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Abstract

In this paper, a plasmonic metasurface is proposed and designed that has switching capa-
bility and it can be used as a quantum switch as well as an optical sensor. To provide the
switching characteristic, Kerr material is used with dimer split ring resonator. The Kerr
material is considered to change the response from Fano to Lorentzian shape, thus two
logical values of |0) and |1) can be made at the Fano dip resonance. The Characteristic
Mode Theory is investigated to predict the occurrence of the Fano response with exact
wavelength. The study shows that Fano response appears when the phase of CMT modes
is around 90°. As a result, the Kerr material can impact the phase of CMT modes, that
makes switching characteristic for the proposed metasurface, by reducing the phase value
to 40° for various Kerr material implementation in the metasurface. Also in this paper,
using eigenvalues, the exact location of the Fano response, was obtained and bright and
dark modes are detected without plotting characteristic currents. The proposed metasurface
is developed for optical sensing with high sensitivity as a part of optical and quantum spec-
troscopy. The sensitivity of the sensor is obtained around 400 nm/RIU which is sufficient
to distinguish the materials and to have high resolution.
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1 Introduction

Plasmonics, is an interesting field for nano-optics and nanophotonics technology that aims
to use the interaction of light and matter through the resonances of surface plasmons (Jiang
et al. 2017). Surface plasmons (SP) have very attractive optical properties, such as the abil-
ity to restrict light in nanoscale and high sensitivity to the surrounding environment (Bar-
billon 2019). This capability has three major advantages: higher operating speed, smaller
devices and lower power consumption (Kasani et al. 2019). Rapid advances in nanotech-
nology and plasmonics have made it easier to manipulate the light at the nanoscale.
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Localized surface plasmon (LSP) is an optical phenomenon created by trapping light
near metal nanoparticles that are smaller than the wavelength of the incident light. This
phenomenon originates from the interaction of light and surface electrons in a conduct-
ing band (Petryayeva and Krull 2011). Metal nanostructures are critical to many applica-
tions in the field of photonics, including biosensing (Mejia-Salazar and Oliveira Jr. 2018),
nanolasing (Azzam et al. 2020), nonlinear optical processes (Panoiu et al. 2018), spectros-
copy (Eschimese et al. 2019) and metasurface technologies (Bin-Alam et al. 2021). Among
these structures, optical metasurfaces have been noticed for precise light wave control and
integrated quantum technology (Georgi et al. 2019). These metasurfaces are 2D surfaces
based on the array of meta-atoms or optical nano-antennas. Metasurfaces are beneficial in
fabrication which is usually made by replacing bulky optical components with ultra-narrow
planar elements (Jha et al. 2017). These structures can manipulate the phase, amplitude and
local polarization of the electromagnetic field (Zhou et al. 2020).

Among all Plasmonic structures, the Plasmonic nanoantenna play an important role
in nanophotonics due to the enhancement intensity of the electromagnetic field that is
controlled in general with coupling modes for Fano resonance (Butet and Martin 2014).
In some ring-like structures, the coupling of nanoparticles is considered to confine and
manipulate light (Zarrabi and Moghadasi 2017). Coupling between Plasmonic nanostruc-
tures is a simple and fast way to generate the Fano response (Wang 2018). These kind
of resonance are seen in various structures including the symmetry breaking ring cavity
(Lin et al. 2019), metal-insulator-metal waveguide (Wang et al. 2019), self-assembly of
magnetic—Plasmonic core—shell nanoparticles (Liu et al. 2016), and plasmonic device con-
sisting of a gold nanoparticle between two electrodes (Vardi et al. 2016). Fano resonance
has significant applications in sensors due to its asymmetric and sharp spectral shape and
strong field enhancement (Tavakoli et al. 2019). These type of sensors show great appli-
cations in the areas of biomedical diagnostics (King et al. 2015), healthcare (Shrivastav
et al. 2021), environmental monitoring (Zhan et al. 2015), homeland security (Saylan et al.
2020) and chemical reactions (Stockman 2015).

On the other hand, numerous theoretical, computational and numerical simulation tools
have been developed in recent years to understand the optical properties of plasmonic
structures. One of the methods, that has recently shown its ability to analyze the intrinsic
properties of plasmonic structures, is the Characteristic Mode Theory (CMT) (Y14-Oijala
et al. 2017), (Dey et al. 2019). CMT is a powerful tool based on the numerical Method of
Moment (MoM) that allows the study of the intrinsic properties of a structure such as the
resonance frequency of modes, the ability to couple each mode with an external field, the
bandwidth of modes and the distribution of characteristic currents by solving the integral
equations of electric and magnetic fields (Chen and Wang 2015).

