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Abstract: Plasmonic sensing that enables the detection of minute events, when the incident
light field interacts with the nanostructure interface, has been widely applied to optical and
biological detection. Implementation of the controllable plasmonic double Fano resonances
(DFRs) offers a flexible and efficient way for plasmonic sensing. However, plasmonic sensing
and digital metasurface induced by tailorable plasmonic DFRs require further study. In this work,
we numerically and theoretically investigate the near-infrared plasmonic DFRs for plasmonic
sensing and digital metasurface in a hybrid metasurface with concentric ¢-shaped-hole and
circular-ring-aperture unit cells. We show that a plasmonic Fano resonance, resulting from the
interaction between a narrow and a wide effective dipolar modes, can be realized in the ¢-shaped
hybrid metasurface. In particular, we demonstrate that the tailoring plasmonic DFRs with distinct
mechanisms of actions can be accomplished in three different ¢-shaped hybrid metasurfaces.
Moreover, the resonance mode-broadening and mode-shifting plasmonic sensing can be fulfilled
by modulating the polarization orientation and the related geometric parameters of the unit
cells in the near-infrared waveband, respectively. In addition, the plasmonic switch with a high
ON/OFF ratio can not only be achieved but also be exploited to establish a single-bit digital
metasurface, even empower to implement two- and three-bit digital metasurface characterized by
the plasmonic DFRs in the telecom L-band. Our results offer a new perspective toward realizing
polarization-sensitive optical sensing, passive optical switches, and programmable metasurface
devices, which also broaden the landscape of subwavelength nanostructures for biosensors and
optical communications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It is known that surface plasmons are collective electron density oscillations when light couples
with the conduction electrons on a metal/dielectric interface, which could induce prominent
electromagnetic field enhancement. The surface plasmon resonance that can exhibit propagated
or localized properties depends on the size and geometry of the structure, which has a wide range
of applications, such as biosensing [1—4], infrared remote sensing [5,6] and optical waveguide
[7], etc. The plasmonic metasurfaces that are ultrathin two-dimensional structures offer the
advantages of the ability to control light with arranged nano/micro-structures patterned on their
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surfaces, which can be readily fabricated in both the microwave and optical regimes [8—10].
The optical metasurfaces, which compose of periodic subwavelength unit cells arranged in a
specific order, can be applied for integrated optical devices owing to their artificial freedom in
design and device miniaturization. These optical metasurfaces indeed offer a universal platform
for flexible control of the amplitude, phase, and polarization of the incident light, which imply
greater functionality. Heretofore, there have been a dramatic increase in the study of metalens
[11,12], beam splitters [13,14], imaging spectrometers [15], optical filters [16], optical switching
[17], and so on, in optical metasurfaces.

Fano resonance (FR) first theoretically explained by Ugo Fano is characterized by a sharp
and asymmetric lineshape in the absorption profile of noble gas. This behavior is due to the
interference between a discrete state and a broad continuum of state, which have been adopted
to elucidate plenty of phenomena in various systems [18-21]. Recently, it has been shown that
plasmonic systems have proven to be the most active platforms for realizing FR and its applications,
since they are more suited for generating the coherent coupling effects [22-25]. Therein, a broad
resonance mode plays the role of the continuum state, while a narrow resonance mode can be
treated as a discrete state. Based on a spectrum overlapping in the transmittance or reflection
spectrum, the plasmonic FR typically occurs via the destructive interference between subradiative
(discrete state) and superradiative (continuum state) modes, forming hybridized bonding and anti-
bonding modes in metallic metasurfaces [26]. Moreover, compared with a single FR, plasmonic
DFRs that are more sensitive to the conformational variation of nanostructures have garnered
ever-increasing attention, such as optical filters [16], three-dimensional plasmon ruler [27], slow
light devices [28], and plasmonic sensing [29,30]. Furthermore, plasmonic DFRs have been
observed in asymmetrically split rings [31], all-dielectric oligomers [32—-34], and metallic cluster
chain [35,36], etc. In plasmonic multiparticle systems, a single FR grows out of the collective
resonances of multiple particles, with the modulation intensity and range of resonance modes
being limited. Whilst the plasmonic DFRs mostly appear in complex and multilayer structures,
with few of them supporting flexible amplitude modulation and multi-wavelength information
transfer and processing. The difficulties in the fabrication of multiparticle systems further impede
the realization of plasmonic DFRs and their practical applications. Therefore, designing a simple
and tailorable DFRs system to effectively tune the resonance modes, perform the same function at
different wavelengths, as well as switch between functionalities at a specific working wavelength
are of great significance in the application of optical metasurfaces. Additionally, the resonance
mode-broadening has been proved to be particularly suitable for detecting lossy nanoparticle, and
monitoring the change of resonance mode linewidth holds great potential in optical biosensing
[1,37]. The mode-shifting sensing, however, can be devoted to detecting changes in physical
parameters (such as heat, pressure and magnetic fields) surrounding the whisper gallery mode
(WGM) resonators [38]. Also, it has been demonstrated that the polarization-sensitive digital
metasurface is capable of yielding potential applications for metallic nanostructures in optical
communication [39] and information processing [40]. For the sake of preferably exhibiting the
plasmonic sensing and digital metasurface induced by the plasmonic DFRs, more investigations
are still quite needed.

