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Abstract

In order to realize optical sensing with high sensitivity and the figure of merit, in this study, we propose a metal—insulator-
metal (MIM) waveguide structure based on the transmission properties of surface plasmon excitations (SPPs). This structure
consists of main waveguide with a metal baffle (MWMB) combined with a copper coin-type ring cavity (CCTRC) and a
double semi-elliptical ring cavity (DSERC). We study the electromagnetic characteristics, transmission performance, and
sensing performance of the structure by simulating numerical calculations using the finite element method. In addition, we
optimize the structural parameters. The results indicate that when the transverse magnetic (TM) wave is incident on the main
waveguide, the designed MIM waveguide structure exhibits double Fano resonance peaks at incident wavelengths at 842
nm and 926 nm, with total electric field energies of 2.93x 10™* J and 2.35x 1074 J, respectively. At the same wavelengths,
total magnetic field energies are 1.33x 107'* J and 1.32 x 107!* J, respectively. Therefore, the proposed structure can be
used for the refractive index sensor. The extant structure’s sensitivity and the figure of merit are 1150 nm/RIU and 115,
respectively. The resonance wavelength shift was identified, allowing the present structure to measure the concentration of
aqueous vitamin C solutions.
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Introduction

Surface plasmon polaritons (SPPs) are electromagnetic
modes generated by the interaction between light waves
and migratory charges on metal surfaces, which decay expo-
nentially in the direction of intensity perpendicular to the
intersection [1]. Traditional optical devices are limited by
the optical diffraction limit; the minimum size of the pho-
tonic device can only be limited to about half of the wave-
length of the light; when the photonic device is reduced to a
certain degree, the loss of the device increases, which seri-
ously affects the performance of the device. It is difficult to
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achieve a high degree of integration of photonic devices. It is
a unique surface electromagnetic wave that propagates along
the surface of a conductor in the optical frequency range.
SPPs have properties such as strong optical confinement
in the subwavelength range and local field enhancement
effects. Moreover, it is able to break the optical diffraction
limit [2]. Thus, SPPs can produce special optical properties
at the nanoscale. Thus, it is of great significance in the future
development of photonic devices.

As opposed to conventional Lorentzian spectral lines,
Fano resonance spectral lines exhibit significantly sharp and
asymmetric line shapes, which means that a small change in
the structure causes a sharp change in the resonance char-
acteristics of the Fano line shape. This allows for high sen-
sitivity sensing and is made possible by the narrower line
width of Fano resonance spectral lines. Due to the reduced
line width of Fano resonance, Fano resonance possesses
narrower full width at half maximum (FWHM) and higher
figure of merit (FOM) [3].

Many existing new optical devices can realize nanoscale
integration, and waveguide structures such as metal nano-
particle arrays, hybrid Bragg waveguides, metal nanowires,
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and V-slot waveguides have also been proposed by research-
ers, but they are in comparison with the MIM waveguide;
the electromagnetic wave in the propagation of the resulting
loss is greater, the limit distance of propagation is shorter,
and the degree of integration is lower. metal—insulator-
metal (MIM) waveguide structures based on SPPs have the
advantages of high confinement, low loss degree, low bend-
ing loss, and a relatively simple preparation process. It has
been widely used in a variety of optical devices, including
sensors [4, 5], filters [6], optical switches [7, 8], and split-
ters [9]. Fano resonance based on SPPs with MIM wave-
guide excitation has great research prospects in the field of
refractive index sensing. For example, Zhao et al. designed
a plasmonic waveguide coupling system with a MIM wave-
guide, two silver baffles, and a coupling ring cavity [10].
This achieved a maximum sensitivity of 718 nm/RIU and
a figure of merit of 4354, which provided guidance for the
design of SPP-based guidance for design of high-sensitivity
on-chip sensors. Yang et al. proposed a MIM waveguide
structure consisting of a cross-shaped cavity and a baffle
with a linear refractive index sensitivity of 1100 nm/RIU
and a figure of merit about 1.08 X 10°. The established struc-
ture has a large potential for applications in nanosensors and
spectral splitters [11]. Tang et al. proposed a structure of
MIM waveguides coupled with ring and rectangular resona-
tors for plasmonic refractive index sensors with a sensitivity
of up to 1125 nm/RIU [12].