A metasurface has been proposed using a Kerr material that has created significant cou-
pling and controllability between modes, which without the use of this type of material,
either this amount of coupling does not appear or is possible by creating much small inter-
particle distances. That is a challenge in the manufacturing process. Moreover, the switch-
ing ability of the proposed metasurface at the Fano dip wavelengths makes this metasur-
face suitable for quantum computing. Finally, this metasurface is exerted as a plasmonic
sensor and the results show that this sensor is more sensitive than previous structures.
CMT is exploited to analyze the optical properties of the structure and it reveals the rela-
tion between the phase of the characteristic modes and Fano resonance. This method justi-
fies how these arrangements affect the modes and the frequency of dark and bright modes
with Fano dip. It also gives a glimpse of what happened in the far-field, using the distribu-
tion of characteristic currents and near-field results. Also, using the eigenvalues obtained
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from CMT, the exact location of the Fano response and the modes causing this type of
coupling are predicted, which had been obtained approximately, before in (Gholami 2021).
Also, dark and bright modes are specified without the need to draw characteristic currents.
So, CMT can be used as a tool to control the Fano response for specific purposes by plas-
monics researchers.

2 Metasurface design and simulation
2.1 Introducing the structure and analysis methods

Due to the high intrinsic symmetry of the ring-like property, these structures are used
for manipulating the light in a small volume. The metal rings are explored for plasmon
resonances for the proposed metasurfaces and, besides, its fabrication with conventional
lithography has led to the use of such structures in applications beyond chemical and
biological sensing (Nordlander 2009). Based on the aforementioned advantages, the
parallel rings nanoparticles are investigated as a plasmonic metasurface for switching
and optical sensing in this study. Figure 1 shows a unit-cell of plasmonic metasurface
studied from the top (Fig. la) and side (Fig. 1b) views. This metasurface consists of
two rings with different diameters which are located on the SiO, substrate with the
refractive index of 1.54 at the proposed spectrum. The outer radius of the larger ring
is Ryyy=100 nm and the inner radius is assumed R;,;,=80 nm. These parameters
are R,sy=90 nm and R;,5,=70 nm for the smaller ring. For both rings, the thickness
of the rings is assumed t=40 nm. The edge-to-edge distance between the two rings is
defined as d=10 nm and the unit cell’s substrate dimensions are 500 x 280X 40 nm?.
Each ring has a gap of length, L., =20 nm, which is filled with the Kerr material. This
unit-cell is pinpointed on the X-Y plane and it is excited by a plane wave with x polari-
zation and propagation direction in the z-direction. FEKO and CST software packages
are used for simulation with two different techniques namely: MoM and finite integra-
tion technique (FIT), respectively. In this study, the nanorings are made of gold (Au) as
the plasmonic material and Johnson & Christie’s laboratory data are used for material

Fig.1 Reconfigurable Kerr 2Rou(s=180nm 2w =2000m
metasurface from a top and b 0
side view
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properties (Johnson and Christy 1972). The optical properties of a plasmonic structure
in the far-field can be determined by the optical absorption, scattering, and extinction
cross-section which can be described by (1):

Cexr = Cabs + Csca (1)

Since scattering and absorption both have significant values in the proposed metasur-
face, the optical extinction spectrum, which is the sum of these two effects, is presented as
the optical response.

An in-house code is used for the characteristic mode analysis. In this way, the char-
acteristic impedance matrix is extracted from FEKO, and after post-processing and using
the equations in (Chen and Wang 2015), the modal significance (MS), characteristic angle
diagrams, and characteristic current distribution are obtained. CMT in plasmonic mate-
rial uses the PMCHW (Poggio—Miller—Chan—Harrington—Wu) formulas which are a set
of coupled surface integral equations (Chen and Wang 2015). CMT forms a set of inte-
gral equations, using the principle of equivalence and definite boundary conditions, and
creates some operator dependent on electric and magnetic fields. The generated integral
equations are created and solved by MoM. The characteristic modes obtained from solving
these equations, have the ability to describe the intrinsic properties of any structure, and
they are independent of the excitation. In Fig. 2 it is brought a flowchart showing how to
obtain the results of CMT. In the first step, the plasmonic structure is drawn in FEKO and
triangularly meshed. The (.cfm) file, which contains the mesh information, is saved in this
step. From this step onwards, in-house code is used. Using this code, (.pre) file of FEKO
is opened for the structure drawn in the previous step, and the dielectric properties of the
various materials are determined using it. To analyze the characteristic mode, we need the
characteristic impedance matrix, which is obtained through MoM. CMT tool for plasmonic
materials is not embedded in FEKO, but all analyzes in this software are using the Moment
method. Therefore, it is possible to obtain a characteristic impedance matrix for plasmonic
materials, although it is not possible to analyze the characteristic mode with this software.
Therefore, in the third step, the characteristic impedance matrix for the desired structure is
obtained which is stored in (.mat) file. This matrix is defined by (2), and extracted directly

from FEKO:
ZEJ ZEM J VE
[ZHJZHM][M]z[VH] @)

where ZF,ZEM 7R and ZPM are N x N matrices, (N is the number of common edges
between two triangles, in the triangular meshing of the structure), that form the characteris-
tic impedance matrix through the (3):

