DE GRUYTER

Nanophotonics 2021; 10(17): 4347-4355 a

Research Article

Nikolay Solodovchenko, Kirill Samusev, Daria Bochek and Mikhail Limonov*

Bound states in the continuum in strong-coupling
and weak-coupling regimes under the cylinder -

ring transition

https://doi.org/10.1515/nanoph-2021-0351
Received July 6, 2021; accepted August 27, 2021;
published online September 9, 2021

Abstract: Bound states in the continuum (BIC) have been
at the forefront of research in optics and photonics over the
past decade. It is of great interest to study the effects asso-
ciated with quasi-BICs in the simplest structures, where
quasi-BICs are very pronounced. An example is a dielectric
cylinder, and in a number of works, quasi-BICs have been
studied both in single cylinders and in structures com-
posed of cylinders. In this work, we studied the properties
of quasi-BICs during the transition from a homogeneous
dielectric cylinder in an air environment to a ring with nar-
row walls while increasing the diameter of the inner air
cylinder gradually. The results demonstrate the quasi-BIC
crossover from the strong-coupling to the weak-coupling
regime, which manifests itself in the transition from the
avoided crossing of branches to their intersection with the
quasi-BIC being preserved on only one straight branch. In
the regime of strong-coupling and quasi-BIC, three waves
interfere in the far-field zone: two waves corresponding to
the resonant modes of the structure and the wave scat-
tered by the structure as a whole. The validity of the
Fano resonance concept is discussed since it describes
the interference of only two waves under weak coupling
conditions.
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1 Introduction

Localization of electromagnetic waves is important both
for fundamental research and for many important appli-
cations. Various physical mechanisms of trapping and
confining of light are exploited including bound states in
the continuum (BICs), which have been actively investi-
gated recently. BIC is a general wave phenomenon that
was first mathematically proposed in 1929 by von Neu-
mann and Wigner [1] for electronic states. Note that the
initial proposal of von Neumann and Wigner was never
implemented in practice, but the idea of the appearance of
such a state turned out to be very fruitful; anumber of other
mechanisms of the BIC formation were theoretically pro-
posed and experimentally demonstrated [2-16]. Different
BICs have been observed for various types of waves such
as electromagnetic, acoustic, elastic, and water waves.

Photonic BICs coexist with propagating electromag-
netic waves and lie in a continuum, but theoretically
remain completely confined in the structure without any
radiation [8]. According to the theory, BICs are unique
states with an infinite lifetime and can arise if at least
one dimension of the structure extends to infinity [8]
or in structures of finite length when the dielectric con-
stant approaches zero [7, 17]. In reality, due to the finite
length of the structures, material loss, and imperfection,
the BICs collapse to a quasi-BIC with a limited radiation
Q-factor [18]. The quasi-BIC is achieved when the Q-factor
no longer changes slowly as in a conventional resonator,
but instead rises rapidly, following the BIC trend, before
it reaches its maximum value, due to the finite size of the
resonator [19]. In accordance with the classification pre-
sented in Review [8], three types of BIC (or quasi-BIC) can
be distinguished. First, there are BICs protected by sym-
metry and separability; second, these are BICs built using
inverse construction (for example, potential, hopping rate,
or shape engineering); and finally, there are BICs, achieved
by setting parameters.
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In this work, we will be interested in the third type
of quasi-BIC. This type of quasi-BIC occurs when two
nonorthogonal modes are coupled to the same radia-
tion channel and a strong-coupling regime of avoided
crossing arises with appropriate conditions in paramet-
ric space [10, 12, 20-23]. This regime is described by
the Friedrich—Wintgen model [24] when due to destruc-
tive interference one of the emitting modes disappears
and the other becomes lossier due to constructive inter-
ference. In photonic crystal slabs, such a regime was
described by Tikhodeev et al. [25] and Christ et al. [26].
Recently Friedrich—Wintgen’s quasi-BIC was observed and
studied in detail in dielectric cylinders [9, 15]. For a sin-
gle dielectric cylinder, quasi-BIC occurs when two eigen-
modes with different polarizations, associated with the Mie
resonances and Fabry-Perot resonances, in the strong-
coupling regime form an avoided crossing region. These
modes are approximately orthogonal inside the cylinder
and they interfere predominantly outside, realizing the
quasi-BIC when the all-dielectric resonator demonstrates
extremely high values of the Q-factor.

