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Resonant optical responses of anisotropic molybdenum disulfide (MoS;) nanoparticles (NPs) and their two-
dimensional arrays (metasurfaces) are investigated. The nanoparticles in the form of disks with holes and with
MoS, layers oriented perpendicular to the disk’s basis (in-plane material anisotropy) are considered. Using
numerical calculations with analytical multipole analysis, we show that the material anisotropy of NPs provides
an additional degree of freedom for manipulation of their resonant magnetic and electric dipole responses and
affect the effective dipole polarizabilities. Based on this possibility and applying a special tuning procedure,
we construct the MoS, metasurfaces supporting the quasitrapped mode (QTM) resonance around the telecom
wavelength of 1550 nm with high quality factor and high sensitivity to the environment. It is shown that
regardless of extremely weak absorption of the single nanoparticles, the excitation of the QTM leads to effective
narrowband absorption in the telecom wavelength range depending on the polarization direction of normally
incident waves. It is demonstrated that a metasurface, composed of the MoS, disks with the in-plane material
anisotropy, has the properties of a continuous birefringent medium. Due to these properties, a normally incident
linearly polarized wave can be transformed into transmitted and reflected waves with changed polarizations.
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I. INTRODUCTION

Currently, the design of the ultranarrowband absorbers
is of great practical interest. Until recently, the structures
and metasurfaces based on conductive materials have been
used to create such absorbers. Their configuration and lattice
resonances [1,2] allow narrowing the spectral transmission
window, while the conductor provides fast damping of light
[3-6]. The composite metal-dielectric absorbers utilize the
resonances of a dielectric metamaterial to concentrate light
and direct it to a plasmonic substrate for conversion of near
field energy to Joule losses [7]. The quality factor of the
considered resonances as the ratio of the resonant wavelength
to the full width at half maximum (FWHM) depends on the
topology of the structure. For example, in Ref. [5], the quality
factor of about 130 was achieved in the near-infrared range
for gold mushrooms on a complex substrate; in the theoretical
work [6] for an array of gold nanoribbons on a thin gold
layer, it reaches 350 in the visible range. In addition, the
terahertz absorbers based on the structured graphene [8] with
a quality factor of about 9 and with a quality factor of about
several hundred units [9] for a wavelength 1550 nm were
proposed. An additional remarkable feature of narrowband
absorbers is high sensitivity to the local environment, which
allows for detection of individual particles and nano-objects
with high precision [10-13]. However, the obligatory pres-
ence of a plasmonic substrate in such structures does not allow
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creating functional metacoatings on their basis deposited on
the surfaces with arbitrary shapes. The solution can be the use
of absorption properties of individual nanoparticles enhanced
in a narrow spectral range due to interference effects in the
lattice. In this case, the diffractive-coupled lattice of metal or
semiconductor NPs provides the collective lattice resonances
with the quality factors determined by the configuration and
size parameters of the system [14—19].

The recent researches have focused on the development of
all-dielectric absorbers and sensors, for which a high level
of absorption is achieved by matching impedances and com-
bining electric and magnetic dipole resonances at the same
frequency in a metamaterial fabricated from weakly absorbing
NPs, for example, solid Si NPs [20,21]. However, the quality
factor of such systems is low and does not exceed 12. Not
very high quality factor values are reached in metasurfaces
composed of doped Si [22,23] or Ge [24] building blocks with
increased material losses.

The improvement of the quality factor control of the
all-dielectric absorbers and enhancing sensitivity of the corre-
sponding sensors can be reached, on the one hand, by applying
a new physical mechanism and, on the other hand, by using
new optical materials for their fabrication. One such approach
is to combine the fundamental effects of nonlocality in indi-
vidual NPs optical response and the collective resonances of
metasurfaces and nanostructures composed of such building
blocks [25-28]. It should be noted that the problem of lo-
calization and nondiffractive propagation of surface waves in
all-dielectric metasurfaces has already been considered earlier
using the Si slab gratings with combination of hyperboliclike
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and elliptic dispersion regimes [29]. At the same time, the use
of new materials and other physical effects can significantly
extend the scope of such structures [30]. In particular, the
metasurface composed of optically bianisotropic NPs [31] can
support the quasitrapped modes (QTMs) or, by other words,
the quasibound states in the continuum (qBICs) [32,33]. In
general, the trapped modes or BICs are protected eigenmodes
of ideal lossless optical systems that remain perfectly local-
ized without radiation into free space [34], providing their
infinite Q-factor resonances and perfect confinement of opti-
cal energy [35-37]. In practical cases, access to similar states
can be obtained by weak distortion or perturbation of the ideal
structure’s symmetrical properties that converts the trapped
modes into QTMs (gBICs) [38,39]. For metasurfaces, such
perturbations can be realized by exploiting the bianisotropic
properties of their building blocks.