7 = 7B _ 7EM (ZHM)—leJ 3)
Using (3), the characteristic impedance matrix becomes symmetric, which is necessary

for CMT. By separating the real and imaginary parts of Z (R and X), the generalized eigen-
value equation is obtained by (4):

XJ, = A,RJ, 4)

4, 1s the eigenvalue and J, is known as the eigenvector or eigencurrent.
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Fig.2 CMT computation
flowchart

v

1- Drawing the structure and meshing triangularly in FEKO.
Saving the (.cfm) file.

v

2- Opening (.pre) file of FEKO with our in-house code and
specifying the dielectric properties of material through the code.

v

3- Opening (.mat) file of FEKO and reading the characteristic
impedance matrix, symmetrizing the matrix and solving the
generalized eigenvalue equation for each frequency.

v

4- Mode tracking algorithm and repeating steps 2 to 4 for each
frequency until the end frequency of the frequency range is
reached.

v

5- Drawing MS, CV, CA diagrams according to the data stored
in the previous step.

v

By obtaining this eigenvalue equation, it is possible to use the CMT equations and
obtain the intrinsic properties of the radiator (Chen and Wang 2015). The above calcula-
tions are performed on single frequencies. To analyze the optical response of a structure,
it is necessary to perform the analyzes in a frequency range. Therefore, in the fourth step,
the mode tracking algorithm is used so that the modes that have the same index in different
frequencies are known as one mode. The method we have used for mode tracking, is based
on the orthogonality of the characteristic currents, that is (5):

r= (I RIDI) = 8, )
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So that eigenvalues at frequency f, are correlated with eigenvalues at frequency f;.
J,., represent the characteristic currents and §,,, is the Kronecker delta. Given that char-
acteristic currents change very slowly during the frequency range, it can be expected to
maintain their orthogonality in subsequent frequency iterations according to the above
relation. When the modes have the same index, this value is very close to one, and if it
is close to zero, the modes do not have the same index.

After applying the mode tracking algorithm and obtaining the modes in a frequency
range, the characteristic mode parameters can be obtained in the whole frequency range,
which is shown in the last step of the flowchart. For example, Modal Significance (MS)
demonstrates the coupling ability of each characteristic mode with external sources and
it is defined by (6):

1
1+j4,

ms = |

(6)

The modal excitation coefficient, which can be defined by V, = (Efan(r).J,,), indicates
the ability of coupling between the applied electric field and the nth eigenmode. Char-
acteristic angle (CA) is another parameter used in CMT which offers a better represen-
tation of the behavior of each mode near the resonance frequency and it depends on
eigenvalue or characteristic value (CV), by (7):

a, = 180° —tan™! A, (7)

The validity of this code is already shown in (Gholami et al. 2021), by comparing
the results of two software, FEKO and CST. However, in order to compare the two dif-
ferent numerical methods, the optical response of the structure is presented in Fig. 3.
The optical extinction spectrum and Far-field is obtained from CST and FEKO, respec-
tively. For better comparison, the normalized to the maximum value is given. As shown
in Fig. 3, this structure has two resonances (two local maximums), which can be seen
in the results of both numerical methods. The slight difference in the resonance wave-
length of the two software packages originates from the difference in numerical meth-
ods and the high sensitivity of the MoM to mesh density. Due to the similarities in the
results, for analyzes other than CMT, the simulation results with CST are shown, in the
continuation of this paper.

Fig. 3 Comparison of CST and
FEKO results

Extinction and Far Field

700 800 900 1000 1100 1200 1300 1400
A (nm)
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2.2 Fabrication steps of the reconfigurable Kerr metasurface

The main steps of fabrication the metasurface are given in this section. The structure can
be made on SiO, film, which is placed on a transparent material to prevent the structure
from breaking. This material can be soda-lime glass, which is transparent at our operating
frequency. Then, it is performed electron-beam lithography (EBL) on a resist polymethyl
methacrylate (PMMA)-coated film, which is located on the substrate. Then, EBL-defined
patterns should be removed by a methyl isobutyl ketone—isopropyl alcohol (MIBK-IPA)
solution. For metal deposition step, the PMMA layer should be covered with 10-nm-thick
titanium and 50-nm-thick gold. The lift-off process should be then performed to remove
excess gold layers. Finally, plasma cleaning should be done to remove residual PMMA on
the surface. By removing the extra layers, the final pattern is formed.