In this paper, we numerically and theoretically study the near-infrared plasmonic DFRs for
the realization of plasmonic sensing and digital metasurface in a novel hybrid metasurface that
consists of periodic Ag film arrays with concentric ¢-shaped-hole and circular-ring-aperture
(CRA) unit cells. The results elucidate that the near-infrared plasmonic FR can be achieved due to
the interaction between a narrow and a wide effective dipolar modes, rendering the appearance of
double bonding and anti-bonding modes. Interestingly, the plasmonic DFRs can be implemented
in reduced-¢-shaped, ¢-shaped, and varied-¢-shaped hybrid metasurfaces, respectively, leading to
the triple bonding and anti-bonding modes under distinct mechanisms of actions. The simulation
results are well verified by both the multimode interference coupled mode theory and plasmon
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hybridization theory. Subsequently, the resonance mode-broadening plasmonic sensing can be
realized by varying the polarization direction of the incident light, whereas the mode-shifting
plasmonic sensing can be implemented by modifying the length of ¢-shaped-hole in the ¢-shaped
hybrid metasurface. In particular, based on the maximal and minimal of the transmittances
in the realization of plasmonic sensing, the novel compact dual-wavelength passive plasmonic
switches can be realized with the ON/OFF ratios (77) being 18.23 dB and 19.55 dB, respectively.
In this scenario, such plasmonic optical switches are beneficial to establish single-bit digital
metasurface induced by plasmonic FR, and then can be extended to two- and three-bit digital
metasurfaces mainly dominated by the plasmonic DFRs at the telecom L-band. Our results
provide the fundamental basis for optical sensing, optical digital processing, modulators, and
miniaturized wireless communication systems, and holds great promise for broad applications in
all-optical devices.

2. Structure and model

Herein, we propose a hybrid metasurface, which comprises of periodic hole arrays with concentric
¢-shaped-hole and CRA unit cells, as shown in Fig. 1(a). Quartz is chosen as the substrate with
the thickness and the dielectric constant being 225 nm and 2.25 [41], respectively. The silver(Ag)
film is adopted to construct nano-hole arrays on the quartz substrate with the thickness being
50 nm [42]. The dielectric constant of Ag film is defined by the improved Drude model due
to its low absorption loss in visible and near-infrared wavebands [43]. The incident light field
is a modulated ultra-short Gaussian pulse with the central wavelength being 1550 nm, which
acts vertically on the substrate and propagates along the positive Y-direction. The surrounding
medium is air with the refractive index being 1.0. A zoomed view of the unit cell of the hybrid
metasurface in the X—Z plane is presented in Fig. 1(b). P, and P, are the periodic length of the
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Fig. 1. (a) Schematic diagram of a hybrid metasurface, which consists of periodic silver
(Ag) thin-film arrays with concentric ¢-shaped-hole and circular-ring-aperture unit cells.
The linearly polarized incident pulsed light field propagates along the positive Y-direction,
which acts vertically on the Ag film from the side of the quartz substrate. (b) Zoomed view
of a unit cell of the ¢-shaped hybrid metasurface in the X-Z plane. The gray and white parts
respectively represent the Ag film and the air. R is the radius of the circular-hole with L and
W being the length and width of rectangular-hole, respectively, in ¢-shaped-hole unit cell. D
and R, are the width and outer radius of the circular-ring-aperture structure, respectively. Py
and P; are the periodic length of the Ag array in X- and Z-directions, respectively.
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periodic hole arrays in X- and Z-directions, respectively. The gray area represents Ag film, while
the white area denotes the air. R; is the radius of the circular-hole with L and W being the length
and width of rectangular-hole, respectively, in the ¢-shaped-hole unit cell. D and R, are the
width and outer radius of the CRA unit cell, respectively. The three-dimensional finite-difference
time-domain approach is used to analyze the optical transmittance characteristics of the hybrid
structure [44,45]. The pulse width is set to 5 fs, and the pulse center time is set as 16 fs. The
time step and grid size are set to 5 nm and 8.3 as, respectively, so as to satisfy the needs of the
numerical stability conditions. The perfectly matched layers are considered as the boundary
conditions on the front and back sides of the Y-direction, which can give rise to a reflectionless
absorbing medium that absorbs without any reflected electromagnetic waves at all frequencies
and angles of incidence [46,47]. Meanwhile, the X- and Z-direction of the hybrid metasurface
are selected as the periodic boundary conditions, which could ensure the continuous distribution
of media on the boundary. After the initial value and boundary conditions are given, alternate
sampling of electric and magnetic fields is carried out in every half time step, and then iterative
calculation is conducted. In order to realize real-time monitoring of the electromagnetic field
distribution, a monitoring surface is set at 200 nm above the Ag film.

3. Results and discussions
3.1.  Plasmonic Fano resonance in a hybrid metasurface

Here, we study the plasmonic Fano resonance (FR) in a hybrid metasurface that composes of
concentrical ¢-shaped-hole and CRA unit cells (see Fig. 2(c)), compared to two metasurfaces
with individual ¢-shaped-hole (see Fig. 2(a)) and CRA (see Fig. 2(b)) unit cells, respectively.
The polarization of the incident light is along the Z-direction. The periods (P, and P,) of the unit
cells of these metasurfaces all are set as 600 nm. The outer diameter (2R;) and the width (D) of
the CRA unit cells are set as 330 nm and 30 nm, respectively. As for the ¢-shaped-hole of the
individual and hybrid metasurfaces, the width (W) and length (2L) of the rectangular-hole, as
well as the diameter (2R;) of the circular-hole are set to 25 nm, 240 nm, and 110 nm, respectively.