In this paper, we propose a MIM waveguide structure,
which consists of a main waveguide with a metal baffle cou-
pled with copper coin-type ring cavity (CCTRC) and double

semi-elliptical ring cavity (DSERC). It can generate double
Fano resonance. Double Fano resonance at the same time in
the sensing can form differential sensing, through the idea
of differential sensing can effectively solve the measurement
error caused by external factors. We analyze the structure by
the finite element method (FEM). Furthermore, we study
the influence of the structural parameters of the coupling
system on the Fano resonance and the electric field distribu-
tion, transmission performance, and sensing performance of
the structure and we improve those parameters. The results
show that the structure can generate double Fano resonance
and can achieve sensing by resonance wavelength shift, the
sensitivity of the structure is 1150.00 nm/RIU, and the FOM
is 115. We use the structure to achieve the function of meas-
uring the concentration of vitamin C aqueous solution.

Structural Model and Analysis Methods

The MIM waveguide structure proposed in this paper con-
sists of a main waveguide with a metal baffle main wave-
guide (MWMB) coupled with a copper coin-type ring cavity
(CCTRC) and a double semi-elliptical ring cavity (DSERC)
for the preparation of a plasmonic refractive index sensor.

Figure 1 shows a two-dimensional cross-sectional sche-
matic of the present waveguide structure.

The power of the input port is P;,=1 W. The photons
and electrons oscillate collectively, resulting in swift waves
that excite SPPs on the dielectric and metal surfaces [13,
14]. We chose silver as the metal dielectric and used air as

Fig.1 Two-dimensional
cross-sectional view of MIM
waveguide structure
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the insulator-filling material for the model simulation. The
width of the main waveguide in the figure is w1.To ensure
that only the transverse magnetic wave (TM) propagates in
the straight waveguide, the width of the main waveguide is
constant at wl =50 nm [15]. The metal baffle is placed in
the middle of the main waveguide with a width of 7. The
coupling width of both CCTRC and DSERC to the main
waveguide is g. R is the outer diameter of CCTRC. d is the
side length of the nanosilver square inside CCTRC. DSERC
consists of two semi-elliptical ring cavities of identical
dimensions. w2 is the width of the semi-elliptical ring cav-
ity. a and b are the long and short axis lengths of the ellipti-
cal inner ring cavity, respectively. The light is incident from
the left side of the MIM waveguide and exits from the right
side of the MIM waveguide. S1+and S1 —are the ampli-
tudes of the incident light and the outgoing light at the input,
respectively; S2+and S2 —are the amplitudes of the inci-
dent light and the outgoing light at the output, respectively.
The transmittance (7)) at the output port is the ratio of the
output power (P, to the input power (P;,), P;,= [Poavxds,
P=]PoavxdS2, Poavx is the component of the time-averaged
power flow in the axial direction and the cross-sectional
areas of P;, and P, respectively [16].

Ugo Fano obtained the expression for the Fano resonance
line spectrum by the superposition principle of quantum
mechanics, which is the Beutler-Fano formula [17]:

_(e+q?

1
e2+1 M

where g describes the degree of asymmetry of the line
shape and is called the Fano shape parameter. € denotes the
approximate energy, defined as 2(E — Ep)I". Egis a resonance
energy that indicates the position of the Fano resonance
peak. I" is the linewidth of the self-ionized state. The asym-
metry parameter g is the ratio that represents the probability
of jumping to the mixed and continuous states. When g =0,
the resonance spectral line behaves as an anti-resonance
form. When g =1, the overall energy jumps to the discrete
and continuous states with the same intensity, and an asym-
metric Fano line shape appears. When g = + oo, the overall
energy exhibits a transition to the discrete state, and a sym-
metric Lorentzian line shape forms.

The relative permittivity of air is 1.0. The relative per-
mittivity of silver can be determined by the Drude model
[18-20]:

w?