2.3 Study the Kerr material effect

As mentioned, reconfigurable materials can be implemented to design tunable plasmonic
metasurfaces. Organic polymeric materials are of great interest due to their relatively low
cost, ease of fabrication and integration in devices, higher laser damage threshold and fast
nonlinear optical response. Here, polystyrene is exploited as a polymer and a reconfigur-
able material with a nonlinear Kerr effect that has the following optical parameters: a linear
refractive index n, = 1.59 and a Kerr nonlinear coefficient n, = 1.14 x 10~2cm? /W that
the latter coefficient depends on the third-order nonlinear susceptibility. Thus, the nonlin-
ear refractive index can be obtained by n, = n, + n, X I where [ is the local field intensity
(Zhou et al. 2010). Due to the different values of /, the nonlinear refractive index of poly-
styrene takes on different values. In this paper, we have used polystyrene as a Kerr material
with different refractive index based on the result obtained in (Zhou et al. 2010). Figure 4
shows the optical extinction spectrum of metasurface for two different polarizations. The
gap in the larger ring is filled with Kerr material with a refractive index of 1.59 and the
Kerr material used in the second ring changes and its refractive index varies from 1.59 to
2.4.

When the electric field has an X-direction and the refractive index of the material is
1.59 in both rings, two resonances are created at 958 nm and 1045 nm and a Fano dip at
1003 nm (blue diagram in Fig. 4a). This essentially means that the Fano dip has |1) value.
By changing the Kerr material in the smaller ring to 1.7 (red diagram in Fig. 4a), the modes
get closer and the coupling becomes more intense. So, the new resonances occur at 965 nm
and 1042 nm. Similarly, as the Kerr material refractive index increases, the modes become
closer and the coupling becomes more intense, such that for n=2.4, the Fano dip disap-
pears and Lorentzian resonance is observed or, in other words, the value is |0) in this case.
The proposed metasurface shows switching properties and by changing the Kerr material,
switching occurs between the Fano response and the Lorentzian response and, ergo, this
metasurface can be used for quantum computing or optical memory (Alexoudi et al. 2020).
In the following, in order to further investigate the quantum application of the proposed
metasurface, its function is described along with a figure (Fig. 5). In Fig. 5, it is shown an
array of the original structure. Two sources are applied to the structure, which are referred
to as pump and incident signals. The pump intensity determines the nonlinear refractive
index of the Kerr material, which is [ in the refractive index formula mentioned earlier.
The incident wave is the source used to excite the structure. The pump signal sent by the

@ Springer



459 Page 8 of 22 A. Gholami et al.

Fig.4 The effect of changing
Kerr material, for two different
polarization a Electric field in
X-direction, b Electric field in
Y-direction

x10°

Extinction Cross Section (nmz)
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A (nm)

(a)

Extinction Cross Section (nmz)

0 L L L L ¥
1000 1200 1400 1600 1800 2000
A (nm)
(b)
Fig.5 The proposed metasurface
with pump and incident signals incident | pump | output
inci 1 1 1
pump incident wave
1 0 0
0 1 0
0 0 0

pump laser can be converted to photon through the setup given in (Wang et al. 2018) and
used as a quantum source. The incident signal has a logic level of | 1) until it is applied. The
pump is disconnected and reconnected so that when there is a pump, the logic level is |1).
The presence of a pump creates the same Kerr material in the gaps, creating a Fano dip,
which is assumed to be a logic value of |1). By applying different pumps to the gaps, dif-
ferent refractive index can be created. The presence of the same or different Kerr materials,
creates or eliminates the Fano and creates different logic levels. In fact, according to the
pump, if the extinction rate of the structure at a wavelength of approximately 1000 nm is
less than 3 x 10°, we have a Fano dip and a level of |1), otherwise a level of |0). So depend-
ing on the pump and the amount of extinction, we have a switching between the Fano and
Lorentzian resonance. In fact, the presence of a pump creates a Fano dip, and this indicates
the function of the structure as a quantum switch. This structure can also be used as a
memristor (Ebrahimi et al. 2018), because if the input is | 1),with the pump value of |0), the
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output is |0), and if the pump is | 1), the output is |1). If the input is |0), output with |0) value
is generated with each pump signal.Now if several metasurfaces are used with different
pumps, multi-bit gates can be produced that can be used in quantum computing.

Another noteworthy point is that by changing the Kerr material, a considerable cou-
pling is observed such that if the Kerr material is not used in this structure, the distance
between the rings must be much smaller than 10 nm to observe this amount of coupling.
On the other hand, creating very small gaps between nanoparticles is a major challenge in
the manufacturing process. As a matter of fact, gaps between elements should be greater
than 10 nm for fabrication (Hatab et al. 2020), but by using different types of Kerr mate-
rial, electrical distance can be reduced, which can be easily solved by using the Kerr mate-
rial, as shown in Fig. 4a.

