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Abstract

Fano resonance is a sharp and asymmetric spectral feature that can be used for refractive index sensing. In this paper, we
propose a Fano resonance sensor based on the coupling between a nanoring resonator and a metal-insulator-metal (MIM)
waveguide. The nanoring resonator is fabricated in the middle of the MIM waveguide, and the two structures are coupled
with high-field confinement. The transmission spectrum of the coupled structure shows a Fano resonance, which is sensitive
to the refractive index of the surrounding medium. The sensitivity of the sensor is estimated to be 1700 nm/RIU, which is
comparable to the sensitivities of other Fano resonance sensors. In addition, the designed sensor achieves the first-ever FOM
and Q factor values of 4300.25 RIU™! and 4310, respectively, for plasmonic MIM sensors. The proposed sensor is simple
to fabricate and can be used for a wide range of refractive index sensing applications.
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Introduction

Plasmonic sensors are a type of sensor that uses the sur-
face plasmon resonance (SPR) effect to detect the presence
of analytes. SPR is a phenomenon that occurs when light
interacts with a dielectric metal surface and provides high-
field confinement at a sub-wavelength scale. Recently, the
metal-insulator-metal (MIM) waveguides based on SPR
attract high attention for designing highly integrated opti-
cal sensors [1, 2]. Such plasmonic waveguides with sim-
ple fabrications and high-field localization represented the
most promising candidate in several applications. MIM
waveguides are designed and demonstrated for amplifiers
[3, 4], detectors [5, 6], plasmonic filters [7-10], switches
[11-13], and plasmonic sensors [14-16]. However, such
building structures can be demonstrated using photonic crys-
tal structures and plasmonic structures, providing less area
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and easy fabrication when compared with photonic crystals.
In the last few years, optical plasmonic sensors technology
has been fast developed for refractive index (RI) sensing
due to good-sensing performance and high-field localization.
The sensing mechanism of plasmonic sensors is dueled with
the interaction of incident light on the metal surface that
excited the sensing element and generates a highly localized
field that is very sensitive to any change in the surrounding
RI around the metal [5]. Despite the challenges, plasmonic
sensors using silver and air nanosensors are promising new
technology with a wide range of potential applications. The
silver generates a strong electromagnetic field that can inter-
act with the analyte molecules. The air gaps between the
metals provide a region of low RI which can further enhance
the sensitivity of the sensor. Consequently, plasmonic sen-
sors using silver and air have been used to detect a wide vari-
ety of analytes, including DNA, proteins, and viruses. They
have also been used to detect chemicals, pollutants, and
toxins [17-21]. To design a high-performance plasmonic
sensor, two significant parameters should take into consid-
eration sensitivity and figure of merit (FOM). Sensitivity is
directly proportional to the ability of the sensor to detect RI
change while FOM provides information about optical signal
and is inversely proportional to the bandwidth of resonance
dip or peak [22]. Many plasmonic optical sensors are veri-
fied in the last few years with various nanostructures for RI
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sensing in the infrared region of the spectrum. Khani et al.
[23] designed a plasmonic RI sensor based on plasmon-
induced transparency with maximum sensitivity and FOM
of 725.1 nm/RIU and 91.78 RIU™!, respectively. Fang et al.
[24] investigated the sensing performance of a semi-ring rec-
tangular composite cavity with sensitivity and FOM value of
1260.5 nm/RIU and 41.67 dB, respectively. Other previously
reported structures, such as a ring cavity with a sensitivity of
1326 nm/RIU [25], and a circular split-ring resonator cavity
with a sensitivity of 1114.3 nm/RIU [26]. Hajshahvaladi
et al. [27] designed and investigated the highly sensitive
nano ring resonators for RI sensing in the infra-red region.
However, they showed that the nanoring sensor shows a
high-sensitivity value of 2160 nm/RIU, it suffers from a
weak FOM value of about 55.2 RIU™!. A high-performance
refractive index (RI) sensor was designed [19] based on plas-
monic structures in the mid-infrared (NIR) and near-infrared
(MIR) range. The sensor has a sensitivity of 5155 nm/RIU,
but the resonance peak is wide, which may reduce the sensor
resolution, as represented by the FOM. A highly sensitive
RI sensor was constructed [28] based on a MIM waveguide
with an irregular ring resonator. The sensor has a sensitivity
and FOM of 2417 nm/RIU and 35 RIU™!, respectively. From
this profound, the designed plasmonic sensor must provide
high-sensing performance for all parameters.

