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Fano resonance is an optical effect that emerges from the coherent coupling and
interference (constructive and destructive) between the continuous state (background
process) and the Lorentzian state (resonant process) in the plasmonic waveguide-resonator
system. This effect has been used in the applications like optical sensors. These sensors are
extensively used in sensing biochemicals and gases by the measurement of refractive index
changes as they offer high sensitivity and ultra-high figure of merit. Herein, we surveyed
several plasmonic Fano sensors with different geometries composed of metal-insulator-
metal waveguide(s). First, the resonators are categorized based on different architectures.
The materials and methods adopted for these designs are precisely surveyed and presented.
The performances are compared depending upon the characterization parameters like
sensitivity and figure of merit. Finally, based on the survey of very recent models, the
advances and challenges of refractive index sensing deployed on Fano resonances are

discussed.

1. Introduction

Plasmon propagation is a phenomenon that occurs at the
interface of metal-dielectric due to the interplay of light
with metal structures at optical spectra which has facilitated
the achievement of highly complex nano-sized devices by
controlling and manipulating light on a nanometric scale
[1]. This occurs within the plasmonic waveguides at the
metal-insulator interface when they are excited by
electromagnetic (EM) waves. Thus, the coupled state of the
incident EM waves (photons) and free surface electrons of
the metal resulted in other waves called surface plasmon
polaritons (SPPs). SPPs are the EM signal transmitted at
the metal-insulator alliance that decays significantly along
the interface [2]. Plasmonic waveguides (WG) use SPPs to
carry data across themselves [3]. SPP-based plasmonic
WGs offer the capability of confining the light in the
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submicron region by breaking the diffraction limit and they
increase the local EM field strength by many orders of
magnitude [4]. These are the points behind their extensive
applications in integrated photonic devices and circuits [5].
Moreover, SPPs-based resonance sensors possess high
sensitivity for label-free detection and refractive index
sensing [6]. Thus, they have been explored much through
experiments and theoretical methods. Since SPPs are much
dependent on the architecture of WG, material properties,
refractive index (RI) variations of the surrounding and
transmission condition of the incident light, the sensors
based on SPPs are tuned by these properties, and, therefore,
show high sensitivity (S) for Rl dependent sensors [7].
Several SPP-based optical WG configurations ensure
the two mail characteristics (propagation length and modal
confinement) of the WGs which are important for optical
integrated  devices.  Metal-insulator-metal ~ (MIM),
insulator-metal-insulator (IMI), dielectric-loaded surface
plasmon polariton (DLSPP), gap plasmon polariton (GPP),
channel plasmon polariton (CPP), and hybrid plasmon
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polariton (HPP) are the popular WG structures presented in
the literature [8,9]. Among these configurations, MIM is
abundantly explored and implemented since it possesses
many advantages such as near-zero bend loss, deep
subwavelength confinement of EM waves, longer
propagation length, simple design, and wider operating
frequency ranges [10]. Such features of the MIM are used
in sensing applications [11]. In addition to these features,
MIM WGs have other prominent features like small device
size, possibility of high-density integration, and easy
manufacturing process [12] which make them appropriate
for many other optical applications such as filters, switches,
logic gates, splitters, demultiplexers, perfect plasmonic
absorbers, modulators, and sensors [11]. MIM WGs are
also suited for integration with photonic circuits as they
convey a proper balance between bend losses and light
confinement.

In the MIM WG system, in case of sensing applications,
the resonance condition should be considered. Resonance
is an enhancement of the system response to an external
excitation at a particular wavelength referred to as a
resonant wavelength of the system. The resonance(s) may
be characterized by a symmetrical profile of single/multiple
peak/dip(s) as described by the Lorentzian function
(Lorentzian resonance) or by asymmetric profile. The latter
profile is achieved by mixing of discrete state response and
continuum state response of the system, and the
corresponding excitation is referred to as Fano resonance
(FR). The pictorial demonstration of FR is shown in Fig. 1.

Discrete state Mixing Continuum Fano resonance
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—

Fig. 1. Conceptual illustration of the FR generation [13].

FR is described by the Fano formula as [13]:
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where the Fano parameter g is the cot function of the
continuum phase shift (§) between two modes and X
denotes the standard parameter giving the position and
width of the resonance. Factors such as material
characteristics and system geometry influence this shift.
Moreover, the phase shift is governed by erosion,
fabrication errors, change of ambient refractive index (RI),
and so on. Thus, its asymmetric nature is shown. From the
above, it is observed that the Fano parameter is influenced
by the RI change, which is the foundation for RI sensing
applications. Therefore, the interference between a
spectrally overlapping broad resonance or continuum and a
narrow discrete resonance is the primary condition for an
FR. Tunable coupled plasmonic structures constructed of
standard plasmonic materials like silver (Ag) or gold (Au)
can meet these requirements [14]. This optical behaviour of
FR found in MIM-based structures is interesting.
Plasmonic FRs are more important than the Lorentzian
resonances because they offer exotic characteristics like

sharply asymmetric line shape [15], ultra-low radiation
damping [16], high spectral sensitivity to changes in the
local dielectric environment [17], and large induced field
enhancement. The ultra-low radiation damping feature at a
Fano dip/peak is responsible for a very narrow resonance
linewidth which ultimately increases the sensor figure of
merit and detection resolution.

This review describes plasmonic RI sensors by
combining the advantages of SPPs, MIM, and FRs into a
single device. Plasmonic RI sensors based on FR have
potential implementations in the fields of human and
biomedical sciences, agriculture and environmental
sciences, as well as in food technology. For instance, with
RI sensors, the pH concentration of a given solution/soil
can be determined, as well as the variability of organic
chemicals in the human body due to some abnormalities.
The concentration of some gases in the environment based
on the variability of RIs can be determined, as well. The
working mechanism of such sensors is based on the light-
matter interaction. The interaction can be described based
on the MIM WG cross-section shown in Fig. 2. When the
light is incident on the WG from one end, it excites the
medium of the core, thus producing an EM field that
comprises propagating surface plasmons (SPs) highly
concentrated at the metal surface as shown in Fig. 2(a).
When a substance under examining (SUE) is filled in the
core by replacing the previous medium, the effective
refractive index (n.¢) of the sensor varies, and subsequen-
tly, the resonance wavelength (1..s) experiences a redshift
as demonstrated in Fig. 2(b). This is because differences in
the RI of the surrounding surface have a significant impact
on SPs. SP propagation and resonances are affected not
only by the medium RI, but also by the medium
polarization, particle size, shape, and surface chemistry, as
well as metal nature. However, the effects of change in RI
(ARI) can be gquantified by evaluating the changing effects
in one of the attributes of light associated with the SPs, for
instance, switches in the A,., intensity, or phase [18].
Herein, this paper focus only on changes in the 4,..; called
the wavelength interrogation method. The sensing
phenomenon based on the wavelength interrogation
method to determine the changes in Rls of the substances
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Fig. 2. Diagrammatic demonstration of the sensing technique (a);
redshiftin A, due to changes in the material medium (b) [18].
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has been characterized by the spectral line shapes emerged
from different configurations. These spectral lines exhibit
either the Lorentzian resonance or the FR [19] depending
upon the structural arrangements and others.

Many researchers have proposed the plasmonic sensors
based on a WG-coupled resonator structure that enable
some symmetrical Lorentzian-like profile. Some of the
examples are illustrated next. Huang et al. demonstrated a
subwavelength scale slow-light enhanced RI sensors
structures consisting of double stubs and an array of stubs
resonators with a figure of merit (FoM) of 10.3383 [20].
Luo et al. proposed an MIM WG side-linked with a double
cavity (rectangular and disk cavities) which provides
an S of 1136 nm/RIU with an FoM of 51.275 [21].
Rakhshani et al. designed a racetrack resonator being
coupled with MIM WG and simulated numerically to
achieve an S as high as 4650 nm/RIU with an FoM of
23.4 RIU™! (in this case FoM is obtained by dividing the
sensitivity by the bandwidth of resonance [full width at half
maximum (FWHM)]: FoM = S/AAFWHM) [22]. Butt et al.
demonstrated a sensor with an MIM WG square ring
resonator by simulating with a finite element method
(FEM) so that the maximum S obtained was of
1367 nm/RIU with an FoM of 25 [23]. Butt et al. proposed
and investigated an MIM square ring resonator loaded with
an array of silver nano-dots which achieved the maximum
S up to 1240 nm/RIU and the highest FoM of 20 [24]. From
these results, it can be seen that S can be enhanced but FoM
cannot be enhanced due to their less sharp spectral
Lorentzian lines. A similar conclusion was drawn by
Ref. 18 where the lowest S of 596 nm/RIU and the highest
S of 3460 nm/RIU were surveyed. These designs have
incorporated the concept of incrementing the light
substance interaction to improve the sensing performances
(S, FoM, etc.). To materialize the excessive interaction, the
researchers have optimized their structures by increasing
the resonator quality factor (more light confinement).
Various design approaches such as ring, cavity resonators
with some modifications like embedding nano-walls, nano-
rods, and nano-dots, etc., have been proposed to achieve
resonances to obtain the sharp spectral profile, but they can
only furnish slight enhancements in sensing despite their
high design complexities. Moreover, the FoM achieved in
such designs falls below 60 which is not enough to
characterize the sensing ability. Thus, it is always possible
to improve the sensing performance (RIU, S and FoM) of
the sensors by generating a sharp spectral profile as is
achieved through FR-based configurations. This review
focuses on such an important optical effect, the FR effect,
that is derived from MIM WG-based structures for use in
RI sensing applications. The trend and status of such
sensors can be observed from the disseminated articles
statistics as recorded in the Scopus database. The bar
diagram that depicts the number of articles mentioning the
plasmonic Fano sensor published in 2012-2020 is shown
in Fig. 3.

