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The optical properties of Janus-type hybrid silicon-gold nanocylinders are theoretically studied. We show that
the inhomogeneity of the internal material in these particles causes a strong bianisotropic response. Their lack
of inversion symmetry formally determines the bianisotropic response of hybrid nanocylinders. We demonstrate
a method for obtaining in advance information on nonzero components of the dipole polarizability tensor of
hybrid particles by analyzing the relationship between their symmetry properties and the multipole composition
of their eigenmodes. The spectral response of metasurfaces composed of a periodic arrangement of such particles
can feature strong resonances associated with multipole coupling and the excitation of quasibound states in the
continuum (quasi-BICs). Using the resonant bianisotropic properties of the hybrid particles and the ability to
tune the quasi-BICs (trapped modes) to a predetermined wavelength by choosing the metasurface period, we
demonstrate the excitation of electric and magnetic types of quasi-BICs in the infrared region. The ability to
switch between these types of quasi-BICs by changing the incident light polarization is discussed. We also
demonstrate that, unlike purely dielectric metasurfaces, the excitation of the quasi-BICs in hybrid metasurfaces

leads to a resonant absorption of light.
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I. INTRODUCTION

For decades, the nanophotonics community has explored
plasmonic structures due to their exceptional ability to en-
hance and confine electromagnetic fields at the subwavelength
scale [1-3]. However, the significant absorption observed
in noble metals creates many obstacles, which limit the
applicability of these nanophotonic devices. Still, the absorb-
ing properties of plasmonic structures are widely exploited
to create saturable and perfect absorbers [4-6]. Moreover,
such structures demonstrate a high Purcell enhancement
due to the excitation of localized surface plasmon polariton
resonance [7].

Alternatively, all-dielectric high-index nanoresonators
have gained a lot of attention, providing tools for the effi-
cient control of the light-matter interaction [8—10]. Unlike
their plasmonic counterparts, dielectric nanoantennes possess
minimal absorption because they lack free electrons. Con-
sequently, the quality factor of dielectric nanostructures is
less affected by nonradiative losses and is instead primarily
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limited by radiative damping. At the same time, the dielectric
resonators of different shapes sustain magnetic and electric
low-order multipolar responses of comparable strength as
shown theoretically and experimentally [11-14]. The reso-
nances of dielectric particles , accompanied by a concentration
of both electric and magnetic energy on a subwavelength
scale [15—17], can be controlled by their shape, size, and
material [18-20].

Although dielectric structures have advantages compared
to plasmonic ones, using dielectrics reduces the field en-
hancement and, hence, the Purcell factor, essential for sensing
and other applications [21,22]. Hybrid metal-dielectric nanos-
tructures are a viable solution to overcome the limitations
of plasmonic and dielectric structures individually. Hybrid
nanostructures promise to combine the beneficial properties
of metallic nanostructures, such as strong confinement of
electromagnetic energy, and dielectric nanostructures, such
as high scattering directivity and low losses [21,23]. Hybrid
nanostructures, including their periodic arrays (metasurfaces),
have already been extensively studied theoretically and ex-
perimentally [21,23-28]. The use of hybrid metasurfaces for
refractive index sensing with high sensitivity was proposed in
Ref. [25]. Reconfigurable hybrid metasurfaces incorporating
phase transition material into meta-atoms [26] and hybrid
metasurfaces with broken out-of-plane symmetry [29] have
been recently proposed for efficient control of light properties.
The optical properties of planar waveguides and thin-film
solar cells in combination with periodic arrays of metallic
nanoparticles were theoretically studied in [30].
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FIG. 1. Schematic illustration of a Janus-type hybrid cylindrical
particle composed of silicon and gold and the orientation of the
Cartesian coordinate system.

Recently, periodic 2D arrays of dielectric nanoantennas
(metasurfaces) have been shown to support the excitation of
ultra-narrow high-Q resonances associated with bound states
in the continuum (BIC) or, in other words, trapped modes
[31-34]. True BIC modes are confined within the structure
and cannot be excited from free space. Their Q-factors are
limited only by the nonradiative losses, providing perfect
confinement of optical energy and making these modes at-
tractive from fundamental and application perspectives [35].
For symmetry-protected BICs [33], the external excitation of
high-Q resonances associated with such modes is possible if
the symmetry of the unit cell of the array is broken. The BICs
are then transformed into quasi-BICs with a large but finite
Q-factor [36-38]. The lack of inversion symmetry leads to the
appearance of bianisotropic properties of the periodic nanos-
tructure, which opens a radiation channel for the excitation
of quasi-BICs [38]. The excitation of quasi-BICs results in
high-Q resonant features in the transmission and reflection
spectra of metasurfaces and strong near-field enhancement
around them [39].

In this theoretical and numerical work, taking into account
the great interest in studying metasurfaces of various materials
types [40,41], the primary purpose is to explore how collective
interactions between hybrid nanoparticles in metasurfaces can
affect their collective resonant electromagnetic properties. We
investigate the optical properties of a single Janus-type hybrid
silicon-gold cylindrical nanoantenna (Fig. 1) and the excita-
tion of the quasi-BIC modes in a 2D array of such particles.
We study the possibility of using the material inhomogene-
ity of hybrid particles with a symmetrical shape to tune the
excitation of quasi-BICs in metasurfaces composed of such
particles. In this case, special attention is paid to the study
of the features of the resonant response of the metasurface
caused by the hybrid nature of its constituents, including the
distribution and concentration of fields in the unit cell of
the metasurface. In the case of hybrid structures, information
about the distribution of near electromagnetic fields is of
particular importance, as it reveals new possibilities for ma-
nipulating light energy on subwavelength scales by combining
resonances of the plasmonic and dielectric parts.