As shown in Fig. 2(a), the transmittance spectrum of the metasurface with individual ¢-shaped
unit cells reveals an asymmetric line shape caused by the interaction between the electric dipole
(E;) and quadrupole (Q;) modes [48,49]. This process results in the occurrence of pure bonding
mode (@; + D;), which can also be ascertained by the charge distribution of Ag/air (top) and
Ag/quartz (bottom) interfaces in the inset of Fig. 2(a). In the light of the selective excitation that
is due to the incident light with specific polarization, this pure bonding mode can be viewed as
the effective dipolar mode (Df/)), even though the hybridized plasmonic wave functions contain an
admixture of @fp and Q; modes [48]. Meanwhile, the transmittance spectrum of the metasurface
with individual CRA unit cells depicts the pure bonding mode (Dfg , + Qfg,) that originates
from the interaction of electric dipole (fDéR ) and quadrupole (DéR ) modes, which can also be
verified by the charge distribution of the related wavelength (yellow dot marking) in the inset
of Fig. 2(b). As mentioned above, the bonding mode can also be considered as the effective
dipolar mode (DZCR A)- Itis noteworthy that the linewidth of the effective dipolar mode (Dfp) that
experiences weak radiation loss is narrower than that of the effective dipolar mode (D¢ , ) that is
highly radiative [21]. Thus, Dfp and D¢, , can be regarded as the subradiant and superradiant
modes, respectively [50,51]. As can be seen in Fig. 2(c), the interaction between the superradiant
(DZCR ) and subradiant (D%) modes leads to a pronounced spectral dip in the transmittance
spectrum of the hybrid metasurface, indicating the occurrence of plasmonic FR. Based on the
plasmon hybridization theory, the plasmonic FR renders the appearance of double bonding
(Dfp + D¢ ») and anti-bonding (Dfp — D¢ ) modes. This can also be confirmed by the charge
distributions (marked with green and purple dots, respectively) in the right side inset of Fig. 2(c).



Research Article Vol. 30, No. 4/14 Feb 2022/ Optics Express 5883 |

Optics EXPRESS N

0.4 T 1 1.0

T T T 1
@ o ) +

N 0.8 1
2 =
£ 0.6
g 0.2 1
] 0.4
s M <=
3] 0.2

0.0, 0.0 I I ]

1000 1500 2000 2500 1000 1500 2000 2500
0.6 T T ®
© 06 — Fitting — Simulation ~

@ = -
g 0.4
8 04r b
= 0.2
g 0 1000 1500 2000 250
S 0.2F ;
=

0.0

Il 1
1000 1500 2000 2500
Wavelength (nm)

Fig. 2. The near-infrared transmittance spectra of the periodic arrays of (a) individual
¢-shaped unit cells, (b) individual CRA unit cells, and (c) the hybrid metasurface, respectively.
The right side insets show the charge distributions at the labelled wavelength, which represent
the top (T) panel at the Ag/air interface and the bottom (B) panel at the Ag/quartz interface,
respectively. The insets in (a) and (b) exhibit the charge distribution of individual ¢-shaped
and CRA unit cells at the labelled wavelength, respectively, while the right side inset in (c)
shows the charge distribution of the hybrid metasurface. The left side inset in (c) shows the
involved transmittance spectrum of the hybrid metasurface, where the red and black solid
curves are the simulation and fitting results, respectively. The geometrical parameters of the
unit cell of the hybrid metasurface are given as follows: Px=P,=600 nm, R{=55 nm, L=120
nm, W=25 nm, D=30 nm, and R,=165 nm.

To further get insight into the underlying physical mechanism of the plasmonic FR in the
¢-shaped hybrid metasurface, the multimode interference coupled mode theory (MICMT) can
be used to verify our results [52]. It has been deomnstrated that, for multiple resonant modes
coupling, the coupling phases of different modes that correlate with each other have a profound
impact on their transmittance spectrum. In term of the single mode coupled mode theory, the
MICMT fundamental equations with coupling phases can be written as,

in in i in  ¢in in ! in
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where Siln(out) and Sizn(om) denote the field amplitudes for the input (output) ports, respectively.
vn1 and 7y, are the normalized coeflicients which are set as 1 in our scheme. a, is the field
amplitude of the n” resonant mode. w, and T, are the the resonant frequency and the decay
time of internal loss of the n”” resonant mode, respectively. 7,,; and 7, represent the decay time
of the coupling between the n” resonant mode and the environment, respectively. «,; and k2
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depict the coupling coefficients with 6,; and 6, being the coupling phases («;, and «;, are the
related complex conjugate terms), respectively. ¢, is the phase difference between the output and

input ports of the n” resonant mode. The MICMT is an effective tool for the study of plasmonic

FR phenomena, particularly multiple FRs in the hybrid metasurface. Thus, in case of Sizn =0, the
transmittance of the hybrid metasurface can be given as [53],

T- i 26 , 5)

- — Tn
o (W= wy)T +2+ -

with ¢, = @1 + 0,1 — 00 + ¢, being the total coupling phase difference for the double bonding
(D; +D{g ) and anti-bonding (D;j — D) modes. By using the MICMT to fit the transmittance
spectrum of the hybrid metasurface, the fitting (black solid line) is in a good agreement with the
numerical simulation (red solid line) in Fig. 2(c). The fitting parameters of the hybrid metasurface
were obtained as follows: N = 2, w; = 2.8416x 10" rad/s, wy = 1.5779%x10% rad/s, 7| = 155 fs,
T = 460 fS, TI0 = 110 fS, T0 = 195 fS, P11 = 0, and @2 = 0.26.