Here, we continue the search and study of quasi-
BIC in the simplest dielectric objects, which are bodies
of revolution [9, 15]. We are looking for an answer to
the question — what happens with the quasi-BIC during
a significant transformation of the structure which even
changes its topology? We analyze the transformation of
quasi-BIC when adding a coaxial air hole to a cylinder with
a high refractive index and gradually increasing the radius
of the hole, that is, turning the cylinder into a narrow ring.
As it often so happens, deviations from a perfect structure
canresultin higher complexity and give rise to unexpected
effects. Indeed, we discovered and investigated in detail the
quasi-BIC crossover from the strong-coupling to the weak-
coupling regime, which manifests itself in the transition
from the avoided crossing of branches to their intersection
with the quasi-BIC being preserved on only one branch. We
also discuss the applicability of the concept of Fano reso-
nance, which, by definition, is realized in the two-oscillator
model in the weak-coupling regime.

2 Friedrich-Wintgen model

In this section, we will briefly review the approach to
describing BICs that arise from two interacting resonances
via a radiation continuum due to appropriate tailoring
of the structural parameters. The rigorous theory is pre-
sented in the paper by Friedrich and Wintgen [24], and its
simplified versions are described in a number of works.
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Following Ref. [23], we consider the case when two opti-
cal resonances are coupled to the same radiation channel;
the optical interaction between them is described by the
non-Hermitian Hamiltonian without taking into account
the nonradiative damping terms [8, 13]:
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where, E; and E, are the resonance energy levels, y, and
v, are the corresponding radiative damping rates. Param-
eter k denotes the internal (near-field) coupling strength
between the modes and \/m is the radiative coupling
term, while y is the phase difference between two modes.
Therefore, parameter eV \/m represents the interference
of radiating waves through far-field coupling [22]. The
eigenvalues of Hamiltonian (1) are determined by the sec-
ular equation and have the following form:
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Equation (2) describes two avoided photonic bands in
parametric space. Friedrich and Wintgen found a mathe-
matical condition for one of the two eigenmodes to have a
purely real eigenvalue. This condition has the form [24]:

(B —E) py/rira=k(rn— 72 (3)

A parameter p was also introduced, which describes
the parity (+1 or —1) of the phase difference between
the two modes (i.e., in-phase or out-of-phase), which
corresponds to yw = zl, where | is an integer. Using
Friedrich—Wintgen condition (3) we obtain the following
expressions for two complex energy levels:
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Thus, when condition (3) is satisfied, the first eigen-
mode EA (4) becomes purely real, corresponding to a BIC.
The second eigenmode EB becomes more radiative, the
radiation losses of which are the sum of two initial modes,
Y5 =71 + 7, It follows from Egs. (4) and (5) that, depend-
ing on the sign of parity p or coupling strength k, the BIC
can be located on either the low- or high-frequency branch
in parametric space.
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3 Calculation methods

To study the transformation of quasi-BIC when the struc-
ture of the resonator changes from a dielectric cylinder to
a dielectric ring, we used numerical calculations, which
provide key information about the optical spectrum with
resonant frequencies of eigenmodes and mode Q-factor.
Structures with a fixed homogeneous dielectric permit-
tivity e; = 0 and zero attenuation were considered. The
environment was vacuum €, = 1 (Figure 1). We have per-
formed systematic calculations of the scattering cross-
section (SCS) of a finite cylinder and a set of rings with
aninner radius Ry, an outer radius R, and a thickness L.
The ratio of the radii was varied in the wide range, and the
R,/L aspect ratio for each R;, value was varied in such
a range to observe a certain quasi-BIC formed by the anti-
crossing of the two resonant modes TE, ; , and TM, ; ;. The
results of the study of such a quasi-BIC in a cylinder are
presented in Ref. [15], where the standard nomenclature
[27] of modes of a cylindrical resonator TE, ; , and TM,, ,
is used. In these notations, n, k, p are the indices denoting
the azimuthal, radial, and axial indices, respectively. Only
the modes with the same azimuthal index n could interact
and we consider the case n = 1. In our calculations, the
magnetic field of the incident wave is polarized along the
axis of rotation of the cylinder or ring (TE polarization).
All the computations of SCS were performed in the fre-
quency domain using the commercial software COMSOL.
The calculations of the spectra of the dielectric cylinder
were carried out on the basis of the Mie theory [28].

