hv

Ry Photonics mﬁ

Article
Refractive Index Sensing Based on Multiple Fano Resonances
in a Split-Ring Cavity-Coupled MIM Waveguide

Jianfeng Chen >3, Hao Yang 1'?:3, Zhiyuan Fang '3, Ming Zhao 1® and Chenbo Xie 1-3*

Key Laboratory of Atmospheric Optics, Anhui Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Hefei 230031, China; jianfengchen1212@mail.ustc.edu.cn (J.C.);
yh9599@mail.ustc.edu.cn (H.Y.); fangzhy@mail.ustc.edu.cn (Z.E); zhaom@aiofm.ac.cn (M.Z.)
Science Island Branch of Graduate School, University of Science and Technology of China,
Hefei 230026, China

Advanced Laser Technology Laboratory of Anhui Province, Hefei 230037, China

*  Correspondence: cbxie@aiofm.ac.cn; +86-151-5597-3263

Abstract: A metal-insulator-metal (MIM) waveguide consisting of a circular split-ring resonance
cavity (CSRRC) and a double symmetric rectangular stub waveguide (DSRSW) is designed, which can
excite quadruple Fano resonances. The finite element method (FEM) is used to investigate influences
of geometric parameters on the transmission characteristics of the structure. The results show that
Fano resonances are excited by the interference between the DSRSW and the CSRRC. Among them,
the resonance wavelengths of the Fano resonances are tuned by the narrow-band discrete state
excited by the CSRRC, and the resonance line transmittance and profiles are tuned by the wide-band
continuous state excited by the DSRSW. The sensitivity (S) can be up to 1328.8 nm/RIU, and the
figure of merit (FOM) can be up to 4.80 x 10*. Based on these advantages, the structure has potential
applications in sensing in the sub-wavelength range.
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Cavity-Coupled MIM Waveguide. Fano resonance originates from the mutual coupling between the discrete state and
Photonics 2021, 8, 472. https:// the continuous state in the system [1-3]. Within a certain optical frequency range, quantum
doi.org/10.3390/photonics8110472 interference cancellation occurs between the two states, and the system shows a narrow op-

tical response and high local field enhancement. Fano resonance is very sensitive to geomet-
Received: 2 October 2021 ric parameters and medium environment, which makes it used in sensors [4-6], slow light
Accepted: 22 October 2021 devices [7-10] and other fields [11-14]. On the other hand, in the sub-wavelength range,

Published: 24 October 2021 the surface plasmon polaritons (SPPs) can break through the traditional optical diffraction

limitation, which brings infinite possibility to the future of photonic devices [15-17]. SPPs
are generated by the interaction between free electrons and incident photons on the metal
surface, and propagate along the metal interface. Among many waveguide devices based
on SPPs, the metal-insulator-metal (MIM) optical waveguide has a compact structure
and low cost, which can easily materialize the miniaturization of the detection device
and realize the transmission of nanoscale optical information. Not only that, MIM optical
waveguides have also been designed for different applications, including filters [18,19],