3.2.  Plasmonic double Fano resonances in three hybrid metasurfaces

In the following, as shown in Fig. 3, we study the controllable near-infrared plasmonic DFRs
in three hybrid metasurfaces that consists of reduced ¢-shaped, ¢-shaped and varied ¢-shaped
unit cells by adjusting the polarization angle of the incident light field and the width (D) of the
CRA unit cells, respectively. Among them, the reduced ¢-shaped hybrid metasurface (see the
right side of the inset in Fig. 3(a)) can be achieved by reducing a rectangle hole of the unit cell
in the negative X-direction of the ¢-shaped hybrid metasurface (see the right side of the inset
in Fig. 3(b)), while the varied ¢-shaped hybrid metasurface (see the right side of the inset in
Fig. 3(c)) can be achieved by adding a rectangle hole of the unit cell in the negative Z-direction
of the ¢-shaped hybrid metasurface. From Fig. 3(a), one can see that, with the polarization
angle of the incident light being 0°(along the Z-direction), there exists a plasmonic FR in the
near-infrared waveband (see the red dashed line). By varying the polarization angle of the
incident light to 45°, the depth and width of the plasmonic FR dip obviously decrease (see
the black solid line). In this case, the interaction between the double bonding (ber + DZCR A)
and double bonding (ber + D{g,) modes leads to the occurrence of the triple bonding mode
[(Df»r + DZCR A)+(D)<;>, + Dig )]s peaked near 1061 nm due to selective excitation under specific
polarization. It is important to notice that the degenerate coupling of double anti-bonding
(DZ D¢y ) and double bonding (D" + D) modes, peaked near 1705 nm, solely gives rise
toa trlple anti-bonding mode [(Dfp ) (D" + DY cra)] due to the reduced ¢-shaped unit
cell being excited asymmetrically [54, 55] Whlle the polarization angle of the incident light is
changed to 90° (along the X-direction), there is no plasmonic FR on this occasion (see the blue
dotted dashed line). These results demonstrate that the strong effective dipolar resonance mode
of the reduced ¢-shaped-hole can be explicitly activated only when the polarization direction of
the incident light is perpendicular to the long axis of the rectangular hole, so that the plasmonic
FR can be realized [56].

Under the same conditions, as for the ¢-shaped hybrid metasurface, a similar conclusion can
be made when the polarization angle of the incident light is 90° (see the blue dotted dashed line
in Fig. 3(b)), but the width of the plasmonic FR dip in the latter case is wider than that of the
former case with the polarization angle of the incident light being 0°(see the red dashed line
in Fig. 3(b)). Interestingly, as the polarization angle of the incident light is 45°, a new peak
appears between the plasmonic FR dip (see the black solid line in Fig. 3(b)), resulting in the
realization of plasmonic DFRs. Therein, as previously analyzed with plasmon hybridization
theory, the orange dot peaked at 1055 nm (see the black solid line in Fig. 3(b)) only denotes
the triple bonding mode [(Dfp +Dgg A)+(D2 + Dgg)l- The triple bonding mode, as a result of
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Fig. 3. The tailoring near-infrared plasmonic DFRSs in three hybrid metasurfaces. (a-c)
Transmittance spectra of the three hybrid metasurfaces with reduced ¢-shaped, ¢-shaped
and varied ¢-shaped unit cells, respectively, versus different polarization angles (0°, 45°, and
90°) of the incident light field. The charge distributions of the metasurface with ¢-shaped
unit cells at the labelled wavelength are shown in the insets, which represent the top (T)
panel at the Ag/air interface and the bottom (B) panel at the Ag/quartz interface, respectively.
(d) The transmittance spectrum for the ¢-shaped hybrid metasurface with the width (D) of
the CRA unit cells varying from 15 to 35 nm, when the polarization angle of the incident
light at 45°. (e) The transmittance spectrum for the varied ¢-shaped hybrid metasurface
with the width (D) of the CRA unit cells increasing from 15 to 35 nm, when the polarization
angle of the incident light at 90°. The other parameters are the same as Fig. 2.

selective excitation with specific polarization, is formed by the interaction between the double
bonding (Dfp + D¢g,) and double bonding (Dy + Dgg,a) modes. And the double bonding
mode (D + D{y,) can be put down to the interaction between two effective dipolar modes
(Dj; and D¢y, ), when the polarization angle of the incident light is 90° (see the blue dotted
dashed line). However, the brown and gray dots peaked at 1592 nm and 1864 nm (see the black
solid line in Fig. 3(b)) represent the appearance of triple bonding [(D’(;S + Dy A)+(Df/) = Dgg)l
and anti-bonding [(D; + Dig A)—(Dfp — D¢ga)] modes, respectively. The triple bonding and
anti-bonding modes are formed by the interaction between the double bonding (D’(; + Diga)
and double anti-bonding (Dfp — Dy ,) modes, which can also be verified from in the charge
distributions of the insets in Fig. 3(b).

For the varied ¢-shaped hybrid metasurface, similar conclusion (see the red dashed line in
Fig. 3(c)) can be made with reference to the ¢-shaped hybrid metasurface, when the polarization
angle of the incident light is 0°. In case of the polarization angle of the incident light being
90°, it is of great interest to find that the peaks positioned at 1176 nm and 1746 nm indicate
the presence of the double bonding (D, + D¢y ,) and anti-bonding (D’;, — Dgg,) modes (see
the blue dotted dashed line in Fig. 3(c)), respectively. This result arises from the interaction
between two effective dipolar modes (Dj;), and D¢y, ). Surprisingly, as the polarization angle of
the incident light is 45°, a new peak occurs between the FR dip peaked at 1160 nm (see the black
solid line in Fig. 3(c)), indicating the realization of plasmonic DFRs. In this case, there exists
only the occurrence of triple anti-bonding mode [(D%, — DZCR A)_(D:;)’ - D’éR )] near 1835 nm
(see the black solid line in Fig. 3(c)), which originates from the degenerate coupling between the
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two double anti-bonding modes. Moreover, the peaks of the transmittance spectrum peaked at
1064 nm and 1160 nm manifest the presence of the triple bonding [(D},, + D¢ A Dy, + De.
and anti-bonding [(Dfp, + D¢y A)—(Di;s, + Diga)] modes, respectively.

