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Polarization Switching Between Electric and Magnetic
Quasi-Trapped Modes in Bianisotropic All-Dielectric

Metasurfaces

Andrey B. Evlyukhin,* Maria A. Poleva, Alexei V. Prokhorov, Kseniia V. Baryshnikova,

Andrey E. Miroshnichenko, and Boris N. Chichkov

A general strategy for the realization of electric and magnetic quasi-trapped
modes located at the same spectral position is presented. This strategy’s
application makes it possible to design metasurfaces allowing switching
between the electric and magnetic quasi-trapped modes by changing the
polarization of the incident light wave. The developed strategy is based on two
stages: the application of the dipole approximation for determining the
conditions required for the implementation of trapped modes at certain
spectral positions and the creation of the energy channels for their excitation
by introducing a weak bianisotropy in nanoparticles. Since excitation of
trapped modes results in a concentration of electric and magnetic energies in
the metasurface plane, the polarization switching provides possibilities to
change and control the localization and distribution of optical energy at the
sub-wavelength scale. A practical method for spectral tuning of quasi-trapped
modes in metasurfaces composed of nanoparticles with a preselected shape
is demonstrated. As an example, the optical properties of a metasurface
composed of silicon triangular prisms are analyzed and discussed.

resonances of metal'- and dielectricl*-°]
nanoparticles, correspondingly. Another
approach is based on the collective
resonances of nanoparticle structures,
and their periodic arrays.”*! Since res-
onant responses are associated with
the excitation of strong electromagnetic
fields in and around the nanoparti-
cles and nanoparticle structures, mod-
ern nanophotonics is mainly focused on
investigations of resonant light-matter
interactions. The development and ap-
plications of resonant responses signifi-
cantly depend on the absorption proper-
ties of nanostructures. In contrast to plas-
monic structures, where light absorption
is one of the main mechanisms of energy
losses, resonant dielectric nanostruc-
tures allow accumulation and concentra-
tion of optical energy at the nanoscale

1. Introduction

Manipulations and control of strong light-matter interactions in
artificial nanoparticle structures are in the focus of current re-
search activities. One approach is based on the resonant single-
particle responses, including localized surface plasmon and Mie

with negligible losses. The efficiency of
light energy concentration in dielectric nanostructures depends
on the individual nanoresonators’ quality factor (Q-factor) and
the nanostructure’s collective resonances. Recently it has been
shown that all-dielectric structures and 2D nanoparticles arrays
(metasurfaces) can support ultra-narrow resonances associated
with, so-called, trapped modes or bound states in the contin-
uum (BICs).['%"5] The trapped modes or BICs are protected
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eigenmodes of optical systems remaining perfectly localized
without radiation into free space.l'] This provides infinite Q-
factor resonances and perfect confinement of optical energy and
makes these modes very attractive from fundamental and appli-
cation perspectives.['’1] True optical trapped modes are theoreti-
cal objects that can only be realized in ideal lossless infinite struc-
tures. In real practical cases, similar states can be obtained by
distortion or perturbation of ideal structures’ configuration prop-
erties. In this case, the trapped modes are converted into quasi-
trapped modes (quasi-BICs).I?’] The excitation of quasi-trapped
modes leads to a high Q-factor resonance in the transmission and
reflection spectral®!l and strong near-field enhancement, which
may initiate the lasing,[??l nonlinear,*l and thermal?*] processes
in the nanostructure.

In this paper, a general strategy for realizing electric and mag-
netic quasi-trapped modes located at the same spectral position
is developed. We focus on the design and theoretical investiga-
tions of metasurfaces allowing the switching between the elec-
tric and magnetic quasi-trapped modes by changing the incident
light wave’s polarization. This opens up new possibilities for the
concentration and control of electromagnetic energy at the sub-
wavelength scale. We consider quasi-trapped modes, which can
also exist in finite-size nanostructures and metasurfaces, which
is essential for experimental verification of the obtained theoret-
ical results.