It is seen from Fig. 3 that the Fano-based sensor using
plasmonic technology has recently been the key area of
research. The maximum number of articles has been
published in 2019. Numerous commercially available high-
performance photonic simulation tools have made this
extensive research easy. For instance, by using numerical
techniques such as the FEM of COMSOL multiphysics and

2020

2019

2018

2017

- search keywords:
Plasmonic sensor +
Fano resonance +
refractive index

2016

Years

2015

2014

2013

2012

T T T T T
0 5 10 15 20 25
No. of articles found in Scopus database (June-18 2021)

Fig. 3. Numbers of articles mentioning plasmonic Fano refractive
index sensing [18].

the finite difference time domain (FDTD) method, the
influence of structural parameters and material media
variations on sensing performances and transmission
spectra is investigated.

2. MIM waveguides and their optical effects

As shown in Fig. 4, the MIM WG consists of three layers
with a dielectric layer sandwitched between two metal
layers.

The metal layers act as a cladding whereas the dielectric
layer acts as a core for propagating electromagnetic waves
(as SPPs). The arrangement of these layers can be either
horizontal or vertical, however, the horizontal version as
shown in Fig. 4(a) has recently been used popularly for
sensing applications because it offers a large surface area
for the detection of substances. Propagating SPs inside the
MIM WG are dispersive. The dispersion plot is analytically
solved in Ref. 25 and demonstrated in a graphical form in
Refs. 18 and 26 as presented in Fig. 4(b). It shows that the

Air
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wp/ﬁ _______

Bounded mode

(b)

k, k

Fig. 4. 3-D view of the metal-insulator-metal waveguide (a) and its
dispersion plot (b) [18].
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bounded electromagnetic modes (the SPP modes) have
remarkable features including peculiar tunability, long
plasmon lifetime, and strong subwavelength confinement.
Therefore, the MIM WGs are the promising nanostructures
upon which many optical communication devices and
optical sensors are designed and integrated into the chip
level. When some light is incident in the core of the MIM
waveguide, then depending on the type of coupled geometry,
different optical phenomena like electromagnetically
induced transparency (EIT) [27,28] and FR [29-31] can be
seen. Apart from MIM WGs-based structures, FRs can be
visualized in other structures, as well, and such highly
explored structures mainly include rings [30], photonic
crystal [32], and planar oligomers [15]. Nanostructures
with optical phenomena like EIT or FRs have recently got
a lot of attention, and they have been the subject of much
theoretical and experimental research. Moreover, FRs
generating MIM WG-based structures for RI sensing appli-
cations have grabbed the interest of many researchers
because they bring the benefits of FR and MIM WG into a
single unit. Inherently, FRs are highly sensitive to RI changes,
structural design, and structural parameters, and MIM WG
offers a good balance between the losses and modal
confinement into the nano-meter range. Thus, such sensors
can be an integral part of integrated optical circuits [33].

2.1. Fano resonance basics

Various researchers have defined FRs in different ways.
According to quantum, or classical theory of physics, the
FR is a basic resonant effect that emerges as an intrusion
effect between a localized state and a continuum band [34].
This is a result obtained from the linking and intrusion of a
non-radiative mode and a continuum of radiative EM
signals which are characterized by a distinctive asymmetric
line shape [14,35]. These two modes are spectrally and
spatially overlapped. Similar optical effect visualized in the
classical atomic system as the result of interference of a
discrete auto-ionized state and a continuum state is called
EIT. Both effects have similar physical mechanism but
dissimilar spectral configuration. With this classical
system, generating such effects requires rigorous
experimental environments which makes their practical
applications difficult [36]. Thus, modern systems that are
based on plasmonic nanostructures are designed to present
such effects [37]. MIM WG, when coupled with some
resonators, generates the FR effect [38], and EIT-like effect
[39]. In EIT-like effect, two or more resonances at similar
resonance frequencies with different spectral widths are
coupled. These effects are governed by SPP modes and
plasmonic structures which are described in the next section.

2.2. Fano sensors based on plasmonic structures

Fano sensors can be designed either by localized surface
plasmon (LSP) modes (in case of nanoparticles) or SPPs
modes [40]. However, SPPs modes are often used because
these modes have larger association regions and a
prolonged decay span in the adjoining media. Thus, the
SPPs modes using Fano sensors are more susceptible to the
adjacent mass media of gases, liquids, and macromolecular
layers. They are generally realized in regular metallic
layouts for ease of fabrication and suited experimental

sensing [40]. However, the ordered structures, due to their
high packing density are not appropriate for highly
integrated optical circuits. To overcome this problem, FRs
have been recently implemented in ultra-compact plasmonic
structures [41] which are best at generating SPP modes.

Similar to the FR effect, another equally important
optical effect used to equip plasmonic sensors and more is
the EIT effect. This effect is visualized when two modes
(waveguide mode and SPP mode) are coupled to each other
having the same resonance frequency which is
distinguished by a sharp communication band in the middle
of a broad absorption band [28]. EIT effect which is
emerged by plasmonic architectures is frequently named
plasmon-induced transparency (PIT) [10]. Structures based
on the MIM technology producing these effects may be
potentially used in sensing applications because they
provide sharp resonances. As compared to the conventional
surface plasmon resonance (SPR) sensors, the FR-based
sensors can roughly enhance the sensing S by two folds of
magnitude [42]. Moreover, opposite to the Lorentzian
resonance, the FR shows a unique sharp and uneven line
profile, and this peculiar feature of the FR guarantees its
implementations in sensors [14], switches [43], wavelength
demultiplexing [44], and more. Recently, multiple FRs
emerging architectures have drawn much attention because
they can be used for multitasking like biochemical sensing,
spectroscopy, and multicolour nonlinear processes [45] in
a parallel matter. Moreover, the steep dispersion of the FR
profile is very useful for several applications including
sensors, lasing, switching, nonlinear, and slow-light
devices [14,46-50]. The spectral lines due to the Fano
effect are more tapered than the regular Lorentzian line
shape, thereby replacing the Lorentzian resonance-based
sensor and proving themselves as a promising solution for
sensing applications [15]. Moreover, the tapered nature of
Fano peaks/dips ensures achieving the high S and the ultra-
high FoM that are needed for sensing applications.

Researches on the coupled MIM WG system generating
FRs use existing numerical methods like transmission line
theory [51], scattering theory [52], and coupled-mode
theory (CMT) [53]. Among them, the CMT-based transfer
matrix method (TMM) is widely used for the spectral
analysis of the FR-based MIM WG-resonator system w
here MIM WG-resonator occasionally  constructs
the Fabry-Perot (FP)-like mechanism [28]. This method
provides a better way to study the interaction between the
resonators.

3. Materials and methods
3.1. Materials

FRs have been discovered in plasmonic nanoparticles such
as Au and Ag. Furthermore, these metals are used in the
construction of WG and WG-coupled structures as
plasmonic materials.

Other commonly used materials in plasmonics are
metallic alloys, metallic compounds, graphene, aluminium
(Al), and noble metal [e.g., Copper (Cu)] showing better
stability at room temperature [26]. They act as a source of
free electron gas in a layered WG. Another distinctive
property of MIM WG that has a significant impact on the
Fano parameter is the metal layers ability to control
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undesired scattering loss due to their rough surface [26].
The best way to choose the plasmonic metal is to see the
low resistivity specified by the reactive part of the dielectric
plot (which indicates an ohmic loss or DC conductivity),
and the small imaginary part. In the near-infrared (NIR)
frequency regime and visible frequency regime, Ag shows
this feature offering the best conductivity, proving it as a
highly favoured material. On the contrary, due to its easy
oxidation, Au can be an option in this frequency ranges
[54]. But, for generating the FRs in the visible range, Ag is
preferred more than Au because most of the FR-based
sensors which have used Au have Fano peaks in the NIR
which are less practical for sensing applications [55].
Another way to select plasmonic metals is based on their
ability to generate high-quality traveling SPPs at the
insulator/metal interface. This feature is a simple result of
the metal dielectric function (DF). The dielectric plots of
metals Au, and Ag are shown in Figs. 5(a) and 5(h),
respectively.
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Fig. 5. Dielectric constants of gold (Au) (a) and silver (Ag) (b) [26].

