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Abstract: A perfect metal film with a periodic arrangement of cut-through slits, an anisotropic
metallic metamaterial film, mimics a dielectric slab and supports guided electromagnetic waves
in the direction perpendicular to the slits. Since the guided Bloch modes exist only below the light
line, conventional metallic metamaterial films do not exhibit interesting leaky-wave effects, such
as bound states in the continuum and Fano resonances. Here, we introduce metallic metasurface
superlattices that include multiple slits in a period and demonstrate that the superlattices support
the Fano resonances and bound states in the continuum. We show that the number of Fano
resonances and bound states depend on the number of slits in a period of superlattices through
rigorous finite element method simulations. Experimental results in microwave region also
support the creation of Fano resonance and bound states in the continuum by the increment of
the number of slits in a period of superlattices.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Manipulating electromagnetic waves by utilizing the planar subwavelength metastructures
that support the quasiguided Bloch modes, including one-dimensional (1D) gratings and two-
dimensional (2D) photonic crystal slabs, is of fundamental importance in photonics. While a
conventional layer of naturally existing dielectric material obeys the Fresnel equations and Snell’s
law [1], a periodic metasturcture film can capture the incident light owing to the lateral Bloch
modes and reemit the captured light resonantly [2]. With proper Fano or guided-mode resonances,
diverse unusual spectral responses, which cannot be achieved from naturally occurring materials,
can be realized in a significantly compact format, even as a single layer film. Various optical
devices, such as filters [3-5], reflectors [6,7], polarizers [8,9], sensors [10,11], and lasers [12,13]
have been realized based on the resonance effects.

In planar photonic lattices, the Fano resonances arise because the quasiguided Bloch modes
with finite Q factors resonantly exchange the electromagnetic energy with the radiating waves
in the radiation continuum. In some circumstances, however, the Bloch mode in the radiation
continuum is completely decoupled from the radiating waves and becomes a bound state in the
continuum (BIC), which has lately garnered considerable scientific interest [14—24]. BICs are
associated with diverse interesting physical phenomena, such as high-Q Fano resonances [25-28],
enhanced nonlinear effects [29], and topological natures [30-32]. Different types of BICs have
been studied in versatile photonic lattices [33-37].

In the past few decades, the utilization of periodic subwavelength metallic structures to create
artificial materials with unusual electromagnetic properties was significantly investigated [38—42].
It was shown that a perfect metal film with a 1D subwavelength arrangement of cut-through
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slits, i.e., an anisotropic metallic metamaterial film, can be considered as a dielectric slab and
support the guided modes propagating along the film [39]. The realization of Fano resonances
and BICs by utilizing perfect metal films is an interesting research topic because it could provide
new mechanisms to manipulate the electromagnetic waves, from microwave to far-infrared
wavelengths. However, to the best of our knowledge, no study has been conducted on the
Fano resonance and BIC in anisotropic metallic metamaterial films thus far. In this study, we
first examine why the conventional anisotropic metallic metamaterial films do not exhibit the
leaky-wave effects, and present anisotropic metallic metasurface superlattices supporting the
Fano resonances and BICs. Recently, extensive studies were performed on BICs and Fano
resonances in leaky-mode photonic lattices composed of all dielectric materials. We note that the
metallic metasurface introduced in this study can support BICs and Fano resonances only with
superlattice structures that possess multiple slits in a period, while dielectric photonic lattices
exhibit the leaky-wave effects irrespective of the number of meta-atoms in a period.

2. Conventional metallic metamaterial films

Figure 1(a) illustrates a conventional metallic metamaterial film with one slit in period a. The
thickness of the film is 4 and width of the air slit is w. The ambient and slit regions are assumed
to be air and the metallic parts are assumed to be perfect electric conductors. Generally, the
metamaterial film supports multiple transverse magnetic (TM,) modes propagating along the z
direction; moreover, by the analytical diffraction theory [39], the even (¢ = 0,2,4,...) and odd
(g = 1,3,5,...) modes satisfy the dispersion relations

¢ = cot(koh/2), (1)
and
¢ = —tan (koh/2), 2
respectively, where
B = fko sin(G,w/2) 2
¢= Z Gow/2 } ’ )

p==00 ‘[GIZ, - k02

with f = w/a and G, = k; + pK. Here, K = 2r/a is the magnitude of the grating vector and p
is an integer representing the diffraction order. The zeroth order transmission amplitude in the
subwavelength regime is given by