£,y = Eog — ——— 2
w? — iwy

o is the angular frequency of the incident wave, the per-
mittivity ,,=3.7 at infinite angular frequency, and w,=9.1
(eV) is the plasma frequency. y=0.018 is the electron col-
lision frequency. In TM mode, the dispersion relations of

surface plasmon polaritons (SPPs) in the MIM waveguide
structure are as follows [21]:

dq/p? — K¢ A/ P* — K2€,,€,, (@)

0€in —€ 0<in

tan h 5 = (3)
£,(@)1/? = k€4

where ¢;, and ¢ (w) are the dielectric constants of the insula-
tor and metal, respectively. f is the propagation constant of
the SPPs, and k is the vacuum wave vector, denoted as [22]

2r
ky=— 4
0= )
We use standing wave theory to represent the resonant

wavelength [23, 24]:

A= %,(m=0,1,3...) 4)
m—y/n

where Re(neff) is the real part of the effective refractive
index of the fiber, Leff is the effective length of the reso-
nant cavity, m is the order of the SPPs resonance, and y is
the reflected phase shift of the SPPs in the resonant cavity.
The SPPs in the resonant cavity and the SPPs in the main
waveguide are superimposed and coupled to each other to
show the Fano resonance in the spectrum.

Simulation Analysis and Result Analysis
Structure Construction

The transmission spectrum and electromagnetic field dis-
tribution are calculated by the FEM in this structure, and a
perfectly matched layer (PML) is designed as a boundary
condition. We place a metal baffle in the main waveguide,
which allows the incident light to be reflected multiple times
in the waveguide, and the amplitude and phase of the light
waves are shifted. In this structure, we can change the trans-
mission spectrum of the structure by adjusting it to produce
the Fano resonance.

For researching the sensing performance of the struc-
ture, we set initial values for the geometric parameters of
the structure: first, we used air as a medium in the insulating
layer, which has a refractive index of 1, wl =50 nm, t = 10
nm, g = 10 nm, R = 210 nm, d = 255 nm, w2 = 40 nm, a
= 180 nm, b =160 nm. Figure 2a shows that the structure
produces a broadband continuum state when there is only
the MWMB in the structure. The transmission spectrum
has a relatively stable transmittance and produces two Lor-
entz peaks at 664 nm and 962 nm. After coupling DSERC
directly below the main waveguide only, the structure pro-
duces a narrow-band discrete state and interferes with the
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Fig.2 Transmission spectra of the structure combinations and their
corresponding magnetic field distributions: a transmission spectra
of MWMB only (blue line), with CCTRC (cyan line), with DSERC

broadband continuum to produce the first Fano resonance
(FR1). After coupling CCTRC directly above the main
waveguide only, the structure produces a narrow-band dis-
crete state and interferes with the broadband continuum to
produce the second Fano resonance (FR2). In the complete
MIM structure, the above two Fano produced two resonance
peaks, Peakl and Peak2, at A = 842 nm and 4 = 926 nm,
respectively, and two resonance troughs, Dip1 and Dip2, at
A =848 nm and 4 = 950 nm. From Fig. 2b, we can observe
that the magnetic fields of Peakl and Dipl are mainly
concentrated at DSERC, which means that we change the
energy distribution by changing the structural parameters of
DSERC to achieve the tuning of FR1. The magnetic fields of
Peak?2 and Dip2 are mainly concentrated at CCTRC, which
means that we change the energy distribution by changing
the structural parameters of CCTRC to achieve the tuning
of FR2 by changing the structural parameters of CCTRC to
change the energy distribution to achieve the tuning of FR2.
In addition, we can also change the transmission spectrum
of the broadband continuum by changing the baffle thick-
ness ¢ or change the coupling state by changing the coupling
distance g to tune the transmission spectrum.