According to Ag DF, the dielectric permittivity is a
complex function that consists of a real part that signifies
the polarization response, and the imaginary part gives the
optical losses. DF also allows to investigate the
fundamental excitations of free carriers and interband
absorption, as well as the basic surface plasmon properties
supported by Ag surface [56]. However, the abundant
studies used the Drude model to represent the DF of Ag or
Au, as it does not have to incorporate the interband
transition in the near-mid infrared regime, but it accurately
represents the optical response of Ag or Au [57]. Since Ag
(or metals) have many free electrons, they provide the
negative real permittivity that is required for any plasmonic
materials. Of the two, Ag has been widely used because of
its low absorption and power consumption [18]. Moreover,
it is easy to fabricate with high etch selectivity [58]. The
permittivity of Ag in a relative form has been characterized
by Drude which clearly shows its frequency dependence.
The relationship is defined as [48]:

2
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This is popularly known as the Drude model. The
symbols are defined as: €, (=3.7) is the dielectric constant
when the angular frequency is infinite, w, (=9.1 eV) is the
mass plasma frequency, y (=0.018 eV) is the electron
collision frequency, and w is the angular frequency of
light in the air. For a long wavelength, however, this
relation causes a large error. Thus, to carry the information
of both absorption losses due to interband transition and

frequency-dependent scattering phenomenon, the Ag
permittivity can be expressed by the Lorentz dispersion
representation as [59]:

N e
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where N is the number of oscillations with w; frequency.
w, and w, are the Drude frequency and the Lorentzian
frequency, respectively. The latter one arises from
interband transition. Unfortunately, the calculation
according to Eq. (3) is more complicated. Another revised
Drude model to represent the polar nature of the metal
which is widely used to calculate the dielectric constant
of the valuable metals is the Debye model. The
frequency-dependent permittivity of Ag as designated by
the Debye-Drude model is expressed as [60]:
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where ¢€,=3.8344 is the permittivity at infinite fre-
quency, &~=-9530.5 is the unvarying permittivity,
0=1.1486x10" S/m is the conductivity, and 7=7.35 s is the
relaxation time.

For the theoretical study, either of the three models can
be used. The MIM WG width is chosen sufficiently small
as compared to the wavelength of the light ensuring the
propagation of only fundamental mode inside it. The
dispersion relation of the transverse magnetic (TM)
fundamental modes in the MIM structure can be expressed
as [61]:

ikiw
gk, + &,k coth (— . ) —o0, 5)

where ky,% = & ko’ — (koRe(neg))? is the transverse
propagation constant in the air or the silver, w is the MIM
WG thickness, k, = 2m/A is the free space wave-vector,
Re(negr)is the real part of an effective index, ¢; and &, are
the dielectric constants of air and Ag, respectively. Even
though Ag (or other metals) are used as a cladding layer in
a plasmonic MIM WG, they are an inherent property of
ohmic losses. Therefore, it is necessary to propose other
materials to develop the robust plasmonic waveguides and
devices [62]. One of the options is to adopt metallic alloys
as plasmonic materials so that they help to shift the
interband transition to other parts of the spectrum (not used
for particular applications). For instance, noble-transition
metal alloys (doping of bivalent transition metals cadmium
and zinc to the monovalent noble metal) will add an extra
electron to the electron pool which ultimately raises the
Fermi level, thus, changing the optical spectra of the alloy
[63]. Next, metallic compounds like aluminium-doped zinc
oxide, gallium-doped zinc oxide, and indium-tin oxide
demonstrate an extremely low built-in loss in the near-
infrared regime. Similarly, nitrides of titanium and
zirconium show strong CMOS compatibility for fabrication
in the visible frequency band. In short, this category of
plasmonic material replaces the metals both in the visible
and near-infrared regimes by offering advantages like low
inherent loss, semiconductor-based design with CMOS
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compatibility and tunability [62]. Another popular
plasmonic material is graphene. It is a 2D material that
excites the SPs as that of metal/insulator interface.
Inherently, it offers low loss due to interband transition in
terahertz applications, but this loss is comparable to the
noble metal in the infrared (IR) and visible (VIS) frequency
ranges [63]. Dielectric material to be used as an insulator
layer may be air (having RI=1.0) or silicon (having
R1=3.5). Now, the MIM coupled structures based on SPP
that create FRs are to be discussed because they play a vital
role in generating the light-matter interaction and affect the
FR modes behaviours.

3.2. The geometry of the Fano resonators

Plasmonic microresonators are of considerable interest for
device designs and numerous of these architectures involve
conjoining one or more cavities to a WG. Such MIM
WG- resonator systems [34] can, of course, show Fano
effects with sharp asymmetric line shapes, and they can be
used for sensing. The resonance peaks can be shifted by
changing the ambient RI by placing the substances to be
sensed. In general, two ports FR-based sensors relied on the
WG-resonator coupling can be provided in two ways, as
shown in Figs. 6(a) and 6(b), respectively. The first method
relied on a simple coupling geometry and the second
configuration was a WG side-coupled to an individual or
multiple mode cavity or multiple cavities. Based on this
basic structure, the possibility to model an FR is to fix the
geometry of a given system in such a way that two or more
scattering paths are available. Specifically, the basic
geometry can be upgraded by placing partially reflecting
element(s) into the WG, by adjusting a coupling element

(@)

Waveguide

Resonator

(b)

Waveguide

Resonator

Fig. 6. Diagrammatic organization for a WG simple-coupled to a
resonator (a), and a WG side-coupled to a resonator (b) [34].

through which the two WGs interact (support a localized
mode) by making a mechanism of overlapping resonances
and by coupling interferences. In this section, the focus will
be on the creation of FR(s) by resonators with different
geometrical shapes and with different structural
parameters. From the literature, it can be stated that the
resonators providing a continuum mode mainly include
stub(s) [64], cavity [50], ring [65,66], rectangle [67,68],
disk [69], circular ring [70], square [71], various resonators
with defects [60,72], and their composite [73,74]. The
resonators providing the localized mode mainly include the
stub MIM WG [75], single baffle MIM WG, and double
baffle MIM WG [76]. Further, making the appropriate
defects on a WG or a resonator cavity gives a huge chance
for appearance of the FR. Depending upon the resonator

architecture, the theories governing obtaining resonances
are different and these resonances, when coupled with each
other, generate FRs which are described in the following
sections.

3.3. Theory of resonance due to a stub

The width of MIM WG and stub(s) are chosen to have an
efficient power relay. The WG-stub system is shown in
Fig. 7. The incident TM wave feeds the SPP mode in the
WG which travels across the interface between the
insulator and metal layers and allows a decaying signal to
be evanescently linked to a stub that acts as a resonator
showing resonance determined by the minimum
transmission value at a particular wavelength known as the
resonant wavelength. For the resonance to occur, the
following condition needs to be met [48]:

2kRe(neg)L + . =2mm, m=1,2,3,... , (6)

2T . . .
where k = 7” is the wave vector in the vacuum, ¢, is the

phase switch of the light reflected from the metal boundary
of the insulator close to the stub, m is the resonance order,
L is the stub effective length, and Re(n.¢) is the real part
of the effective RI.

| Waveguide t |

Stub
resonator L

Fig. 7. Schematic of a WG side-coupled to the stub resonator.

However, this resonance has a broad spectrum. Once
this arrangement is coupled with a circular cavity that
generates the narrow discrete spectrum, the overall effect
will mix these two spectra so that the Fano peak is
generated [77]. The symmetry of the spectrum obtained
from the WG-stub system can also be broken by inserting
a nano-split in the stub in the calculated position [48].

3.4. Theory of resonance due to a rectangular cavity

Let us consider a rectangular cavity coupled with an MIM
WG having the length L as shown in Fig. 8.

Then, in a rectangular resonator, the SPPs phase shift
occurs for each round trip. The gathered phase switch per

complete journey for SPPs is @ = "eff 4 24 [78].

Constructive interference occurs when @ = 2N indicating
the resonant condition at certain wavelength of light. The
corresponding resonant wavelength is calculated as:

| Waveguide |

Rectangular
cavity

L

Fig. 8. Schematic of a WG side-coupled to a rectangular cavity.
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2Nl
g = ettt @
N-%/n

where ngg is the SPPs effective refractive index, ¢ is the
phase change by the SPP reflection away from the metal
screen in the rectangular resonator, and N is the resonance
order in the rectangular cavity. The rate of change of the
resonant wavelength with the variation of the effective
length of the rectangle is given by the following relation:

dA _  2Meg @)
b N-%/p

Since the geometric length of the plasmonic resonator
and the wavelength of the light incident are related only to
some order of magnitude of the wavelength, distinct
conductor modes can be reflected TO and FROM the metal
walls of the resonator establishing the FP resonator [50].
Thus, the WG modes have different field patterns and
scattering characteristics showing resonances at different
wavelengths in plasmonic resonators. The side-coupled
cavity with a WG creates only a local discrete state. If the
groove is connected to a WG on the next side, it will
generate a continuum. If the entire system comes into the
scene, it will mix these two spectra forming the FR [50].

3.5. Theory of resonance due to a square ring
In the MIM WGs, RI affects the guided modes obtained in

Eq. (4). The layout of the WG resonator with a square ring
is shown in Fig. 9.

| Waveguide 1 |

Square ring
resonator

L

Fig. 9. Schematic of a WG side-coupled to a square ring resonator.

Broad bright modes are obtained in the plasmonic MIM
configuration. Also, narrow dark modes can be obtained
using the WG-resonator structure. By coupling these two
modes, FR is a built-in MIM square ring structure. The
effective resonator length defines the wavelength of the
resonant FR expressed in the following relation [79]:

2neffL
_9 ’
m /27T

where nqe, m, L, and @ are the effective RI, resonance
order, effective square length of the resonator, and SPP
phase inversion, respectively.