Recently, it was analytically demonstrated in Ref. [40] that
in the metasurfaces composed of dielectric nanodisks having
a round penetrating hole shifted from the disk’s center, the
QTMs are generated by the self-synchronization for the indi-
vidual disk’s magnetic dipole moments oriented orthogonally
to the metasurface and excited due to the disk’s bianisotropic
response. The strength of this effect depends on the values of
the nondiagonal elements of the disk’s dipole polarizability
tensor that is responsible for the bianisotropy [31,40]. In the
case of the QTM excitation, the transmission and reflection
spectra of arrays of such particles have the high-quality reso-
nant features [39,40]. Moreover, the excitation of QTMs leads
to a strong near-field enhancement, which may initiate the
nonlinear [41] and thermal [42] processes in the metasurfaces.

So far, the referenced results related to QTMs concerned
the metasurfaces composed of nanoparticles with isotropic di-
electric properties. In these cases, only shape/size and aspect
ratio factors can be applied to the realization of the required
resonances of single particles. However, two-dimensional
(2D) layered anisotropic materials [43] for building blocks
can provide an additional degree of freedom for tuning and
control of their optical resonances. This degree of freedom
can provide a strong dependence of the optical response on the
orientation of the field strength of the incident wave relative
to the material layers even for scatterers of high-symmetrical
shapes (such as spheres, cubes, and cylinders). Such materials
include, in particular, the class of transition metal dichalco-
genides (TMDCs) [44]. They can exist as layers with atomic
thickness and flakes. In this form, they are promising for
micro- and optoelectronics, photonics and are considered as
the basis for creating a new type of transistors [45,46], biosen-
sors [47] and spaser systems [48,49].

Bulk TMDCs, which consist of many parallel atomic
monolayers weakly coupled to each other by van der Waals
forces, show promising application potential in metasurfaces
and metacoatings to control the polarization and angular char-
acteristics of scattered light. One of these materials is MoS;
[50-54], for which the real part of the refractive index along
the layers is significantly higher than across the layers. If
a bulk nanoparticle (disk, cone, and pyramid) is cut from
a multilayer film of such material, then the layers will be
parallel to the base. However, the experimental synthesizing
of TMDCs with vertically aligned layers has been recently
reported [55-57]. Therefore, in a metasurface composed of
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FIG. 1. (a) The model of metasurface composed of hollow MoS,
disks with visualization of the electric field component in the regime
of quasitrapped mode generation stylized on the base of numerical
simulation. Relative dielectric permittivity for MoS, (b) along and
(c) orthogonal to the material layers [50]. (d) The comparison of
imaginary parts of permittivities for mutually orthogonal directions.

MoS, building blocks with vertically aligned layers, the effec-
tive refractive index for optical waves propagating along the
metasurface is significantly higher than for an incident wave
with polarization oriented perpendicular to the layers. This
allows for realizing a spectrally solitary QTM of a metasur-
face and achieving high-contrast values, for example, for the
reflectance R at the QTM wavelength relative to its vicinity.
Therefore, an additional degree of freedom due to the differ-
ence in the refractive indices of an anisotropic material along
two orthogonal directions determines one more way to control
the spectral position of the QTM and its characteristics in the
metasurface.

To clarify and demonstrate these new facilities, in this
article we investigate the light scattering by individual MoS,
disk particles and the realization of quasitrapped mode in
the metasurfaces composed of such particles with vertically
aligned layers. We show that, due to the QTM response of the
metasurfaces, an effective narrow absorption band can be re-
alized in the telecom (wavelength ~1550 nm) spectral range,
where MoS, material has very weak anisotropic absorption.
Finally, we investigate the possibilities of light polarization
transformations caused by the MoS, disks metasurface by
analogy with the effect of birefringence in anisotropic bulk
media.

II. RESONANT EFFECTS IN MoS; METASURFACES

This article considers metasurfaces composed of disk
nanoparticles made of MoS, with layers perpendicular to
the disk base and parallel to the yz plane [Fig. 1(a)]. Every
disk has radius R», height H, and a through hole with radius
R;. The hole can be shifted by A along the y axis (along
the MoS, layers), as is shown in Fig. 1(a). The normal
irradiation conditions are also shown in Fig. 1(a), where
E = (E,,0,0)exp(ikz) [H = (H,,0,0)exp(ikz)] are the
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FIG. 2. Spectra of the scattering cross sections with corresponding multipole decomposition calculated for the MoS, disk (the radius and
height R, = H = 258 nm) with the central through hole (the radius R; = 82 nm) and for different irradiation conditions clarified by the insets.

Orientation of the MoS; layers is parallel to the yz plane.

incident electric and magnetic fields, k is the wave vector of
the normally incident plane wave.