In this work, a highly sensitive MIM waveguide with
nanoring resonators (MNR) is proposed for RI sensing based
on coupling between them. The proposed structure is tested
for RI sensing and shows three different coupling modes
in the form of Fano resonance coupling. The appropriate
parameters of the MNR such as nanoring resonator width
are investigated and sensing performance parameters are
reported. It is observed that the proposed sensor shows a
sensitivity of 1700 nm/RIU, FOM of 4300.25 RIU~!, and a
quality factor of 4310. In addition, it acts as a multi-wave-
length RI sensor, with sensing mode extremely sensitive to
very small variations in the RI on the order of +0.0004.

Structure

The Fano resonance phenomenon is a well-known optical
effect that arises from the interference between two or more
resonant modes in a photonic structure. When a resonant mode
interacts with a continuum of states, it results in a character-
istic asymmetric lineshape in the transmission or reflection
spectrum. This phenomenon was first described by the Italian
physicist Ugo Fano in 1961. In the context of a Fano reso-
nance based on coupling between a nanoring resonator and
a metal-insulator-metal (MIM) waveguide, the theoretical
background can be understood as follows: The nanoring reso-
nator and the MIM waveguide each have their own resonant
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modes, which correspond to specific wavelengths of light that
can be trapped and confined within these structures. When
the resonant mode of the nanoring resonator couples with the
continuum of modes in the MIM waveguide, their interac-
tions lead to interference. This interference results in a Fano
resonance profile in the transmission or reflection spectrum
of the structure. The interference between the resonant mode
and the continuum of states in the MIM waveguide creates
an asymmetric lineshape in the spectrum. This lineshape is
characterized by a sharp and narrow peak (resonance) super-
imposed on a broader background. The coupling between
the nanoring resonator and the MIM waveguide can lead to
regions of high electric field confinement within the structure.
This enhanced field confinement is responsible for the sharp
resonance peak observed in the spectrum. The Fano resonance
is highly sensitive to changes in the surrounding environment,
such as changes in refractive index. When the refractive index
of the surrounding medium changes, it affects the resonant
condition of the nanoring-MIM coupling, leading to shifts in
the resonance wavelength. This sensitivity forms the basis for
refractive index sensing applications.

The proposed structure of the MNR RI sensor is illus-
trated in Fig. la. It can observe that the MIM with width
w = 50 nm is coupled with a nanoring resonator with outer
radius R = 600 nm and inner radius r = 400 nm. The width
of the nanoring resonator (d) can be calculated asd = R — r.
Through this design, the dielectric materials are air with rela-
tive permittivity £ = 1, while the metal silver represented the
widest-used plasmonic materials due to lower absorption
compared with other metals [29]. The permittivity of silver
€(m) 1s described by the well-known Drude Lorentz mode as
follows [4]:

w?
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Em = o w(a)+ iyp)
where €, is the dielectric permittivity of silver at infin-
ity frequency, w, = 1.38 X 10'° Hz is plasma frequency,
v, =273 X 103 Hz is electron collision frequency, and w
represented the frequency of applied electromagnetic waves.
By applying transverse magnetic (TM) mode through a
designed MNR structure, the transmission spectrum can
be evaluated. The simulation is performed using COMSOL
simulation with very high meshed to more accurate results.
In addition, the MNR surrounding are taken as a perfect
match layer to concern the applied field in the proposed
MNR sensor. The resonance wavelength of the proposed
MNR sensor can be calculated from the following relation
[30]:

_ 2Re(neff)Leff
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Fig. 1 a Schematic view of
proposed MNR based on cou-
pling between MIM waveguide
and nanoring resonators, where
w = 50 nm, R = 600 nm, and

r =400 nm. b The transmission
spectra of the proposed MNR
sensor in case of the presence
and absence of the MIM wave-
guide and nanoring resonator,
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where Re (ng ) is the real part of the effective RI of the
SPR, and L is the effective resonance length of the nanor-
ing resonator. The proposed structure’s transmission spec-
tra are shown in Fig. 1b in blue and red lines, respectively,
for the cases of removing the nanoring resonator and MIM
waveguide. Meanwhile, the black line in Fig. 1b shows the
transmission spectrum of the proposed MNR. The proposed
MNR sensor shows a zero transmission value when the MIM
waveguide is removed, while it shows a set of constructive
and destructive interference without a transmission dip
when the nanoring resonator is removed. As a result, the
three-transmission dip of the proposed MNR sensor can be
explained as a coupling between the MIM waveguide and
the nanoring resonator. Through this figure, three coupling
modes are observed at resonance wavelengths of 880.24