Ares =

m=1,23,.. (9)

3.6. Theory of resonance due to a discontinuity/break

Consider the gap "g" in the MIM waveguide as shown in
Fig. 10 and our wish to observe the pattern of the light
signal at the WG port to calculate the resonant wavelength.

Since the gap creates a discontinuity in the WG, it helps
generate the resonances, which, in turn, cause multiple
reflections between air and metal surfaces, and functions

3} £ |

gap

| Waveguide

Fig. 10. Schematic of a WG with a gap.

similar to the FP interferometer. Energy of the excited
waves is stored by the gap because it acts as an energy
storage unit and produces many barrier bands resulting in
resonances at different wavelengths [66]. Multiple peaks
are produced in transmission scattering under the resonance
conditions governed by the following relationship:

2Re(B)g + 2@ = 2mm, (10)

where £ is the propagation constant of SPPs.
Resonance wavelength of the FP cavity is calculated as:

2Nefrg
A = —0~, (11)
m=om

where integer m = 0,1,2,3, ... and A,, is the resonant
wavelength, n.g is the effective RI, and ¢, is the phase
reposition. Here, only a continuous broad band is observed
and the transmission will disappear as the wavelength
increases. Therefore, an additional resonator should be
added to obey the principle of FR. One such resonator can
be a circular edge nano cavity coupling with the WG and a
baffle system providing a narrowband state. The entire
system forms a Fano peak under resonance condition [70].

In addition, the transmittance of FP is set on by using
the following relation:

_ )
a-r)+ 4r25in2((p/2) '

(12)

where ¢ = 27T//1 X 29etr, Jerr 1S the effective gap length

which can be given as ges = n X neg, t and r are the
transmission and reflection ratios, respectively, and ¢ is the
metal absorption loss.

3.7. Theory of resonance due to a ring

Resonance is said to occur in a resonator which consists of
asingle ring when the light wave in the ring shows no phase
change. An example of such a system has been shown in
Fig. 11.

| Waveguide t |

Ring Resonator

Fig. 11. Schematic of a WG side-coupled to a ring resonator.
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The condition for a co-phase can be noted as
Bl = 2mm, where B is the phase constant and is given by

B = @ This condition is called the resonant condition.

The corresponding wavelength for the ring resonator is
given by the relation [66]:

2T Negr
lres = m < ) (13)

where m is the mode showing resonance (its value can be
m=1,2,3), and r is the radius of the ring. This structure only
generates a discrete narrow state. To generate FR, the
continuum state needs to be produced. A nanometallic wall
inserted in the WG can fulfil this function. The structure
created in this way blends these basic states to form the
asymmetric Fano profile [80]. The transmission function of
the ring is defined by the ratio of the output electric field
(E,yt) to the input electric field (E;;,) and given by the
following relation:

Epye t-— aThpe'ﬁd(l'lhp)

Em 1- aThpe'ﬁd(l'th)'

T = (14)

where t is the transmission coefficient between the ring and
the WG, [ is the circumference of the resonator, « is the
round-trip loss factor related to dielectric in the WG and the
ring. The above-mentioned basic blocks generate the
optical resonance which is dependent on many factors such
as the physical dimensions of the device and the ambient
RI. The relationship of the resonant wavelength in each
block layout with the RI of the medium demonstrates their
use as an RI sensor. The resonant relations defined by
Egs. (6), (7), (9), (11), and (13) show that there is a direct
relationship between the resonant wavelength and RI (or
redshift of wavelength with the RI). As mentioned, FRs
arise due to the coupling of two counterparts. The Fano
effect occurs only when the resonant state energy is in the
range of the continuous state [81]. The amplitude of
background scattering changes slowly with the energy
change with the resonance energy, but the amplitude and
phase of the resonant scattering change very quickly
resulting in asymmetric linearity. In the saturated MIM
WG-coupled structure above, a large linewidth resonance
is typically excited to act as a continuous state, whereas a
narrower linewidth resonance is usually excited to act as a
discrete state. When their spectra have overlapped sections
and their spatial positions are close enough, the near-field
coupling can produce the FR. Furthermore, the loss of
structural symmetry can cause the FR to be generated.
Different plasmon resonances can be hybridized to each
other by symmetry breaking, which allows the plasmon
resonance with a large line width and the plasmon
resonance with a narrow line width to be effectively linked
to generate the FR [81]. Additionally, structural symmetry
breaking enables the formation of plasmonic resonances as
a result of the mutual coupling of similar nature which can
generate two modes (modes with wide and narrow resonant
line widths). These modes provide the continuous and
discrete states, respectively. In the MIM WG-coupled
system, two WG modes named symmetric and anti-
symmetric modes could always be carried with no modal
cut-off in the visible and near-infrared regimes [82]. The

gap can excite the anti-symmetric mode. Thus, in the
broken plasmonic resonator, this small, trapped resonance
interfered with the broad resonance based on the symmetric
waveguide mode, resulting in the Fano resonance. Having
this theoretical background, the MIM WG-resonator
system generating the FRs is investigated through
observing the Fano responses. The Fano response is
frequently calculated using a coupled-mode theory (CMT),
although the cavity mode amplitude and waveguide
coupling loss are difficult to determine analytically.

3.8. Methods

Many Kinds of literature have used analytical methods to
study the transmission characteristics. CMT is a famous
analytical method to analyse transmission characteristics.
Some literature has used numerical methods for their
studies like FEM and FDTD. For instance, a 2D FDTD
method was adopted to examine the acts of the submitted
shapes setting a perfectly matched layer (PML) absorbing
boundary conditions [48,65,83-85] in their simulations.
The optical responses of the designed structures were
scrutinized by applying the finite difference method of
commercially available COMSOL multi-physics in
literature [35,60,61,86-88]. Some pieces of literature use
only analytical methods for theoretical study whereas
others adopt only numerical analysis methods for designing
and manipulating the performances. Some cases have used
both methods for the analysis of the transmission spectrum
of FR-based sensors. Theoretical analysis of the MIM WG
square convex ring resonator (SCRR) system, for example,
is proposed in Ref. 61, where the Fano characteristics are
examined using CMT. The following part is a description
of the analytical procedure:

The structure consists of a metallic hinder in an MIM
WG being co-phased with the SCRR shape. When the light
enters the WG from its input port, SPPs are generated on
the interface between the insulator layer and the metal.
They carry information as energy within the core of MIM
WG in the nano-sized architecture by surpassing the
diffraction limit. The assumed parameters are: 1/10

(inherent loss rate of SCRR), 1/Te (the fading rate), and K;
(the input linking amount of the propagation mode of WG).
Then, the rate of change of normalized amplitude A with
the time of the resonator is expressed as:

== (jwl - 1/‘[0 - 1/Te)A + K1(51+ +52+) = jwA,

dt
(15)

where w is the incident light frequency, w, is the frequency
at the resonance of SCRR, and S;,, the amplitude of
incoming light in the waveguide. If S; ,_ represents the out-
going light amplitude of the WG, then based on the principle
of energy preservation, the relation between energy going
in and coming out of the WG can be shown as:

(E)=c(E)+x(.  ao

where C denotes the linking matrix between the entering
waves and yielding waves through the metallic block which
can be given as:
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r jt
=( ). (17)
The symbols are defined as: r and t are the reflection
amplitude coefficient and the transmission amplitude
coefficient, respectively, and r? + ¢2 = 1. The coupling
matrix denoted by K between the output wave and the
corresponding port has the relationship as follows:

_ (0 Ki
K_(O —1q>' (18)
where K, =

fl/fe e’ is the corresponding phase coupling

coefficient. By using and manipulating Egs. (15)—(18), and
applying the principle of energy conservation and time-
reversal symmetrical property, the transmission efficiency
of the entire design can be estimated and expressed as the
following equation:

1

Jjw—w;) + 1/‘L'e + 1/‘[0

» (19)

SZ_

S+

T(w) =

Similarly, the structure which comprises an MIM WG
optically linked with rectangular and dual shunt-wound
rings proposed in Ref. 87 has the transmittance T which is
expressed as:

r o |B
E,
_ KiKo[j(w — w,) + K7] |2
U@ — ) + K + K2 + KF[j(0 — o) + K21 - KZ|
(20)

where K; and K, are the coupling coefficients between the
input MIM WG and the rectangular cavity and between the
output MIM WG and the rectangular cavity, respectively.
w is the light wave frequency, and w,, w,. are the resonance
frequencies of the rectangular and ring cavities,
respectively. The transmission spectrum to demonstrate
both exhibiting the Lorentzian profile and the Fano line
shape has been expressed based on the CMT method in
Ref. 86 as:

T(w) = |t(w)|?
Yz 2
J(wo — w) + 2/ra +4
(21)

The FEM (or FDTD) tool is used to quantitatively
simulate the sensor properties. The simulations results
revealed that single or multiple Fano peaks can be
generated depending upon the coupled-mode geometry
which is narrow in width, asymmetric in nature with a
strong field enhancement, and extremely sensitive to small
variations in the resonator parameters and RIs of the slot.
This feature enables the Fano effects to be used as RI
sensors. Thus, it is interesting to evaluate the sensors based
on the performance matrices by grouping the structures on
a cavity or ring basis.