Next, we show how the width (D) of the CRA unit cells on the plasmonic DFRs in the ¢-shaped
and varied ¢-shaped hybrid metasurfaces, respectively. In the ¢-shaped hybrid metasurface,
the polarization angle of the incident light is fixed at 45°. For the relative small width of the
CRA unit cells (D = 15 nm), there exists only plasmonic FR dip in the transmittance spectrum
(see the red line in Fig. 3(d)), and the degenerate coupling of double anti-bonding (Dfp = D¢ga)
and double anti-bonding (D’fZS + Dig,) modes occurs near 1705 nm, owing to the ¢-shaped
unit cell being excited asymmetrically. As the width (D) keeps increasing, one can note that
both double bonding (D; - DZCR ) and double bonding (D’q‘) + Dy ) modes shift to smaller
wavelength, without showcasing the degenerate coupling. When the width (D) increases to 25
nm (see the brown line in Fig. 3(d)), a split appears at the left shoulder of the spectrum (located
at 1845 nm), followed by the appearance of a new Fano dip, i.e., plasmonic DFRs. With the
increase of the width (D = 30 nm), the width and depth of the new Fano dip become wider
and deeper. When the width (D) increases to 35 nm, the width and depth of the new Fano
dip get even wider and deeper, resulting in the presence of triple distinct peaks (see the blue
line in Fig. 3(d)). With the increase of the width (D), the width and depth of the two Fano
dips blueshift, which is mainly attributed to the gradual blueshift of resonant wavelength of
the CRA structure. At the same time, the MICMT agrees well with the numerical simulation
by using Equation (5), as shown in the pink circles in Fig. 3(d), when the width D equals
to 30 nm. The fitting parameters of this plasmonic DFRs can be given as follows: N = 3,
w1 = 2.8336 x 10" rad/s, w, = 1.8855 x 10" rad/s, w3 = 1.6006 x 10'* rad/s, 7; = 60 fs,
T = 97 fS, T3 = 105 fS, T10 = 285 fS, 0 = 345 fS, T30 = 435 fS, Q1 = 0, @y = 0.0314, and
@3 = 0.1571. For the varied ¢-shaped hybrid metasurfaces, by fixing the polarization angle of the
incident light at 45°, similar conclusions can be obtained, when the width D is changed from 15
nm to 35 nm. When the polarization angle of the incident light is fixed at 90°, it should be noted
that a tunable plasmonic FRs can be realized by varying the width (D) of the CRA unit cells
of the varied ¢-shaped hybrid metasurface. Therein, the depth (width) of one of the Fano dips,
located at the shorter wavelength side, first increases (decreases) then decreases (increases), while
the depth (width) of the other Fano dip that locates at the longer wavelength side just increases
(decreases) when D is changed from 15 to 35 nm. Moreover, the MICMT also agrees well with
the numerical simulation by using Equation (5), as shown in the pink circles in Fig. 3(e), when
the width D equals to 30 nm. The fitting parameters of this plasmonic DFRs can be given as
follows: N = 4, w; = 3.5328 x 10'* rad/s, wr = 3.2222 x 10'* rad/s, w3 = 2.5514 x 10'* rad/s,
wy = 1.7329 x 10" rad/s, 71 = 1700 fs, 7 = 1550 fs, 73 = 370 fs, 74 = 255 fs, 719 = 1 fs,
T = 75 fS, T30 = 165 fS, T40 = 225 fS, P = 0, Yy = —0.90, Y3 = —0.11 and P4 = 0.32.
These results elucidate that, by adjusting the polarization angle of the incident light field and
the width (D) of the CRA unit cells, the near-infrared plasmonic FR and DFRs with different
physical mechanisms can be achieved in reduced ¢-shaped, ¢-shaped and varied ¢-shaped hybrid
metasurfaces, respectively. Simultaneously, we also show that the width and depth of the Fano
dips, in varied ¢-shaped and ¢-shaped hybrid metasurfaces, can respectively be controlled by
modulating the related geometric parameters of the unit cells, where the transmittance spectra
significantly rely on the width of the CRA unit cells. The tailorable plasmonic DFRs may have
broad practical applications in plasmonic sensing [22,57], plasmonic optical switches [23], and
digital metasurface [40,58,59], as well as polarization-selective multispectral imaging applications
[60], where the hybrid metasurfaces can be directly mounted on a charge-coupled-device camera
[61].
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3.3.  Plasmonic sensing induced by single FR and DFRs

It is found that the resonance mode-broadening and mode-shifting sensing are self-referenced
detection mechanisms. The mode-broadening sensing that has been proven to be particularly
suitable for detecting lossy nanoparticle and monitoring the change of mode linewidth holds
great potential in optical biosensing [1,37]. However, the mode-shifting sensing can be devoted
to detecting changes in physical parameters surrounding the WGM resonators, such as pressure,
heat, and magnetic fields [38,62]. Here, we focus on the polarization-sensitive resonance
mode-broadening sensing and geometric-parameter-dependent mode-shifting sensing in the
¢-shaped hybrid metasurface. When the polarization angle of the incident light is 0° (see the red
curve in Fig. 4(a)), the transmittance spectrum exhibits a maximal peak at 1055 nm (peak-I) that
represents the double bonding mode (Df;S + Digo)» resulting from the Purcell effect caused by
the WGM mode generated by the CRA unit cells [63]. When the polarization angle is changed
from 0° to 90° in 10° step, the peak value of peak-I decreases gradually, with a minimum that it
is in the context of 80° (see the blue curve in Fig. 4(a)). This is mainly due to the rectangular
part of the ¢-shaped structure is not explicitly activated, when the polarization direction of the
incident light is nearly parallel to the ¢-shaped-hole structure. When the polarization angle of
incident light changes from 30° to 60°, it is important to note that the presence of peak-I reveals
the plasmonic DFRs in the near-infrared waveband, which is the selectively excited triple bonding
mode formed by the interaction between the double bonding (Dé) + Dy ) and the double bonding
(D’(; + Dig,) modes. Moreover, when the polarization angle of the incident light is changed
from 0° to 360° in 10° step, the transmittance spectra disclose different degrees of anisotropy,
which also promise new capabilities for plasmonic sensing and switch, as shown in Fig. 4(b).
Also, the full width at half maximum (FWHM) of the peak-I decreases exponentially as the
polarization angle varies from 0° to 80°, as shown in Fig. 4(c). This phenomenon confirms that
the exponential decay trend is a universal scaling behavior of the related plasmon coupling, and
can be applied for achieving the high-sensitivity plasmonic sensing, which is independent of the
shape and size of the nanostructure, the metal type, as well as the surrounding dielectric medium
[64]. Furthermore, by adjusting the length (L) of ¢-shaped-hole from 220 nm to 260 nm in 10
nm step, the geometric-parameter-dependent mode-shfiting plasmonic sensing can be realized in
the ¢-shaped hybrid metasurface, as shown in Fig. 4(d). In particular, the center wavelengths of
peak-I and peak-II are redshift. It can be obviously seen that the transmittance of peak-I increases
linearly (the red line in Fig. 4(d)), while that of the peak-II decreases exponentially (the green
line in Fig. 4(d)). This behavior is conducive to monitoring and analysis of the biomolecular
binding events [65,66]. Consequently, the polarization-sensitive resonance mode-broadening
and geometric-parameter-dependent mode-shifting plasmonic sensing in the ¢-shaped hybrid
metasurface may have a wide range of applications in polarization cameras, biomedicine, and
optical fiber communication.