Mie scattering by high-contrast dielectric bodies of
revolution results in an infinite series of Fano resonances
where each resonance can be described by the Fano for-
mula. The conclusion was made for the case of the dielec-
tric cylinder [29, 30] and later for dielectric sphere [31]
and core-shell sphere [32]. The Fano resonance is a con-
sequence of the interference of two waves, which in the
spectra have significantly different half-widths [33, 34]. The
shape of the resulting contour of a narrower line depends
on the phase difference 6 between them. The frequency and
width of the Fano line are determined by the well-known

formula [34]:
+Q)’
Stw) =24 (6)
14+ Q°

where g = cot § is the Fano asymmetry parameter, 6 is the
phase difference between a discrete state and a continuum,
D? = 4sin?5, Q = (0 — w,)/(yo/2), is the dimensionless
frequency, and y, and w, are the width and frequency
of the narrow line, respectively. All numerically obtained
spectra were fitted using formula (6), as a result of which
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Figure 1: TE- and TM-polarized waves incident on a dielectric ring
resonator with permittivity e; = 80, inner radius R,,, outer radius
R,ui> and thickness L. The ring is placed in the vacuum, e, = 1.

the frequencies, Fano parameters g, and Q-factors of two
interfering modes were determined.

When changing the aspect ratio R, /L (for example,
by changing the length L with a fixed outer radius R,,,), the
frequency of the resonant Fabry—Perot modes changes sig-
nificantly, while the resonant Mie modes weakly (1). There-
fore, the Fabry-Perot-type modes and Mie-type modes
must intersect at certain parameters of the cylinder and the
ring (e, Ry /L, Rin /Royt)- In the case of their interaction,
the avoided crossing regime will be observed, however, if
there is no interaction or it is insufficient, the branches
will intersect in the parametric space. Continuing the work
presented in Ref. [15], we studied the behavior of two
modes that have the symmetry TE, ; , (slow-varying Mie-
type mode) and TM, , ; (rapidly varying Fabry—Perot-type
mode).

4 Results and discussion

This section presents the results of calculations of SCS,
their treatment, and interpretation. To obtain a complete
picture of light scattering in dielectric ring resonators, we
repeated the calculations described in Ref. [15] for a finite
dielectric cylinder and used these results as a reference
point. Further, calculations were made for a large number
of ring resonators with different values of the normalized
inner diameter in the range 0 < R, /R,; < 0.6. For each
fixed value of R;, /R, the SCS of the dielectric ring res-
onator were calculated as a function of its aspect ratio
R,.+/L upon excitation by a plane TE-polarized wave (see
Figure 2 for selected R;, /R,,)- As in Refs. [9, 15], the dielec-
tric permittivity was e; = 80. With this value, firstly, the
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Figure 2: Spectra of the normalized SCS (for harmonic n = 1) for cylindrical and ring dielectric resonators as a function of their aspect ratio

Royut/L.

SCS in the regions of avoided crossing (A)-(C) or crossing (D)~ (F) regimes between the modes TE, ; , and TM, , ;. The spectra marked in red
correspond to quasi-BIC. Normalized size parameter (frequency) x = R, ,@/c = 2R,/ A TE-polarized incident wave. The dielectric
permittivity of all structures is e, = 80. The structures are placed in the vacuum, ¢, = 1.

resonance scattering spectra have narrow peaks that are
convenient for treatment and interpretation and, secondly,
this value corresponds to the permittivity of water in the
microwave frequency region at room temperature, whichin
the future may allow an experiment to be carried out and its
results compared with the presented data. For generality,
when demonstrating the results we use the normalized size
parameter x = kR, being a product of the wavenumber k
and outer radius R;.

To fit the spectra and determine the parameters of
the resonance lines, we used the Fano formula (6). For
clarity, let us consider separately different regions in
the parametric space: first, two regions of weak-coupling
above and below the region of avoided crossing, where
the corresponding branches have a linear dependence on
the parameter R, /L, and, second, a region of strong-
coupling, where the avoided crossing is observed. In areas
of weak interaction, asymmetric contours of resonance
scattering lines are observed (Figure 2), associated with the
interference of each of the two resonant modes (TE, ; , and
TM, ;) with broadband background scattering from the
dielectric object as a whole [29—-31]. As has been shown ear-
lier, these spectra exhibit Fano resonances, a phenomenon
related to the case of two weakly coupled oscillators [34].
As a result of fitting, the frequencies, Fano parameters g,
and Q-factors of the pairs of lines, presented in Figures 3
and 4, were determined with high accuracy.

In the quasi-BIC region of the avoided crossing, we
have the interference of three waves in the far-field, two
waves are determined by the resonant modes of a cylinder
or ring (TE,,, and TM,,,), and the third wave is asso-
ciated with a nonresonant background. Such complicated
interference is not described by the classical Fano formula;
therefore, the statement that a collapse of the Fano reso-
nance occurs in the quasi-BIC region [12, 35, 36] is correct.
Accordingly, one should not expect a perfect fit according
to the Fano formula where the condition of its applicabil-
ity is not met. Nevertheless, the shape of the resonance
lines in the spectra corresponding to the avoided crossing
region was successfully approximated by the Fano formula
in a significant region, excluding the extremely narrow
quasi-BIC zone, where the shape of the high-frequency
line corresponded to the symmetric Lorentzian, the Fano
parameter g tends to infinity, and the Q-factor reached its
maximum value.