The effect of Kerr material changing for a Y-direction electric field is shown in Fig. 4b
for comparing with the previous case in X-direction. In this case, the Kerr material has no
effect on the optical extinction spectrum of the metasurface, and in all cases, a Lorentz-
ian resonance occurs at 1422 nm. Therefore, by using the Kerr material and determining
the appropriate polarization, a metasurface with switching capability can be designed. In
short, by supposing a constant value of the refractive index for Kerr material, for example
n=1.59, and by changing the incident wave polarization the value of the |0), X- polariza-
tion will change to | 1) for Y-polarization at the Fano dip occurrence wavelength.

Figure 6 shows the near-field distributions of plasmonic metasurface at resonance
wavelengths and the Fano dip for the case with the same Kerr material in both rings. In
Fig. 6a, it has been shown that the first mode occurs at 958 nm, where the maximum field
strength is around the smaller ring while the larger ring indicates a weakly localized field.
The presence of a gap with the Kerr material in the rings has created higher-order modes.
Also, according to the optical extinction spectrum in Fig. 4a, because this mode has more
intensity, it forms a bright mode. Figure 6b shows the field distribution at the Fano dip
wavelength. Very strong field is observed to be concentrated around the gaps. Moreover,
the larger ring shows a stronger field than the first mode. In the second mode, at 1045 nm
(Fig. 6¢), the electric field is more concentrated around the larger ring, while the smaller
ring shows a very weak field. According to the spectrum of optical extinction in Fig. 4a,
because this mode is less intense, it forms a dark mode. Thus, the Fano resonance is cre-
ated by dark and bright modes coupling.

The electric field distributions for different Kerr materials in gaps are studied and results
are presented in Fig. 7 at three different wavelengths and it can be compared with the previ-
ous case. In this case, the Kerr material has a refractive index of 1.59 in the larger ring gap,
while in the smaller ring, the refractive index of the Kerr material is 2.4. The dimensions of
the rings are supposed the same as before. As shown in Fig. 7a, b, and c, at all three wave-
lengths, significant electric fields are concentrated near the nanorings and gaps, and they
show the same behavior in terms of electric field distribution. This indicates more coupling
of the modes and the approach of the Fano response to a Lorentzian response.

2.4 Characteristic mode analysis

As mentioned before, for characteristic mode analysis, the characteristic impedance matrix
is needed, and FEKO is used for extracting the matrix based on MoM. After extracting
this matrix from FEKO and creating the generalized eigenvalue equation, post-processing
is performed and MS, characteristic angle, and characteristic currents are calculated. Fig-
ure 8 shows the MS and characteristic angle diagrams for the same Kerr material in gaps.
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Fig. 6 Electric field istributions
at wavelengths a 958 nm, b
1003 nm, and ¢ 1045 nm for the
same Kerr material
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A common criterion in mode numbering, in CMT, is based on the smallest eigenvalue
(largest MS) in the first frequency of the frequency band. Here, the same criterion is used
to number the modes and to facilitate the comparison of the results, where all diagrams
are driven based on the wavelength. The characteristic mode analysis of plasmonic meta-
surface with the same Kerr material (i.e., the same refractive index of 1.59 in the gaps of
both rings) shows that this structure has 4 modes in the wavelength range of 700 nm to
1400 nm. The resonance wavelengths of these modes are at 1071 nm, 1027 nm, 950 nm,
and 961 nm. These modes, are all modes that this structure can have in this wavelength
range, which can be excited by different incident fields. In addition, as the dimensions of
the nanoparticle are directly related to its resonance wavelength, it is expected that in lower
wavelength modes, the smaller ring plays a major role and the larger ring is important for
creating higher wavelength modes. As we know from CMT, at any frequency, the modes
with MS=0.7 or larger have resonance capability and they are called significance modes,
while modes with MS <0.7 have no resonance capability and they are called non-signifi-
cance (Chen and Wang 2015).

According to Fig. 8a, modes 1 and 2 have resonances at 1027 nm and 950 nm, respec-
tively, and their intersection has about MS =0.8, so coupling conditions are provided, and
their coupling creates a Fano resonance at about 990 nm. Moreover, mode 3 resonates in
1071 nm and can be a higher-order mode. The resonance wavelength of this mode is close
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Fig. 7 Electric field distribu-
tions at wavelengths a 1003 nm,

b 1024 nm, and ¢ 1034 nm for P

different Kerr material \
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to mode 1, so it can merge the modes and eventually form a dark mode according to the
optical extinction spectrum. Based on CMT, the modes resonate when their phase reaches
180°. Therefore, as shown in Fig. 8b, the phases of all modes are 180° at their resonance
wavelength. Furthermore, the phase of mode 1 is about 130° and mode 2 is about 220°, at
collision wavelengths of these modes at 990 nm. So, in Fano dip, the phase difference is
about 90°. Therefore, the availability of modes coupling conditions, along with the phase
difference of about 90° at the coupling wavelength, provide the conditions for creating a
Fano response. So as a result, comparing to the scattering spectra in Fig. 4a, it is found that
modes 1 and 2 are playing an important role in making the Fano response.