= wavelength division multiplexers [20,21], couplers [22-24], and Bragg reflectors [25-27].
Copyright: © 2021 by the authors. I these studies, a large number of Fano resonance structures based on MIM optical waveg-
Licensee MDPI, Basel, Switzerland. ;i des have been reported [28-33]. For example, a T-shaped cavity with multiple metal
nanorod defects coupled to an MIM waveguide that can be used as a temperature sensor
was designed by Chou et al. [34]. The transmittance and sensitivity of the Fano resonance
in this structure were dependent on the geometric parameters of the uneven metal nanorod
defects inside the T-shaped cavity. A simple rectangular cavity refractive index nano sensor
was designed by Guo et al. [35]. This rectangular ring cavity could meet the requirements
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of some special-sized devices by changing the horizontal or vertical dimensions individu-
ally. At the same time, the excited double Fano resonances could be independently tuned
when the geometric sizes are changed. Yang et al. proposed a cross-shaped cavity MIM
waveguide structure that could excite triple Fano resonance [36]. By independently tuning
the geometric parameters of the cross-shaped cavity, the wavelength and direction of the
Fano resonant peak could be easily changed. Liu et al. proposed an MIM waveguide
structure composed of a D-shaped cavity and a bus waveguide with a silver barrier for
human hemoglobin detection [37]. An MIM waveguide structure that can be used in
refractive index sensors and slow-light devices was proposed by Chen et al. [38]. The
sensitivity of this structure is 1180 nm/RIU, the FOM is 5585.3, and it can also produce a
maximum optical delay of approximately 0.128 ps. Butt et al. developed a new racetrack
integrated circular cavity based on an MIM waveguide for refractive index sensing [39].
The best sensitivity and FOM of the device are 1400 nm/RIU and 12.01, respectively. Palz-
van et al. proposed a pressure sensor composed of two MIM waveguides and a double
ring resonator, with a sensitivity of 16.5 nm/MPa, suitable for biological and biomedical
engineering [40]. After that, by increasing the pressure, the resonator is further deformed
into a new structure, and the sensitivity is improved to 24 nm/MPa [41]. At the same
time, some sensors with higher sensitivity and wider applicability have also been designed.
Palermo et al. developed a high-throughput, high-precision surface-enhanced Raman
spectroscopy (SERS) nano-biosensor for effective pathogen detection, which can detect the
smallest virus at a concentration of 13 pg/mL [42]. Shaltout et al. modified the principle of
Fabry-Pérot interferometry so that the nanocavity with embedded metasurface can support
the independent adjustable resonance of multiple bands. The high spatial resolution color
filtering and spectral imaging are demonstrated through experiments in a 100 nm nanocav-
ity [43]. Giuseppe Emanuele Lio et al. used a new technique to improve the resolution
of two-photon direct laser writing lithography. Compared with the standard direct laser
writing method, the size is reduced by 89% and 50% [44]. It can be seen that the double
and multiple Fano resonances excited by the above structures can be used in a variety of
sensors. However, the existing structures that can excite multiple Fano resonances have
some defects in tunable flexibility. The flexible tuning of multiple Fano resonances is of
great significance for the applications of MIM optical waveguide structures. This may be
beneficial to the development of multiple Fano resonances excited by MIM waveguide
devices in the field of sensing.

In this paper, an MIM waveguide structure consisting of a double symmetric rect-
angular stub waveguide (DSRSW) and a circular split-ring resonance cavity (CSRRC) is
proposed to achieve quadruple Fano resonances. The split breaks the symmetry of the ring
resonance cavity of the CSRRC. The influences of some geometric parameters, such as the
opening width of the CSRRC, the width of the silver baffle and the width of stubs in the
DSRSW, on the Fano resonances are investigated. After optimizing the geometric param-
eters of the structure, a better sensitivity and FOM are obtained. At the same time, the
rectangular stubs added to the straight waveguide and the split openings in the ring cavity
provide more feasibility for manufacturing a new type of plasma micro-nano refractive
index sensor.

2. Structure and Method

The schematic diagram of the waveguide structure that consists of a CSRRC and a
DSRSW is shown in Figure 1. In order to simplify the calculation, the structure is assumed to
be long enough in the Z-axis direction and can be regarded as a two-dimensional structure.
The overall structure is symmetrical with respect to the reference line, and the orange
area represents silver and the white area represents air. The relative dielectric constant
of air ¢; =1, and the relative dielectric constant of silver is defined by the Debye-Drude
dispersion model [45,46]:
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where g, = —9530.5 is the static permittivity, e = 3.8344 is the dielectric constant of infinite,
o =1.1486 x 107 s/m is the conductivity of silver, T = 7.35 x 10715 5 is the relaxation time,
and w is the angular frequency of the input wave. L and R are the split length and radius
of the CSRRC, and & and d are the height and width of the rectangular stubs, respectively.
H is the coupling gap height, and g is the width of the silver baffle.

Figure 1. Schematic diagram of the MIM waveguide structure consisting of a DSRSW and a CSRRC.

In the Fano resonance system, the dipole moment of the discrete state is almost zero,
which cannot be effectively coupled with the incident light wave. Therefore, only when the
resonance condition is satisfied is there stable standing wave transmission in the waveguide
structure. The resonance wavelength is determined by [38,40]:

. 2Re(neff)11 .

/\—m,m—l,z,?a..., )
where ¢ is the phase shift caused by light reflection in the resonance cavity, m is the mode
order of the resonance, /1 is the length of the resonance cavity, and Re (n.g) is the real part
of the effective refractive index. In this paper, the finite element method (FEM) is used
to analyze the optical transmission characteristics of the structure. Perfect matched layer
(PML) is used to design the refractive index of air, the relative dielectric constant of silver,
and the structural parameters. The fine triangular meshes are selected to ensure the perfect
segmentation of the simulation area, and the maximum triangular mesh size is 10 nm. The
transmittance is T = (Sp1)2, where Sy is the transmission coefficient from the input terminal
(P1) to the output terminal (P;). The calculation parameters are shown in Table 1. It is
worth emphasizing that the bus waveguide width is fixed to 50 nm to ensure that only the
fundamental transverse magnetic mode (TMj) exists in the input SPP wave.