We also discuss the variation of the total electric field
energy and the total magnetic field energy of the MIM struc-
ture at different wavelengths, as shown in Fig. 3. When a
metal baffle is added to the main waveguide, the SPPs do
not propagate directly along the waveguide and are par-
tially reflected at the baffle. Other reflected energy enters
into the CCTRC and DSERC, and the other energy inter-
feres with the SPPs traveling forward along the waveguide,
which leads to a sharp change in phase at 843 nm and 928
nm. Due to the significant perturbation of the phase in the
waveguide, asymmetric Fano resonance lines appear in the
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A=926nm A=950nm

(violet line), and the whole MIM waveguide structure (red line). b
Magnetic field distributions of the MIM waveguide at wavelengths of
A=842 nm, A=848 nm, 1=926 nm, and A1=950 nm, respectively

transmission spectrum and the energy capacity aggregates.
We can observe that two sharp Lorentzian peaks can be seen
at 843 nm and 928 nm. The first wave crest corresponds to
total electric field energy of 2.93 X 10—14 J and FWHW
of 7. It has a total magnetic field energy of 1.33 x 10—14J
and FWHM of 7. The second wave crest corresponds to a
total electric field energy of 2.35 X 10—14 and FWHW of
19; it has a total magnetic field energy of 1.32 x 10—14J
and FWHM of 19. Compared with the total energy of the
magnetic field, the total energy of the electric field is signifi-
cantly higher. However, the corresponding FWHM is almost
unchanged because the structure loses some energy due to
thermo-optical effects when the electric field is converted
to a magnetic field [25, 26]. The energy lost is relatively
uniform at all wavelengths so that the present structure can
still enable SPPs, resulting in strong resonance interference
and Lorentzian resonance, which would make the FWHM
particularly small [27, 28].

Structural Parameter Analysis and
Performance Analysis

After determining the post-section model, we analyze and
optimize the MWMB, CCTRC, and DSERC structural
parameters by controlling variables for both transmittance
and FWHM, respectively. FWHM is the full width at half
maximum and is related to the sensor resolution and FOM.

For MWMB, we discuss the relationship between the
transmission spectra and the variation of the FWHM and
transmittance of the Fano resonance with the baffle thick-
ness ¢ increases from 10 to 25 nm in steps of 5 nm, as shown
in Fig. 4a. Figure 4b shows that as ¢ increases, the FWHM
change of Peakl tends to be smooth and floats between 6
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and 9 nm. The FWHM of Peak?2 decreases from 26 to 19 nm.
However, the FWHM of Dipl and Dip2 gradually increases
from 5 to 28 nm and from 18 to 30 nm gradually disappears,
respectively. As ¢ increases, the transmittance of Peakl and
Peak?2 decreases. The transmittance of Peak1 decreases from
0.43 to 0.16 with an extreme difference of 0.27. The trans-
mittance of Peak2 decreases from 0.79 to 0.60. Metal baffles
are used to form a wider continuum as the TM wave enters
the waveguide structure. Compared to in a dielectric, the
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transmission of light to metal is poor, and as the thickness
of the metal-metal baffle increases, the transmittance of
the device decreases significantly, which affects the output
characteristics of the device. With comprehensive reference
to the preparation process and the variation of FWHM and
transmittance, we choose the baffle thickness as ¢t = 10 nm.

Then we discuss the transmission spectra of MWMB cou-
pling distance g with CCTRC and DSERC in steps of 5 nm
from 5 to 20 nm and the relationship between FWHM and
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Fig.4 a Transmission spectra of t increasing from 5 to 25 nm. b, ¢ FWHM and transmittance of Fano resonance spectral line with the value of ¢
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transmittance of Fano resonance, as shown in Fig. 5a. With
the increase of g, Peakl appears significantly blue shifted.
This means the FR2 resonance wavelength position can
be tuned by adjusting g. Figure 5b shows that the FWHM
all decreases significantly as g increases. The FWHM of
Peakl decreases from 14 to 7 nm, the FWHM of Dipl
increases from 13 to 6 nm and then to 9 to 7 nm, the FWHM
of Peak?2 decreases from 28 to 18 nm, and the FWHM of
Dip2 decreases from 34 to 14 nm. Figure 5c shows that as
g increases, the transmittance of Peakl and Peak?2 appears
to decrease significantly, from 0.43 to 0.17 with a polar dif-
ference of 0.26 and from 0.8 to 0.53 with a polar difference
of 0.27, respectively. The larger the coupling spacing is, the
more difficult it is for the SPPs in the waveguide to couple
into the resonator, and the weakening of the resonance leads
to the reduction of the transmittance; that is, there is a nega-
tive correlation between the coupling spacing and the trans-
mittance. With comprehensive reference to the complexity
of the preparation process and its FWHM and transmittance
variation, we choose the coupling distance as g=10 nm.
For CCTRC, we perform parametric analysis and optimi-
zation of the outer diameter R. We analyze the transmittance
spectra and the changes of FWHM and transmittance of Fano
resonance when R increase from 200 to 215 nm in steps of 5
nm. As shown in Fig. 6a, with the increase of R, the position
of FR1 corresponds to the wavelength into a very small blue
shift, and the amplitude gradually decreases. The interfer-
ence phenomenon gradually diminishes, and FR2 shows a
significant redshift. This means that we can independently
tune the FR2 resonance wavelength position by adjusting
the length of R. Figure 6(b shows that as R increases, the