As shown in Fig. 8, the approximate location of the Fano response can be predicted
using MS and characteristic angles diagrams. But when we are dealing with highly sym-
metrical structures, many degenerated modes appear as characteristic modes, and it will
be difficult to identify the wavelength in which the Fano occurred according to the MS
diagrams. The detection of the Fano response, according to the MS diagrams has been
done before in (Gholami et al. 2021), but in that paper, the number of points of modes col-
lision, was very high, so it is not possible to find the exact location of the Fano response
according to the location of the collision of the modes, alone. Therefore, other criteria need
to be considered to detect the Fano response. Since CMT, is an eigenvalues based method,
eigenvalues of modes can be used as another criterion for determining the Fano response.
It is shown in (Schab et al. 2016), that the eigenvalues of coupling modes are bending and

(0
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receding, but an intersection is shown in the eigenvalue diagrams for auxiliary modes. For
this reason, the eigenvalues of plasmonic metasurface, is shown in Fig. 9. As shown in
Fig. 9a, mode 1 is bended at a wavelength of about 990 nm and it is away from mode 2,
while this bending is not in the face of modes 3 and also mode 4. Mode 2 has no intersec-
tion with mode 3, but according to Fig. 8a, in the intersection of these two modes MS =0.5,
which is less than the required amount for coupling, therefore there are no coupling condi-
tions. On the other hand, mode 2 intersects with mode 4, so coupling between these two
modes cannot occur. Modes 3 and 4, also do not have this bending relative to each other, so
it is not possible to couple these two modes. Therefore, modes 1 and 2 are the modes that
created the Fano response, and the wavelength of the Fano dip, is at the bending point of
these modes. In Fig. 9b, the eigenvalues for modes 1 and 2 and their auxiliary modes, are
shown.

Auxiliary modes are uncoupled system modes and they are obtained through the follow-
ing equations (Schab et al. 2016):

_ AM+d f<f;

j‘a_{)’m_d f>f2 (8)
_JAm=d f<h

/1"_{/1’"+d > ©
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where f, is the frequency at which the modes bending, occurs, and 4,, is the eigenvalues
average of the principal modes. G and d are obtained from the following equations (Schab
et al. 2016):

G =min {|4, — A4,|/2} (10)

an

According to Fig. 9b, the auxiliary modes intersect at a wavelength of about 990 nm,
where the bending of main modes, is created. Therefore, in order to determine whether the
plasmonic structure has the ability to generate a Fano response or not, it is necessary to
pay attention to the eigenvalues of the main and auxiliary modes in addition to the MS and
characteristic angles diagrams. So, it is possible to determine the exact location of the Fano
response.

The effect of Kerr material on the behavior of modes in CMT is investigated in Fig. 10,
and the MS and characteristic angle diagrams are presented for the case when different
Kerr materials are placed in gaps. As mentioned before, the refractive index of the Kerr
material in a larger gap is 1.59 whilst it is 2.4 for the gaps in a smaller ring. The num-
ber of modes that are resonated in this wavelength range, is similar to the case where the
same Kerr material is used in the gaps. The only difference in the results is the resonance
wavelength of mode 2, shown in green, which now resonates at 987 nm. In this case, three
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modes collide at 1007 nm. At the intersection of modes, it is observed that, MS=0.9,
which is larger than what is shown in Fig. 8a. So, according to the definition of MS, a
more intense coupling has occurred and the resonance wavelengths of modes are getting
closer, which is also obtained by the optical extinction spectrum. In fact, the dark and
bright modes are merging and removing the Fano dip. Furthermore, according to the phase
diagram in Fig. 10b, the phase of mode 1 is about 160° and mode 2 is 200°, at the collision
wavelength of modes at 1007 nm. Therefore, the phase difference of the modes has reached
less than 45°, and in this case, the Fano response is converted to Lorentzian. Therefore,
using CMT and the phase of the modes at their coupling wavelength, the occurrence of
Fano resonance can be predicted.
Figure 11 shows the MS diagrams for auxiliary modes, given the following equations:

1
1+j4,

1
S =|—
4 ’1+j/1

a

12)

,MSb = ‘

Figure 11a is for the case where the same Kerr material is used in the gaps of the
rings, in which case we have already seen the Fano response. As shown in Fig. 11a,
these two modes have different radiation bandwidth. Figure 11b also shows the MS for
auxiliary modes in structures with different Kerr material in the gaps. The modes, in
this case, have the same radiation bandwidth. On the other hand, according to the defini-
tion of the Fano response (Butet and Martin 2014), we know that the Fano response is
due to the coupling of a bright wide mode with a narrow dark mode. Therefore, accord-
ing to the MS diagrams, the presence of the Fano response in the first case and the lack
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of Fano formation in the second case can be observed. Also, it is possible to distinguish
between bright and dark modes of the metasurface, which were previously only possible
by drawing characteristic currents (Gholami et al. 2021).