A. Optical properties of single disks

Since the properties of metasurfaces are determined by
the combinations of individual particles’ resonances and the
collective resonances of the total structure. We start from a
detailed discussion, the question of how the anisotropy of
MoS, dielectric permittivity [50] affects the scattering of light
by the single MoS; disks with the symmetric through hole. In
the Cartesian coordinate system shown in Fig. 1(a), the tensor
of dielectric permittivity &, is written as

&1 0 0
=10 ¢ 0], 1)
0 0 €|

where the values of ¢, and g for MoS, (space group 194:
P63 /mmc) have been recently measured [50,53] and shown in
Figs. 1(b) and 1(c). For calculations of the scattering cross
sections and their corresponding multipole decompositions,
we apply the following approach: the electric and magnetic
fields, induced polarization, and density of the displacement
current inside the scatterers are calculated using the COM-
SOL Multiphysics facilities for the problem of light plane
wave scattering by a finite-size target, and then the contribu-
tions of the main multipole moments into the scattering cross

section oy, are determined from the expression [58]
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where k is the vacuum wave number, g, and &; are the vac-
uum dielectric and relative dielectric constants of surrounding
medium, respectively, (g is the vacuum permeability, E is the
vector of electric amplitude of the incident plane waves, p and
m are the vectors of electric and magnetic dipole moments of
the scatterer, respectively, and Q, M, and O are the tensors
of electric and magnetic quadrupole moments, and electric
octupole moment, respectively. Corresponding expressions
for the multipole moments defined by the density of the
displacement current can be found elsewhere [58]. In this
article we consider that all multipole moments of individual
nanoparticles are located at their center of mass. This also con-
cerns the calculation of the dipole polarizabilities presented
further.

The scattering cross sections for different irradiation condi-
tions are shown in Fig. 2. Independently on these conditions,
the scattering in the telecom optical range (A € [1250-1650]
nm) is determined by the electric dipole (ED) and magnetic
dipole (MD) moments of the disk. For the normal incidence of

1890nsg|E|2

035412-3



ALEXEI V. PROKHOROV et al.

PHYSICAL REVIEW B 106, 035412 (2022)

the plane waves along the z axis [Figs. 2(a) and 2(c)], one can
see the strong influence of the incident wave polarization on
the spectral positions of ED and MD resonances caused by the
MoS, dielectric anisotropy. Changing the electric polarization
from E, [being perpendicular to MoS, layers, Fig. 2(a)] to
E, [being parallel to MoS, layers, Fig. 2(c)], the value of
the cross section increases, and the dipole resonances are
shifted to the “red” side. For the E|, polarization (electric field
is directed along the layers), the resonant MD contribution
increases considerably. In this case, the main MD, moment
is directed perpendicular to the layers and determined by the
ring displacement current induced in these layers character-
ized by a large refractive index n ~ , /&|. The redshift follows
from the estimation of the wavelength AMP corresponding

res
to the MD resonance of a dielectric particle with dimension
D and having refractive index n: AMP ~ Dn—for fixed D,
the resonant wavelength increases with #. Thus, the normally
propagating light waves with E, polarization (perpendicular to
the layer) do not excite resonant response of the disks around
A = 1500 nm, in contrast to the case of the orthogonal E,
polarization.

For the side irradiation and H, polarization, the results
are presented in Figs. 2(b) and 2(d). One can see that the
spectral position of the first MD resonance (A = 1620 nm)
almost does not depend on the orientation of the external
electric field with respect to the MoS,; layers. In contrast, the
corresponding scattering cross sections’ values are different:
once the electric field is parallel to the MoS, layers, the
scattering cross section is larger owing to the larger value of
the induced displacement current in xy plane. In this case,
the value of the resonant MD at A = 1620 nm is also larger
than for other cases shown in Fig. 2(b). Due to the symmetry
properties of the disk, the MD excited by the side irradi-
ation with H, polarization has the only m, component for
which

im!| > |m:, 3)

where m!l") is the MD z component for the side irradia-
tion with electric field polarization parallel (perpendicular)
to the MoS, layers. The inequality (3) is followed from the
anisotropy of &,, which also results in the nonlocal optical
response of the MoS, disk.

In the dipole approximation with the inclusion of the first-
order nonlocal response, the electric and magnetic dipole
moments of single NPs irradiated by an external wave with
electric E and magnetic H fields can be written in the form
[59]

p=a“E+a“"H+ alV ® EJ, )

m = &""H + &"™E + ¢[V @ E], 5)

where @™ is the tensor of electric (magnetic) dipole polar-
izability corresponding to the direct (local) excitation of the
dipole moment by the electric (magnetic) field of the incident
wave. The second and third terms in (4) and (5) correspond
to the bianisotropic and nonlocal, respectively, excitation of
p and m. From the reciprocity property of the considered
scattering systems, the tensors of bianisotropic polarizabil-
ities satisfy the following relation: po&™ = —(&")" [60],

where T denotes the transpose operation. Moreover, from the
deriving of (4) and (5) [61], the elements of the tensors a
and ¢ satisfy the following symmetry properties: a;;; = a;;
and ¢;j; = ¢;;;. Furthermore, we will consider that when the
orientation of the excited dipole is collinear with the wave
vector of the incident wave, the bianisotropy is longitudinal,
and when it is perpendicular, the bianisotropy is transverse.
Note that all tensor coefficients in (4) and (5) depend only on
geometrical and material characteristics of scatterers and are
independent on irradiation conditions.