3.4. Passive plasmonic switches and single-bit digital metasurface

It is noteworthy that the maximal and minimal of the transmittances can be established as the
“ON” and “OFF” states of the plasmonic switch at the corresponding wavelengths, respectively.
In our scheme, for the central wavelengths of 1055 nm and 1592 nm, their transmittance spectra
can be controlled by adjusting the polarization direction of the incident light, as shown in Fig. 5(a).
By shifting the orientation of the incident polarization may be possible to perform optical switch
operation. The ON/OFF ratio (r7) and modulation depth (MD) can be written as [67,68]:

o
n = 10log,, (%) (6)

MD = (1 - @) x 100%, @)

ON
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where 7on and Jopr are the transmittances of “ON” and “OFF” states at the corresponding
wavelength, respectively.

In Fig. 5(a), the “ON” and “OFF” states of the dual-wavelength passive plasmonic optical
switches are displayed in the ¢-shaped hybrid metasurface. For the case of the center wavelength
at 1055 nm, the “ON” state of the plasmonic switch can be achieved with the transmittance being
Jon = 0.5774, when the polarization direction of the incident light (along the Z-direction) is
perpendicular to the ¢-shaped-hole unit cells. Whilst the “OFF” state of the plasmonic switch
can be acquired with the transmittance being 7orr = 0.008268, when the polarization direction
of the incident light (along the X-direction) is parallel to the ¢-shaped-hole unit cells. Thereby,
the ON/OFF ratio (1) and the modulation depth (MD) of the central wavelength (1055 nm) can
be obtained as 18.23 dB and 98.6% by using Equation (6) and Equation (7), respectively. For the
case of the center wavelength at 1592 nm, which is located at the telecom L-band (1565~1625
nm), the transmittances of the “ON” and “OFF” states are 7orr = 0.009018 and 7on = 0.8135,
respectively. Simultaneously, the ON/OFF ratio (17) of the center wavelength (1592 nm) can be
obtained as 19.55 dB with the MD being 99%. These results indicate that a novel dual-wavelength
passive plasmonic switches can be realized in the near-infrared region, which is a compact and
passive device without adding another active pump light field in the hybrid metasurface. These
polarization-sensitive dual-wavelength passive plasmonic switches, which contain high ON/OFF
ratios, are advantageous to enhancing applications in optical communication with high flexibility
and designability.
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Fig. 4. The resonance mode-broadening and mode-shifting sensing in the ¢-shaped hybrid
metasurface. (a) The transmittance of the hybrid metasurface peaked at wavelength 1055 nm
with different polarization angle of the incident light field. (b) Polar plots of the transmittance
corresponding to peak-I. (c) The full width at half maximum (black square) and exponential
fitting (red solid curve) of peak-I versus different polarization angle of the incident light
field, respectively. (d) is the peak values of peak-I (black blocks) and peak-II (blue dots)
with the length (L) of ¢-shaped-hole increasing from 220 to 260 nm in 10 nm step, which
are fitted by linear (red solid line) and exponential functions (green solid curve), respectively.
The other parameters are the same as Fig. 2.

In order to further explore the physical mechanism of the plasmonic switches, we show the
electric field distribution and the related polarization angles of the incident light of the ¢-shaped
hybrid metasurface in Fig. 5(b). With regard to the “ON” state of the plasmonic switch at
1055 nm, when the polarization direction of the incident light (0°, along the Z-direction) is
perpendicular to the ¢-shaped-hole unit cells, the strongest LSP resonance can be explicitly
activated. This results from the presence of plasmonic FR, producing the double bonding mode
(D; + Digp)- The Purcell effect caused by the WGM mode generated by the CRA structure
can further enhance the resonance intensity of ¢-shaped-hole structure. However, with respect
to the “OFF” state of the plasmonic switch at 1055 nm, when the polarization direction of the
incident light (90°, along the X-direction) is parallel to the ¢-shaped-hole unit cells, there is
no obvious strong resonance occurring between the ¢-shaped-hole and CRA unit cells in the
¢-shaped hybrid metasurface. To the “ON” state of the plasmonic switch at 1592 nm, when the