Quasi-BIC due to the avoided crossing of the Mie-
type mode TE,,, and Fabry—Perot-type mode TM, , ;, at
is observed in a cylinder with a vertical cross-section close
to square R, /L = 0.54 at a size parameter of x = 0.48
(Figure 2A). To find the avoided crossing region of interest
to us in the spectra of the ring, it was necessary to signifi-
cantly shift the search regions both in the frequency scale
and in the R, /L scale (Figure 2B-F). With an increase in
the normalized inner radius R;, /R, the avoided crossing
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Figure 3: Rabi splitting between the TE,; , and TM, , ; branches.
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(A) TE, ; ; (slow-varying Mie-type mode) and TM, , , (rapidly varying Fabry—Perot-type mode) in finite cylindrical dielectric resonator. The
parameter A corresponds to the frequency difference between the high-frequency and low-frequency branches (Rabi splitting A = w, — @,)
at the aspect ratio for the quasi-BIC (R, /L = 0.5412). (B) Q-factor evolution for the high-frequency branch (blue curve, quasi-BIC) and the

low-frequency branch (green curve). ¢; = 80, ¢, = 1.
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Figure 4: Results of treatment of the SCS spectra (for harmonic m = 1) using the Fano formula (6) for the low-frequency and high-frequency

modes.

(A1)-(F1) frequencies of the TE, ; , (Mie-type mode) and TM, , ; (Fabry—Perot-type mode). (A2)-(F2) evolution of the Fano asymmetry
parameter g. (A3)-(F3) evolution of the quality-factor Q. Panels with index (A) correspond to the cylinder, and those with indexes (B)-(F)

correspond to rings with the ratio R;, /R,
region in parametric space shifted toward thinner rings,
i.e. parameter R, /L increased. With relatively small inter-
nal holes (Ry,/R,, < 0.4) the avoided crossing regime
is still observed. For small values of the aspect ratio
R,.:/L, the Fabry—Perot resonance determines the lower-

frequency mode, and the Mie resonance determines the

=0.2,0.4,0.53,0.55, 0.6, respectively.

higher-frequency mode; above the quasi-BIC region, the
resonances are reversed. In this case, outside the avoided
crossing region, both resonances demonstrate a linear
dependence of the frequency on the parameter R, /L. Out-
side the avoided crossing region, the frequency shifts of
both Mie-type and Fabry—Perot-type modes are described
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by linear relations. Nevertheless, an important tendency
is observed: with an increase in the size of the inner hole
R, /R, thedistance between the low-frequency and high-
frequency resonances at the quasi-BIC frequency (Rabi
splitting [37] A = w, — w,, Figure 3) decreases, Figure 4.

The key effect is observed in the region of the
Rin/Rout = 0.53 parameter, when the lines in the spectra
corresponding to the TE, ; , and TM, ; ; resonances intersect
and the avoided crossing effect disappears completely. The
spectra clearly show a simple superposition of a narrow
TE, ;o line on a broad TM, ; ; line without specific signs of
interference (Figure 2D). It is important to note that in this
case, the quasi-BIC regime is still preserved, although the
maximum value of the quality factor Q = 452 decreased sig-
nificantly compared to the value Q = 2843 in the cylinder.
We confidently call the observed effect of quasi-BIC, since
the usual resonance does not have a pronounced maxi-
mum in the parametric space, and the quasi-BIC should
have such a maximum [19] that is actually observed in
the spectra of the ring at R;, /R, = 0.53 (Figure 4D3) and
moreover, with even larger values of the hole R, /R, =
0.55 and Ry, /R, = 0.60 (Figure 4E3 and F3).

A Rin/Rout = 0 (cylinder) B

0.7
0.6

0.5

E

Aspect ratio Rou/L
|w)

1.05

0.95

0.85

0.7 0.8 0.9 1.0 0.7 0.8 0.9

size parameter x

Figure 5: General view of SCSs and field patterns.
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Thus, we observe a continuous transition from the
avoided crossing of two branches (strong-coupling regime)
to their intersection with the preservation of the quasi-
BIC (weak-coupling regime). It is a degenerate point in
parametric space (R;, /R, = 0.53, Figure 4D1) where two
dispersion curves intersect with straight lines. In the region
of Ry, /Ry < 0.53, the quasi-BIC is associated exclusively
with the TE, ; , mode of the Mie type (Figure 4D3~-F3), while
in the cylinder (Figures 3 and 4A3) and ring with small holes
(Figure 4B3 and C3), the quasi-BIC was determined by the
strong interaction of the Mie-type TE, ; , and Fabry-Perot-
type TM, ; ; resonances.