is displayed in the form of Fano resonance peaks with dif-
ferent symmetries. Hence, the proposed structure can act as
a multi-wavelength RI sensor. The position of the resonance
dip can be controlled by controlling the n of the proposed
MNR and sensor parameters represented in MIM width w
and nanoring resonator width.

The three resonance modes show Fano peaks with full
width at half maximum (FWHM) and transmission val-
ues of 0.265 nm, 92.6%, 0.337 nm, 97.98%, and 0.396 nm,
98.92% respectively. Recently, the high-performance sensor
required a sharp edge and acceptable maximum transmission
value. For the design of high-performance sensors, qual-
ity factor (Q) represented an essential that can be defined
as the ratio between resonance wavelength 4,, and FWHM
(Q = 4,,/FWHM) [22]. Thus, the three resonance modes
provide a Q-factor of 3245.283 for mode 1, 3388.72 for
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mode 2, and 4292.92 for mode 3. It can be observed that the
third Fano resonance mode provides the highest value of
the Q factor which will be good candidates for RI sensing.
The zoom-in shape of three Fano resonance couplings is
illustrated in Fig. 2 with the corresponding filed profile. The
real (H,) of the three coupling modes shows even symmetry
along the horizontal and vertical axis. It can be obtained that
the filed profile is fully coupled with high filed localization
to the nanoring resonator via the narrow bus waveguide of
the proposed MNR sensor. As a result, the coupling res-
onator will be sensitive to any change in the surrounding
medium that will be promising for RI sensing.

Sensing Performance of the Proposed
Sensor

The sensing ability of the proposed MNR can be investigated
using several factors such as sensitivity, FOM, and Q factor.
The sensing mechanism of such nanosensors is dependent on

shifts in resonance wavelength due to changes in n; caused
by the change in insulator index. The sensitivity (S) can be
defined as the shift in resonance wavelength A4, per change
in RI An (S = AA/An) [31, 32]. Besides, FOM is another
crucial that provide information about sensor resolutions and
can be calculated from the relations [22]:

S

FOM = ——
FWHM

“

Generally, Fano resonance modes are characteristic with
sharp and high-sensitivity values that represent promising can-
didates for several applications such as RI sensing, switches,
and modulators. Herein, the proposed MNR sensor gener-
ated three Fano resonance modes in the wavelength range
from 800 to 2000 nm. However, the selected Fano dip should
have high-sensing performances and gradual transitions. To
demonstrate the most sensitive Fano resonance dip from three
resonance modes, the RI of air is changed from 1 to 1.04 with
constant step 0.01, and fix other parameters at R = 600 nm and
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Fig.2 a The zoom in shape for three Fano resonance peaks of three different coupling modes. b The corresponding magnetic field IHZI2 distribu-

tions of three modes
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r = 400 nm. Consequently, the change in RI led to the shift of
SPR wavelength and change in its propagation constant.

As illustrated in Fig. 3a—c, the plot of resonance wave-
length A vs. change in RI An with slope represented the
value of sensitivity of each mode. It can be seen that mode
1 has a sensitivity value of 860 nm/RIU, mode 2 has 1140
nm/RIU, and mode 3 with a value of 1700 nm/RIU. From
Fig. 3a—c, we can illustrate that the three-coupling mode
has an approximately linear relationship with the RI of
injected materials. As a result, the materials in turn can
be recognized from the shift of resonance wavelength.
Accordingly, the third resonance mode is the most accept-
able mode for the proposed MNR for RI sensing. As illus-
trated in Fig. 4a, the transmission dip in spectra of the
proposed MNR sensor shifts toward a higher wavelength
as the RI of the insulator (n,,) increases. For n,,. =1,