Research Article Vol. 30, No. 4/14 Feb 2022/ Optics Express 5889 |

Optics EXPRESS : N

10T

b
n
\

0.07

, Transmittance

Min

90°

o
ation ng\e( )

len, — .
8th m) 100040 porariZ

Fig. 5. Polarization-sensitive dual-wavelength passive plasmonic optical switches and
single-bit digital metasurface. (a) The 3D surface-colormap surface with projection of
passive plasmonic optical switches versus different wavelength and polarization angles of
the incident light, with the high ON/OFF ratios being 18.23 dB and 19.55 dB for the center
wavelengths at 1055 nm and 1592 nm, respectively. (b) The electric field distribution and
the related polarization angles of the incident light of the ¢-shaped hybrid metasurface at
the central wavelength of 1055 and 1592 nm, respectively. Based on the characteristics
of optical switches, the single-bit digital metasurface can be obtained with binary digital
elements that the “OFF” and “ON” states are encoded as “0” and “1”, respectively. The
other parameters are the same as Fig. 2.

polarization direction of the incident light is along the X-direction, the strong resonance does
not emerge between the ¢-shaped-hole and CRA unit cells in the ¢-shaped hybrid metasurface,
but only leads to the appearance of plasmonic FR with the double bonding mode (D; + Degp)-
For the “OFF” state of the plasmonic switch at 1592 nm, when the polarization direction of
the incident light is along the Z-direction, the strongest LSP resonance can also be successfully
activated in the ¢-shaped hybrid metasurface, rendering the PIT effect with a dip near 1592
nm [69,70]. These results encapsulate that once the “ON” state of one of the dual-wavelength
plasmonic switches occurs, the “OFF” state can be achieved at another wavelength under the
same conditions, and vice versa. Furthermore, it should be noted that, with specific geometry,
the origin of this anisotropy-optical-switch phenomenon is the in-plane asymmetric structure of
the ¢-shaped unit cells in the ¢-shaped hybrid metasurface [71].

In accordance with the characteristics of the plasmonic switches, a single-bit digital metasurface
can be obtained by encoding the “OFF” and “ON” states as “0” and “1” elements, respectively. It
should be noted that the linearly polarized resonance can be defined as digital bits only if the
ON/OFF ratio and modulation depth are larger than 10 dB and 90%, respectively. The physical
implementation of this binary digital elements requires different responses to obtain significant
amplitude changes in the transmittance spectra. In this sense, we define the amplitude responses
of the transmittance spectra for the elements as:

n
ﬂn = 5(76N_76FF)7H=0’ 1""707 (8)

where Q = (2% - 1) with B being the number of bits. By using the Equation (8), the single-bit
digital metasurface can be achieved with 8 = 1 and n = 0, 1. This implies that the high ON/OFF
ratios dual-wavelength plasmonic switches are possible to allow for two types of single-bit digital
metasurface in the ¢-shaped hybrid metasurface.
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3.5. Two- and three-bit digital metasurface induced by plasmonic DFRs

For the sake of preferably exhibiting the digital metasurface induced by the plasmonic DFRs, we
aim at the two- and three-bit digital metasurface on the basis of the ¢-shaped hybrid metasurface,
which operates at the telecom L-band (1565 ~ 1625 nm). It has been demonstrated that the
polarization-sensitive single-bit digital metasurface can be extended to two-bit or more [40].
For the two-bit digital metasurface, it can be established at the telecom L-band with the center
wavelength being 1592 nm. According to Equation (8), with 8 = 2 and n = 0, 1, 2,3, the
amplitude responses of the transmittance spectra for the elements can be defined as “00”, “017,
“10”, and “117, respectively. Simultaneously, the polarization angles of the incident light are set
as 6 = 0°, 36°, 56°, and 90°, respectively. It is worth noting that, by varying the polarization
angle of the incident light, the transmittance spectra change from plasmonic FR (6 = 0°) to
plasmonic DFRs (6 = 36°and 56°), and then evolve in the absence of plasmonic FR (6 = 90°).

In Fig. 6(a), the eight polarization angles of the incident light (6 = 0°, 21°, 31°, 40°, 48°, 56°, 66°
and 90°) elicit different amplitude responses in the transmittance spectra for achieving a three-bit
digital metasurface at 1592 nm. According to Equation (8), with 8 =3 andn =0,1,2,--:,7, we
can define the amplitude responses of the transmittance spectra for the elements “000”, “001”,
“0107, “0117, “1007, “101”, “110” and “111”, respectively. As shown in Fig. 6(a), when the
polarization angle of incident light is 0° (21°), the amplitude response transmittance spectrum can
be defined as “000” (“001”), see the red (yellow) curve in Fig. 6(a)). When the polarization angles
are 31°, 40°, 48°, and 56°, the amplitude responses transmittance spectra (see the purple, black,
green, and wine-red curves in Fig. 6(a)) can be set as “010”, “011”, “101”, and “110”, respectively.
When the polarization angles are 66° and 90°, the amplitude responses transmittance spectra
can be installed as “110” and “111” (see the orange and blue curves in Fig. 6(a)), respectively.
As shown in Fig. 6(b), for the CRA unit cells of the hybrid metasurface, the orientations of the
E-field distributions are coincide with the polarization directions of the corresponding incident
light. However, for the ¢-shaped unit cells of the hybrid metasurface, the orientations of the
E-field distributions show that they are symmetric (6 = 0° and 90°), but are asymmetric (6 =
21°, 31°, 40°, 48°, 56°, and 66°) with respect to the axes (X- and Z-direction). This can be
ascribed to the geometric configuration of the ¢-shaped-hole unit cells being asymmetric along
the polarization direction of the incident light. It is worth noting that, by varying the polarization
angle of the incident light, the transmittance spectra change from plasmonic FR (6 = 0°, 21°) to
plasmonic DFRs (6 = 31°, 40°, 48°, and 56°), and then develop in the absence of plasmonic FR
(8 = 66°,90°). For this three-bit digital metasurface, the size of subwavelength nanostructures
may be suitable for the integration and extension with the speed and high bandwidth of dielectric
photonics, which also offer a much greater degree of flexibility in rapid data transmission and
signal processing without adding complex control circuits. Thus, the proposed ¢-shaped hybrid
metasurface device can perform numerous functions and serves as a theoretical foundation for
applications in optical sensing, optical digital processing, optical communication, and optical
switches in the near-infrared waveband.