2. Electric and Magnetic Trapped Modes

In order to realize polarization switching, the physical mecha-
nisms leading to the existence of electric and magnetic trapped
modes should be clarified. Numerical calculations are not suit-
able for this purpose because of their implicit formalization.
Therefore, we apply an analytical approach based on the multi-
pole technique. In this case, each particle in the metasurface is
replaced by its multipole moments located at the center of mass.
When the particle size is small enough compared to the incident
electromagnetic wave’s wavelength, the multipole representation
can be limited only by the dipole terms. The optical properties of
such particles are determined by their electric @° and magnetic
@™ dipole polarizability tensors.

2.1. Trapped Modes as Symmetry Protected BICs

We consider an infinite metasurface with a square elemen-
tary cell composed of identical dipole particles irradiated by a
monochromatic light plane wave at normal incidence. In this
conditions, all particles have the same electric p and magnetic
m dipole moments satisfying the following equations (2]

(1 —@°S)p = £,e@°E (1)
1 -a"S")ym =a"H 2)

where E and H are the external electric and magnetic fields of the
incident wave in the metasurface plane, ¢, and ¢4 are the vacuum
permittivity and relative dielectric permittivity of the surrounding
medium, S¢ and 5™ are the tensors of electric and magnetic dipole

Laser Photonics Rev. 2021, 15, 2100206 2100206 (2 of 10)

www.lpr-journal.org

sums accounting for the electromagnetic interaction between the
dipoles arranged into a periodic lattice of the metasurface, 1 is the
unit 3 X 3 tensor. Note that the above equations correspond to a
local response theory where the dipole moments are determined
by local fields and do not depend on their spatial derivatives(2®]
(an extended model with nonlocal bianisotropic responses will
be given below). In the international system of units, one has
Sm =5 =3, These dipole sums depend on the metasurface pe-
riod d, the incident wavelength 4 in the surrounding medium,
but are independent on particle characteristics and properties, so
that S = S(d, 4). Assuming that the metasurface lattice is located
in the xy plane at z = 0 of the Cartesian coordinate system, due
to the lattice periodicity in the x and y directions, the tensor S be-
comes diagonal with the non-zero elements S,,, S, , and S,,.1*’]
Moreover, for metasurfaces with a square elementary cell the con-
dition S,, = S, = S is satisfied. We assume also that the parti-
cle polarizabilities are diagonal matrices with the elements af ,
a;y’ and af, for @° and o, a;ﬁ, and o for @”. In general, these
elements’ values can depend on the particle shape, size, and di-
electric permittivity, and the incident light wavelength.

The trapped modes (symmetry-protected BICs) of the meta-
surfaces correspond to solutions of Equations (1) and (2) in the
absence of external fields.[?] These modes are localized within
the metasurface and are not able to emit energy in the far field
zone.[?) Assuming zero external fields, we obtain from Equa-
tions (1) and (2)

1 1
(a_ﬁ_s>1”u=0’ (W‘%)mu:o 3)

1 1
— -5 =0, (—-5 =0 4
(a;z z)pz (a;nz Z>ml ()

where o, p;, and m, are the corresponding in-plane (in the xy-
plane) components of the polarizabilities and dipole moments.
As has been discussed in Subsection VIIL.B of ref. [30], in a non-
diffractive regime, when the metasurface period is smaller than
the incident wavelength, Equation (3) have only trivial solutions
(py = 0 and m = 0). Therefore, no trapped modes can be associ-
ated solely with the in-plane components of the dipole moments.
Unlike Equation (3), solutions to Equation (4) may differ from
zero in the case of nonabsorbing dipole scatterers.[**! Conditions
for the existence of non-trivial solutions can be obtained from the
two independent equations

L s -0=t-s (5)
@, @,
L s -0=L=s, (6)
@ @

Equation (5), involving only electric dipole coupling, corresponds
to an electric trapped mode, and Equation (6), involving only
magnetic dipole coupling, corresponds to a magnetic trapped
mode. Spectral positions of the electric and magnetic trapped
modes can be found using Equations (5) and (6), respectively.
From these equations, one can get an important conclusion: to
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Figure 1. Real part S/ of the dipole sum S, calculated for different peri-
ods d of metasurfaces with square (d X d) elementary cells and for a fixed
wavelength (4 > d) corresponding to the wave number k = 27z/4 in the
medium surrounding metasurfaces.

have the trapped modes at the same spectral position, the follow-
ing condition
1 1

. - =3 7
Pt )
should be satisfied.