Besides this introduction, our paper is structured into three
sections. First, we outline the formalism of multipole de-
composition of the scattered far field for single antennas and
metasurfaces. Second, we show that introducing material in-
homogeneities leads to a decrease in antenna symmetry and
the appearance of a bianisotropy. Finally, by tuning the period
of the metasurfaces to support quasi-BIC at a given wave-
length [37], we calculate and analyze the resonant reflectance,

transmission, and absorption spectra of the corresponding hy-
brid metasurfaces for different polarizations of the normally
incident waves.

II. THEORETICAL BACKGROUND

In our study, we apply a phenomenological approach in
which electromagnetic fields are calculated using Maxwell’s
equations, and material characteristics (dielectric permittiv-
ities) are taken from experimental data [42,43]. To solve
Maxwell’s equations in the frequency domain, we use COM-
SOL Multiphysics. Based on the finite element method, the
software numerically calculates, depending on illumination
conditions, the total electric fields inside and near the con-
sidered nanostructures, the radiation pattern, and the total
scattered and absorbed powers. For a deeper understanding
of the physical causes of the numerical results, we perform
a multipole expansion of the scattered field. The following
subsections outline the main equations and details of our
analytical approach.

A. Multipole response of a single particle

We study the optical properties of a Janus-type hybrid Si-
Au nanoparticle schematically presented in Fig. 1. Half of the
particle is composed of silicon, and the other half is composed
of gold. The nanoparticles are geometrically characterized by
aradius R and a height H. The particle’s dielectric permittivity
&p can be presented as

r € Vs,
re VAU?

esi(w),
8Au(a))7

ep(r, w) = { ey
where esi(w) and eay(w) are the silicon and gold permittiv-
ities, respectively, Vs; and Vu, are the volumes occupied by
silicon and gold, respectively (Fig. 1). The total volume of the
particle is given my V, = Vs; + Va,. We consider air as the
surrounding medium with a nondispersive relative dielectric
function of &, = 1.

When the particle is illuminated by a linearly polarized
plane wave propagating into a direction given by the wave
vector K, the total electric field E'(r) inside the particle is
numerically calculated for a fixed angular frequency w using
COMSOL. A time dependence according to e~ is used
throughout the work. We implicitly assume that all field quan-
tities depend on the frequency, and we drop the frequency
argument for convenience.

After introducing the induced polarization as P(r) =
go(ep(r) — £,)E'(r), the scattered electric field Eq in the far-
field can be written as (see, for example, [44])

2

E.(r) = / G (r, rP(r)ar, 2)
V

€0y o

where ¢ is the vacuum permittivity, and & is the wave number
in the surrounding medium. G (r, r’) is the far-field approx-
imation of the underlying Green’s tensor G (r,r’) of the
homogeneous surrounding medium [44] given by

ikr

drrr

G, r)= (1 = nn)e 1), 3
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where nn is the dyadic product of the unit vector n =r/r
directed to the observation point from the origin of the co-
ordinate system which, in our case, is taken at the geometrical
center of the particle. 1 is the 3 x 3 unit tensor.

Using (3), the scattered field is written as

2 ikr

E(r) = (1 —nn) / eTKOOPEdr.  (4)
VP

A egesr

The factor e~*™) can be expanded using spherical harmon-
ics as [45]

[e9) 1
e = a3 N (i) ik )Y (0, 9)Yin (0, @),
=0 m=—1

&)

where j;(kr’) is the [th order spherical Bessel function,
Y1,,(6, @) is the scalar spherical harmonics, 6 and ¢ (0’ and ¢")
are the polar and azimuthal angles of n (r’) in the spherical
coordinate system, and the asterisk (*) denotes the complex
conjugation. Substituting representation (5) into (4) and us-
ing the method from Ref. [44], the scattered electric field
can be represented as a superposition of various multipole
contributions:

2 ikr

1
Esc(r) = {[n X [P x n]] + ;[m x n]

gogs 4mr

ik . ik .
+ =[x [nx(@n)]]+ —[nx Mn)] +--- }
2 2c
(6)

Here, we introduced the vector of electric dipole (ED) mo-
ment p, the vector of magnetic dipole (MD) moment m, the
tensor of electric quadrupole (EQ) moment 0, and the tensor
of magnetic quadrupole (MQ) moment M. Moreover, ¢ =
1/./1ogo&;s is the speed of light in the surrounding medium
(o is the vacuum permeability). The dipole and quadrupole
moments are determined by [44,46]

. K2 [ jatkr)
p= / Jotkr)Pdr + = s [B3(r - P)r — 2Pldr, (7)
v, v,
_ 3 [ jilkr)
m = za)2 / = [r x P]dr, ®)
Vo
. / i (kr) .
0=3 [3(rP + Pr) — 2(r - P)1]dr
Vp kr
+ 6k2/j3(kr) [5(r - P)rr — r2(Pr + rP) — A2(r - P)1]dr,
v, (kr)?
| ©)
M=— Sia)/ JZ(kr)([r x Plr +r[r x P])dr.  (10)
v, (kr)?