= tb% + jtgry —

4. Comparative study of Rl Fano sensors based on
performance parameters: sensitivity and figure of
merit

The most recent MIM WG-resonators as Rl sensors
exhibiting FR as single disk ring resonator (SDR), dual disk
ring resonator (DDRR), rectangular cavity resonators, stubs
resonators, groove resonators, slot cavities, symmetrical
grooves resonators, square ring resonators (SRRs), split
square ring resonators (SSRIs), T-shaped resonator, square
convex ring resonator (SCRR), circular split-ring
resonators (CSRRs), triangular stubs and split-ring
resonators, M-type cavity with metallic baffle, and others
are discussed here. The structures are either made upon the
principles of direct-coupled resonator(s) or edge-coupled
resonator(s).

4.1. Performance metrics

Mainly, the performance evaluating quantities of MIM
Fano sensors are S and FoM. To further rectify the
executions of the sensors, the quality factor (Q-factor) is
also evaluated. Q-factor is directly related to the ohmic
losses. The lower the ohmic loss, the higher the Q-factor,
and vice versa [89]. In many types of literature, however,
Fano RI sensors are appraised based on S and FoM, and
these sensors are compared to their Lorentzian equivalents.
These two factors serve as the foundation for validating the
sensor performance regardless of the research methodology
used (theoretical or empirical). Thus, their definitions and
physical meanings are discussed as follows:

4.2. Sensitivity

It is the ratio of the change in shifting in the FR dip/peak
with the possibly small change of RI [46]. Symbolically,
S = (A,es) / An (nm/RIU) for RI sensors, where A4, is
the change in a resonance wavelength brought about by the
corresponding change in RIs. The reported figures of S for
a variety of MIM WG-resonator systems generating the
Fano peaks have been reflected in Tables 1 through 3 in
2013-2021. The position of Fano dips/peaks can be varied
by changing different design parameters which is described
next. For example, the location of a Fano dip/peak and its
profile are tuned by altering the length and the height of the
cavity [46], respectively. The S values have been found to
vary depending upon the kind of assisting EM mode (decay
length), resonant wavelength, agitation configuration, and
underlayer properties [90]. Moreover, the structures with
strong field confinement and low leaky loss are highly
sensitive to change in the RI change [91]. Depending upon
the geometry of the resonators, S varies, for example, in the
case of the MIM WG-ring resonator system generating the
FRs, the dependency of S has been reported in the literature
(Table 2) where the samples of the same kind are filled. It
has been proved that a sharp non-symmetrical line shape
amplifies S of the RI sensors [50,79,92-95]. Furthermore,
the S increment can be obtained by using the concept of
insertion of a metallic gap somewhere in the structure.
Butt et al. proposed a square side of the ring resonator
coupled to the main WG having metallic gaps placed
diagonally on two opposite sides of the resonator. This
arrangement has generated the FR. If the cavity is regularly
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filled with nanodots, where a cluster of E-fields is
excessive, it intensifies the SPPs at the boundary of
nanodots, thus, enhancing the association between SPPs
and the surrounding avenue. This ultimately increases S
and its maximum figure at the optimum size and the
number of nanodots reaches up to 2464 nm/RI1U [92] which
is the highest S reported in the case of FR-based MIM WG
structures. From the definition of S, it is seen that its value
can be increased either by keeping the change in RI fixed
to some value and increasing the change in a resonant
wavelength or by keeping change in RI as small as possible
by keeping change in a resonant wavelength fixed to some
value. But, for more RI-sensitive sensors, the change in RI
should be as low as possible. An <0.01is used to detect
gases, while An <0.02 (or 0.025) is used to detect liquids.
Only S lacks to evaluate the total performance of the RI
sensor because it cannot precisely define the optical
resolution.

4.3. Figure of merit

FoM is a comprehensive parameter to judge plasmonic
sensors. FOM measures the effect of a peak width on
sensing performance. It is related to the optical resolution
which is key to sensors. FoM, mathematically, is defined
as FoM = S/FWHM (unitless), where FWHM is the full
width at half maximum of the spectrum and S is the
sensitivity. FWHM is related to the mean lifetime of a
surface plasmon (or propagation length). Moreover, it is
related to the sharpness of the Fano peak. The more
FWHMs, the lower the peak sharpness and vice versa.
Therefore, in a way, it controls the sharpness of the peak.
In some applications, at the fixed wavelength the change in
light intensity is detected to calculate the matching FoM
given by the relation FoM = (AT /An)/T [33], where T is
the transmittance and AT /An is the transmittance change at
the fixed wavelength due to RI change. Some sensors
detect a relative intensity change (dI(1)) / (dn(1)) at the
fixed wavelength 1,. FoM in this case can be defined as

ar(a
( )/ dn(d)
1)

corresponding variation of intensity at a fixed wavelength
caused by RI change. To increase the FoM, the peak
sharpness should be high which is possible due to the
coupling of different structures made of different materials
with the main MIM WG, essentially, to achieve the FR. The
values of FoM for a different plasmonic FR generating
structures are summarized in Tables 1 to 3 which have
adopted different approaches to lower the FWHM and
increase the FOM. For instance, due to an extra sharp non-
symmetric Fano line shape with extreme transmission at a
resonance dip, the FoM of 3.2x10° is obtained in Ref. 33.
Not only S or FoM alone but S and FoM both are generally
used to analyse and differentiate divergent plasmonic
sensors. This is because high FoM means high S and high
wavelength resolution. To facilitate a comparative study,
the Fano sensors have been divided into three categories:
cavity-based, ring-based, and composite. Cavity-based
Fano sensors are compared in Table 1.

Table 1 shows that the cavity can be made up of a stub,
groove, rectangle, square, U-shape, M-shape, and other
shapes. However, these structures solo are unable to

FoM = max [46], where d[(l)/dn(,l) is the

Table 1.
Differentiation of Fano sensors based on the sensitivity (S),
the figure of merit (FoM), and the cavity structure.

Design structure S (nm/RIU) FoM Reference

MDM coupled with two
grooves

MDM with stub and groove 1260

820 3.2x10° [33]

2.3x10 [35]

MDM coupled with closed

rectangular cavity 530 650 [46]
M_DIVI'WIth two stub_s filled 1060 176.7 [48]
with silver nano-split

MDM and two identical slot

cavities and rectangular 800 1.35x10* [49]
cavities

MDM with groove and

side-coupled with two 1900 3.8x10* [50]
cavities on one side

MI_DM WG_ c_oupled with 233 x10¢ [41]
pair of cavities

MDM WG cpypled with 9673 [64]
two stub cavities

MDM WG coupled WIFh_ 596 75 [67]
double rectangular cavities

MDM side coupled with

two asymmetric cavities in 4800 [83]
one side

MDM WG coupled_V\_/lth 985 54 [85]
two rectangular cavities

MDM with side-coupled 1280 [86]

cavity and a baffle

MDM having a baffling
side-coupled with cavities 1820
on each side

4.5x10* [93]

MDM side coupled with
two identical stubs
resonators

11x10°  2x10° [96]

MDM with two identical
slot cavities and two 903
symmetrical grooves

3.1x10° [97]

MDM with a disturbance
side-linked with a square 1120
cavity

MDM WG end coupled
with slot cavity resonator

1.7x108 [98]

1090 7.63 x10* [99]

MDM WG containing two
gaps of SiO2 coupled with 1010 29 [100]
two cavity resonators

MDM WG with a metallic
baffle and M-type cavities 760
on either side

156x10°  [101]

MDM WG with two baffles
and a triangular groove
cavity coupled with inverted
U-shaped resonator

840 3.9x10° [102]

produce Fano effects. The suitable combination between
similar or dissimilar ones ensures structural symmetry
breakage results in Fano interference. One of the methods
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is to include nano-split(s) in the WG or cavity. A metallic
baffle or a SiO, gap can be used to create a nano-split.
Another option is to combine two or more conflicting
structures by coupling the same structure multiple times,
making it asymmetrical and mixing different structures (for
example, mixing slot with groove, groove with groove,
groove with stub, and groove with other shapes). There is a
proper balance between groove and two-cavity system to
get the best S of 1900 nm/RIU and FoM of 3.8x10* [50].
The inverted U-shape resonator, as it forms an F-P cavity,
causes an FR with a sharp dip and an asymmetrical line
shape. The addition of a groove and metallic baffle creates
an extra narrow dip (or narrower FWHM) resulting in the
highest FoM of 3.9x10° [102]. As compared to other
structures, the metallic baffles are difficult to fabricate due
to the process technology. As a result, even though the
insertion of metallic baffles achieves the antisymmetric
mode needed for FR generation which ultimately ensures
better sensing capabilities, the systems embedding baffle(s)
are less preferred as far as the fabrication process is
concerned. Such baffle-groove-cavity systems, on the other
hand, have a very narrow FWHM that may be easily
detected and tracked, enhancing sensing resolution
significantly. In addition, if several FRs are wanted in the
structures stated above, several cavities must be added to
provide enough dark and bright modes, generating more
Fano channels to obtain parallel sensing capability at the
cost of a more complicated design. Ring-based Fano
sensors are compared in Table 2.