the resonance wavelength appears at 1704.818 nm with
full width at half maximum (FWHM) of 0.396 nm. The
increase in the refractive index of air (n,,) leads to an
increase in the effective refractive index (n.¢) of the MNR
structure, according to Eq. (3). This increase in n; causes
the transmission dip to shift to higher wavelengths and
also reduces the FWHM value of the transmission dip. On
the other hand, the design parameters of the nanoring, such
as the outer radius (R) and inner radius (r), affect the value
of the effective length (L) of the sensor, and hence the
sensing performance of the proposed MNR sensor [33].
It is known that the FOM parameter is used to indicate
the selectivity and confirm the resolutions of the sensor
[34-36]. Thus, the higher the FOM, the more selective the
sensor is. Accordingly, the outer radius of the nanoring
resonator is fixed at 600 nm and the inner radius r is swept
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Fig.3 The shift in resonance wavelength vs change in insulator RI, the black sphere represented the simulated result fitted by a solid red line and
the slope represented the sensitivity value of a mode 1, b mode 2, and ¢ mode 3
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Fig.4 a The transmission spectra of the proposed MNR sensor with different values n,;,.. b The FOM value as a function inner radius r of the

nanoring resonator

to find the highest FOM value that is associated with high
sensor resolution.

RAs displayed in Fig. 4b, the FOM and FWHM val-
ues are studied as a function of nanoring inner radius r.
It can be observed that the FOM value increase with r
until they reach the maximum at » = 400 nm (correspond-
ing to nanoring width d =R — r =200 nm), and then starts
decreasing. On the other hand, the FWHM value shows
the opposite trend. As the inner radius of the nanoring
resonator (r) increases beyond 400 nm, the coupling
strength between the MIM waveguide and the nanoring
resonator decreases, resulting in a wider FWHM of the
Fano peak. The coupling strength between two systems
has a direct effect on the FWHM of the Fano peak, with
stronger coupling leading to a narrower FWHM [23]. This
is because the coupling strength determines the degree of
overlap between the two systems’ resonances. When the
two resonances are strongly coupled, they overlap more
completely, which results in a narrower FWHM. In the
context of sensors, the Fano effect can be used to improve
the sensor’s resolution. A narrower FWHM means that the
sensor is more sensitive to changes in the refractive index
of the analyte. This is because the sensor can distinguish

between small changes in the analyte’s refractive index
more easily when the FWHM is narrower. As a result, this
nanoring inner radius r would be an appropriate one for
the proposed MNR for RI sensing that characteristic with
a high FOM value. Indeed, almost every kind of active
and passive integrated optic device based on the resona-
tor is designed to work only with a selective frequency
mode of propagation; the selectivity has been improved
with respect to the presented designs. Another curial fac-
tor is the detection limit (DL) which can be calculated as
follows: DL=4,,/QS [22, 31]. The value of DL means
that the sensor can detect a very small change in RI that
can be used in various applications with high efficiency.
Further parameter to investigate the sensing performance
of the proposed structure are detection accuracy (DA) and
dynamic range (DR) that can be calculated by following
relations DA =1/FWHM and DR = A-/+/FWHM [37-39].
As FWHM gets smaller, DA and DR values get higher,
and sensor performance gets better. The calculated val-
ues of sensing performance parameters are summarized in
Table 1. Through this table, we can obtain that as the RI of
the insulator materials (air in this case) increases, the Fano
coupling are shift toward a higher wavelength and FWHM

Table1 The sensing RI A, mm) FWHM@mm) O FOMFOM DA  DRmm) DL(RIU™)

performance parameters of the

proposed MNR 1 1704.818  0.396
1.01  1721.846  0.394
1.02  1738.880  0.471
1.03 1755903  0.536
1.04 1772920  0.580

431%x10°  4300.25 2.53 2709.13  2.33x107*
437%x10°  4323.18 2.54 274348  232x107*
3.69%x10°  3613.20 2.12 253292 2.77x107*
3.28x10°  3177.05 1.87 2398.38 3.15x107*
3.06x10°  2925.945 1.718 232395  342x107™*
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is decreased. As a result, the Q factor and FOM decrease
with increased analyte index.