Note that Eq. (6) with the inclusion of higher order multipoles
can be found in [44]. Using (6), the scattered power W, can

be presented as

1 [epes
Wee =3/ u / |Eq(r)r2dS
Mo Jo

kc 2 k* 5
= [pI"+ ————Im
12w epey 12w epegc
k° 7112 0 A2
+ —|M||"+ —— +--e,
160 wegesc 1Ml 1440 gge; 1l

an

where Q is the total solid angle, dQ = sin8dfdg, and || - ||?
is the sum of the squares of the absolute values of all tensor
components. The scattering cross-section is oy = Wi./W,
where Wj is the intensity of the incident wave.

Note that the above expressions allow one to analyze the
contribution of various multipole moments to the scattered
field, which will be used in this study.

B. Multipole analysis of periodic 2D arrays

Along with COMSOL Multiphysics for the numerical cal-
culation of the reflection, transmission, and absorption spectra
of periodic arrays of hybrid particles, we also use the analyt-
ical multipole approach to provide physical insights into the
observed spectral features. In a two-dimensional periodic ar-
ray of identical particles illuminated at normal incidence with
a linearly polarized plane wave, all particles are in equivalent
conditions. Therefore, all particles exhibit the same multipolar
response. In such a setting, numerical simulations can be done
for one unit cell while assuming periodic boundary condi-
tions. It suffices to consider the electric field inside the particle
to calculate the induced multipole moments. Therefore, the
above Eqgs. (7)-(10) obtained for single particles can be used
to calculate the multipole moments of particles forming an
array [47].

With the knowledge of the multipole moments, the re-
flection and transmission coefficients for the fields can be
represented as a superposition of multipole contributions.
When the xy—plane of the Cartesian coordinate system is
aligned with the array plane, and the wavelength of the
incident waves is longer than the array periods, i.e., the ar-
ray is subwavelength, the reflection r, and transmission f,
coefficients of the electric field can be written in different rep-
resentations [47] depending on the polarization of the incident
plane wave. Assuming a propagation into the -+z-direction
(see Fig. 2), the optical response for an x-polarization of the
incident field can be written as

ik 1 ik ik
e = T x — — ) — Yxz — _M ) 12
" Ey2S1e08s (p cm) + 6 O: 2c yZ) (12)
ik 1 ik ik
te=14+—7———pr+-my— =0, — —M,,|]. (13
+ Eo2Se08s (p + cm) 6 Q: 2c ”) (13

For a y-polarization of the incident field, the optical response
can be written as

ik
- E02SL8083

Te

1 ik ik
p_)‘ + — My + _Qyz + _sz ) (14)
c 6 2c

Kot Em). as
6 7% 20 )

t, 1+ ik !
e = - A — —ny —
Ey2S1e08s Py c
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FIG. 2. Schematic illustration of a 2D array composed of hybrid
Si-Au cylindrical particles and the orientation of the Cartesian coor-
dinate system.

Here, Ej is the electric field amplitude of the incident wave in
the xy—plane (z = 0), and S; is the area of the unit cell. Note
that the appearance of a unity in (13) and (15) accommodates
the presence of an incident wave. Reflectance (R), transmit-
tance (7"), and absorptance (A) are given by

R=1r’, T=t]’, A=1-R-T. (16
Note that the expressions of the transmission and reflection
coefficients with the inclusion of higher order multipoles can

be found in [48].

III. OPTICAL PROPERTIES OF THE SINGLE PARTICLES

A. Symmetrical analysis

The symmetry analysis of the multipole composition of
the eigenmodes of scatterers is a powerful tool for describing
the features of their interaction with external radiation and the
distribution of scattered electromagnetic fields [49,50]. There-
fore, before studying the optical resonances of the particle, we
will analyze its symmetry to understand what type of multipo-
lar bianisotropy can be realized in such hybrid particles. To do
this we apply the method presented in Refs. [50,51]. In these
prior publications, it was argued that each resonator (particle)
corresponds to a point symmetry group, and its eigenmodes
transform according to the irreducible representations of this
group. Moreover, all modes can be decomposed into a set
of vector spherical harmonics (VSHs), which transform ac-
cording to the irreducible representation of this mode. For
the definition of VSHs, see Appendix A. Importantly, a mode
sustained by the particle can only be excited if it contains at
least one VSH also contained in the incident light. Since certain
VSHs correspond to radiation patterns of certain multipole
moments, they can also be called multipoles. If the excited
mode of a particle contains multipoles of a parity different
than the excitation, the system offers a bianisotropic response
[51]. The latter arises in particles without spatial inversion
symmetry.

The cylindrical hybrid particle presented in Fig. 1 has
C,, symmetry. The sets of its eigenmodes, distributed over
the irreducible representations, and their corresponding VSHs
contents are presented in Appendix B. Note that such a point
symmetry group also corresponds to an isosceles prism made
of homogeneous material [51]. The multipolar content of a
plane electromagnetic wave, depending on the direction of
propagation and polarization, can be found in Appendix B.
Comparing the contents of the VSHs in the two tables (Ap-
pendix B, Fig. 10), we can obtain complete information about
which modes and, consequently, which multipole moments
will be excited by a plane wave depending on its direction
of incidence and polarization.

As an example, let us focus on a dipole-dipole coupling
between the incident plane wave and the modes of the hybrid
particle, which can lead to a dipolar bianisotropy.