In order to determine the conditions of resonant coupling
between NPs periodically arranged in a metasurface (as shown
in Fig. 1), one needs to know certain components of the tensor
coefficients from (4) and (5) which correspond to the lateral ir-
radiation of the single disk [40,62]. They can be obtained from
(4) and (5) if the dipole moments p and m of NP are known
from numerical calculations for the two separate irradiation
conditions (along x and y direction). For example, in the case
of studying coupling effects with a magnetic dipole moment
being perpendicular to the metasurface plane, it is convenient
to get from (4) the system of equations in the form

m(k'E‘H) =« "H, + c;,IkEy + ol E,, (6a)

4 zy

m(~RE—H) —

_a;.nzmHZ - Cz_vxikEy + Dlgl,eEy, (6b)
mSE,k,fH) = _()5;712”1[_1Z + Cz)cyikEx + a;;eEx’ (6¢)

mERHD = oMMy KE, + o"E,. (6d)

Equations (6a) and (6b) correspond to the irradiation of NPs
in two opposite directions: forward and backward to the x
axis, while maintaining the direction of the vector E along the
y axis, see the coordinate system, for example, in the insets
in Fig. 2. This information is indicated by the superscripts
for m,. Equations (6¢) and (6d) correspond to the irradiation
in forward and backward directions along the y axis while
maintaining the direction of the vector E along the x axis
(see the corresponding superscripts for the moment). Using
the symmetrical property c;,;, = ¢y, the solution of system
(6) in the general case have the form

1

azn;m — 4HZ [(mgk,E,H) o mgfk,E,fH))
+ (méE,—k,H) _ ng,k,—H))]’ (73)
1
_ (k,EH) _  (—k,E,—H)
CZXY - Zlk(Ex ‘I’E)) [( Z mZ )
_ (ng,—k,H) _ méE,k,—H))]‘ (7b)

Note that disks with a central hole have inverse symmetry.
Therefore, there is no bianisotropy of any type in them, but
a nonlocal response can be excited. The appearance of the
nonlocal response is a consequence of the anisotropy of NP
material, since for these irradiation conditions this effect is not
observed in isotropic disks [63] for which the magnetic dipole
component m; is determined only by the local term with 2"
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FIG. 3. Real (blue curves) and imaginary (red curves) parts of
inverse polarizabilities and nonlocal response (green triangles) cal-
culated according to (7) for o (dotted curves) and derived from
(6a) and (6b) for the effective o2 (solid curves) and "™ (6¢)
and (6d) (dashed curves), separately, for lossless MoS, disk with
radius and height R, = H = 258 nm with a centered hole with radius
R, = 82 nm and vertically aligned layers shown in the inset. The
cyan circles correspond to the analytical expression (11b) for the
dipole sum.

in (6). Formally, we can also include the nonlocal response in
effective polarizabilities (which become dependent on irradi-
ation conditions), defining them as

m(k,E,H) m(E,fk,H)

mm(x) __ mm(y) _ 2
o = —Hz and o = 7 ®)

under the irradiation with a wave vector that is collinear to
the x and y axes, respectively. Note that such effective polar-
izabilities of isotropic disks with a dipole response coincide
with their direct polarizabilities 2" . The inverse values of the
corresponding polarizabilities calculated for the disk NP with
the central hole as in Fig. 2 are presented in Fig. 3 for differ-
ent incident wavelengths A. The curves corresponding to the
direct (local) dipole polarizability «2" and its effective coun-

terparts 2™ and o) significantly differ because of the
nonlocal response additions. Note that the intersection point
of the real parts of the inverse direct (local) and effective po-
larizabilities corresponds to their zero values coinciding with
the magnetic-dipole resonant condition Re(1/a2™) = 0 real-
ized at the telecom wavelength A = 1607 nm, see Fig. 3. At
the same time, the imaginary parts of 1/a””*® and 1/a/""”
do not coincide in all considered spectral ranges, including
the resonant condition, which leads to the difference in the
values of the dipoles m{*£-#) and m{~%E-~H) and, therefore,
to different energies of their excitation.

In the region of small wavelengths around A = 950 nm,
multipeak dependence on the scattering cross section [Fig. 2]
appears due to the anisotropic properties of the disk and
quadrupoles excitation. However, in our further considera-
tion, we shall concentrate our attention only on the telecom
long-wavelength region, where the NP optical properties are
determined only by their dipole response.