Figure 5 shows a color pattern of the SCS in the size
parameter and aspect ratio axes. It is clearly seen that
with an increase in the size of the inner hole, the lines
in the spectra are significantly broadened, especially for
the TM, ; ; Fabry—Perot-type mode. The same conclusion
follows from Figure 2. The difference in the behavior of Mie-
type and Fabry-Perot-type modes is qualitatively clear.
Resonant Fabry—-Perot modes are defined by the top and
bottom faces of the cylinder or ring. With a decrease in the
effective area of these faces in the ring, with an increase

Scattering cross-section

1.0 0.8 1.0 1.2

Dependencies of the SCS (m = 1) of cylindrical (A) and ring (B)-(F) dielectric resonators on the aspect ratio R, /L and normalized size
parameter (frequency) x = R, @/c = 2zR,,/ A for TE-polarized incident waves. The calculations are carried out with the R, /L step of 0.02.
Inserts: the calculated field patterns (total electric field amplitude |E| in the (x, 2z) cross-sections (resonator side view) for the high-frequency

and low-frequency branches of the interacting pair of modes TE, ; , and TM, , ;. The field distributions are shown for three R

ot/ L values — two

extreme ones, shown on each of the panels and the R, /L value corresponding to the quasi-BIC. Quasi-BIC points are marked with red dots,
and points corresponding to the same R, /L value on a different branch are marked with white dots.
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in R;,, the Q-factor of the vertical resonances inevitably
decreases. For Mie resonances, the situation is different,
since the area of the sidewall does not depend on the
diameter of the inner hole R;,. As follows from the cal-
culations (Figure 5), the electric field of the Mie-type mode
is concentrated in the inner air cylinder over the entire
range of parameters. It is important to emphasize that in
the avoided crossing region (especially for cylinder and
ring with R;, /R, = 0.2), the electric field amplitude |E|
of the quasi-BIC is determined by the combination of the
Fabry—Perot and Mie resonance fields, but in the crossing
regime, the field of the quasi-BIC (red dots in Figure 5) is
completely determined by Mie-type resonance.

Figure 6 summarizes the results of this work. Smooth
dependences of all functions leave no doubt that the quasi-
BIC is preserved in the case of crossing the branches and
further, with an increase in R;, /R, When the frequency
of the Mie-type quasi-BIC (red dots in Figure 5) turns out to
be lower than the Fabry - Perot resonance frequency (white
dots) for the same R, /L value. We note that the results
obtained using the Fano formula contains key informa-
tion about the quasi-BIC. There is a direct relationship
between the Friedrich—Wintgen quasi-BICs and Fano res-
onances, since these two phenomena are associated with
the same physical effect — wave interference. Note the dif-
ference between quasi-BIC and true theoretical BIC, which
is a dark nonradiative state with infinite Q and, accord-
ingly, should manifest itself in the scattering spectra as
a dip exactly to zero. In contrast to these properties of a
true BIC, the quasi-BIC has two singular points in spectra,
characterized by the Fano parameter q. The position of the
quasi-BIC is determined by the maximum Q-factor of the
line and corresponds to the Fano parameter g — oo. At this
value, the Fano lineshape becomes a symmetric Lorentzian
function and the resonance does not couple to the contin-
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uum of states. Accordingly, the minimum of scattering does
not coincide with the position of the quasi-BIC and corre-
sponds to the antiresonance in the continuum spectrum
(g = 0), and appears as a true zero in the spectrum. How-
ever, this minimum may not reach zero if more continuum
states become involved in the scattering process [34]. As
follows from expressions (4) and (5), the magnitude of the
splitting of TE, ; , and TM, ; ; branches has the form:

=~ = k rn+r .
A~Ey—E,=2p—==0T0 iy 4y,) ()

Vnra 2

As follows from Figure 6C, the difference A ~ EB - EA
in the avoided crossing region changes monotonically,
which indicates a monotonic change in the internal cou-
pling strength x at a constant parity parameter p which
can only change in a jump from +1 to 1. Consequently, the
intersection of the TE, ; , and TM, , ; branches, that is, the
relation Re(EB) = Re(EA) indicates the proximity to zero
of the parameter x. In this case, expressions for resonant
energy levels can be written in a simpler form:

~ E +E

E,=B1E ®)
~ E +E .
Eg= 12 2_1(71+}’2) 9)

Thus, the Friedrich—Wintgen model predicts that
when crossing, two lines with significantly different half-
widths (y, = 0 and yz =y, + 7,) will be observed in the
spectra, which corresponds to the result that was obtained
in our calculations. The eigenmode EA continues to be
purely real and preserves the quasi-BIC regime.