In Fig. 8 the distribution of characteristic currents at wavelengths of 950 nm and
1027 nm, are given, corresponding to modes 2 and 1 in Fig. 12, respectively. The
smaller ring has a higher current density at 950 nm (Fig. 12a), while in the larger ring
the current is almost near to zero. Also, in the smaller ring gaps, the current intensity
is very small, which is due to the low capacitance in this gap. These results are similar
to the near-field distribution previously obtained (Fig. 6). In fact, at lower wavelengths,
the smaller ring has the stronger field intensity and it is responsible for creating the first
mode in the extinction spectrum. The current distribution shows that with the presence
of a gap in the rings, the current distribution deviates from the dipolar state and takes
the form of a higher-order mode, similar to what was previously observed in the near
field distribution (Fig. 6a). Furthermore, a significant characteristic current is generated
in the larger ring at 1027 nm (Fig. 12b), and due to the near-field distribution in Fig. 6c,
the second mode in the extinction spectrum is created by this ring. The current of modes
is matched with the scattering of the metasurface, so mode 2 is a bright mode and mode
1 is a dark mode.

Figure 13 shows the characteristic currents for cases with different Kerr materials. Simi-
lar to the previous case, the wavelength of 987 nm corresponds to modes 2, where the
maximum characteristic current intensity happens in the smaller ring. Moreover, the char-
acteristic current of the larger ring is predominant at 1027 nm. Also, by comparing the
current distribution in the smaller ring gap in Fig. 13a with Fig. 12a, it can be said that the
current intensity has increased due to an increase in the capacitance in the gap. Moreover,
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by increasing the current density in one loop, the scattering diagram is more similar to the
Lorentzian line shape.

2.5 The parametric study of plasmonic metasurface

The effect of various parameters of the proposed structure, in controlling the switching
effect is investigated, including the distance between the nanorings, the nanorings’ thick-
ness, and the radius of the inner core. In all figures, the line diagram corresponds to the
same Kerr material with a refractive index of 1.59 in both gaps. The dashed line diagram
corresponds to the different Kerr material with a refractive index of 1.59 in the larger
ring gap, and a refractive index of 2.4 in the smaller ring gap. Figure 14a shows the effect
of edge-to-edge distance of the rings for d=10 nm, 20 nm, 30 nm, 40 nm. As shown in
Fig. 14a, in all cases, when the same Kerr material is used in both gaps, two resonances
are created and the Fano response is generated. The Fano dip is eliminated by changing the
refractive index of the Kerr material in the smaller ring to 2.4, so a Lorentzian resonance is
created.

In fact, despite the large distance of 40 nm between the nanorings, there is still a strong
coupling between the modes, and switching has occurred. It is noteworthy that a very high
coupling can be achieved using the Kerr material, even with a 40 nm distance between the
nanorings. In Fig. 14b, the effect of changing the inner radius of the smaller ring on the
optical extinction spectrum is investigated. The inner radius varies from 30 to 60 nm. At
a smaller radius, more resonances are observed for both, same and different, Kerr materi-
als. Increasing the inner radius reduces the number of resonances, and the resonant wave-
lengths are closer together and resulting in more intense coupling. The remarkable thing
about all these diagrams is that when different Kerr material is used in the gaps, the reso-
nance wavelengths get closer together. Also, as the radius increases, the shape of the spec-
trum gets closer to the Lorentzian response. Similar results are obtained for the larger ring
in Fig. 14c. The inner radius of the ring varies from 40 to 70 nm. At a smaller radius, more
resonances can be seen in the extinction spectrum. As the radius increases, the number
of resonances decreases to two resonances. In this case, the use of different Kerr materi-
als has increased the coupling and eliminated the Fano response. In fact, switching has
occurred between the Fano and Lorentzian responses. Comparing with Fig. 14b, it is found
that controlling the internal radius of the larger ring has a significant effect on the switch-
ing phenomenon in this structure. Finally, the effect of ring thickness is shown in Fig. 14d.
The thickness of the rings varies from 20 to 50 nm. When the thickness is =20 nm (red
diagram), the Fano response is seen in both cases. By increasing the thickness to 50 nm
(blue diagram), the coupling of the modes becomes stronger so that, a completely Lorentz-
ian resonance is observed for a different Kerr material.