Table 1. Summary of calculated structural parameters.

Parameter Symbol Quantity Unit

Bus waveguide width w 50 nm

Coupling gap height H 5 nm

Split length L 20 nm

Radius R 100 nm

Silver baffle width g 20 nm

Rectangular stubs height h 35 nm

Rectangular stubs width d 30 nm
Refractive index of bus B 1 _

waveguides

Refractive index of CSRRC n 1 -
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3. Results and Analysis

Firstly, we investigate the transmission characteristics of the designed structure using
the parameters in Table 1. Figure 2 shows the transmission spectra of the whole structure,
the single CSRRC, and the single DSRSW. As indicated by the blue line, the wide-band
continuous state is excited by the single DSRSW. The red line indicates that the narrow-band
discrete state is excited by the single CSRRC. Therefore, quadruple Fano resonances (FR1,
FR2, FR3 and FR4) are produced by the interference between the narrow-band discrete
state and the wide-band continuous state, as indicated by the black line.

— The entire structure
Single CSRRC

1.0

— Single DSRSW

Transmittance

FR3

600 800 1000 1200 1400
Wavelength(nm)

Figure 2. Transmission spectra of the single DSRSW (blue line), the single CSRRC (red line), and the
entire structure (black line).

In order to better understand the Fano resonance mechanism in the structure, the mag-
netic field intensity distributions (| H,2|) at the four Fano resonance peaks and resonance
dips are shown in Figure 3. The distribution of the magnetic field energy in the CSRRC is
basically symmetrical about the reference line. From Figure 3a—d, it can be seen that most
of the energy of the SPPs can be transmitted through the structure to the output port at the
resonance wavelengths, while the energy of the SPPs is concentrated in the CSRRC and
cannot be transmitted through the structure at the wavelengths of the Fano dips, as shown
in Figure 3e-h. This is related to the transmission process of the SPPs. The SPPs enter
into the DSRSW from the input port P1 and then have two transmission pathways to the
output port P2. One is to transmit directly through DSRSW from P1 to P2 producing the
wide-band continuous state. The other is to transmit into the CSRRC and then transmit to
P2, producing the narrow-band discrete state. The two states interfere at P2, and standing
waves are formed in the CSRRC when the wavelength is the resonance wavelength. When
the SPPs are confined in the CSRRC, the ultra-low transmittance can be achieved. We
can also understand this: When the transmission channel is in the antinode of the cavity
mode, most of the energy of the SPPs is coupled to the CSRRC at the resonance wavelength,
which can effectively output the coupled standing wave. On the contrary, a small amount
of energy is coupled into the CSRRC, and most of the other energy propagates directly
to the output port of the lower waveguide. The change in the output position of the
waveguide significantly disturbs the phase of the SPPs directly coupled to itself, and the
rich transmission characteristics of the structure appear. This also shows that a standing
wave mode is formed when the CSRRC is at a resonant wavelength, and at a non-resonant
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wavelength, the CSRRC exhibits light trapping similar to a standing wave. Moreover, the
energy of the magnetic field in Figure 3a—d is higher than that in Figure 3e-h. This means
that more SPPs are coupled into the CSRRC to enhance interference.

Figure 3. (a-h) The distributions of magnetic field intensity (| Hz %) at A = 548 nm (FR1 peak), 611 nm (FR2 peak), 827 nm
(FR3 peak), 1154 nm (FR4 peak), A = 539 nm (FR1 dip), 626 nm (FR2 dip), 821 nm (FR3 dip), and 1199 nm (FR4 dip).

It can be seen from the above analysis that the sharp Fano resonance is excited when
the CSRRC is coupled to the DSRSW. Next, the influences of the refractive index of the
medium on the transmission characteristics of the structure are discussed. Small changes in
wavelength can produce ultra-narrow transmission peaks, which can significantly improve
sensing resolution. Figure 4 shows the transmission spectra of the structures with different
refractive indices. The range of the refractive index is from 1.00 to 1.15, with an interval
of 0.05. It can be seen that FR1, FR2, FR3, and FR4 all have a significant redshift with the
increase in refractive index. Because of the sharp asymmetrical shape of Fano resonance,
its resonance wavelength is highly sensitive to different refractive indices. However, the
refractive index has almost no effect on the shape of the Fano resonances spectrum. As
an abstract physical quantity in optics, the refractive index is usually determined by the
specific medium. Therefore, some mediums to be measured, such as glucose solution and
ethanol solution, can be filled into the CSRRC, and the refractive index-related properties
of the mediums can be indirectly detected.