It should be noted that individual regimes of strong
coupling and weak coupling of two photonic modes were
previously studied in various dielectric resonators. In par-
ticular, the formation of long-lived states with high Q-factor

A C
0.6 —— Tow-Q mode 0.6 T
—— quasi-BIC mode 1
05 5[ = 05%0]
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< !
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203 0.3 i
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Figure 6: BICs in dielectric rings.

(A) Q-factor evolution for branches with the quasi-BIC (blue curve) and without quasi-BIC (green curve). (B) Transformation of the shape of

the ring (ratios L, R

out?

and R;;) with the quasi-BIC for a pair of modes TE,, , and TM, , ;. (C) Dependence of the Rabi splitting (A = @, — ®,)
between the branch with the quasi-BIC and a branch without the quasi-BIC on the normalized radius of the inner hole R, /R,
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near avoided resonance crossings due to strong external
coupling was studied in quasi-two-dimensional dielectric
cavities with rectangular, elliptical, and stadium-shaped
cross-sections [38]. External weak coupling with crossing
resonant frequencies also leads to a significant increase in
Q-factor, as demonstrated in the case with three dielectric
nanorods [39]. This regime was achieved by tuning the rod
spacing and led to an increase in the lifetime over an order
of magnitude.

5 Conclusion

We have revealed that high-Q quasi-BIC exists not only
in dielectric cylindrical resonators but also in dielectric
ring resonators with high robustness over a wide range
of internal hole sizes. The behavior of the Mie-type TE, ; ,
and Fabry-Perot-type TM, ; ; resonances in structures with
a dielectric permittivity €; = 80 was investigated numeri-
cally. Destructive interference of antiphase waves in the
far zone leads to a quasi-BIC, and constructive interfer-
ence of in-phase waves leads to a decrease in the Q factor.
In the quasi-BIC region of the avoided crossing, there is
the interference of three waves in the far-field zone, two
waves are determined by the resonant modes of a cylin-
der or ring (TE, ; , and TM, ; ; as an example), and the third
wave is associated with a nonresonant background. Such a
complex interference is not described in the classical Fano
model and this effect is associated with the collapse of the
Fano resonance. At R, /R, ~ 0.53, we found a crossover
from the region of an avoided crossing to the region of inter-
section of branches in the parametric space. The crossover
occurs due to a monotonic decrease to the minimum val-
ues of the internal coupling strength « at a constant parity
parameter p. In the region of intersection, the quasi-BIC
is preserved and is observed in the spectra exclusively on
the Mie-type TE, ; ; line which is much narrower than the
TM, ;,; line. With a change in the aspect ratio R,,/L, the
TE, ; o line demonstrates the maximum Q factor associated
with quasi-BICwhenitis at the top of the TM, ; ; broadband.

In this work, we demonstrate in detail how to per-
form the fine tuning of structural parameters (¢,, €5, L, Ry,
and R,,,) for designing a dielectric ring with the maximum
Q factor in a certain spectral range due to the quasi-
BIC regime. Note that when the size of the inner hole
changes from zero in a fairly wide range, the Q-factor of
the quasi-BIC changes insignificantly, demonstrating high
robustness.

In this context, we would like to draw attention to
chalcogenide phase-change alloys Ge—Sb—Te. In particu-
lar, the femtosecond laser-induced switching of infrared

DE GRUYTER

nanoantenna resonances using a Ge;Sb;Te, thin film was
reported [40]. Another Ge—Sb-Te alloy, namely Ge,Sh,Tes,
is also being actively investigated [41]. In particular,
Ge,Sb,Te; metasurfaces were created using U-shaped
antennas [42] or a complex nanostructured cruciform
shape developed using a genetic algorithm optimizer in
combination with an efficient full-wave electromagnetic
solver [43]. We believe that the use of easily manufactured
cylindrical or annular metasurface elements formed from
Ge-Sb-Tein the quasi-BIC mode will significantly improve
the functional properties of various devices.

Acknowledgment: The authors are grateful to P.A. Belov
for discussing the results.

Author contribution: All the authors have accepted respon-
sibility for the entire content of this submitted manuscript
and approved submission.

Research funding: This work was funded by the Russian
Science Foundation (Project 20-12-00272).

Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

[1] E.P.Wignerand ). Von-Neumann, “Uber merkwiirdige
eigenwerte,” Z. Phys., vol. 30, p. 465, 1929.

[2] D. C. Marinica, A. G. Borisov, and S. V. Shabanov, “Bound
states in the continuum in photonics,” Phys. Rev. Lett.,
vol. 100, p. 183902, 2008.