Rings come in a variety of shapes, including the
U-shape, square, circular, elliptical, and split versions of
these shapes. When these geometries are either directly or
indirectly connected to a bus WG, resonances are created
that can be used in nano-sensing applications to detect RI
fluctuations. These resonances, on the other hand, are the
Lorentzian line forms. Therefore, it is necessary to install
more structures to generate a discrete response, so that they
interfere with each other and produce the Fano interference.
Table 2 above shows examples of such combinations. The
FR interference is induced by splitting resonance modes
with varying coupling rates and resonance wavelengths,
complying with the theoretical model mentioned in
sections 3.5 and 3.7. The results of Table 2 also revealed
the same. Fluctuations in the position of FR dips/peaks are
caused by forms of a ring- (square and circular) and cavity-
(tooth, stub, rectangle, and groove) coupling, as well as
cavity-cavity phase, shifting, and RI of dielectric
variations. As a result, these structures can be realized as
nanosensors for detecting RI changes by using such
flexible physical properties. Furthermore, in the ring
resonator-based Fano sensors, the ring diameter plays a
crucial role. If all the structural parameters are optimized,
then the sensing performances are evaluated by quantifying
FoM because it describes the link among the S, resolution
and transmission. Since the Fano resonant dip/peak is sharp
and the change in transmission at the resonant wavelength
is quick, the FoM is ideal, resulting in the enhanced sensing
performance. The findings demonstrate that the number of
Fano peaks is substantially determined by the number of
coupling loops surrounding the rings. Stub structures, on
one hand, are basic and simple, yet they only produce a
single FR. Ring structure, on the contrary, create many FRs
despite their structural complexity. When the dielectric RIs

Table 2.
Differentiation of Fano sensors based on the sensitivity (S),
the figure of merit (FoM), and the ring structure.

S (nm/RIU) FoM Reference

Design structure

Planner structure having
nano-rods in U-shaped split 1380 52.1 [15]
ring resonator

MDM WG with tooth cavity
coupled with split ring 1200 122 [60]
cavity

MDM WG coupled with
square convex ring 1120
resonator with a baffle

2.68x105  [61]

MDM WG side-coupled
with concentric rings 1060
resonator

203.8 [65]

MDM WG and a stub side-

coupled with split ring 1.4x10°  1.2x10° [73]
resonator

MDM WG coupled with

rectangular and ring 1125 75 [74]

resonator

MDM WG containing two
metallic baffles coupled to a 825
ring resonator

Symmetrical MDM WGs

5.74x10*  [76]

coupled with a square ring 6400 1x10* [79]
resonator
MDM WG with tangent 880 964 [84]

rings

MDM WG with two
triangular stubs coupled to 1500 65.2 [88]
split ring resonator

MDM WG coupled with
disk and ring cavity

1100 2.73x10*  [103]

MDM WG with dual stubs
side-linked ring resonator

MDM WG side-coupled

1000 4200 [104]

with square ring resonator 2464 259.8 [92]
having nano-splits
MDM with groove and ring 2000 8600 [94]

resonator

MDM side-coupled with a
rectangular ring loaded with 1000
a stub

992800  [105]

MDM WG with an obstruct
coupled with a circular split
ring cavity

1114.3 55.71 [106]

MDM WG with two stubs

4
coupled with a ring cavity 2000 4.05x10 [107]

vary, so does the position of the FR. As a result, the
resonant wavelength that we can detect will change. By
sensing distinct resonant wavelengths, different RIs can be
monitored. FR transmittance spectrum is also sharp,
making it sensitive to changes in RIs. However, the
adjustment of resonant wavelengths in a dynamic manner
is limited. The symmetry of the entire ring structure is
broken in the case of a split-ring resonator (SRR), resulting
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in FR(s). The side-coupled circular-split ring resonance
cavity sensor system can adjust the resonance more flexibly
than the entire ring system. Since the various FRs are a
collective effect of the system as a whole, tuning them
precisely and independently is usually quite challenging.
However, a disk-ring-stub-groove system can modulate
these FRs semi-independently which is useful for RI
sensing applications. Moreover, tuning of double FRs
independently is made possible by changing the parameters
of the stub cavities-ring cavity system. The groove-ring
system allows tunability of dual Fano peaks in the near-
infrared region. The S of the system consisting of splits in
the square ring with nano-dots embedded in the arms was
increased to 2464 nm/RIU when compared to the standard
square ring resonator system which had an S of
1520 nm/RIU [92]. The square ring with nano-splits
generates the FR, and the nano-dots boost the interaction of
SPPs and dielectric medium in the ring. The concept of the
dual stubs-ring cavity allows for the tunability of various
FRs, resulting in a higher S of 2000 nm/RIU and a FoM of
4.05x10% [107]. As the SRR based sensors are structurally
simple, highly tunable, high sensing performer, and easily
fabricable, they offer a lot of potential for use in
nanosensors. From the results of Tables 1 and 2, it can be
concluded that the resonating structures can substantially
increase the S and FoM. However, the issue to be addressed
is to design such a structure that can generate multiple FRs
with flexibly adjustable resonance wavelengths and fine
turnability. The solution to address this problem is to adopt
composite structures. Table 3 compares the composite
Fano resonating structures used to detect the dielectric
medium RI variations.

Various architectures are merged to generate the
composite structure as shown in Table 3. The composite
structures bring about multiple FR dips/peaks. For
example, four FRs are generated via a composite system
consisting of a stub-connected concentric rings-stub-ring.
Due to their parallel processing capability, they are useful
in multi-spectrum sensing applications which dominate in
highly integrated photonic circuits. In addition, this system
has an S of 1600 nm/RIU and an FoM of 1.2x10° [113].
Thus, such a composite system has brought a proper
balance in figures of two performance evaluating
parameters (S and FoM), which is the key criterion for
plasmonic nanosensors.

The FR-based sensors presented here are theoretically
studied and numerically validated through suitable
simulating tools. The necessity is to experimentally
validate these results and proceed with the process of the
fabrication execution to make them commercially available
as biochemicals sensing devices. Based on the conclusions
of these tables, some recently developed FR-RI sensors and
their evolution are surveyed next.

5. Some examples of recently developed Fano sensors

Having stated the basic blocks to generate FR and their
sensing performance, it is worth adding the recent
development trends and the way of generating the FR.
Further, it is worth mentioning the individual blocks that
contribute to FR achievements and the entire block
to provide RI sensing features with a remarkable
performance.

Table 3.
Differentiation of Fano sensors based on the sensitivity (S),
the figure of merit (FoM), and the composite structure.

Design structure S (nm/RIU) FoM Reference
MDM WG coupled with
concentric ring and disk 640.6 287.9 [108]

resonator

MDM WG end coupled with
system of slot cavity and
tooth-shape cavity and side-
coupled semi-ring cavity

MDM WG having dual
symmetric rectangular stub
linked to circular split-ring
resonance cavity

MDM WG coupled with
semi-ring rectangular
composite cavity

1062 252.64 [109]

1180 5585.3 [95]

1260.5 1270.57 [110]

Composite structure
(circular, dual-side-coupled
rectangular cavities and two
MDM WGs)

MDM WG with dual
identical rectangular stubs
linked to elliptical ring
resonator

MDM WG stub-coupled
with stub-coupled concentric
rings on one side and ring on
the other side

8056 [111]

1550 43.05 [112]

1600 12x10°  [113]

Starting from 2012 to present date, numerous MIM
Fano resonator designs for Rl sensing applications have
been reported with the necessary investigation. 2-D
schematics of some of such designs based on the ring
structure from 2019 to 2021 are presented in
Figs. 12(a)-12(j). Similarly, 2-D schematic views of the
designs based on cavity resonators are presented in
Figs. 13(a)—13(h). All designs have been constructed to
justify the principle of coupling between WGs and
resonators. The proper coupling between the WGs and
resonators generates FRs. As the replacement of the
material media (or change in effective RI) in the resonator
causes the extreme change in the FRs, ultra-highly sensitive
RI sensors have been proposed that exploit this optical
effect. A structure composed of an MIM WG co-phased
square convex ring resonator (SCRR) with a discontinuity
where the baffle generates a broad steady-state and the
SCRR forms a slender discontinuous state. As a result of
coupling and interface between these two states, the FR
occurs [61]. After the spectral analysis, the proposed sensor
has achieved an S of 1120 nm/RIU and an FoM of
2.68x10°. Chen et al. proposed and investigated an RI
sensor that relied on MIM WGs linked to dual rectangular
cavities generating double FRs [85]. Yang et al. proposed
an RI sensor including an MIM WG having two
symmetrical triangles as stubs which coupled a circular
ring cavity with a single split on it. The continuous
broadband state results from the former structure and the
discrete narrowband state from the latter structure, the
interaction of these two states forms the FR [88]. The
maximum S and FoM achieved for this structure were
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Fig. 12. Schematic setup for MIM WG ring resonators: side-coupled
concentric rings and stubs [113] (a), symmetrical stubs-split
elliptical ring resonator [95] (b), two stubs on MIM and side-
coupled elliptical ring resonator [112] (c), stub semi-ring
resonator [109] (d), triangular tooths and side-coupled split-
ring resonator [88] (e), side-coupled square convex ring
resonator [72] (f), side-coupled split-ring resonator and a stub
[106] (g), edge-coupled cavity side-coupled with semi-ring
resonator [110] (h), side-coupled cascaded ring resonators
[108] (i), and side-coupled split-square ring resonator [92] ( j).