FWHM of Peakl decreases from 9 to 8 nm, the FWHM of
Dipl decreases from 17 to 7 nm and stabilizes, the FWHM
of Peak2 shrinks from 37 to 12 nm, but the FWHM of Dip2
gradually increases from 17 to 25 nm. With comprehensive
reference to the changes in FWHM and transmittance, we
choose the outer diameter of CCTRC as R=215 nm.

For DSERC, we analyze and optimize the cavity width
w2 and the long axis a and short axis b of the inner cavity
of the semi-elliptic ring.

Firstly, we analyze the transmission spectrum and the
relationship between the FWHM and transmittance of the
Fano resonance for MWMB with increases in the baf-
fle thickness ¢t from 10 to 25 nm in steps of 5 nm. As
shown in Fig. 7a, when w2 =35 nm, the amplitude of FR1
transmission spectrum is very small. The interference is
not apparent, which is not adopted. As w2 increases, the
FR1 resonance wavelength is significantly blue shifted,
the amplitude gradually increases, and FR2 shows a very
slight blue shift. This means we can independently tune
the resonance wavelength position of FR1 by adjusting the
length of w2. Figure 7b shows that between w2 =40 nm
and w2 =50 nm, the FWHM of Peak1 gradually decreases
from 8 to 6 nm as w2 increases, the FWHM of Dipl first
increases from 7 to 11 nm and then decreases to 9 nm,
the FWHM of Peak?2 increases from 10 to 28 nm, and
the FWHM of Dip2 remains unchanged at 25 nm. The
transmittance of FR1 varies slightly from 0.3 to 0.38 from
w2 =40 nm to w2 =50 nm, and the transmittance of FR2
decreases slightly from 0.72 to 0.70. With comprehensive
reference to the FWHM and the variation of transmittance,
we choose the ring cavity width of DSERC as w2 =40 nm.
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Then, we analyze the transmission spectra of the ellip-
tical ring inner cavity with the long axis a increasing from
175 to 190 nm in steps of 5 nm and the relationship between
the FWHM and the transmittance of the Fano resonance.
As shown in Fig. 8a, FR1 shows a significant red shift and a

significant increase in amplitude, and the transmission spec-
trum of FR2 is almost not shifted. This means that we can
independently tune the resonant wavelength position of FR1
by adjusting the length of a. Figure 8b shows that as the a
increases, the FWHM of Peak1 increases significantly from 7
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Fig.7 a Transmission spectra of w2 increasing from 35 to 50 nm. b, ¢ FWHM and transmittance of Fano resonance spectral lines as a function

of w2 value
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Fig.8 a Transmission spectra of a increasing from 175 to 190 nm. b, ¢ FWHM and transmittance of Fano resonance spectral lines with respect

to the value of a

to 14 nm, the FWHM of Dipl decreases slightly from 7 to 6
nm, the FWHM of Peak?2 decreases from 13 to 11 nm, and the
FWHM of Dip2 remains unchanged at 25 nm. Figure 8c shows
that the transmittance of FR1 increases from 0.27 to 0.39, and
FR2 increases slightly from 0.71 to 0.72. Referring to the
changes of FWHM and transmittance together, we choose the
long axis of the inner cavity of the elliptical ring as a =190 nm.

