
The phase slope near the Fano trough is positive, and there is 
a large abnormal dispersion, while the phase slope near the 
Fano peak is negative where there is a large normal disper-
sion. These observations show that the designed structure 
can achieve both fast and slow light effects. As a result, the 
negative group delay (or negative group index) and posi-
tive group delay (or positive group index) are obtained in 
the Fano dips and peaks, respectively, where the maximum 
positive group delay is about 0.887 ps and the corresponding 
maximum group index is about 20.5. This means that this 
plasmonic device can delay a light wave for a duration of 
0.887 ps around the �p1 = 1668 nm peak.

Table 2 summarizes a comparison of the optical delay 
values obtained in this work with previous works. This com-
parison shows that the investigated structure has enhanced 
results compared to other recently published works, and the 
presented work provides a simple method for the realization 
of highly integrated plasmonic devices which has poten-
tial applications on slow light, such as optical switches and 
optical memories.

Table 1  Comparisons of results (sensitivity and FOM) with previous 
recent research

Reference/year FOM ( RIU−1) Sensitivity 
(nm/RIU)

This work 27 1783
[50] 2023 48.17 1132.14
[51] 2022 15.85 1647
[52] 2023 11.84 900
[53] 2020 43.05 1550
[54] 2022 29 1007.78
[55] 2022 108.36 1050
[56] 2020 14.83 1556

Fig. 9  Transmission phase shift (blue solid line) and optical delay (red 
dotted line) of the plasmonic system, with R = 225 nm, r = 105 nm, 
d = 10 nm, and g = 10 nm and D = 1.5 µm (Structure length)
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Conclusion

In conclusion, a MIM-type surface plasmon optical wave-
guide composed of a SERR and a baffle is designed. The 
Fano resonance of the structure is formed by the interference 
of the narrow-band discrete state triggered by the SERR 
and the wide-band continuous state excited the same way 
by the baffle. The simulation results show that the structure 
excites triple Fano resonances. The resonance wavelength 
and spectrum line shape of the Fano resonance can be tuned 
by the geometrical parameters of the structure. After opti-
mizing these parameters, the sensitivity and the FOM of 
the designed system can reach up to 1783 nm/RIU and 27, 
respectively. This structure can also come up to a maxi-
mum optical delay of about 0.887 ps. Based on the previous 
results, the structure has more geometric parameters and 
more flexible tunability, which makes the designed MIM 
waveguide structure having potential application prospects 
in the fields of RI sensors and slow light devices.
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