@ (b) (© (d)
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Fig. 13. Schematic setup for MIM plasmonic cavity designs published
recently: side-coupled half-elliptical groove and elliptical
cavity resonator [115] (a), inverted U-shaped resonator [102]
(b), rectangular cavity resonators [116] (c), M-type cavity
resonator [101] (d), a twin stub resonators rectangular cavity
[118] (e), two rectangular cavities coupled by a circular cavity
[111] (f), edge-coupled two rectangular cavities [85] (g), and
edge-coupled asymmetric nano-disk resonators [9] (h).

1500 nm/RIU and 65.2, respectively. Fang et al. proposed
a half-ring rectangular mixed cavity coupled with MIM
WGs where there are four FRs having S of 608.65 nm/RIU,
711.14 nm/RIU, 876.88 nm/RIU, and 1260.5 nm/RIU, and
FoMs of 37.94 dB, 45.65dB, 49.24 dB, and 41.67 dB,
respectively [110]. Li et al. proposed MIM WGs end-
linked vertical-cavity side-phase-matched by four cavities
where seven Fano tips with asymmetrical line profiles are
engineered which is very useful for parallel sensing
applications [114]. Wang et al. demonstrated the MIM WG
with a metallic discontinuity side-linked to a circular split-
ring resonance hole which achieves a maximum S of
1114.3 nm/RIU and an FoM of 55.71 after the analysis with
FEM [106]. Qiao et al. proposed a sensor based on the
MIM WG system with an M-kind cavity and an obstructed,
which after simulations revealed an S of 780 nm/RIU and
an FoM as high as 1.56x10°[101]. All the above-stated

structures have used the concept of more light confinement
inside the WG-resonators system to execute excessive
sensing capability (S, FoM, etc.). The maximum light
confinement has been made possible by improving their
resonator make-up to boost the association of the incident
light wave and the substance.

Another way to increase the light-matter interaction is
to use the phenomenon of one-way propagation of
reflection. With this purpose, Amoosoltani et al. has
proposed dual asymmetric disk resonators end-linked to the
both input and the output WG bus [9]. The calculated S is
of 1500 nm/RIU and FoM is of 242.66. Chen et al.
developed an MIM type design which is formed from a
CSRR cavity and a twin rectangular WG stubs, whereby
FR is generated owing to the intervention between the
wideband continuous state by the former structure and the
narrowband discrete state by the latter structure [95].
Haffer et al. reported the MIM WG side-linked with a semi-
elliptical trough on one side and an elliptical cavity on the
other side, where FR modes are achieved due to these
elements which may be used for RI sensing applications
and slow light effect applications [115]. Su et al.
demonstrated an RI sensor that is based on the MIM WG
having dual stubs side-linked to an elliptical ring where the
rectangular stub system constructed the Fabry—Perot cavity
originating an FR having a maximum S of 1550 nm/RIU
[112]. Butt et al. introduced a new sensor structure based
on a side-coupled square MIM WG ring resonator where a
single nano-slot is obliquely positioned on different sides
of the square housing. The hole is filled with Ag nano-dots
to form an array. Due to nano-dots, the concentration of
E - field in their vicinity is high which helps boost the SPPs
at the boundary of the nano-dots which, again, enhances the
light-matter interaction needed to enhance the S and reach
up to 2464 nm/RIU [92]. Hassen et al. proposed and
demonstrated a plasmonic sensor made up of two MIM
WGs side-coupled with two rectangular cavities forming
two Fano peaks and achieving an S of 886.16 nm/RIU
[116]. Wang et al. put forward a coupled plasmonic system
consisting of an MIM WG stub and ring resonators to
implement the tetrad FRs and dual EIT reactions which
together greatly enhances the refractive index S to
1600 nm/RIU and FoM to 1.2x10% [113]. Wang et al.
introduced a new sensor based on the sub-wavelength
grating waveguide generating two modes: surface phonon
polariton mode and Bloch mode which couple each other
to create the FR [117]. Due to the strong light-matter
interaction, the Rl S and FoM of the sensor go up to
7496 nm/RIU and 46432, respectively. Xiao etal.
proposed a Fano sensor consisting of an inverted U-shaped
resonant cavity and a triangular cavity to create the FRs
which offer the best S of 840 nm/RIU and the ultra-high
FoM of 3.9x10° [102]. From the results, it is obvious that
the edge-coupled resonators show relatively smaller
FWHM as oppositely side-coupled designs. So, usually,
edge-coupled systems are preferred in the FR generation,
thereby, achieving higher FoM. Moreover, all these sensors
have aimed at increasing the Rl S and FoM together. For
the best performance of the sensor, their figures should be
reached as high as possible. However, their fabrication
should achieve similar performances in their
commercialization. Therefore, fabrication as such is a great
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challenge. More specifically, S also depends upon the
environmental parameters and is quite critical to the
method of fabrication, as well.

It can be observed from Tables 1, 2, and 3 and the
survey of the modern cavity or ring resonator system
(shown in Figs. 12 and 13) that the trend of the studies is
heading towards multiple FRs-based sensors by modifying
the present single FR-based sensors because they
eventually make multi-spectrum sensing possible. Thus, a
recent study trend is to obtain multiple FRs from a single
composite structure to sense RI fluctuations, which wisely
aids in regulating the FRs and achieving a good balance
between the S and FoM. Now, it becomes worth
mentioning the generation of FRs from the composite
system and the modulation of these resonances by different
means for the easier fabrication process.

6.  Discussion

This section describes the tunability of FR-based RI
sensors due to the variation of structural parameters,
competing techniques with the Fano interference
technique, their performance comparison, and prospects.
FRs generating designs, as they provide high sensing
outcomes and higher FoM (as seen from Tables 1, 2, and 3)
are comparatively preferred in sensing applications. The
FRs are brought about by the interaction of different
waveforms generated by various arrangements of the
plasmonic waveguide-resonator system. Moreover, they
bring a proper balance between S and FOM. The structures
mainly incorporated in this review are plasmonic
waveguide-cavity resonator, and plasmonic waveguide-
ring resonator. The cavity may be in the form of a groove,
stub, and rectangular shape. The rings may be square,
circle, and elliptical. The recent structures are constructed
by combining these resonators. The components of the
WG-resonator system not only contribute to the generation
of Fano dips/peaks, but also play a crucial role in
manipulating them. At the point of their optimized
condition, the outcomes of the sensors are considered the
best. Half of the portion that is related to the generation of
FRs has been done in the preceding section. The remaining
next half concerned with the manipulation of FRs is needed
to be discussed. The tunability of FRs that emerged from
some of the peculiar structures is discussed as follows:

In the structure consisting of MIM WG and
symmetrical rectangular cavity, the Fano effect is catalysed
by the interference linking a local four-pole and a wide
spectral line from the rectangular cavity. The position of
FR and Fano lines is tuned by altering both the length and
the height of the rectangular cavity [46]. An asymmetrical
transmission profile with a sharp peak has been formed by
introducing a plasmonic groove in the wide stopband of the
stub in the plasmonic waveguide-stub system where the
necessary tuning of the contour and the Fano deep
wavelength can occur by altering the height and length of
the groove, and the height of stub [35]. The plasmonic WG-
cavity system that generates different WG modes acts as a
strategy paving the state-of-the-art to bring in the FRs. For
instance, the asymmetric mode was generated by the
introduction of a small structural break in the WG-cavity
system [119]. Another idea for acquiring FR in the WG-
cavity system is the introduction of a metallic baffle, for