Expressions for the imaginary S and real S, partsof S, = S_ +
iS. are presented by

[ < cos kdij sin kdij cos kdij )
Sl == - - (8)
m S d; kd; kzd;.
and
2 IX 2 fsinkd, coskd; sinkd;
=4 ( Lt ) ©)
4z oty ot i kdij k dij

where d;; = dv/i> + j, k is the wave number in the surrounding
medium, and the term with dy, = 0 is excluded from the sums.
Note that Equations (8) and (9) contain explicit sum limits com-
pared to similar equations in ref. [31]. Figure 1 demonstrates the
period behavior of normalized S, calculated using a method de-
scribed in ref. [30]. Note that the presentation in Figure 1 does
not change when the refractive index of the surrounding homo-
geneous medium changes. By direct analytical calculations, it
is possible to show that in non-diffractive case (when A > d or
kd < 27) the imaginary part has the following form

S, =-k*/(6n) (10)

On the other hand, for a dielectric non-absorbing particle having
diagonal tensors of the electric @ and magnetic @™ dipole polar-
izabilties, we have from the optical theorem!332]

sL-gL =—k*/(67) (11)

at a™
zz zz
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Thus, in a non-diffractive case, the condition (7) for the imaginary
parts are satisfied in the spectral range where kd < 2z. In order
to fulfil the condition (7) for the real parts, we can apply different
tuning procedures. We can suggest three possibilities.

i) Predetermined particle. One can find the spectral point (1'),
where R(A?/af ) = R(47/a) = A for a given single parti-
cle, and then, using the curve in Figure 1, one finds the
value S x A* = A and determines the corresponding period
d/ A" of the metasurfaces composed of such particles and
supporting the electric and magnetic trapped modes at the
same wavelength.

ii) Predetermined wavelength. For a given wavelength A’, one
chooses the geometry and size of dielectric particles for
which R(A%/a’)) = R(4?/a) = Ais fulfilled, and then, us-
ing the curve in Figure 1, one finds the value S/ x 4% = A
and determines the corresponding period d/4’ of the meta-
surfaces.

iii) Particle tuning (an especially resonant case). It has been
shown[3334] that by tuning the geometrical parameters of sin-
gle particles, it is possible to get excitation of their electric
and magnetic dipole resonances at a certain spectral position
with Ay, where R(1/a¢ ) = R(1/al) = 0. Therefore, for the
realization of both trapped modes at this resonant condition,
we can only consider the spectral position in Figure 1 corre-
sponding to S, = 0. As a result, we get the period d = 0.714,
for the metasurface composed of such particles and support-
ing the electric and magnetic trapped modes at A,. It is im-
portant to note that the “particle tuning” case can also be
used to determine the periods of metasurfaces supporting
a trapped mode of the only electric or magnetic type. To ac-
complish this, one should consider the electric or magnetic
dipole resonant wavelength A" separately so that the corre-
sponding period d will be equal to 0.714] (see Figure 1).

It may happen that the period value d, determined by the sug-
gested strategies, is smaller than the lateral (in-plane) dimen-
sions of particles, and hence such metasurface cannot exist. In
this case, the particles with other material parameters (with a
higher value of the refractive index) should be considered. If the
nonlocal contributions to the dipole moments are not negligible,
Equations (1) and (2) will change (see the next subsection) due
to the additional terms with the space derivatives of electromag-
netic fields, and consequently, conditions for the realization of
trapped modes may be modified. However, if the dipole approx-
imation is applicable, the nonlocal corrections of the dipole zz-
polarizabilities are still small in the optical range.2°]

The choice of the suggested strategy depends on the applica-
tions. For example, for (iii) strategy it is known in advance that the
period of metasurfaces, supporting the trapped modes, is 0.7,
(where 4, is the wavelength corresponding to the dipole reso-
nances of single particles and the trapped modes). It means that
if we have (after an optimization procedure) nondispersive di-
electric particles for which R(1/a%) = R(1/a!") = 0 at a certain
resonant 4, we can redetermine (change) the value of the reso-
nant 4, to another spectral range by simple proportional changes
of the particle size, and then construct a metasurface with cor-
responding proprieties. The advantage of (i) strategy is that one
does not need any additional optimization procedure for particle
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Figure 2. Top view of disks with a hole and triangular prisms: a) with and b) without rotational symmetry around the z-axis. c) Top view of a fragment of

the metasurface composed of silicon prisms.