First, we indicate a relation between the dipole moments
and VSHs:

DPx — Neni my — M1
py —~> Noit  my — My
Pz = NeOl m; — MeOl~ (17)

From the tables in Fig. 10, one can see that the incident
(k;, Ey, H,)-wave contains two dipolar VSHs (N,;; and M)
and, consequently, excites the A; (with N,;;) mode and B,
(with M, 1) mode, respectively. The B;-mode, being excited
by M, of the incident wave, contains N,y (p;), which is
not present in the incident wave. Consequently, a z-polarized
dipole moment p, is induced in the particle. Such a response
can be explained by a dipolar bianisotropic response as [51]

p: = c ' Hy(ro). (18)

Here, o) is a component of the bianisotropic polarizability,
and H,(ro) is the incident magnetic field at the position ry of
the dipole moment.

In this paper, we assume that all multipole moments of
the hybrid nanocylinder are located at its geometric center.
Thus, ry points to the particle center, and if the origin of the
coordinate system is located in this center, then ry = 0.

Similarly (see the tables in Fig. 10), the incident
(k;, E,, H;)-wave excites A, and B, modes. The B,-modes,
being excited by N,;; of the incident wave, contains M,
(m;), which is present in the multipole decomposition of the
incident wave. Therefore, we can conclude that the appear-
ance of m; in the particle’s response will be again a result of
the dipole bianisotropic property [51]:

m, = caz“y‘eEy(ro). (19)

Here, o7} is a component of the bianisotropic polarizability,
and E,(ry) is the incident electric field at the position ry of the
dipole moment.

From the Onsager-Casimir conditions [52], we have to
conclude that

em __ __ _me me __ __ em
Oy = =0, Oy = 0. (20)

It is important that the dipole components p, (Ni1)
and m, (M,;) are contained in the A; and A, modes,
respectively, and are the only dipole components of these
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FIG. 3. Scattering (oy,) and absorption (o,s) cross-sections and corresponding multipole contributions to the scattering cross-
sections (SCSs) calculated by COMSOL for different illumination conditions (see in the title of every panel): k. (k, and k.) is the wave
vector component corresponding to the incident direction and E (E, and E;) corresponds to the polarization direction of the incident plane
waves. “Sum” is the SCS calculated as the sum of the multipole contributions (11).

modes. Therefore, they cannot be excited due to the dipole-
dipole bianisotropy. Indeed, mode A; does not include a
magnetic dipole, so it cannot be excited by a magnetic dipole
of incident waves. In contrast, mode A, does not include an
electric dipole, so it cannot be excited by an electric dipole of
incident waves. So we can conclude that

em __ _me __ _me __ _em __
oy = o =y =y =0, 21

A complete symmetry analysis of the dipole bianisotropy

leads us to an important result regarding the dipole polariz-
ability tensor &:

als 0 0 0 0 0
0 a;‘j 0 0 0 ¢! a;’;‘“
. 0 0 oy 0 ¢! ag‘;“ 0
a= <
0 0 0 an” 0 0 ’
0 0me ca;z‘e 0 oz}‘,‘;m gm
0 cory 0 0 0 al

(22)

where the following expression explains the action of the
tensor &:

P)_ » go&sE _ ace claem go&sE
<m> —“< H )— <c&me gm )\ w ) @

Here, E and H are the electric and magnetic fields of the
incident wave at the point of the dipole moment localization.
Note that (22) is a general formula for the dipole polarizability
tensor for particles with the symmetry C,,. In the next subsec-
tion, we will test our findings concerning polarizability tensor
using analytical and numerical approaches.

Thus, from the symmetry consideration, it follows that the
bianisotropic p, (m;) component of the electric (magnetic)
dipole moment will be excited by a plane wave incident along
the z-axis with a magnetic (electric) field directed along the
interface between the gold and silicon parts of the particle.
In the first case, we can talk about electrical bianisotropic
response, and in the second case, about magnetic bianisotropic
response.

B. Dipole resonances and polarizabilities

Here, we consider the multipole response of a hybrid par-
ticle with a radius of R = 100 nm and a height of H = 200
nm. The absorption and scattering cross-sections and the cor-
responding multipole contributions calculated for different
illumination conditions are presented in Fig. 3. In almost
the entire considered wavelength range, i.e., 900 — 1300 nm,
the quadrupolar contribution is negligible compared to the
dipole contribution for all incident wave configurations. Also,
all higher-order multipoles are negligible. Only in Fig. 3(d)
and in Fig. 3(f) at A & 960 nm, can one see weak resonant
contributions of the MQ and EQ response to the scattering.
Although the values of these contributions are small in the
scattering, their excitation gives rise to non-negligible absorp-
tion resonances [Figs. 3(d) and 3(f)]. Later, we will observe
the same effect for arrays made from these particles. Note
that the infrared frequency range was chosen since silicon is
lossless, and the metal part determines all absorption in the
system.

The symmetry analysis above showed that incident plane
wave (k;, Ex, Hy) excites the A; and B; modes with the
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FIG. 4. ED and MD components contributing to the electro-
magnetic response of the hybrid cylinder. The insets show the
illumination conditions of an incident plane wave. The polarization
of the incident electric field is along the x-axis in (a) and along the
y-axis in (b).

dipole components p,, m,, and p., while other dipole com-
ponents’ contribution to the scattering should be absent. In
Fig. 4(a), one can see that, indeed, only these components of
the dipoles are excited. Dipole moments were calculated using
Egs. (7), (8).