= A[(F/p>)/(1 + 1/ p)*]etkoh
P [- 1) (1+ 1/g) ek

from the diffraction theory. Figure 1(b) represents the photonic bands of the lowest even (g = 0)
and odd (g = 1) modes calculated by the diffraction theory (solid lines) and finite element method
(FEM) simulations (open circles), and Fig. 1(c) illustrates the corresponding spatial magnetic
field (H,) distributions at k; = 0.5 K, obtained by the FEM simulations when 4 = 2.5 a and
w = 0.2 a. While the TM, modes in ordinary dielectric photonic crystal slabs exhibit multiple
photonic bands, TM,, (n = 1,2,3,...), and band gaps, A, ,, between the TM,, and TM 1
bands in the radiation continuum as well as below the light line, as evident in Fig. 1(b), the
anisotropic metamaterial films allow only one band, TM, 1, for each TM,; mode below the light
line, and there is no band gap. We note that Egs. (1) and (2) cannot be satisfied in the gray region
of the radiation continuum because the ¢ in Eq. (3) has complex values above the light line. The
guided modes in the TM,,; bands below the light line are completely decoupled from the radiating
waves by total internal reflection; thus, there is no lateral resonance effect in the transmittance
curve through the metamaterial film, as shown in Fig. 1(d). To realize a Fano resonance and BIC,
therefore, higher-order TM, ,,»> bands in the radiation continuum are essential.
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Fig. 1. (a) Schematic of a metallic metamaterial film. (b) Photonic bands for the lowest
even (TMp) and odd (TM1) modes. (c) Spatial magnetic field (Hy) distributions of the TM
and TM;| modes at k; = 0.5 K. White regions indicate perfect metals. Band edge modes
have symmetric field distributions according to the mirror planes represented by dotted lines.
(d) Zeroth order transmittance through the metamaterial film. Solid lines and open circles
are obtained from the diffraction theory and FEM simulations, respectively.

The reason why the metallic metamaterial film, shown in Fig. 1(a), allows only one band
per mode without a photonic band gap can be understood from the origin of the photonic band
gap with the concept of “dielectric band” and “air band” in the photonic band structures of
a representative 1D photonic crystal that consists of alternating layers of dielectric materials.
Conventionally, the dielectric (air) band indicates the photonic band below (above) the first band
gap that opens at k, = 0.5 K. According to the electromagnetic variational theorem, photonic
band gaps arise because the modes in the dielectric (air) band tend to locate their field energy in
the regions of a high (low) dielectric constant [43]. One band edge mode has symmetric field
distributions, while the other one has asymmetric distributions with respect to the mirror plane
of symmetry because the band edge modes at the Brillouin zone boundaries should be standing
waves. In metallic metamaterial films, however, the field energy should be distributed only in the
narrow subwavelength slit regions because the electromagnetic waves cannot exist inside the
perfect electric conductors, as shown in Fig. 1(c). Hence, neither a higher-order TM, ,>> band
nor a photonic band gap exists in the perfect metal films with cut-through slits. In this study,
we use symmetry in two cases: (1) symmetry in x direction and (2) symmetry in supercell in z
direction. In our notation of TM, ,, ¢ and n is related to case (1) and (2), respectively.

3. Metallic metasurface superlattices
3.1. FEM simulations

We now introduce and analyze metallic metasurface superlattices that can support higher-order
photonic bands and band gaps. In the proposed concept, it is important to increase the degree
of freedom to distribute the electromagnetic energy by increasing the number of slits in a
period of superlattices. The photonic band structures and transmission properties of metasurface
superlattices are investigated by varying the slit parameters, such as the numbers, widths, and
positions, through FEM simulations. We note that the rigorous FEM simulations sufficiently
describe the dispersion and transmission properties of the photonic systems composed of perfect
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metals, as shown in Fig. 1. The thickness is set to 4 = 1.5 a and we limit our attention to the
lowest even TM( mode below ky/K = 0.5, because this simple case can sufficiently demonstrate
the key properties of the metallic metasurface superlattices.