Then, we analyze the transmission spectra of the short
axis b of the inner cavity of the elliptical ring when increas-
ing from 150 to 165 nm in steps of 5 nm and the relationship
between the FWHM and transmittance changes of the Fano
resonance. As shown in Fig. 9a, FR1 shows a significant red
shift and a significant decrease in amplitude, and the trans-
mission spectrum of FR2 is almost not shifted. This means
that we can independently tune the resonance wavelength
position of FR1 by adjusting the length of b. Figure 9b
shows that as b increases, the FWHM of Peakl increases
from 13 to 15 nm, the FWHM of Dip1l decreases from 8
to 5 nm, Peak2 decreases slightly from 11 to 10 nm, and
Dip2 is constant at 11 and 30 nm. Figure 9c shows that the
transmittance of FR1 decreases from 0.41 to 0.39 and then
increases to 0.40, and the transmittance of FR2 remains at
0.72. Referring to the variation of FWHM and transmittance
together, we choose the short axis of the inner cavity of the
elliptical ring as b=165 nm.

The optimized structural parameters are wl =40 nm,
t=10nm, g=10 nm, R=215 nm, d =255 nm, w2 =40 nm,
a=190 nm, and »=165 nm. From Table 1, we can see the
Fano resonance wavelengths and FWHMs corresponding to
Peakl, Dipl, Peak2, and Dip2 after optimization.

@ Springer

Sensing Performance Analysis

After determining the structural parameters, we also intro-
duce sensitivity (S) and the figure of merit (FOM) to meas-
ure the sensing performance of the structure, and we use
sensitivity (S) to reflect the sensitivity of the sensor to the
refractive index of the medium. It is calculated by the fol-
lowing expression [29]:

g A

= ©)

A4 is the offset of the Fano resonance wavelength, An is
the change in refractive index, and the unit of S is nanometer
per refractive index unit [30].

The figure of merit (FOM) is an important indicator of
the performance of the refractive index sensor, and a larger
value of FOM indicates a better sensing performance of the
sensor, which is expressed as [31, 32]

S

FOM =
FWHM 7

Figure 10a shows the Fano transmission spectrum of
the material to be measured when the refractive index n
is increased from 1.00 to 1.06 in steps of 0.02. It can be
seen that the transmission spectrum is redshifted overall
with increasing refractive index, where Peak] is redshifted
from 874 to 940 nm, Dip1 is redshifted from 896 to 846 nm,
Peak? is redshifted from 909 to 978 nm, and Dip2 is red-
shifted from 933 to 1004 nm. Figure 10b shows the variation
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Table1 Wavelength 4 and FWHM of Fano resonance for the opti- of Fano resonance wavelength with refractive index n for
mized structure the present structure. We calculated by Eqs. 4 and 5 that
Parameter ER1 FR2 the sensitivity of Peakl is 1100.00 nm/RIU with a FOM

_— — of 73.33, Dipl is 1116.67 nm/RIU with a FOM of 233.33,

Peakl Dipl Peaka PIP2 " peak2 is 1150 nm/RIU with a FOM of 115.00. The results
A (nm) 874 879 909 933 show that the structure has good sensing performance and
FWHM (nm) 15 5 10 25 can achieve the maximum sensitivity of 1183.33 nm/RIU,

OF - ————
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Fig. 10 a Transmission spectrum for increasing n from 1.00 to 1.06. b, ¢ Fano resonance wavelength as a function of n
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Table 2 Comparison of sensitivity S and FOM of this structure with
other sensor structures

References S (nm/RIU) FOM
[33] 750 53.7
[34] 540 101
[35] 1160 116
[36] 1153.85 53
This structure 1183.33 115

corresponding to the FOM of 233.33. The comprehensive
reference sensitivity and FOM, the final choice of Peak?2 to
achieve the sensing function, and Peak2 resonance wave-
length APeak?2 for linear fitting results are as follows:

Apeaky = 1150.00 * n —241.00 8)

We compare the performance of the designed sensor with
other sensors of the same type, and the results are shown in
Table 2. The comparison shows that our proposed sensor has
higher sensitivity and better FOM values than most of the
previously designed sensors.