Similarly, the incident wave (k, E,, H,) excites the A
and B, modes. Therefore, p,, m,, and m, should be excited.
Figure 4(b) confirms that. The observation means that the
abovementioned general symmetry analysis works for inho-
mogeneous particles.

Here, we make an important remark regarding the spectral
position of the resonant dipole responses shown in Fig. 4. It
can be seen that the resonance of the bianisotropic compo-
nents of the electric p, and magnetic m, dipole moments occur
at the same wavelength. It follows that the modes of the hybrid
particle that include these dipole components are degenerate,
and the polarization of the incident wave determines their
excitation. Note, as shown below, such particles can be used to
construct metasurfaces with the effect of polarization switch-
ing between magnetic- and electric-type quasi-BICs [37].

Now let us show how one can determine the polarizability
from (22) and (23). For that, we will use the results of the

numerical calculation of the dipole moments p and m, and the
approach given in Refs. [53,54].

For the incident condition (k;, E, H,) from (23) with (22)
one obtains p, = c“ag“Hy(ro), this leads to

ag = p.c/Hy(ro). (24)

For the incident conditions (k;, Ey, Hy) one also obtains m, =
csoesaz";eEy(ro), and

ozz”y‘e = m_/ceoesEy(To). (25)
From the Onsager-Casimir conditions (20) we also determine
ot;];"' and otf,?‘.
For the incident conditions (+k,, E;, H,) and
(—ky, E;, —H,) one can write, respectively,
P = e0e, S E.(ro) + ¢~ ol Hy(xo), (26)
P = eog, 0 E(ro) — ¢ Hy(xo), 27)

where we have introduced the notations pﬁ” and pg’) for the
ED z-components calculated for the incident wave propagat-
ing along the positive 4k, and negative —k, directions of the
x-axis, respectively. Note that the amplitude of the electric
field E, of the incident wave does not change sign when the
direction of incidence changes.

For the incident conditions (ky, Ey, H;) and (—k,, E,, —H.)
one can write, respectively,

m™ = ™™ H,(ro) + ceoesay Ey(ro) (28)

m{™) = —a"H_(xo) + ceogsaly Ey(ro) , (29)

where we used the same designation rules as above.
Using pairs of Egs. (26)—(27) and (28)—(29) it is easy to get

+) 4 )
e _ P2 TP

M 30

© o 2e085E,(1p) 30)
m) — m)

mm _ T2 T 31

% T T2H(r) Gl

By applying a similar approach as above for other incident
wave directions and polarizations, the other remaining polar-
izabilities a;“ym, a}e;, o, and o)™ are also calculated. Note
that the polarizabilities calculated in this way include both the
static part and the contribution from the local density of states
[55] as well as bianisotropic features of the magnetoelectric

dipole scatterer [56].

IV. METASURFACES

In this section, we consider the optical properties of
the metasurfaces composed of the resonant hybrid cylin-
ders (Fig. 2) illuminated at normal incidence with an x- or
y-polarized plane wave. The transmission 7" and reflection
R coefficient are calculated using COMSOL Multiphysics.
The contributing multipole moments are identified with
Eqgs. (12)—(15).

A. Tuning the metasurface period

To identify the period of the metasurface that supports a
quasi-BIC, we use the method from Ref. [37]. In short, the
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FIG. 5. The real (blue solid line) and imaginary (blue dashed
line) parts of the inverse of the magnetic dipole polarizability tensor
component " The black dashed line corresponds to the imaginary
part of the inverse dipole polarizability k3 /67 when the electromag-
netic response of the system is local, i.e., multiples of the second
order and higher are negligible. The circles indicate the wavelengths
at which a quasi-BIC is excited in the array.

method is based on comparing the real part of the inverse
dipole polarizability «’ or ™ for the normal component
of the electric or magnetic dipole moment, respectively, with
the lattice sum ) __, expressing the interaction of these com-
ponents in the metasurface array with a square unit cell. A
magnetic quasi-BIC in dipole approximation is excited when

Re( s ) =

2

for the magnetic BIC, (32)

where Z is the real part of the full lattice sum ) _. Replacing

a™ in (32) with a;;, we obtain the condition for the electric
BIC Since, unlike the polarizabilities of a single particle, the
sum ). depends on the metasurface period, it can be deter-
mined from Eq. (32) for a fixed wavelength. From a practical
point of view, this equation is easier to solve graphically by
determining the points where the values of Re(1/a™) and
ZZ coincide. Note, that Eq. (32) resembles the surface lattice
resonance condition [57], but with one fundamental differ-
ence. This equation includes the lattice sum corresponding to
the interaction between equivalent dipole moments oriented
perpendicular to the plane of the metasurface. Since these
dipoles do not radiate waves away from the metasurface,
this equation corresponds to the condition of the existence
of a nonradiative dipole eigenmode of the metasurface or a
symmetrically protected bound state in the continuum in the
dipole approximation [58].