Figure 2(a) shows the simplest metallic metasurface superlattice that contains two slits with
different widths in period a. Slits with width w; = 0.4 a are located at z = 0, +ta,+2 a, ... and
those with wy = 0.1 a are located at z = £0.5 a,+1.5 q, . . .. The simulated dispersion relations
illustrated in Fig. 2(b) show that the superlattice with two slits supports two photonic bands,
TMp,; and TMy,, and a photonic band gap, Ag 1, between the two bands. While the TMy; band
lies only in the white region below the light line, the TMg, band exists in the gray region of
the radiation continuum as well as below the light line. The spatial magnetic field distributions
plotted in Fig. 2(c) show that the band edge modes at k; = 0.5 K in the TMy ; and TMy bands
are well confined in the metasurface because they are protected by the total internal reflection,
but a Bloch mode at k, = 0 in the TMy 7 band is radiative out of the metasurface because it is in
the radiation continuum. The radiative Bloch modes in the TM > band generate Fano resonances
with the phase matching condition kg sin 8 = k; [44] in the transmission curves, as illustrated
in Fig. 2(d). Because the TMy, band is significantly flat in the grey region of the radiation
continuum, the position of resonances moves slightly in the transmission spectra with variations
in the incident angle 6.

(@. . o (¢) Hyatk=05K k=0
incident ™, ™, ™,

AT

symmetric | |asymmetric| | symmetric

0.5a

~ 70.561& y

(b) (d) ro
g 03 ! 8 os
5 band gap A, =
= 8 o
> N E
g 02 £ g o4
g 3 g resonances
g — ™, s e 02 il by TMg
=0T ™™, A
04 02 00 02 04 000508 029 030 031 032
k,/K Frequency (k,/K)

Fig. 2. (a) Metallic metasurface superlattice with two slits in a period. (b) Simulated
photonic bands for the lowest even TMy mode. (c) Spatial magnetic field distributions of
Bloch modes at k; = 0 and 0.5 K. (d) Zeroth order transmittance through the metallic
metasurface superlattice.

At k, = 0, as shown in Fig. 2(c), the Bloch mode has symmetric field distributions with a
period of a. At k; = 0.5 K, in contrast, the band edge modes in the lower TMy ; and upper TMg»
bands have symmetric and asymmetric field distributions, respectively, with a period of 2 a. In
conventional 1D dielectric photonic crystals, the band edge modes of the nth band gap, A,
should be symmetric or asymmetric standing waves with a period of a x 22~ Based on the two
constraints on the period of standing waves and field distributions in the slit regions, in metallic
metasurface superlattices, we conjecture that the number of degree-of-freedom-allocating field
distributions at k, = 0.5 K is the same as the number of slits in a period of superlattices. This
concept can then be extended to generic k, points. With our conjecture, metallic metasurfaces
with N slits in a period can allow N photonic bands and N — 1 band gaps for individual TM,,
modes. Alternative way to understand the reason why N slits generate N bands is to consider
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metasurface superlattices with NV slits as supercells with N resonators. In this case, air slits act
as resonators. NN supercell modes are formed owing to the evanescent coupling of N individual
resonant modes. Because the symmetry-protected BICs generally appear at the edges of the
second stop bands in diverse periodic photonic structures, it is to be expected that they will also
be found in metasurface superlattices with either three or more slits in a period.

Figure 3(a) illustrates a metasurface superlattice possessing three slits in period a. In principle,
even though there are multiple ways to select the position and width of slits in a period, for
simplicity, the slits with width w; = 0.3 a are located at z = 0, +a,+2 q, ... and those with
wy = 0.1 a (w3 = 0.1 a) are located at z = +a/3 (£2 a/3), +4 a/3 (£5 a/3), ---. As evident
from the dispersion relations represented in Fig. 3(b), the metasurface superlattice with three
slits in a period supports three photonic bands, i.e., TMy 1, TMo2, and TMy3, and two band
gaps, Ao, between the adjacent TMy, and TMo,+; bands. The simulated spatial magnetic
field distributions shown in Fig. 3(c) reveal that at k;, = O, the edge mode in the TMy> and
TMj 3 bands has symmetric and asymmetric field distributions, respectively, with a period of a;
moreover, at k; = 0.5 K, the Bloch mode in the TM( 3 band has symmetric field distributions
with a period of a/2. This occurs because the period of the standing waves at the edges of the
nth band gap, Ay, is given by a x 22 At k, = 0, while the symmetric mode in the TM,
band is radiative out of the metasurface, the asymmetric mode in the TMy 3 band becomes a
nonradiative symmetry-protected BIC. The existence of a BIC can be elucidated by investing
radiative Q factors in the grey region of the radiation continuum depicted in Fig. 3(d). In the
TMy 3 band, the symmetry-protected BIC exhibits a Q factor that is larger that 101 at k, = 0, but
the Q values decrease abruptly and become less than 10* as k, drifts from zero. We note that
in numerical simulations, it is common that the radiative Q factor of BIC is represented by a