0.8
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Figure 4. Transmission spectra of the waveguide structures with different refractive indices.
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Two symmetric rectangular stubs are added to the straight waveguide in the pro-
posed structure, which may affect the transmission characteristics of the structure. In the
following, the influences of the stubs on the transmission characteristics are investigated.
The parameters are taken from Table 1. Figure 5a shows the transmission spectra of the
structure when the height of stubs changes from 25 to 35 nm with an interval of 5 nm.
Figure 5b shows the transmission spectra when the width of the stubs is increased from
20 to 30 nm with an interval of 5 nm. It can be seen that although the transmittance
of individual spectral lines is slightly increased, the Fano line profile and the resonance
wavelengths are almost unchanged. It means that the height and width of the stubs are
not suitable for adjusting the transmission spectrum or increasing the sensitivity of the
structure. This also proves that the resonance wavelength is not greatly affected by the
wide-band continuous state excited by the DSRSW.

0.8
——h=25nm
(a) —— h=30nm
06 L —— h=35nm
@
<
=
E
= 04}
=
w
=
g
ot
0.2
0.0
| L | N | L 1 N
600 800 1000 1200 1400
Wavelength(nm)
0.8
—— d=25nm
(b) —— d=30nm
0.6 H ——d=35nm
%]
<
=
S
= 04 H
=
n
=
g
[
0.2
| | | 1
600 800 1000 1200 1400
Wavelength(nm)

Figure 5. Transmission spectra of the structures with different (a) heights and (b) widths of the
rectangular stubs.

The field energy is mostly concentrated in the CSRRC, as shown in Figure 3, so
the resonance wavelength is strongly related to the geometric parameters of the CSRRC.
Figure 6 shows the transmission spectra of the structures with different CSRRC opening
widths. The opening width is increased from 10 to 30 nm with an interval of 5 nm. As can be
seen from Figure 6a, FR1 and FR3 have an obvious blueshift, and FR2 and FR4 have a slight
blueshift. The fitting of the data points in Figure 6b proves that the resonance wavelength
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of the Fano resonance has a good linear relationship with the CSRRC opening widths.
These results show that the resonance wavelength of the Fano resonance is determined by
the narrow-band discrete states excited by CSRRC.
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Figure 6. (a) Transmission spectra of the structures with different CSRRC opening widths. (b) The
relationship between the resonance wavelength and the CSRRC opening widths.

Then, the influences of coupling distance and the width of the silver baffle on Fano
resonances are also explored. Figure 7a shows the transmission spectra of the structures
with different coupling distances. The coupling distance is increased from 5 to 15 nm
with an interval of 5 nm. It can be seen that when the coupling distance increases, the
transmittance of the resonance spectrum is significantly reduced and the Fano resonance
has a slight blueshift. This is because the coupling of the narrow-band discrete state and the
wide-band continuous state becomes weaker when the CSRRC is farther from the DSRSW.
However, the resonance wavelengths of the Fano resonances are almost unchanged, and
the profiles are roughly the same. Subsequently, the width of the silver baffle is increased
from 5 to 15 nm with an interval of 5 nm. It can be seen from Figure 7b that with the
increase in g, the transmittance of the resonance spectrum decreases and the Fano resonance
profiles change significantly from asymmetric shapes to approximately symmetric shapes.
Similarly, the resonance wavelengths of the Fano resonances are basically unchanged.
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Figure 7. Transmission spectra of the structures with different (a) coupling distances. (b) Silver
baffle widths.

As can be seen from the above discussion, the narrow-band discrete state in the
structure is excited by the CSRRC, so the resonance wavelength of the Fano resonance is
mainly determined by the geometric parameters of the CSRRC. Additionally, the wide-
band continuous state is excited by the DSRSW, so the transmittance and slope of the
Fano resonance are mainly tuned by the parameters of the DSRSW, especially by the
coupling distance and the width of the silver baffle. Next, the sensing characteristics of
Fano resonances of the structure are investigated. Based on the above analysis, it can be
seen that the transmittance of the structure is adjusted by g and H, and the resonance
wavelength is adjusted by L. Therefore, after optimizing these parameters, it was found that
the structure has the best transmittance and highest sensitivity when L = 20 nm, g = 20 nm
and H = 5 nm. Figure 8 shows the relationship between the resonance wavelengths and the
refractive index of the structure. Then, the least squares method is used to approximate the
fitting to establish a linear regression relationship, and the linear correlation coefficients of
the four Fano peaks are calculated. It can be seen that FR1, FR2, FR3, and FR4 all have good
performances in the linearity, and their linear correlation coefficients are 0.9996, 0.9999,
0.9997, and 0.9994, respectively. It should be noted that the slope of the fitting straight line
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represents the sensitivity. The sensitivity (S) of refractive index sensing is usually defined
as the shift of the resonance wavelength (AA) per unit variation of the refractive index (An):

AA
5= 6)
An
—®— Fitting straight line of the FR1
1400 - —@— Fitting straight line of the FR2
—&— Fitting straight line of the FR3
[ —V¥— Fitting straight line of the FR4
) 1200 - y=1328.828x -188.1
=
N’
=
=
5 1000 y_942202¢-14.0
g M
=
800
y=682.292x - 148.9
y=740.190x -153.1
600
1 N 1 N 1

I .
1.00 1.05 1.10 1.15

Refractive index

Figure 8. The relationship between the resonance wavelengths and the refractive index.