The analytical expression and general plot of the normal-
ized sum [A3Z;] as a function of the ratio of the period to
the wavelength D/) is presented in [37]. By choosing the
value of [ARe(l /a™)], marked by circles in Fig. 5, and
taking the same values for [)»322] (Fig. 1 in Ref. [37]), we
find the corresponding values of the period D for the meta-
surfaces. These metasurfaces will have a resonant magnetic
quasi-BIC response at the wavelengths corresponding to the

chosen values of Re(1/al™). As shown in the inset of Fig. 5,
to obtain a magnetic quasi-BIC resonance at A &~ 1160 nm
where [A’Re(1 /a™)] ~ 0, the period D must be equal to
823 nm. There, also shown, to obtain a magnetic quasi-BIC
resonance at A ~ 1100 nm, where [A3Re(1/ocmm)] = —50, the
period D must be equal 310 nm.

Note that the equality

R%l;):o (33)
aZZ

corresponds to the resonance value of the magnetic dipole
polarizability a;™ of a single particle at the corresponding
resonance wavelength ARes Under these conditions, as was
shown in [37], the period D of the metasurface with the
symmetry-protected BIC at this wavelength is determined by
the “rule of 0.717, that is, D ~ 0.71AReS. This rule is followed
from the fact that the dipole sum Z: for a lattice with a square
unit cell is always equal to 0 when D/A =~ 0.71, where A is the
wavelength in the surrounding media [37]. By identifying the
wavelength at which the real part of the dipole polarizability
a™ (aff) of a single scatterer also equals 0, we can determine
the metasurface period for which resonant magnetic (electric)
quasi-BIC excitation occurs at this specific wavelength [see
Eq. (32)].

The “rule of 0.71” is fulfilled for the implementation of the
magnetic BIC at a wavelength A = 1160 nm in a metasurface
with a period of D =823 nm (823/1160 ~ (0.71). In this
case, A = 1160 nm is the resonant wavelength ARes for the
excitation of m;, as follows from the MD contributions to the
scattering cross section shown in Figs. 3(c) and 3(e).

Next, we will consider metasurfaces with periods of
823 nm and 310 nm. It will be shown that for a period of
823 nm and a wavelength of 1160 nm, both magnetic and
electric quasi-BICs are excited depending on the polarization
of the incident wave. This behavior is due to the fact that
the resonances of o;™ and «f overlap in this part of the
spectrum (Fig. 3).

B. Nonabsorbing case

To demonstrate the applicability of the above-described
method for determining the metasurface period, let us con-
sider a hypothetical case where the absorption of light in the
hybrid particles is significantly suppressed. To do this, we will
artificially reduce the imaginary parts of the permittivities of
gold and silicon during the modeling by multiplying them
by 0.01. For this lossless case, the results of the COMSOL
calculation of the transmission, reflection, and absorbance
spectra for metasurfaces with periods of 823 nm and 310 nm
are presented in Fig. 6. It is clearly seen that for the period of
823 nm [Fig. 6(a)] and the period of 310 nm [Fig. 6(b)], the
transmission (reflection) is resonantly suppressed (increased)
at wavelengths of ~1160 nm and ~1100 nm, respectively.
Such resonant behavior, in turn, fully corresponds to the wave-
lengths to which the quasi-BICs are tuned. Therefore, the
suppression of transmission and the resonant enhancement of
reflection to almost unity in these cases is associated with the
excitation of quasi-BICs of the magnetic type. The polariza-
tion of the incident wave determines the type of quasi-BICs
(see also discussion below). Note that the narrow resonances
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FIG. 6. Reflectance (R), transmittance (7'), and absorptance (A)
for the configuration of the incident plane wave (k,, E,, H,) and the
period of the structure (a) D = 823 nm; (b) D = 310 nm. The relative
permittivity ¢ = &’ + 0.01 - ¢” for both materials, where &', ¢” are the
real and imaginary parts of the relative permittivity.

in Fig. 6 at shorter wavelengths are due to the quadrupole
resonance of the single particle (see Fig. 3). These narrow res-
onances are not related to the quasi-BICs under consideration.

C. Transmission, reflection, absorption

Now, let us return to metasurfaces composed of hybrid
particles while considering their permittivities as they are, i.e.,
without multiplying the imaginary parts with a factor smaller
than one. All spectra discussed below are calculated using
COMSOL and the multipole approximation described above
in Egs. (12)—(15). Since there is excellent agreement between
the results obtained using both approaches, we will use the
multipole analysis in the following to explain the observed
spectral features.

The spectra of R, T, and A of the metasurface with the
period D = 823 nm and for two illumination conditions are
shown in Fig. 7. It is seen that, as follows from the period
setting, the resonant features associated with the quasi-BIC

are excited at a wavelength of A = 1160 nm independently
on the polarization of the incident wave [compare Fig. 7(a)
and Fig. 7(c)]. In this case, in contrast to the nonabsorbing
case (Fig. 6), a resonant absorption band appears. The spec-
tral position of the absorption resonances is also independent
of the polarization of the incident wave. Such behavior is
associated only with the resonant dipole response of hybrid
particles in the metasurface. Figures 7(b) and 7(d) show the
multipole contributions to the reflection r, and transmission ¢,
coefficients, as well as the resonant values of the bianisotropic
dipole components m, and p., respectively.

One can see that the dipole moments provide the main
contributions in both illumination conditions. Since out-of-
plane dipole components m, or p, cannot directly generate
radiation from the metasurface plane, they are not included in
the expressions for the reflection and transmission coefficients
(12)—(15). Their resonant excitation leads to the realization of
magnetic (in Fig. 7(a) with m.) and electric (in Fig. 7(c) with
P.) quasi-BICs and the formation of absorption bands around
A & 1160 nm. Thus, the excitation of the quasi-BIC mode in
hybrid metasurfaces appears as the absorption resonance. If
the electric (magnetic) field of the incident wave is directed
along the gold-silicon interface, a magnetic (electric) quasi-
BIC is excited in the system.