3 Optical sensing performance

In this section, the performance of Metasurface as a sensor is examined and compared
with similar structures. For this purpose, the metasurface and the dielectric substrate are
covered by a layer with a thickness of 100 nm (inset in Fig. 15). The refractive index of
the material changed from 1 to 1.2 with a step of 0.05. The presence of external mate-
rial increases the capacitance of the metasurface, leading to a red-shift (shift to higher
wavelengths) of resonance wavelength that occurs in both modes (Fig. 15). Sensitivity
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Fig. 14 The effect of changing a
the edge-to-edge distance of the
rings, b the inner radius of the
smaller ring (Ry,s)), ¢ the inner
radius of the larger ring (R;, ),
and d the rings thickness
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is obtained according to S=AA/An. The proposed metasurface shows a sensitivity of
360 (nm/RIU) in the first mode and a sensitivity of 400 (nm/RIU) in the second mode,
which is a significant value for a Plasmonic sensor compared to similar structures in
Table 1.
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Fig. 15 Extinction spectrum

at different refractive index of
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shows how the material under
the test (MUT) is placed in the
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Table 1 Comparison of the proposed sensor with pervious study

Type Sensitivity (nm/RIU) Wavelength (nm)

This work Couples Ring 400 1003

Singh and Datta (2019) Au Nanorings 66 1530

Wang (2018) Coupled sphere 323-431 525-910
Figueiredo et al. (2020) Nanocomposites 176 580

Martinsson et al. (2014) Nanospheres 148 398

Martinsson et al. (2014) Nanocubes 204 444

Martinsson et al. (2014) Nanoplates 233 552

One of the uses of the plasmonic metasurface is to detect cancerous tissue in different
parts of the body, such as the liver. Healthy and cancerous tissues have different disper-
sion relationships due to their different biological and chemical composites. The refractive
index is an optical constant that plays an important role in describing the interactions of
light and matter. The medium for analysis of the metasurface sensor is liver tissue samples.
In (Giannios et al. 2016) the refractive index of healthy and cancerous human liver samples
has been measured in the visible and near-infrared wavelength. Using the data in (Giannios
et al. 2016), the complex refractive index of different liver tissues (normal or non-cancer-
ous (N), metastatic (MET), and primary liver tumor (HCC)) is obtained from (13):

ng=n,+in; (13)

According to the values given at different wavelengths, the real and imaginary parts of
the refractive index are obtained from the following equations:

n(4)=A+ % + %(/1 ¢ [um]) (14)
n,(A) = a.AY (4 : [nm]) (15)

where the values of A, B, C, a, and b for different tissues are given in Table 2 (Giannios
et al. 2016).

Figure 16 shows the optical extinction spectrum of metasurface for different liver tis-
sues. As shown in Fig. 16, the proposed metasurface has the ability to identify healthy
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Table 2 Fit parameters of various

) Tissue Real index fit parameters Imaginary
tissue groups index fit
parameters
A B(um?) C(um?) a b
N 1.35910 0.00827 —0.000576 196 1.27
MET 1.34127 0.00634 —0.000324 780 1.41
HCC 1.34348 0.00998 —0.000793 145 1.14
Fig. 16 Extinction spectrum for x10°

Iy

different liver tissues
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liver tissue from cancerous type, according to the corresponding refractive index values.
The normal tissue extinction spectrum shows two resonances at 1103 nm and 1181 nm,
while they occurred for malignant tissue, MET, at 1095 nm and 1167 nm, and for HCC
at 1097 nm and 1172 nm, respectively. By the definition of sensitivity, and considering
that according to the diagrams, the maximum wavelength shift is in the second mode, this
metasurface shows the maximum sensitivity of about 1000 (nm/RIU) in the diagnosis of
malignant liver tissues which is highly sensitive in the diagnosis of this cancer tissue.

4 Conclusion

In this paper, we have proposed a metasurface that, by using the Kerr material’s capability,
can overcome the challenges of creating short distances between nanoparticles, in the pro-
cess of fabricating plasmonic and quantum structures. In addition, it has been shown that
the proposed metasurface has the switching ability between Fano and Lorentzian response
in Fano dip wavelength, which makes it suitable for quantum computing. CMT has been
used to analyze the optical properties of the structure and we reveal the relation between
the phase of the characteristic modes and appearing of the Fano resonance as well as the
effect of the Kerr material on the frequency of dark and bright modes and Fano dip. We
have also shown that, unlike previous studies that have shown the approximate location of
the Fano response, the eigenvalues of CMT can be used to find the exact location of the
Fano response and we can also distinguish between dark and bright modes, with the help
of auxiliary modes, without needing to obtain characteristic currents. Finally, the perfor-
mance of the proposed metasurface as an optical sensor has been investigated and it has
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been shown that this sensor has a sensitivity of about 400 (nm/RIU) and it is able to distin-
guish healthy liver tissue from cancerous one with a sensitivity of 1000 (nm/RIU).
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