example, manifold Fano dips are realized by coupling four
resonator cavities with the WG [86]. A plasmonic
waveguide slot and metallic nano-wall system generate FR
and it is tuned by changing the height of slot, width of nano-
wall, and the distance between the slot and the metallic
nano-wall [59]. The plasmonic WG-ring and rectangular
resonator system achieved the FR as a result of linking the
narrow-band spectral response by the ring resonator to the
broadband spectral response by the rectangular resonator
which is mainly calibrated through the change of ring
perimeter, height of the rectangular resonator, and
refractive index of the materials [74]. Introduction of a
groove and a stub cavity in the plasmonic ring resonator
constructed multiple Fano peaks originating from different
processes, for instance, interference between the trough and
ring resonator and interference between the stub and
groove resonator [94]. The Fano peaks, thus, can be
independently adjusted by modifying the structural
specifications. Plasmonic WG-rectangular-hole resonator
system consisting of two rectangular cavities between input
and output generates three FRs which are easily tuned by
changing the lengths of the resonators [85]. The coupled
waveguide-cavity structure that consists of dual rectangular
cavities and a single circular cavity embedding the
metalcore creates four FRs. They are formed by the
interlinkage of narrow modes from the circular cavity to
wide modes from rectangular cavities [111]. The FR modes
can be regulated by shifting the orientation angle of the
metalcore.  Plasmonic  WG-stub-rectangular  cavity
resonator system generates dual Fano peaks: first onr by the
interaction between two resonances — a weaker one
achieved in the stub resonator and a stronger one in the FP
resonator resulted from two stub resonators and WG
connection; second one is achieved as a result of
interlinking of the narrow discontinuous resonance
contributed by the rectangular resonator to the wider
continuous dip provided by the stub resonators [118].
From the literature, it is seen that the plasmonic ring
resonator is one of the dominant components in the
WG-resonator system for RI detection that could be
integrated as photonic circuits because of its distinctive
specifications. The placement of nano-dots in the ring
where there is a big mass of E-field can enhance the S up
to 61% in comparison to the regular MIM WG designs [24].
The same concept with the variety of dimensions and
numerals of nano-dots considerably influences FoM. The
plasmonic rectangular stub and elliptical ring resonator
system facilitate both the symmetrical Lorentzian
resonance and the FR phenomenon and can simply and
mainly be calibrated by changing the longer radius and
width of the elliptical ring along with changing the height
of MIM WG, coupling distance, and height of the
rectangular stub [112]. The important feature of the system
is that the rectangular stub can construct the FP cavity that
eases the FR. A hybrid-coupled system that consists of a
tooth-shaped cavity and three side-linked half-rings
facilitates up to eight channels of FRs [109]. Plasmonic
waveguide-stub-ring resonator system helps to realize
optical effects like the Fano effect and EIT. The popular
example is a coupled plasmonic resonator that consists of
two concentric ring resonators being connected through a
stub as proposed in Ref. 113. The resonator ultimately
provides four-pole Fano effects and dual EIT-like effects
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which can be best regulated for optical sensing by changing
the structural parameters offering more flexibility for
integration on other photonics circuits, as well. Only the
EIT-like effect has been realized in the coupled
resonator(s) system made on the MIM WG platform. Such
response, for example, is the result of a constructive
interference between the nano-disk and stub-detuned
resonator of the system consisting of a stub and a nano-disk
on two sides of the MIM WG. The combined system acts
as an RI sensor after the manipulation of the EIT effect
showing an S of 1200 nm/RIU, and FoM of 2.2x10* [120].
EIT-like transmission structure consisting of an MIM WG,
two stub resonators, and a ring has shown an asymmetric
line profile to act as an RI sensor with multiple EIT-like
peaks. The maximum S obtained is 1057 nm/RIU [121].
The EIT-like effect in a resonator system can be considered
for radiative and non-radiative resonators that are directly
or indirectly linked to the main WG. This effect in the
plasmonic system is referred to as a PIT effect. This effect
is the by-product of the phase and near-field coupling
mechanisms. The key benefits of this effect are the broad
bandwidth and the ability to manipulate at room
temperature. The MIM WG side-coupling with two
asymmetrical SRRs generate the PIT effect that can be
manipulated to act as an RI sensor with an S of 806 nm/RIU
and an FoM of 66 [122]. A novel bowtie structure
consisting of two detuned triangular resonators and an
MIM WG generates the PIT effect which can be exploited
to act as a PIT-based RI sensor. This sensor has a
maximum S of 1140 nm/RIU and a wavelength resolution
of 8.8x107° RIU. FoMs for majority of EIT and PIT-based
sensors are less compared with FR-based sensors. This
shows that Fano line shape is much sharper and narrower
than its counterparts EIT or PIT. As a result of this feature,
FR is a good candidate for the sensitive detection.

The plasmonic triangular groove cavity and inverted U-
like cavity system generate three sharp asymmetric Fano
peaks which are regulated by height, width of the triangular
groove cavity, coupling distance between the inverted U-
shaped cavity, and triangular groove cavity, as well as
height of the cavity which ultimately moderates the FoM of
the structure [102]. A plasmonic hybrid system is
composed of a double symmetric rectangular stub (DSRS)
and a circular ring with metallic breaks resonance cavity
where the FR occurred by the interference of the narrow-
band discontinuous waveform excited by the CSRC and the
wide-band continuous waveform excited by the DSRS
[95]. The resonance wavelength in Fano effects is mainly
regulated by the opening width of CSRRC, coupling
distance of CSRRC and DSRSW, and width of the silver
baffle in DSRSW. The ideal resonator to be used is a
circular resonator. If its radius is too large, then the FWHM
will grow and the sensing performance will suffer. The
square straight waveguide is ideal for light transmission,
but it will result in a bigger dimension at four right angles.
The ellipse transmission loss can expand the sensing area,
but its radius of curvature causes a significant material loss.
Therefore, there is need to reach for another resonator that
combines the advantages of these structures which is the
racetrack ring resonator [123]. After examining the
structures, it is seen that the composite systems, since they
exploit the advantages of the constituent structures, showed
the best performance despite their structural complexity.

As compared to dipolar resonances which are broad and
symmetric profiles, FRs are sharp, narrow, and asymmetric
profile resonances. Fano interference results in a sharp
spectral peak. This peak (Fano peak) is extremely sensitive
to changes in the environment. That is why it is used as a
detection/sensing tool. Moreover, the FRs are quite
scalable with the changes in device parameters and material
media, their tunability is highly useful in diverse sensing
applications. FRs have shown many promising features to
be used as plasmonic sensors so that this area has received
significant research interest. To name some of the
important features: it has a rough line shape, tapered
FWHM, strong field enhancement in a plasmonic field, and
a high-quality factor [34]. The MIM WG system generating
these resonances was treated as a replacement for the
conventional Lorentzian system. FR is susceptible to
changes in geometrical and environmental parameters. This
tunability property makes it more suitable for sensors [31].
Due to the sharp line shape in FRs, S and the FoM have
shown improvement in the MIM WG-resonator system
[48]. Compared to a single Fano resonance, a system with
multiple Fano resonances not only has all the benefits listed
above, but it can also modulate spectrum in many bands
simultaneously which is more useful for multi-band sensor
manufacturing. Also, the multiple FRs enable simultaneous
sensing of the analytes. They have a wider range of
operating wavelengths, thus, improving their flexibility.
Moreover, those sensors that operate in the vicinity of
telecommunication coverage are very important for
connection to the communication system, for telemedicine
and e-medicine. In short, they have high S and response
compared to other optical sensors.

In the above suggested Fano sensors and others, the
continuum state mainly depends on the stub, groove, baffle
of FP cavity structures while the discrete response is
reinforced by the square, circle, ring, or nano-cavity. In
these designs, more devotion is given to the impact of the
nano-cavity on the FR profiles, and, comparatively, less
attention is given to the effect of the continuum state. This
gap is addressed in the case of structures based on Bragg
where the periodic Bragg in the main WG can show the
effect of the bandgap for the SPP waves. The system that
consists of a Bragg grating bus WG and a side-coupled
nano-cavity generates the FR due to the coupling of band
edge modes of Bragg grating and resonant modes of nano-
cavity. This system acts as an RI sensor with the best S of
1425 nm/RIU and FoM of 1170 [124].

Since the metals (Ag or Au) used in making MIM WG
are expensive, show extreme losses, limited working
spectrum (ranges from visible to NIR wavelengths), and
not suitable for the industry-mark manufacturing
procedure, they have been replaced with different
plasmonic material called titanium nitride (TiN).
TiN-dielectric-TiN configuration-based composite struc-
ture made up of a groove and an SRR loaded with TiN dots
because defects show the property of the RI sensor with S
and FoM of 1074.88 nm/RIU and 32.4, respectively [125].
This design has a manufacturing variation of 2.42%
ensuring its reliability. Moreover, from the fabrication and
working spectrum points of view, other plasmonic
materials like graphene and metamaterials-based structures
are expected to be used to generate the optical effects like
FR or EIT and direct them to act as RI sensors [126,127].
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7. Conclusions

Recent discoveries made in innovative optical effects such
as EIT or FRs in plasmonic fields, as well as advances in
simulation software to explore the field of plasmonic
sensors based on these optical effects, have attracted more
attention from researchers. Various plasmonic structures
based on MIM WG have been introduced to implement the
Lorentzian and FRs resonances and these features are used
for sensing applications and more. This review mostly
focused on SPP waveguides and FRs generating structures
for refractive index sensing applications. Herein, various
plasmonic Fano resonator designs were discussed that
achieved sensitivities of 530 nm/RIU (the lowest one) and
2464 nm/RIU (the highest one). Fano sensors showed the
ultra-high FoM, the key factor of the sensor, its minimum
and maximum values reported were of 7.5 and 1.2 x106,
respectively. In general, FR-based sensors exhibit a trade-
off between S and FoM. Among the numerous WG-coupled
structures like disk resonators, rectangular resonators,
groove resonators, and ring resonators, the ring resonators
were explored the most. With increasing remarkable
findings on plasmonic waveguide-based sensors that
operate under sub-wavelength regimes with greater
accuracy and on-site detection, it is predicted that the
branch of plasmonic Fano sensors will continue to drive the
research and development of chip-based mixed lab
technology. FR-based sensing is one of the key areas for
further research and development due to its high
performance as compared to other regular optical sensors.
Furthermore, multi-FRs-based sensors will undoubtedly
dominate soon the highly integrated circuit platform, due to
their ability to detect different spectra. However, most
sensors are designed and studied theoretically, so their
implementation may be a challenge that needs to be
addressed in the future.
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