The realization of the absorption resonances (associated
with different-type quasi-BICs) in the same spectral region in
Fig. 7(a) and Fig. 7(c) leads to the possibility of the polariza-
tion switching between them. This became possible due to the
coincidence of the resonant wavelength AR® for p, and m. of a
single particle (Fig. 4), as well as due to the application of the
procedure for tuning the metasurface period. Let us emphasize
once again that we have achieved the effect of polarization
switching between magnetic and electrical trapped modes
(quasi-BIC modes), which in turn led to the appearance of a
polarization-independent resonant absorption band.

Another interesting feature of the spectra presented in
Fig. 7 is the Fano profile of the reflection resonances in the
quasi-BIC region around A = 1160 nm. Note that the spectral
hierarchy of the positions of the maximum and minimum
of reflection is different for the two illumination conditions
[compare R in Figs. 7(a) and 7(c)]. The basis of this difference
is that these Fano resonances are associated with the manifes-
tation of different effects: the anapole effect in Fig. 7(a) and
the Kerker effect in Fig. 7(c). Indeed, in the first case, from
the multipole contributions shown in Fig. 7(b), we see that the
reflection coefficient can be written as

ik
N ———p,, 34
E02SL8085 Py ( )

Te
because only p, provides the main resonant contribution.
However, as shown in Fig. 7(b), p, is significantly suppressed
around A = 1090 nm, due to an anapole effect [8,38], leading
to a Fano profile of the |p,| resonance in Fig. 7(b) and the
corresponding Fano profile of the reflection in Fig. 7(a). In
contrast, the reflection coefficient for the case in Fig. 7(c) has
two dipole contributions

ik 1 (35)
Fo X ——— x — —my .
E025L8()85 p c ?
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FIG. 7. Reflectance (R), transmittance (7"), and absorptance (A) calculated using COMSOL and via the multipolar decomposition for
the period of the structure D = 823 nm and the configuration of the incident plane wave (a) (k;, E,, H,), (c) (k, E,, H,). The spectrum of
the components of multipoles contributions to R, T, and A normalized to the maximal value of all (b) (k;, E,, H,), (d) (k., E,, H,). The insets
on the left show the plane wave incidence direction and polarization, as well as the metasurface consisting of silicon-gold cylinders [top for

(a) and (b), bottom for (c) and (d)].

Therefore, the suppression of the reflection, leading to the
Fano resonance profile, is realized due to the Kerker condition
px =my/c [8] that is satisfied around A = 1200 nm. It is
crucial for experimental purposes to determine the spectral
positions of reflectance suppression points, as measuring re-
flectance is typically easier than measuring absorption. By
identifying the boundaries between resonant reflection and
suppression, we can infer the location of the absorption reso-
nance. In conclusion of the discussion of the results presented
in Fig. 7, we note that the resonances arising at shorter wave-
lengths closer to A =900 nm are not associated with the
excitation of any quasi-BIC modes and are a consequence of
the direct excitation of certain multipole moments [electric
quadrupole in Fig. 7(a) and electric dipole in Fig. 7(c)].

Now let us consider the metasurface with a smaller period
D = 310 nm for two different illumination conditions, i.e.,
once polarized in y-direction (k;, E,, H,) and once polarized
in x-direction (k;, Ex, H,), respectively, as shown in Fig. 8. In
general, the results presented in Fig. 8 for D = 310 nm are
qualitatively similar to those in Fig. 7 for D = 823 nm, the
differences concern the spectral red shift of resonances and
their smaller quality factors. From Figs. 8(a) and 8(c), one
can see that the resonant absorption bands are realized around
A = 1100 nm and correspond to the broad resonance of the
out-of-plane magnetic m, and electric p, dipole components,
respectively, [see Figs. 8(b) and 8(d)]. As in the previous
example for D = 823 nm, these absorption bands are related
to the excitation of the magnetic and electric quasi-BICs,
respectively. However, the spectral position of the absorption

band maxima does not coincide, indicating that for D = 310
nm, the electric and magnetic quasi-BIC modes are excited at
different wavelengths. This difference is caused by the differ-
ence between the values of @)™ and «Zf around A = 1100 nm.
Note that, as in the case shown in Fig. 7, here the quasi-BICs
are excited due to the corresponding bianisotropic coupling
between the out-of-plane and in-plane components of the elec-
tric and magnetic dipole moments. Therefore, the resonant
behavior of p, in Fig. 8(b) and m, in Fig. 8(d) is consistent
with the resonances of m, and p,, respectively, associated
with the excitation of the corresponding magnetic and electric
quasi-BIC modes.

The reasons for the occurrence of wide Fano resonances
in the reflection spectra of the metasurface with D = 310 nm
(Fig. 8) are the same as in Fig. 7 for the metasurface with
D = 823 nm. Moreover, the absorption band in the region of
A =950 nm in Fig. 8(a) is also a consequence of the resonant
excitation of the electric quadrupole moment.