B. Quasitrapped modes of MoS, metasurfaces

According to (4) and (5) under E = (E,, 0, 0)exp(ikz) irra-
diation conditions, the electric and magnetic dipole moments
excited in a single disk NP can be determined as follows:

pi = o E, + otemH + ajy kE,, (9a)
m; = Otgmey + Ol;ﬁeEx + C,‘lekEx. (9b)

In the case of i = z, second terms correspond to the longi-
tudinal bianisotropy, which can be used for excitation of the
quasitrapped modes of the metasurface composed of such
disks, as it has been discussed in Ref. [40]. The bianisotropic
response of the single disk can appear due to the violation
of its inverse symmetry, which is achieved, for example, by
shifting a hole on a value A, along the in-plane y axis of
the Cartesian coordinate system, see inset in Fig. 4(a). In this
case, the magnetic-type longitudinal bianisotropy leading to
nonzero values of m_, is associated with the term }°E, in (9).
Note that to obtain the longitudinal bianisotropy of the electric
type leading to nonzero values of p., it is sufficient to change
the polarization of the incident wave from E; to E,.

Spectral positions of multipole resonances of single di-
electric disks can be tuned by variation of their geometrical
parameters [64,65]. For the MoS, disks with holes shifted
along MoS, layers with g (along the y axis) and nor-
mally irradiated by plane waves with electric field E =
(Ex, 0, 0)exp(ikz), the results of such tuning procedure are
shown in Fig. 4(a). This figure presents the contour plot of
the scattering cross sections of MoS, disks with H = Ry,
R; = 0.318R,, and Ay = 0.38R, over the parametric plane
(A; Ry). For the convenience of the result analysis, Fig. 4(a)
also includes separate contributions of m, into the total scat-
tering Cross sections excited due to the bianisotropic response
with o}, One can see that with an increase of the disk
radius and height, its resonances, including the resonant m,
contribution, shift to longer wavelengths. Note that the bian-
isotropic resonance m, has a spectral position separated from
the main resonances. The importance of this behavior will be
seen from further consideration. Note that the redshift of m,
resonance is solely due to the orientation of the MoS; layers
relative to the incident field. In particular, the wavelength A;
of the main scattering resonances for a disk is proportional
to its effective refractive index. Since the layers are arranged
perpendicular to the exciting field E,, this effective refractive
index is mainly determined by the component ¢ . Therefore,
Ai &~ ny D. However, the polarizability ¢ and the position
of the resonance Aj; for m, are determined by the effective
refractive index already depending on both parameters ¢ and
€1, 1.e., n = f(e, ¢1). Taking into account that | > £, we
obtain A > A;, which corresponds to the redshift of bian-
isotropic component. The main resonances are in the region
of short wavelengths, see Fig. 4(a).

To have the bianisotropic m, resonance in the middle of
the telecom range, we choose the disks with R, = 258 nm
and H =258 nm for the formation of metasurfaces. The
disks of such sizes have been studied in Sec. II A, where the
dependence of their main optical resonances’ spectral posi-
tions on the irradiation conditions was explained. The results
obtained for such disks qualitatively correspond (excluding
the bianisotropy) to the disks with a shifted hole because the
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FIG. 4. (a) The contour plot on the parametric plane (1; R,) for total scattering cross section (a.u.) and the partial scattering cross
section associated only with MD component m, (MD,) calculated for MoS, disks with an eccentric hole normally irradiated by linear
E.-polarized waves. The hole with radius R, = 0.318R, is shifted on A, = 0.38R,, inset in (a) shows the position of the shifted hole in a
disk relative to the axes of the Cartesian coordinate system and schematic illustration of orientation of MoS, layers. The disk’s height H = R,.

(b) The same as in Fig. 3, but for the disk with this shifted hole.

shift can be considered only as a weak perturbation. Note
that the chosen proportions Ry = 0.318R, and A, = 0.38R;
were preliminarily obtained as a result of optimization for the
observation of close to maximum values of MDz in each disk
with a fixed hole R, = 258 nm. It was found that a decrease
in the hole size Ry and/or A, leads to a decrease in the con-
tribution of the bianisotropic component m, to the near-field
response of each disk. This can decrease the visibility of BIC
formed in a metasurface composed of such disks.

Before studying the optical properties of metasurfaces
composed of the MoS, disks with the bianisotropic response,
let us discuss some general positions related to the existence
and excitation of BICs in metasurfaces composed of dipolar
particles. As it has been discussed in Refs. [40,66], in the case
of zero ohmic losses, the collective effect of synchronization
of individual magnetic moments m, in an infinite periodic ar-
ray of holey isotropic disks (with the dipole response) placed
in the xy plane with the period P can lead to the formation of
BICs in the regime of the realization of trapped mode. If the
magnetic dipole moment m, is associated only with the direct
dipole polarizability 2", the condition for the formation of a
trapped mode corresponds to the solution of the transcenden-
tal equation in the form [40,66]

mm
2z

1
S® = Re<—>, (10)
where S® is the real part of the dipole sum S, = S&® + i
with an infinite number of terms. The corresponding parts can
be determined as follows:

w_ K (cos(kddl j)  sin(kediy)  cos(kady ,-))
R di; kad?) Ky )

(11a)
SO = K (11b)
: 6’

where the last equality is obtained in the nondiffractive regime
for which the period P of the array is smaller than the inci-
dent wavelength (so that k;P < 2m) [2]. Here the parameter
d;j = P/I> 4 j? is the distance from the Cartesian coordinate
system origin, coinciding with the position of a lattice node, to
all other nodes of the lattice, which are numbering by indices
land j, k; = 27w /A4, and X, is the incident wavelength in the
surrounding medium with relative dielectric constant 4. In
this paper we consider that e, = 1.