sizes and shapes. It can be used when one has a fixed set of dielec-
tric antennas. One has to choose the antenna for which the real
parts of inverse electric and magnetic dipole polarizabilities coin-
cide at certain wavelength and then to construct the metasurface
supporting the trapped modes at this wavelength. The strategy
(ii) is similar to the strategy (i) but in this case we have to choose
a dielectric antenna for which R(1/a%) = R(1/a2") is fulfilled at
the required wavelength. For both (i) and (ii) cases no resonant
conditions for % and a/*" are required. Later in this article, we
use strategy (i) as an example.

2.2. Quasi-Trapped Modes

The considered trapped modes correspond to the symmetry pro-
tected BICs(!#28] that cannot radiate in the far-field zone and,
therefore, cannot be excited by external incident plane waves. To
excite them from the far field, one has to perturb the symmetry
properties of the system. One of the frequently used ways is intro-
ducing a regular asymmetric parameter characterizing the devia-
tion of the particle shape from its symmetrical counterpart.[123]
As a result of such transformation of particles, their dipole po-
larizability tensors get bianisotropic off-diagonal elements®!] as
a consequence of the nonlocality of their optical response. In this
case, Equations (1) and (2) are replaced by

(1 - S)p aemSm = ge@’E+c;'a""H (12)

—c@™Sp+ (1 - a"S)m = ¢,@™E + @"H (13)

where ¢, is the light velocity (in the surrounding medium with
£g), @™ and a™ are the tensors of bianisotropic polarizabilities
which allow excitation of the particle electric dipole by the mag-
netic field and the particle magnetic dipole by the electric field,
correspondingly. Remind that Equations (12) and (13) are written
for normal incidence of the external plane waves.

The trapped modes considered above (or the symmetry-
protected BICs) arise due to the electromagnetic coupling be-
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tween the corresponding out-of-plane dipole moments, that is,
oriented perpendicular to the metasurface plane. However, such
dipole moments cannot be excited by normally incident plane
waves if the metasurface consists of particles with in-plane rota-
tional symmetry, such as spheres, disks, cubes, cones, symmetric
prisms, etc. This corresponds to the practical rule: a light plane
wave does not excite the longitudinal (colinear to wave propa-
gation) component of dipole moments of a scattering particle
if the direction of its propagation coincides with the rotational
symmetry axis of the particle. Therefore, in order to excite the
metasurface’s trapped modes, the particles’ in-plane rotational
symmetry must be broken. Two examples of symmetry break-
ing for disk and prismatic particles are shown in Figure 2. Intro-
duction of such symmetry breaking leads to the appearance of
bianisotropic off-diagonal polarizabilities a and a?."] Apply-
ing the magnetoelectric optical theorem for particles with bian-
isotropic properties,*®! Equation (11) is replaced with

1 k2 laZs|?

Sa—m =—§ <1+W (14)
2z zz
1 K laZy?

S = <1 T (15)
2z 2z

This indicates a distortion of the existence conditions for trapped
modes compared to a metasurface with symmetric particles. As
a result, the pure trapped modes are transformed into quasi-
trapped modes with a finite spectral width. Nonetheless, we may
expect that, because of a weak asymmetric perturbation, the sec-
ond terms in the brackets of Equations (14) and (15) remain
small, and the spectral positions of the magnetic and electric
quasi-trapped modes can be estimated from the resonant con-
ditions

RL_-5 and L=y (16)
am €
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Figure 3. Absolute values (in arbitrary units) of the longitudinal (co-linear to wave propagation) z-component of the a) magnetic m, and b) electric p,
dipole moments for silicon prisms irradiated by plane waves propagating along the z-axis and having electric polarization along a) x-axis and b) y-axis.
For clarity, the inset above the main pictures illustrates the Cartesian coordinate system’s orientation and changes of the prism bases with the increasing
angle f. The dipole moments are calculated with respect to the prism center of mass.

respectively. Note that the quasi-trapped modes’ excitation is also
accompanied by strong electric and magnetic near fields in the
metasurface plane.