Fabrication Technology

The proposed structural sensor’s straightforward design
makes it simple to manufacture in practice utilizing quick
fabrication processes. The dimensions of the suggested
sensor were chosen taking into account the 10 nm preci-
sion provided by the NIL (nanoimprint lithography) pro-
duction technology. Compared to other lithographic fab-
rication techniques like EBL (electron beam lithography)
and FIB (focused ion beam), this approach is characterized
by low cost and high throughput [40]. The silicon wafer
is first printed with silver patterns using the nanoimprint
lithography (NIL) process [41, 42]. The remaining resin
is then removed using oxygen plasma etching. Finally, an
electron beam is used to evaporate a layer of silver onto the
silicon wafer. This layer of silver covers the resin imprints,
waveguides, nanoring, and other structures that have been
formed in the lift-off process [43]. On the other hand,
optical lithography with specially designed masks can be
used to fabricate the structure contours, while focused ion
beam milling can be used to realize the waveguide and
nanoring at predetermined locations. This allows the pro-
posed MNR structure to be fabricated in a single process
without adding unnecessary complexity. The simplicity of
the proposed sensor makes it suitable for fabrication with
optical lithography techniques. On the other hand, FIB
milling is utilized to materialize waveguides and nanoring
at preset sites, while optical lithography with specifically
created masks can also be employed to construct structural
outlines. This allows for the simple fabrication of the pro-
posed MNR structure in a single process without adding
additional complexity. The proposed sensor is appropriate
for manufacture using optical lithography techniques due
to its simplicity [28, 44, 45].

To get a better understanding of the results, we com-
pared the performance of the proposed MNR sensor with
other plasmonic sensors in this section. The results are
shown in Table 1. The comparison parameters include
the FOM, sensitivity, Q factor, and DL of the resonance
modes of the sensors. As shown in Table 1, the proposed
MNR sensor has relatively suitable features in terms of
all performance parameters. One of the main parameters
is sensitivity. As mentioned before, although sensitivity
can be a good characteristic for comparing sensors, it is
not the only parameter. For example, Bahri et al. [19] have
the highest sensitivity value in the comparison table, but
its FOM value is low due to the resonance peak being
wide. Although Rohimah et al. [46] proposed a sensor
with high-sensitivity and ultra-high FOM value, it suffers

Table 2 Comparison of this work with the literature

Ref Sensitivity FOM (RIU™Y) @ DL
(nm/RIV)

(48] 937.5 143.44 140.122 -

[49] 750 20.58 21.84 -

[50] 1240.8 445 123.45 -

[47] 500 282.5 304.06 -

[19] 5155 - - -

(28] 2417 38 - -

[46] 1636 33562 - -

[51] 2800 333.3 - -

[52] 3010 - - 3.84% 107
[53] 7564 120 - 1.32x1077
[54] 2300 - - -

This work 1700 4300.25 4310 3.15% 107

from weak DL value. On the other hand, it is important
to note that there is a trade-off between the design param-
eters of a sensor. For example, although Khani and Hayati
[47] have a very high FOM among the reported works, it
has eight resonance modes, which is not desirable. This
is because the resonance modes of multi-mode sensors
can interfere with each other when the resonance modes
are shifted. Consequently, the high-performance sensor
must achieve a high value of all sensing parameters. It is
clear that previous studies have had weaknesses in one
or more of the critical factors for building a sensor using
different techniques. Sensor devices require high values of
sensitivity, FOM, DL, and Q factor, which are key indica-
tors for evaluating sensing ability and performance. We
have developed an excellent and simple design platform
for designing MIM RI sensors. This flexible platform can
be used for any type of sensor by replacing the insulator
materials with sensor materials. Therefore, our results may
be helpful for the development of plasmonic optical sen-
sors (Table 2).

Conclusion

In conclusion, we have proposed a Fano resonance sensor
based on the coupling between a nanoring resonator and a
MIM waveguide. The sensor exhibits a high sensitivity of
1700 nm/RIU, a FOM value of 4300.25 RIU™!, and a quality
factor of 4310. These results are comparable to the best-
reported values for Fano resonance sensors. The proposed
sensor is simple to fabricate and can be used for a wide range
of RI-sensing applications. The high sensitivity of the sen-
sor is due to the sharp and asymmetric Fano resonance. The
FOM value is a measure of the robustness of the sensor to
noise, and the Q factor is a measure of the bandwidth of the
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sensor. The high values of these parameters indicate that
the proposed sensor is a promising candidate for a variety
of sensing applications. In future work, we plan to investi-
gate the use of the proposed sensor for sensing other param-
eters, such as temperature and concentration. We also plan
to improve the fabrication process of the sensor in order to
achieve even higher sensitivities. We believe that the pro-
posed sensor has the potential to be a valuable tool for a
variety of sensing applications.
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