Therefore, the sensitivity levels of the structure at different resonance wavelengths are
682.3, 740.2, 842.3, and 1328.8 nm/RIU, respectively. It should be noted that, compared
with FR1, FR2, and FR3, FR4 has the greatest sensitivity. From Equation (2), it can be seen
that the sensitivity is proportional to 11/m. It can be seen from Figure 3 that the effective
length of the resonators of FR1 and FR2 and FR3 are the same, but the order of the resonant
mode of FR1 is larger. Therefore, the sensitivity of FR1 is less than FR2 and FR3. The
order of the resonance modes of FR2 and FR3 are the same, but the effective length of
the resonant cavity of FR2 is smaller, which means that the sensitivity of FR2 is also less
than that of FR3. The effective length of the resonant cavity of FR4 is the largest, and the
resonance mode is the lowest, so the sensitivity of FR4 is the largest. The comparison of the
sensitivity with other published papers is shown in Table 2 [11,13,14,29,30,32,40].

Table 2. Comparison of the sensitivity with other references.

Waveguide Structure Sensitivity Reference
A groove and a ring resonator coupled with an
MIM waveguide 1160 nm/RIU [11]
MIM waveguide structure consisting of an M-type cavity and 780 nm/RIU [13]
a baffle
A half-ring resonator coupled MIM waveguide structure 753 nm/RIU [14]
An end-coupled ring-groove joint MIM waveguide structure 1050 nm/RIU [29]
MIM structure with one rectangular and two square nanorod 1090 nm /RIU [30]
array resonators
MIM structure with two concentric double-square resonators 1380 nm/RIU [32]
A new racetrack integrated Clrc.ular cavity based on 1400 nm /RIU [40]
MIM waveguide

This paper 1328.8 nm/RIU
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Furthermore, the figure of merit (FOM) is another key factor to describe the sens-
ing performance:

FOM = ( 4)

)

where T is the transmission of the structure and AT is the relative transmission variation
(induced by the refractive index change An) at a fixed wavelength. Figure 9 shows the
FOM of the designed structure. The maximum FOM can reach up to 4.80 x 10* due to the
sharp Fano resonance and ultra-low transmission at the wavelength of 1217 nm. It can be
seen from the above results that the sensitivity and FOM depend on the refractive index of
the medium and the geometric parameters of the structure, respectively.

4 -
+ I FOM=48018.93.4|
: A=1217nm
4x10% [0
Q 3x10* [
2x10* [
1x10* [
0 A | | J k
600 800 1000 1200 1400
Wavelength(nm)

Figure 9. FOM of the designed structure.

4. Conclusions

In conclusion, a multi-geometric parameter MIM waveguide with a CSRRC and a
DSRSW is designed. The simulation results show that the quadruple Fano resonances
are excited in the structure. The Fano resonances are formed by the interference between
the narrow-band discrete state excited by the CSRRC and the wide-band continuous
state excited by the DSRSW. The transmission characteristics of the Fano resonances can
be independently tuned by the geometric parameters of the structure. The change of
geometric parameters will cause a certain red shift or blue shift of the transmission line of
the Fano resonance. Among them, the resonance wavelengths are tuned by the opening
width of the CSRRC, and the transmittance and profile are mainly tuned by the width
of the silver baffle in DSRSW and the coupling distance between the CSRRC and the
DSRSW. After optimizing the geometric parameters of the structure, it was found through
numerical simulation that the sensitivity of the structure can reach 1328.8 nm/RIU, and
the FOM can reach 4.80 x 10*. At the same time, when the air in CSRRC is replaced
by liquids such as glucose solution or ethanol, this structure can be used for glucose
concentration or ethanol temperature sensing. To sum up, this MIM waveguide structure
is believed to have potential applications in the fields of nano-refractive index sensors and
nano-all-optical switches. It is worth emphasizing that although the structure has more
geometric parameters and more flexible tunability, it requires more accurate manufacturing
technology and more complex manufacturing processes.
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