Using (10) and (11a) together with o™, it is possible
to determine the lattice period P for a given wavelength of
trapped mode Aty [62]. For example, we can fix the single
particle polarizability o2 at a certain wavelength (Ary) and
then, by solving (10), find the period P of a metasurface (with
a square elementary cell) that will support the trapped mode
state at this Aty. Note, since the imaginary part S of the
dipole sum in (11b) does not depend on the lattice period P,
(11b) is always correct in the nondiffractive regime. Let us
consider the equation

1
SO = Im<m), (12)
aZZ

providing together with (10) the second condition for the
existence of a symmetry protected BIC or, in other words, a
trapped mode with infinite quality factor. However, condition
(12) can be exactly satisfied only in the case of the dipole re-
sponse without ohmic losses, when Im(1/a}") = —kj /(617)
[40,66].

In general, the electric and magnetic dipole moments of
NPs can include the contributions stemming from the non-
locality, including the bianisotropy, see (4) and (5). In these
cases, the metasurfaces composed of such dipole NPs cannot
support the ideal BICs. However, in this case, the so-called
gBIC or QTM can be realized. It is characterized by finite
quality factors, the values of which are determined by the
bianisotropic contributions. However, as shown in our calcu-
lations, even in the cases of the nonlocality, the relation (10)
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FIG. 5. Spectra of the reflection (R), transmission (T), absorption (A) coefficients and parameter U, for array with period P = 1063 nm
composed of (a) ideal lossless and (b) real weakly absorbing MoS, disks; U, = U/max(U), where U = |S§R) — Re(1/a2)|; the condition
U, = 0 indicates the position of QTM. The geometric disk parameters correspond to Fig. 4(b). The angle ¢ determines the electric polarization
of the incident waves: ¢ = 0° (¢ = 90°) determines the E, (E,) polarization.

only with o2 can be used to determine the lattice period P
of the metasurface supporting a QTM at Aty;. We assume that
this follows from the fact that only dipole-dipole interaction
is involved in the QTM formation, while a nonlocal response
can be related to the generation of scatterer dipole moments
by high order multipole parts of the incident wave [59].

Now, to approximately estimate the spectral position of a
QTM, we examine a lossless MoS, disk with an eccentric
hole, i.e., with the imaginary parts sﬁ) = 8ﬁ1) = 0 and with
the bianisotropic response. As it was discussed above, we
chose H = Ry, R, =258 nm, R; = 82 nm, A, = 98 nm and
calculate the polarizabilities o, and o™, o) of the
disk according to (7a). The forms of the curves for the real and
imaginary parts of 1/a", 1/, and 1/a2"® shown in
Fig. 4(b) remain qualitatively the same as in Fig. 3. However,
due to the bianisotropy induced by the hole shift, the reso-
nance condition Re(1/a™) = 0 is realized at new wavelength
A & 1562 nm [Fig. 4(b)]. Note that Re(l/ag"z’"(")) =0 and
Re(1/a™®) = 0 are also realized at this wavelength.

Thus, the considered anisotropic disk with an eccentric
hole demonstrates the bianisotropic response in the IR range.
It can be used as a building block for the creation of a
metasurface supporting a QTM in a given spectral range.
Choosing the wavelength Aqrm = 1552 nm, at which a QTM
is assumed to be realized, and taking Re(1/ai") at this
wavelength [Fig. 4(b)], we obtain from the solution of (10)
the period P = 1063 nm of the metasurface. Note that the
chosen combination of the wavelength of the incident wave
and the cylinder’s size corresponds to the region of strong
bianisotropic response m, in Fig. 4(a). This situation should
guarantee a finite width of the QTM resonance because, in
this case, Im(S;) > Im(1/a2").