In the following sections, we show how the discussed approach
can be applied to develop metasurfaces composed of silicon trian-
gle prisms (see Figure 2c) with a possibility of polarization switch-
ing between the electric and magnetic quasi-trapped modes in
the near-infrared spectral range. To do this, we will apply the first
(i) possibility described above.

3. Optical Response of Silicon Nanoprisms

We consider silicon nanoparticles in the form of triangular
prisms with the relative dielectric permittivity e, = 12.67. The
dimensional parameters are chosen to obtain the prism’s elec-
tric and magnetic dipole responses in the near-infrared spec-
tral range, where light absorption in silicon is negligible.’”] In
this paper, the total electric field E in the prisms and the cor-
responding scattering cross sections (SCSs) are calculated nu-
merically using the finite element method (FEM) in COMSOL
Multiphysics. Then the induced polarization P = ¢(e, — £5)E or
the displacement current density j = —iwP can be calculated us-
ing the obtained field, where w is the angular frequency and the
time dependence exp(—iwt) is considered. After that, the multi-
pole moments and their contributions to the SCS are calculated
following the method described in ref. [38]. The Cartesian mul-
tipole moments of the scatterers are calculated following their
definitions presented in ref. [39, 40]. The dipole polarizabilities
are calculated using the approach described in ref. [31]. The di-
electric constant e = 1, and the electric field amplitude of the
incident linear-polarized plane wave is chose to be equal 1 Vm™!
for all simulations.

Figure 3 presents spectra of the longitudinal z-components of
the magnetic and electric dipole moments excited in the prisms
with different base angles g (see the inset in Figure 3) by plane
waves propagating along the z-axis normally to the prism base.

Laser Photonics Rev. 2021, 15, 2100206 2100206 (5 of 10)

All prisms have the same height and volume (the corresponding
parameters for § = 40° are shown below). One can see that the
dipole z-component can be excited in all prisms except that with
the equilateral triangle base (8 = 60°). Notably, the type (electric
or magnetic) of the dipole z-component is determined by the in-
cident wave’s polarization. For the electric- (magnetic-) polariza-
tion directed perpendicular to the bisector of the g angle, only
the longitudinal z-component of the magnetic (electric) dipole
moment is excited.

In the following simulations we assume that the prism bases
are isosceles triangles with g = 40° providing conditions for exci-
tation of the z-component of electric or magnetic dipole moments
by light plane waves propagating along the z-axis. In order to have
the electric and magnetic dipole resonances in the spectral range
A =900-1200 nm, we choose silicon prisms with the following
geometric parameters: the prism height H =300 nm, the radius
of the circumscribed circle of the base triangle R =222 nm, and
the angle f = 40°.

In Figure 4a,b one can see that the SCSs are determined by
only contributions of the electric ED and magnetic MD dipole
terms, the contributions of the electric EQ and magnetic MQ
quadruple terms are negligible. In accordance with the results
in Figure 3 the waves polarized along the x-axis (perpendicular
to the bisector of the § angle) generate the ED moment p, only
along the x-axis (see Figure 4c), whereas the MD moment has two
components: m, along the incident magnetic field and m, along
the wavevector of the incident light wave (see Figure 4e). For the
electric y-polarization we have the MD moment m, only along
the x-axis (Figure 4f) and the ED moment has two components
p, and p, (see Figure 4d). The longitudinal dipole components m,
and p, are excited due to the bianisotropic response of the prism
with polarizabilties a¢ and aZ".

Figure 5a,b show ‘that for the side irradiation the SCSs are
also determined only by the ED and MD contributions. In ad-
dition, the E,-polarized wave generates the ED p = (0,0, p,) (see
Figure 5c) and the H,-polarized wave generates the MD m =
(0,0, m,) (see Figure 5d). Applying the approach described in ref.