0 (c Hy at k,=0 k,=0.5K
TMy 2 TMy 3 TMj 3

(a) incident

b
-a 2a/3 & ¥ symmetric | [asymmetric| | symmetric

(b) \ / (e) 10
<03 ]
\O o
< 3
>
Q =4
g o2 g
= =
B s

=
(d) 10"
5 10
2 10
Q
S ot
Q X

04 02 00 02 04 027 028 029 030 031 032
k,/K Frequency (k/K)

Fig. 3. (a) Metallic metasurface superlattice with three slits in a period. (b) Simulated
photonic bands for the lowest even TM( mode. (c) Spatial magnetic field distributions of
standing wave Bloch modes at k; = 0 and 0.5 K. (d) Radiative Q factors of the TMy | and
TMjp ;> bands in the radiation continuum. (e) Zeroth order transmittance at three different
incident angles.



Research Article Vol. 29, No. 14/5 July 2021/ Optics Express 21497 |
Optics EXPRESS A N \

limited high Q value. Radiative Q factor greater than 108 could be considered an infinite value
[30]. In the TMg> band, the Q values in the radiation continuum are less than 10 and there are
no abrupt changes in the Q factors. An embedded BIC can also be verified in the transmission
spectra represented in Fig. 3(e). At normal incidence with § = 0°, the metasurface with three slits
exhibits a low-Q resonance due to the leaky mode in the TMy» band, and the embedded BIC in
the TMy 3 band does not generate the resonance effect in the transmission spectra. In contrast, as
6 increases from zero, two resonances due to the TMg > and TMy 3 bands simultaneously appear
in the transmission spectra and their positions follow the phase matching condition kg sin 6 = k;.

The dispersion relations and transmission properties of metasurface superlattices were inten-
sively investigated herein by varying the number of slits in a period, and it was numerically
verified that N slits in a period of superlattices allow N photonic bands and N — 1 band gaps
for the TMp mode. As examples, the photonic band structures of the metasurface superlattices
with 5 and 7 slits, illustrated in Fig. 4(a), evidently show that 5 (7) slits in a period exhibit 5 (7)
photonic bands and 4 (6) band gaps. As demonstrated by the transmittance curves plotted in
Fig. 4(b), at normal incidence, two (three) Fano resonances are observed when the number of
slits is 5 (7), but when 8 = 10°, 4 (6) resonances are observed. In the simulations, the slits are
located at k;, = (m/N) X a, where m is an integer and N denotes the number of slits. The width of
the slits at k, = 0, + a, +2 q, . . . is w,, while that of others is w # w,. Because the metasurface
superlattices considered herein possess in-plane mirror symmetry with respect to the center of
slits with width w,, one of the two edge modes of band gap A, >, that opens at k; = 0 becomes a
symmetry-protected BIC (green solid circles) and the other mode with finite Q factors generates
a Fano resonance in the transmission curves. When 6 # 0°, therefore, the number of resonances
is equal to the number of bands (N — 1) in the radiation continuum. However, when 6 = 0°, the
symmetry-protected BICs are not shown in the transmission spectra.