Based on the sensing characteristics of this structure, we
design the sensors to detect the concentration of vitamin C.
Vitamin C injection can be used for the treatment of scurvy,
as well as for the adjuvant treatment of various acute and
chronic infectious diseases and purpura, the treatment of
chronic iron poisoning, and also for vitamin C injection to
alleviate ovarian cancer treatment [37]. However, excessive
intake of vitamin C causes procoagulant and prothrom-
botic activation of red blood cells and increases thrombo-
sis in vivo [38]. Therefore, the design of a high-precision
vitamin C concentration measurement instrument is of great
importance in the medical field.

As shown in Fig. 11, we measure the concentrations of
five sets of solutions at constant temperature (28.1 °C) using
an Abel refractometer [39, 40], and we configure aqueous
vitamin C solutions with concentrations of 5%, 10%, 15%,
20%, 25%, and 34% (saturated) from left to right.

Fig. 11 Abel refractometer measurements of aqueous vitamin C solu-
tions at concentrations of 5%, 10%, 15%, 20%, 25%,and 34% (saturated)

The concentration ¢ of aqueous vitamin C solutions at
different concentrations versus refractive index are shown
in Table 3.

We take the average of the above values and perform a
linear fit to obtain the relationship between the fitted vitamin
C water concentration c¢ and the n of refractive index as

n=0.13596 = ¢ + 1.33480 ¢ < 34% C))

The linear relationship between the Fano resonance
wavelength Ap.,., of Peak2 and the concentration ¢ can be
obtained from Egs. (8) and (9) as

Apeary = 156.354 % ¢ + 1294.020 ¢ < 34% (10)

As shown in Fig. 12a, we fill the sensor with 5%, 10%,
15%, 20%, 25%, and 34% aqueous vitamin C. The corre-
sponding wavelength of Fano resonance is red-shifted as
the concentration increases. Figure 12b shows the linear fit
between the concentration ¢ of the aqueous glucose solution
and the refractive index n.

Table 3 Concentration ¢ and

e Group 5% 10% 15% 20% 25% 34%

refractive index n of aqueous

vitamin C solutions at 5%, Group 1 1.3415 1.3484 1.3551 1.3619 1.3690 1.3810

(lszf”u’r;feﬁ; 20%, 25%, and 34% - Goup2 1.3416 13486 13552 13620 13687 13808
Group 3 1.3417 1.3483 1.3554 1.3622 1.3688 1.3810
Group 4 1.3416 1.3483 1.3552 1.3620 1.3688 1.3811
Group 5 1.3416 1.3484 1.3550 1.3620 1.3687 1.3812
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Fig. 12 a Transmission spectra of structures injected with 5%, 10%, 15%, 20%, and 25% aqueous solutions of vitamin C. b Variation of refrac-

tive index with concentration after linear fitting

Conclusion

In this study, we suggest a MIM waveguide structure based
on the transmission properties of SPPs. The following find-
ings are also reached:

(1) We design a new structure of a MIM main waveguide
coupled with a copper coin-type ring cavity and a
double semi-elliptical ring cavity based on SPPs. The
structure can excite double Fano resonance.

(2) We use the finite element method to analyze the effect
of the structural parameters of this structure on the
sensing performance. Then, we optimize the structure
for the sensing performance. After optimization, com-
pared to existing similar sensing structures, our study
achieves relatively high sensitivity and FOM. The sen-
sitivity of the structure can reach 1150.00 nm/RIU, and
the FOM value is 115.

(3) We inject an aqueous solution of vitamin C into the
present structure. As the concentration of the vitamin C
aqueous solution changes, its refractive index changes.
The change in refractive index in turn causes the wave-
length of the Fano resonance to change. Therefore, the
structure can be used to measure the concentration of
vitamin C aqueous solution.

Compared with other sensors of the same type, our pro-
posed novel MIM waveguide structure has higher sensi-
tivity and FOM. The design of this structure provides a
reliable new method for the concentration measurement
of vitamin C aqueous solution. This study has important
implications for the development of highly integrated med-
ical optical sensors.
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