Besides, It is well known that the magnetron sputtered system seems to be an optimal platform
allowing for the deposition of metals thin films onto a wide range of substrate [72]. In many
situations, magnetron sputtering often outperform other techniques that is formed by conventional
physical vapor deposition techniques, leading to the presence of high-quality metallic Ag film. In
this way, first, magnetron sputtering is a widely used process for fabricating a thickness of 50
nm Ag film on a quartz substrate. For the quartz substrate, the silicon substrate was boiled (one
hour at 393.15 K) in an H,SO4 : H,O, composite solution (3:1), and then cleaned ultrasonically
in acetone and deionized water, as well as dried with nitrogen. These processes result in the
formation of a natural oxide layer that is the quartz substrate [73]. Second, a focused-ion
beam technique can be used to produce extremely symmetrical nanoholes with diameters of
sub-5 nm. After developing in a developer solution, the hybrid metasurface can be obtained
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Fig. 6. The polarization-sensitive transmittance spectra for the three-bit digital metasurface
at the center wavelength 1592 nm. (a) The amplitude responses of the three-bit digital
metasurface by encoding the polarization-sensitive transmittance spectra with the polarization
angle 6 being 0°, 21°, 31°, 40°, 48°, 56°, 66° and 90°. (b) The “000”, “001”, “010”, “011~,
“1007, “1017,110” and “111” coding elements are realized at 1592 nm. These eight
subgraphs show the electric field distributions on the related polarization direction of the
incident light. The other parameters are the same as Fig. 2.

with ¢-shaped-hole and CRA unit cells [74]. For the measurement of the transmission spectra,
the hybrid metasurface is illuminated with a modulated ultra-short Gaussian pulse, with the
polarization direction of the incident light being modulating by the polarization controller. Finally,
a homebuilt optical system can be used to collect the transmitted signal by a spectrometer with a
charge-coupled device detector [75]. Herein, the Gaussian pulse can be focused on the hybrid
metasurface by one of the near-infrared objective lenses, while the transmittance light is collected
by the other near-infrared objective lens. Therefore, the proposed three different ¢-shaped hybrid
metasurfaces can be fabricated, and the plasmonic sensing and digital metasurface via DFRs can
be observed in the experiment.

4. Conclusions

To sum up, we have studied the plasmonic DFRs for the realization of plasmonic sensing and
digital metasurface in a novel hybrid metasurface that consists of periodic Ag film arrays with
concentric ¢-shaped-hole and CRA unit cells. It is shown that the near-infrared plasmonic FR,
which originates from the interaction between the superradiant (DZCR ) and subradiant (DY)
modes, can be realized. By adjusting the polarization angle of the incident light field and the

width (D) of the CRA unit cells, we show that the near-infrared plasmonic DFRs with different
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physical mechanisms can be achieved in reduced-¢-shaped, ¢-shaped, and varied-¢-shaped
hybrid metasurfaces, respectively. In particular, the triple bonding and triple anti-bonding
modes yielding from the plasmonic DFRs, which are well verified by the multimode interference
coupled mode theory, can be illustrated in detail based on the plasmon hybridization theory
under the polarization angle of the incident light being 45°. Therein, for the reduced-¢-shaped
hybrid metasurface, the triple bonding (anti-bonding) mode originates from the interaction
between the double bonding and double bonding (anti-bonding) modes with selective excitation
(degenerate coupling). For the ¢-shaped hybrid metasurface, the triple bonding mode stems
from the interaction between double bonding and double bonding (anti-bonding) modes with
(without) selective excitation, while the triple anti-bonding mode results from the interaction
between the double bonding and double anti-bonding modes. For the varied-¢-shaped hybrid
metasurfaces, the triple bonding mode arises from the interaction between the double bonding and
double bonding modes, but the triple anti-bonding mode roots in the interaction between double
anti-bonding (bonding) and double anti-bonding (bonding) modes with (without) degenerate
coupling. The width and depth of the Fano dips of the plasmonic DFRs can be controlled by
modulating the related geometric parameters of the unit cells in ¢-shaped and varied ¢-shaped
hybrid metasurfaces, respectively. Subsequently, the polarization-sensitive resonance mode-
broadening plasmonic sensing can be realized by varying the polarization direction of the incident
light, whereas the geometric-parameter-dependent mode-shifting plasmonic sensing can be
implemented by modifying the length (L) of ¢-shaped-hole in the ¢-shaped hybrid metasurface.
Based on the maximal and minimal of the transmittances, the novel compact dual-wavelength
passive plasmonic switches can be achieved with the ON/OFF ratios (17) being 18.23 dB and
19.55 dB, respectively. In doing so, the dual-wavelength plasmonic optical switches are beneficial
to establish two types of single-bit digital metasurface whose “OFF” and “ON” states are encoded
as “0” and “1”, respectively. Furthermore, for the sake of preferably exhibiting the digital
metasurface induced by the plasmonic DFRs, the two- and three-bit digital metasurface can be
accomplished by encoding the four and eight different amplitude responses of the transmittance
spectra as the elements at the telecom L-band, respectively. Our findings provide the fundamental
basis for optical sensors, optical digital processing, modulators, and miniaturized wireless
communication systems. More importantly, unlike the electronically controlled counterparts,
this optically controlled hybrid metasurface can be extended to all-optical devices, which also
holds great promise for broad applications.
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