[3] E.N.Bulgakov and A. F. Sadreev, “Bound states in the
continuum in photonic waveguides inspired by defects,” Phys.
Rev. B, vol. 78, 2008, Art no. 075105.

[4] Y. Plotnik, O. Peleg, F. Dreisow, et al., “Experimental
observation of optical bound states in the continuum,” Phys.
Rev. Lett., vol. 07, p. 183901, 2011.

[5] C.W.Hsu,B. Zhen, ). Lee, et al., “Observation of trapped light
within the radiation continuum,” Nature, vol. 499,
pp. 188—191, 2013.

[6] Y.Yang, C. Peng,Y. Liang, Z. Li, and S. Noda, “Analytical
perspective for bound states in the continuum in photonic
crystal slabs,” Phys. Rev. Lett., vol. 113, 2014, Art no. 037401.

[7]1 F. Monticone and A. Alu, “Embedded photonic eigenvalues in
3D nanostructures,” Phys. Rev. Lett., vol. 112, p. 213903, 2014.

[8] C.W.Hsu, B. Zhen, A. D. Stone, ). D. Joannopoulos, and M.
Soljacic, “Bound states in the continuum,” Nat. Rev. Mater.,
vol. 1, pp. 1—-13, 2016.

[9] M. V. Rybin, K. L. Koshelev, Z. F. Sadrieva, et al., “High-Q
supercavity modes in subwavelength dielectric resonators,”
Phys. Rev. Lett., vol. 119, p. 243901, 2017.

[10] H. M. Doeleman, F. Monticone, W. den Hollander, A. Alu, and
A. F. Koenderink, “Experimental observation of a polarization
vortex at an optical bound state in the continuum,” Nat.
Photonics, vol. 12, pp. 397—401, 2018.

[11] F. Monticone, H. M. Doeleman, W. den Hollander, A. F.
Koenderink, and A. Alu, “Trapping light in plain sight:



DE GRUYTER

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

embedded photonic eigenstates in zero-index metamaterials,”
Laser Photon. Rev., vol. 12, p. 1700220, 2018.

S. 1. Azzam, V. M. Shalaev, A. Boltasseva, and A. V. Kildishev,
“Formation of bound states in the continuum in hybrid
plasmonic-photonic systems,” Phys. Rev. Lett., vol. 121,

p. 253901, 2018.

K. Koshelev, G. Favraud, A. Bogdanov, Y. Kivshar, and

A. Fratalocchi, “Nonradiating photonics with resonant
dielectric nanostructures,” Nanophotonics, vol. 8,

pp. 725—745, 2019.

A. Krasnok and A. Alu, “Embedded scattering eigenstates
using resonant metasurfaces,” J. Opt., vol. 20, 2018,

Art no. 064002.

A. A. Bogdanov, K. L. Koshelev, P. V. Kapitanova, et al., “Bound
states in the continuum and Fano resonances in the strong
mode coupling regime,” Adv. Photonics, vol. 1, 2019,

Art no. 016001.

K. Koshelev, S. Kruk, E. Melik-Gaykazyan, et al.,
“Subwavelength dielectric resonators for nonlinear
nanophotonics,” Science, vol. 367, pp. 288—292, 2020.

M. G. Silveirinha, “Trapping light in open plasmonic
nanostructures,” Phys. Rev. A, vol. 89, 2014, Art no. 023813.
S. 1. Azzam and A. V. Kildishev, “Photonic bound states in the
continuum: from basics to applications,” Adv. Opt. Mater.,
vol. 9, p. 2001469, 2021.

M. Rybin and Y. Kivshar, “Supercavity lasing,” Nature,

vol. 541, pp. 164—165, 2017.

E. N. Bulgakov and D. N. Maksimov, ‘“Avoided crossings and
bound states in the continuum in low-contrast dielectric
gratings,” Phys. Rev. A, vol. 98, 2018, Art no. 053840.

M. Odit, K. Koshelev, S. Gladyshev, K. Ladutenko, Y. Kivshar,
and A. Bogdanov, “Observation of supercavity modes in
subwavelength dielectric resonators,” Adv. Mater., vol. 33,

p. 2003804, 2020.

S. G. Lee, S. H. Kim, and C. S. Kee, “Bound states in the
continuum (BIC) accompanied by avoided crossings in
leaky-mode photonic lattices,” Nanophotonics, vol. 9,

pp. 4373—4380, 2020.

I. C. Seo, S. Kim, B. H. Woo, I. S. Chung, and Y. C. Jun,
“Fourier-plane investigation of plasmonic bound states in the
continuum and molecular emission coupling,” Nanophotonics,
vol. 9, pp. 4565—4577, 2020.