To verify the dipole approximation, we numerically cal-
culated, using COMSOL Multiphysics, the transmission and
reflection spectra of the metasurface [Fig. 1(a)] composed of
the hollow disks with the size parameters as in Fig. 4 and with

the period P ~ 1063 nm. As it is demonstrated in Fig. 5(a)
for the lossless case, the transmission and reflection spectra
have narrow resonant features just at the wavelength 1552 nm
of the QTM. As it is followed from the dipole approximation
[40], at this spectral region, the strong resonant m, component
of every disk is excited due to the realization of the QTM con-
ditions. Simultaneously, owing to bianisotropy, there is also a
coupling between m, and p, [40], so that the electric dipole
component p, of every disk is also resonantly increased, re-
sulting in suppression of the transmission and increasing the
efficiency of reflection. Thus this behavior is fully agreed with
considerations provided by the dipole approximation. Note
that the resonant values of m, under QTM conditions lead to
an increase in the near field in the metasurface plane since
disks do not emit electromagnetic waves perpendicular to this
plane [40]. Note that for the disks with a reduced value of the
ratio Ry = 0.318R, and/or shift A, = 0.38R, we observe a
decrease in the value of MDz relative to the results of opti-
mization in Fig. 4(a). Since the value of MDz determines the
rate of energy pumping into the QTM from an external wave,
a decrease in MDz leads to an increase in the quality factor of
the QTM. This entails additional restrictions on the visibility
of the effect since the fluctuations of the system parameters
can destroy such an ultranarrow QTM resonance.
Furthermore, we will take into account that MoS, has
small but finite values of the imaginary parts of its dielectric
permittivities in the telecommunication range [Fig. 1(d)]. As
a result, the absorption effect has to be realized in the meta-
surface with parameters as in Fig. 5(a) and with actual MoS,
dielectric permittivity. Results of the transmission, reflection,
and absorption spectra simulations for the two different po-
larization of the incident waves are shown in Fig. 5(b). Note
that for the E, polarization, the joint occurrence of dissipative
effects in each building block and the collective effects of the
QTM formation in the entire metasurface leads to the appear-
ance of a narrow peak of collective losses at the wavelength
of the QTM, see Fig. 5(b). This is due to the considerable
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concentration of the electric field inside the cylinders under
the QTM conditions. Indeed, the coupling between individual
cylinders in the array occurs due to the interaction of their
magnetic fields. They are significantly enhanced in the holes
and induce the electric field hot spots inside the cylinders,
which are the centers of collective absorption, see Fig. 7.
This allows us to use such a dissipative metasurface for ul-
tranarrowband absorbing in IR range or for highly sensitive
detection of nano-objects near it.

Analyzing the absorption properties of the system, we
found that under the selected conditions in Fig. 5(b), the
absorption efficiency is high and equals to 51% at Aqrm =
1552 nm. The quality factor Q = A/FWHM is 310 for the
FWHM of absorption peak equals only to 5 nm. In addition,
the system demonstrates a high § = 380 nm/RIU (refractive
index unit) sensitivity to the environment and reaches the level
of a figure of merit (FOM) FOM = 76. This corresponds to a
good level of sensing, compare with Refs. [5,6,20,23]. Here
we used the relations S = AL/An and FOM = S/FWHM,
where A is the wavelength shift of reflectance resonance as
result of the environment refractive index An variation.

Another feature of the metasurface composed of the bian-
isotropic MoS, disks is a high polarization sensitivity. When

the electric field polarization of the incident wave is rotated
in the xy plane by an angle ¢ = £90° the QTM, including
the collective dissipative effect, completely disappears after
the vanishing of the longitudinal bianisotropy of the magnetic
type, see the transmission, reflection, and absorption spectra
in Fig. 5(b) calculated for ¢ = 90°. Here ¢ is the rotation
angle in the xy plane of the electric polarization relative to
the x axis: ¢ = 0° (¢ = 90°) corresponds to the E, (Ey) polar-
ization.

In addition, we investigated the polarization sensitivity
over the entire range of angles ¢ at the wavelength Aqrm =
1552 nm and found the decreasing of the absorption maxi-
mum associated with the QTM with changing the angle ¢
from 0° to £90°. For the case ¢ = 39° the result is shown
in Fig. 6(a). Note that the spectral position of the absorption
maximum does not depend on the angle ¢ always remaining
at the wavelength Agrm = 1552 nm. The dependence of the
transmission, reflection, and absorption coefficients on the
angle ¢ at this wavelength is shown in Fig. 6(b). From this fig-
ure we observe another feature: the rotation of the polarization
of the normally incident wave initiates the process of transfer-
ring part of its energy into the components of the transmitted
and reflected waves, which are orthogonal to the polarization
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FIG. 7. The visualization of electric and magnetic field distributions calculated (a) and (c) in the xz plane and (b) and (d) in the yz plane
for a pair of MoS, disks in the metasurface at the conditions of the QTM. The metasurface parameters correspond to Fig. 5(a).

of the incident wave. In particular, choosing the angle ¢ = 39° ing blocks. Hence, metasurfaces of subwavelength thickness
leads to the generation of the reflected wave only with linear ~ composed of individual in-plane symmetric building blocks
polarization that is orthogonal to the polarization of the in- of anisotropic materials can have properties of a solid plate
cident wave, see curve Ry in Fig. 6(b). The maximum of  consisting of birefringent material. Note that in the opposite
the energy transformation into the orthogonal component of  case with the use of the exciting wave E, (k;) for the disks with
the transmitted and reflected waves is realized at the angle a hole shifted along the x axis, the spectral position of the main
¢ = 45° for both parameters Rpe; and Ty, [Fig. 6(b)]. Finally, resonances is determined by the value ¢, which shifts them

we investigate the possibilities of light polarization transfor- to the infrared region. This leads to a spectral superposition

mations caused by the MoS, disks metasurface by analogy of the resonances of the single disk and the QTM resonance,

with the effect of birefringence in anisotropic bulk media. resulting in a decrease in the contrast of the QTM resonance.
In order to exclude any influence of the particle bian- Such a case is poorly suited for the design of sensors and

isotropy on the cross-polarization effect in the transmission narrowband absorbers.