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

85U8D|7 SUOWIWIOD 3AIIR.D 3ol jdde 8Ly Aq peusenob aJe sajolie O ‘8sn 4O Sa|nJ 10} Afeiq 18U UO 4|1/ UO (SUORIPUOD-PUR-SUBY W00 A IM AReaq1 Ul juO//Sd1Y) SUORIPUOD PUe W 1 8U388S *[£202/90/20] Uo A1 8ulluO A8|1M ‘Auew.eD aueiyood Ag 90200120z 10d1/200T OT/I0p/Wod" A8 | 1M Aled 1 Bul|uo//SdY Wol pepeojumod ‘ZT ‘T20Z ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

O Ty . " .
900 950 1000 1050 1100 1150 1200
A (nm)

900 950 1000 1050 1100 1150 1200

A (nm)

5x10'22 }
A —Rm, (e)
3_

&

€ 2r

<

£ 1

-2
900 950 1000 1050 1100 1150 1200

A (nm)

www.lpr-journal.org

0 I F ooy S RO S S S
900 950 1000 1050 1100 1150 1200
A (nm)

—wp)| ()

p(C-m)

2 - -
900 950 1000 1050 1100 1150 1200
A (nm)
%1072
al (f)
— 27 1
~N
€
Et’o
£
-2
4 . .
900 950 1000 1050 1100 1150 1200

A (nm)

Figure 4. a,b) Spectra of the normalized scattering cross sections o /B (where B is the area of the prism base) with corresponding multipole decompo-
sition calculated for the silicon prism. Irradiation conditions are shown in the insets. Components of the c) electric and e) magnetic dipole moments
excited in the prism at the irradiation condition shown in to the inset in (a). Components of the d) electric and f) magnetic dipole moments excited in

the prism at the irradiation condition sown in the inset in (b).

[31], the polarizabilities a’, and &% can be obtained from equa-
tions

b +p;

e _ 1z z 1
%2 = 26, E(0) (17)
and

m-—m>
m__ oz oz (18)

T Ao/ o) E()

where y, is the vacuum magnetic permeability, p* and p are
the ED components obtained for the direct (along the x-axis) and
inverse irradiation shown in the inset in Figure 5a (the electric
polarization is the same for both incident wave directions), re-
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spectively; m} and m_ are the MD components obtained for the
direct (along the x-axis) and inverse irradiation shown in the in-
set in Figure 5b (again the electric polarization is the same for
both incident wave directions), respectively; E(0) is the incident
electric field at the point of the ED and MD location (in this paper
this is the electric field amplitude of the incident wave).

Spectral behavior of the normalized inverse polarizabilities is
presented in Figure 6. The imaginary parts of 2*/a¢_and 4*/a
have the numerical value close to (—4x%/3) corresponding to
Equations (14) and (15) with small contributions of bianisotropic
(nonlocal) terms. The real parts of the normalized inverse polar-
izabilities intersect at the wavelength A’ ~ 1025 nm and take the
value ~5 (see black circle in Figure 6).

To estimate the period d' of the metasurfaces composed
of such prisms and supporting the electric and magnetic

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. a,b) Spectra of the normalized scattering cross sections o /B (where B is the area of the prism base) with corresponding multipole decompo-
sition calculated for the silicon prism. Irradiation conditions are shown in the insets. c) Components of the electric dipole moment excited in the prism
at the irradiation condition shown in the inset in (a). d) Components of the magnetic dipole moment excited in the prism at the irradiation condition

shown in the inset in (b).
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Figure 6. Normalized inverse electric and magnetic zz-polarizabilities of
the prism calculated using the dipole moments presented in Figures 5¢,d,
respectively. The black circle indicates the point where R(1/af,) =

R(1/al).

quasi-trapped modes at the same wavelength, we can apply the
(i) procedure described above. Using Figure 1, we can find that
S/ x 4* =5 at d/A ~ 0.8 corresponding to d’ = 0.84' = 820 nm,
where 1’ corresponds to the crossing of R(1/al) and R(1/a’,)
in Figure 6. The next section will show that the obtained period is
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in complete agreement with the results obtained by more general
full-wave numerical simulations.

4. Quasi-Trapped Modes in Metasurfaces
Composed of the Prisms

The dipole method described above gives us information about
the periodicity of the metasurface. However, since this is only an
approximate approach, in general cases, the metasurface period
may differ slightly from that obtained in the dipole approxima-
tion for bianisotropic particles. Therefore, the last stage of the
proposed procedure should include numerical verification and
fine-tuning of metasurface periodicity supporting polarization
switching between the quasi-trapped modes.