3.2.  Microwave experiments

We now present experimental results with metasurface superlattices made up of aluminum.
Figure 5(a) illustrates microwave experimental set up consisting of two microwave horn antennas
(ETS Lindgren 3160-08) and two teflon lenses. Horn antennas are connected to a network
analyzer (Hewlett Packard 8720C). Experimental set up was surrounded by microwave absorbers
(blue materials). To obtain angle resolved transmission spectra, samples were mounted on a
rotation stage. TM-polarized microwaves were emitted from the source antenna (port 1) and
S»1 parameters through metasurface superlattices measured at the receiver antenna (port 2).
Metasurface superlattice samples with two and three slits in period a = 6.4 mm, as shown in
Figs. 5(b) and 5(c), respectively, were fabricated by introducing air slits in aluminum films with
the thickness 8 mm and size 21 cm X 27 cm through wire-cutting method. The width of slits
are w; = 2.56 mm and w, = 0.96 mm for the superlattice with two slits and w; = 1.28 mm and
wy = w3 = 0.64 mm for the superlattice with three slits, respectively.

Figures 5(d) and 5(e) illustrate measured angle resolved transmission through the aluminum
superlattice with two and three slits in period 6.4 mm, respectively. FEM simulated transmission
spectra are also plotted for comparison. As shown in Fig. 5(d), aluminum superlattice with
two slits in period 6.4 mm support only single Fano resonance irrespective of the measured
incident angle # < 50°. The resonance line corresponds to the TMy; band in Fig. 2(b). In
Fig. 5(d), the difference in frequency (~ 0.2 GHz) between experiment and simulation is caused
by small imperfection in the fabricated sample. When the number of slits in period 6.4 mm is
three, as shown in Fig. 5(e), two resonance lines corresponding to the TM > and TMy 3 bands
in Fig. 3(b) are observed in the measured and simulated angle resolved transmission spectra.
While the resonance line corresponding to the TMy» band is clear irrespective of incident
angle, the resonance line corresponding to the TMy 3 band gets blurry as the incident angle
approaches zero. At normal incidence with 6 = 0°, the Fano resonance disappears with the
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Fig. 4. (a) Simulated photonic bands TMj ,, when there are 5 and 7 slits in a period. (b)
Zeroth order transmittance through the metallic metasurface superlattice with an incident
angle of 0° and 10°. In the simulations, the slit widths are set as w, = 0.18 a (0.14 a) and
w = 0.08 a (0.06 a) when the number of slits is 5 (7).

symmetry-protected BIC in the TMy 3 band. A conventional metamaterial film with a siltin a
period was also fabricated by using aluminum film, and it was verified that the conventional
metamaterial film does not support Fano resonance irrespective of incident angle. We conclude
that the experimental results shown in Fig. 5 support the creation of Fano resonances and BICs
by the increment of the number of slits in a period of superlattices.

It is well known that the quality factor of resonant grating structures drops dramatically when
considering the limited dimensions of the array [45,46]. In this study, we performed microwave
experiment by employing metallic metasurface superlattice samples with a limited size (21 cm
X 27 cm). Experimental results were presented as only the proof of concept. For practical
applications, a detailed study on the effect of finite grating size is required and that may be the
issue of future work.
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Fig. 5. (a) Microwave experimental set up. TM-polarized microwaves are emitted from the
source antenna (port 1) and S,; parameters are measured by the receiver antenna (port 2).
Aluminum metasurface superlattice samples with (b) two and (c) three slits in period 6.4 mm.
Measured and simulated angle resolved transmission through the superlattice sample with
(d) two and (e) three slits in period 6.4 mm. In the FEM simulations, material parameters for
real aluminum were used.

4. Conclusion

In conclusion, we introduced metallic metasurface superlattices that contain multiple slits in a
period, and demonstrated that the metasurface superlattices support the Fano resonances and BICs.
Because the number of slits in a period is equal to the number of degree-of-freedom-distributing
electromagnetic energies in the slit regions, metasurface superlattices with N slits can support
N photonic bands and N — 1 band gaps. With nonzero incident angles, N — 1 resonances are
observed in the transmission spectra due to the N — 1 phase-matched Bloch modes. With normal
incidence, in contrast, the symmetry-protected BICs at the edges of A, 5, band gaps are not
shown in the transmittance curves. We fabricated aluminum metasurface superlattice samples
with two and three slits in a period, and experimentally observed 1 and 2 Fano resonances with
nonzero incident angle in microwave region. Our study is limited here to the lowest TMy mode
in 1D metastructures. However, the extension of this work to higher order TM,>> modes and 2D
superlattices is feasible. By appropriately designing the slit parameters, such as the numbers,
widths, and positions, the metasurface superlattices can be applied to generate diverse spectral
responses.
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