H. Friedrich and D. Wintgen, “Interfering resonances and
bound states in the continuum,” Phys. Rev. A, vol. 32, p. 3231,
1985.

S. G. Tikhodeev, A. L. Yablonskii, E. A. Muljarov, N. A. Gippius,
and T. Ishihara, “Quasiguided modes and optical properties of
photonic crystal slabs,” Phys. Rev. B, vol. 66, 2002, Art no.
045102.

A. Christ, S. G. Tikhodeev, N. A. Gippius, ). Kuhl, and

H. Giessen, “Waveguide-plasmon polaritons: strong coupling
of photonic and electronic resonances in a metallic photonic
crystal slab,” Phys. Rev. Lett., vol. 91, p. 183901, 2003.

K. Zhang, D. Li, K. Chang, K. Zhang, and D. Li, Electromagnetic
Theory for Microwaves and Optoelectronics, Berlin, Springer,
2008, pp. 274—283.

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

N. Solodovchenko et al.: BIC in strong and weak coupling regimes in dielectric rings = 4355

C. F. Bohren and D. R. Huffman, Absorption and Scattering of
Light by Small Particles, New York, Wiley, 1983.

M. V. Rybin, K. B. Samusev, I. S. Sinev, et al., “Mie scattering
as a cascade of Fano resonances,” Opt. Express, vol. 21,

pp. 30107 —30113, 2013.

M. V. Rybin, D. S. Filonov, P. A. Belov, Y. S. Kivshar, and M. F.
Limonov, “Switching from visibility to invisibility via Fano
resonances: theory and experiment,” Sci. Rep., vol. 5,
pp.1-6, 2015.

M. I. Tribelsky and A. E. Miroshnichenko, “Giant in-particle
field concentration and Fano resonances at light scattering by
high-refractive-index particles,” Phys. Rev. A, vol. 93, 2016, Art
no. 053837.

T.). Arruda, A. S. Martinez, F. A. Pinheiro, R. Bachelard,

S. Slama, and P. W. Courteille, “Fano resonances in plasmonic
core-shell particles and the Purcell effect,” in Fano
Resonances in Optics and Microwaves, Cham, Springer, 2018,
pp. 445—472.

U. Fano, “Effects of configuration interaction on

intensities and phase shifts,” Phys. Rev., vol. 124, p. 1866,
1961.

M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S. Kivshar,
“Fano resonances in photonics,” Nat. Photonics, vol. 11,

p. 543, 2017.

A. S. Pilipchuk, A. A. Pilipchuk, and A. F. Sadreev, “Bound
states in the continuum in open spherical resonator,” Phys.
Scripta, vol. 95, 2020, Art no. 085002.

N. Bonod and Y. Kivshar, “All-dielectricMie-resonant
metaphotonics,” C. R. Phys., vol. 21, pp. 425—442,

2020.

G. Khitrova, H. M. Gibbs, M. Kira, S. W. Koch, and A. Scherer,
“Vacuum Rabi splitting in semiconductors,” Nat. Phys., vol. 2,
pp. 81—-90, 2006.

J. Wiersig, “Formation of long-lived, scarlike modes near
avoided resonance crossings in optical microcavities,” Phys.
Rev. Lett., vol. 97, p. 253901, 2006.

Q. H. Song and H. Cao, “Improving optical confinement in
nanostructures via external mode coupling,” Phys. Rev. Lett.,
vol. 105, 2010, Art no. 053902.

A.-K. U. Michel, P. Zalden, D. N. Chigrin, M. Wuttig,

A. M. Lindenberg, and T. Taubner, “Reversible optical
switching of infrared antenna resonances with ultrathin
phase-change layers using femtosecond laser pulses,” ACS
Photonics, vol. 1, pp. 833—839, 2014.

Q. Wang, E. T. F. Rogers, B. Gholipour, et al., “Optically
reconfigurable metasurfaces and photonic devices based on
phase change materials,” Nat. Photonics, vol. 10, pp. 60—66,
2016.

C. Choi, S.-Y. Lee, S.-E. Mun, et al., “Metasurface with
nanostructured Ge,Sb,Te; as a platform for broadband-
operating wavefront switch,” Adv. Optical Mater., vol. 7,

p. 1900171, 2019.

A. V. Pogrebnyakov, J. A. Bossard, . P. Turpin, et al.,
“Reconfigurable near-IR metasurface based on Ge,Sh,Teg
phase-change material,” Opt. Mater. Express, vol. 8, p. 2264,
2018.



	1 Introduction
	2  Friedrichtnqx2013;Wintgen model
	3 Calculation methods
	4 Results and discussion
	5 Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