Using the Lumerical calculation facilities, we simulate the
transmission coefficients of metasurfaces composed of the
prisms with parameters corresponding to Figure 5 and orienta-
tion as in Figure 2c with angle g directed along y—axis (see Fig-
ure 3). The centers of mass of every prism are located in the z = 0
plane. The metasurface is irradiated by normally incident light
plane waves with the electric polarization directed along the x- or
y-axis. The obtained results are shown in Figure 7. One can see
that for both polarizations, the transmission spectra have narrow
resonant features around A = 1000 nm. For the period d = 777
nm, these resonances are spectrally separated. However, by tun-
ing the periodicity, it is possible to keep these resonances at the
same spectral positions, as shown in Figure 7b for the period
d = 820 nm. Note that this period d = 820 nm coincides with the
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Figure 7. Numerically calculated transmission spectra of the metasurfaces composed of the silicon prisms irradiated by normally incident light plane
waves with different polarizations. The metasurface periods are a) d = 777 nm and b) d = 820 nm. The arrows indicate the electric (e-QTM) and magnetic

(m-QTM) quasi trapped modes (QTMs).

value d’ = 820 nm obtained above in the dipole approximation.
The estimated Q-factors of these narrow resonances reach values
up to several thousands.

To prove that these resonances indeed correspond to the elec-
tric or magnetic dipole coupling, we present electric and mag-
netic field distributions in different planes crossing the elemen-
tary cell of the metasurface (see Figure 8), which are calculated
at the position of narrow resonances shown in Figure 7b. In Fig-
ure 8 one can see (for the xp-plane) that for the E,-polarization
the total electric field is concentrated at the center of the prism,
whereas the magnetic field is distributed like a ring around the
electric field. Such distribution exactly corresponds to the ED re-
sponse of the prism. For the E, -polarization, one has an inverse
situation: in the xy-plane the magnetic field is concentrated at the
prism center, and the electric field has a ring distribution around
the center corresponding to the MD response. Thus, at the same
spectral position, polarization switching allows excitation of two
resonances corresponding to the electric quasi-trapped mode (e-
QTM) and magnetic quasi-trapped mode (m-QTM). One can see
in Figure 8 that these modes are associated with the generation of
strong electric and magnetic fields inside and around the prisms.
Under the e-QTM (m-QTM) excitation, the total electric (mag-
netic) field has the maximum value about of 200 (300) times
greater than the electric (magnetic) field of the incident wave.
The spatial distribution of these fields can be controlled by the
incident waves’ polarization (see Figure 8).

It is important to emphasize that the metasurface period sup-
porting the ED and MD quasi-trapped modes at a given spectral
position has been determined in advance by using the polarizabil-
ities of single prisms and the general curve shown in Figure 1.

5. Conclusion

Theoretical approach for the design of metasurfaces, support-
ing the electric and magnetic quasi-trapped modes (quasi-BICs)
located at the same spectral position, has been developed and
demonstrated. In the framework of dipole approximation, the
general conditions for the realization of such modes, connect-
ing single particles’ optical properties with the metasurface lattice

Laser Photonics Rev. 2021, 15, 2100206 2100206 (8 of 10)

periodicity, have been formulated. Possibilities for tuning these
modes to the required spectral position using a combination of
analytical and numerical methods have been suggested. This ap-
proach has been applied for the development of metasurfaces
composed of silicon triangle prisms. It has been shown that one
can perform switching between the electric and magnetic quasi-
trapped modes located at the same infrared spectral position by
changing the incident light polarization. Since the trapped modes
are associated with the excitation of strong electric and magnetic
fields in the metasurface, the polarization switching opens a way
to sub-wavelength manipulation of the electromagnetic fields.
Moreover, using a circularly polarized wave, both quasi-trapped
modes can be excited simultaneously. The suggested effects cre-
ate new opportunities for the application of metasurfaces with the
trapped modes in a wide electromagnetic spectral range from the
optical to radio frequencies.
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