D. Energy accumulation under quasi-BICs

An additional nontrivial question concerns the distribution
of fields in a metasurface composed of hybrid particles un-
der quasi-BIC conditions. Under these resonance conditions,
electromagnetic energy is concentrated in the plane of the
metasurface, which can be used to activate various nanoscale
processes. The distribution of the electric field normalized on
the background field in a single cell of the metasurface with
D = 823 nm is presented in Fig. 9. In Fig. 9(a), the field is
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FIG. 8. Same as Fig. 7, but for the structure with the period D = 310 nm.

|E|/Eop, unit cell

FIG. 9. Normalized electric field amplitude distribution in the
middle section of a single unit cell of the hybrid metasurface (period
823 nm) for (a) resonance wavelength 1160 nm and (b) nonreso-
nance wavelength 1050 nm with (k;, E,, H,) incidence; (c) resonant
and (d) nonresonant wavelengths with (k., E,, H,) incidence. Right
panel: top view of the silicon and gold cylinder nanoparticle.

plotted at the wavelength of 1160 nm for the (k;, E,, H,) inci-
dence, corresponding to electric quasi-BIC. Notably, almost
the entire field is concentrated in the dielectric part of the
hybrid cylinder. In the metal, the electric field is suppressed.

Moreover, due to the excitation of the quasi-BIC at this
wavelength, the field is ~8 times greater than the incident
field. Figure 9(b) presents the electric field at the nonreso-
nance wavelength. In the nonresonance condition, the electric
field inside the particle is much weaker than in the reso-
nance wavelength. According to Fig. 7(c), at 1050 nm, the
field passes through the metasurface, preserving its amplitude.
The same situation is observed for the (k,, E,, H,) excitation.
At the resonance wavelength 1160 nm, corresponding to the
magnetic quasi-BIC resonance, we see the enhancement of
the electric field in the dielectric part of the nanoparticle
[Fig. 9(c)]. At the same time, no such effect is observed for the
nonresonance wavelength in Fig. 9(d). It is compelling to note
the difference between the electric field distribution inside the
nanocylinder for magnetic and electric quasi-BIC. The field
distribution is largely homogeneous in the electric quasi-BIC
shown in Fig. 9(a). In contrast, the magnetic quasi-BIC shown
in Fig. 9(c) exhibits a more concentrated electric field near
the particle boundaries. Additionally, part of the field extends
outside the structure, generating strong near-fields.

V. CONCLUSION

Optical properties of individual hybrid (metal-dielectric)
cylindrical particles and metasurfaces composed of them were
investigated for the manifestation of a resonance response.
It was found that the representation of a cylindrical particle
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in the form of two parts filled with different materials, in
particular gold and silicon, leads to the appearance of bian-
isotropic optical properties in this particle. Combining the
analysis of the symmetry properties of the hybrid particle with
the multipole composition of its eigenmodes allowed us to
obtain information about the dipole polarizability tensor and
its bianisotropic components in advance. After numerical cal-
culation of the components of the dipole polarizability tensor,
a procedure was applied to determine the period of the meta-
surface (composed of bianisotropic particles) that supports a
resonant response in the view of quasitrapped modes (quasi-
BICs) at the required wavelength. It has been shown that the
polarization of the incident wave determines the type (electric
or magnetic) of the excited quasi-BIC. As a result of modeling
the optical properties of metasurfaces under normal illumi-
nation, resonance features in the transmission spectra due to
quasi-BIC excitation were demonstrated. It was found that,
unlike purely dielectric metasurfaces, quasi-BIC excitation in
hybrid metasurfaces leads to the resonant absorption of light.
Under resonant absorption conditions, strong electromagnetic
fields are concentrated in the dielectric part of the hybrid
metasurface particles, contributing to transmission and reflec-
tion. Dipole analysis of reflection showed that, depending
on the polarization of the incident wave, its suppression can
be associated with the anapole effect and the Kerker effect.
Thus, the obtained results demonstrated the applicability of
the quasi-BIC tuning method for systems with hybrid particles
and also established a direct relationship between absorption
resonances and excitation of trapped modes in the form of
quasi-BIC.

For the practical implementation of such structures, it
should be possible to use several methods specially devel-
oped for obtaining hybrid Janus particles of various shapes
[23,59,60]. We suggest the following possible fabrication
workflow: First, dry etching creates equidistant strips on the
silicon substrate with a depth of 200 nm and a period equal to
the structure’s period [61]. Gold is then deposited into the hol-
low areas, forming alternating gold and silicon strips. Finally,
reactive-ion etching through a mask [1] refines the structure
to create a metasurface of hybrid cylinder-shaped particles.
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APPENDIX A: DEFINITION OF VECTOR
SPHERICAL HARMONICS

The vector spherical harmonics are defined in the following
way,

M(e,o)mK =V x (rW(e,o)mZ)
V x M(e,o)me

k , (AD)

N(e,o)ml =
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where

Yeme(kr) = P} (cos 0)z,(kr) cos mg

Yome(kr) = P (cos 0)ze(kr) sinme. (A2)

Here, ¥ 0yme(kr) are the solutions of the scalar Helmholtz
equation with the wave vector k, P}"(cosf) is associated

Legendre polynomial, z,(kr) is any of the four spherical
Bessel functions, m is an integer, and m > 0.

APPENDIX B: TABLES

The decomposition of the eigenmodes into VSHs of the hy-
brid cylinder is collected in the Table presented in Fig. 10(a).
The decomposition into VSHs of all configurations of plane
waves is presented in Fig. 10(b) [51].
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