and reflection, we analyzed this effect for the metasurface In the final part of this section we note another impor-

composed of disks with centered holes and also found its tant feature of the quasitrapped modes in the metasurface of
presence in the system, see Figs. 6(c) and 6(d). However, in anisotropic NPs. This is the presence of the preferred direction
this case, the maximum for Ry, is realized at the wavelength of the interaction between them. Figure 7 shows the distribu-
of 1491 nm [see Fig. 6(c)]. Figure 6(d), plotted for this wave- tion patterns of the electric [by the color map on the cylinder
length, demonstrates the conservation of the angular position surface in Figs. 7(a) and 7(b) and by the vectors in the chosen
of the maximum for Ryer (Tper) at ¢ = 45°. Our simulations plane in Figs. 7(c) and 7(d)] and magnetic [by the vectors in

of the metasurfaces, composed of the disks with similar ge- the chosen plane in Figs. 7(a) and 7(b) and by the color map
ometry fabricated from isotropic material, showed that such ~ on the cylinder surface in Figs. 7(c) and 7(d)] fields for the
metasurfaces do not possess the property of polarization trans- disks in the metasurface plotted for different views. It can be
formation. Thus, we can conclude that the observed effects are seen that strong near-field interactions between the individual
associated with the anisotropic properties of individual build- disks are realized by connecting the magnetic field lines in
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FIG. 8. Reflectance spectra for the metasurface (with period P =
1063 nm composed of MoS, disks with holes) placed in air (solid
blue curve) and on semi-infinite substrates corresponding to quartz
glass (solid cyan curve) [68], germanium dioxide (solid red curve)
[69], and also artificial media with zero imaginary part of refractive
index k¥ = 0 and different values for real part of refractive index n =
1.3 (dashed green curve), n = 1.5 (dashed magenta curve), and n =
1.55 (dashed orange curve). The parameters of disk correspond to
Fig. 4.

the xz plane, see Fig. 7(a). At the same time, the magnetic
field is tightened and concentrated in the holes of the disks
with the formation of hot spots of the electric field in the
narrow waist near them. On the contrary, the visualization of
the magnetic field in the yz plane demonstrates the repulsion
of the field strength lines [see Fig. 7(b)]. A similar picture is
observed for the electric field vectors in the space between the
cylinders in Figs. 7(c) and 7(d). We changed the polarization
of the incident wave to Ey(k;) and shifted the hole along the
x axis and found that an asymmetric field distribution, as in
Fig. 7, does not depend on the method of the QTM excitation.
Thus, the topology of the field for QTM is determined by the
orientation of the layers of the anisotropic material used to
fabricate the metasurface. In particular, the same character of
the coupling is kept in the case of shifting the hole along the x
axis and using the field E = (0, Ey, 0)exp(ikz) for irradiation
of an array of disks with holes.

III. THE INFLUENCE OF THE SUBSTRATE
ON THE QTM EXCITATION

The influence of a semi-infinite substrate on the realization
of quasitrapped modes depends significantly on the refractive
index ng,, of the substrate material. It can be seen from the
results in Fig. 8 that increasing the refractive index of the
substrate, first, leads to the redshift for the QTM resonance
with an increase in the reflection maximum (the first regime).
Second, starting from a certain value of the refractive index
of the substrate, the reflection maximum gradually disappears
(the second regime). The main factor limiting the visibility
of the QTM effect is the grating diffraction into the sub-
strate. Diffraction into the substrate occurs for waves with a
wavelength of A < Ap = ng,P. If the QTM is excited at the
wavelength Agrm > Ap we have realization of the first regime,
the cases Aqrv S Ap correspond to the second regime, where
the diffraction into the substrate appears. In our case the

first subdiffraction regime is satisfied for low-refractive index
substrates with ng,, < 1.55. We note a nonmonotonic depen-
dence of the shift of wavelength Aqmm on ng. This could be
related to the features of the substrate-induced additional mag-
netoelectric (bianisotropic) response of every metasurface’s
building blocks [67].

As a result, the possibility of direct observation of QTM in
the presented MoS, metasurface with vertically aligned layers
for building blocks placed on the SiO, substrate is confirmed
by numerical calculations and described in corresponding
discussion. The choice of another combination of the mech-
anism of QTM excitation, another material of building blocks
and substrate, requires an additional optimization within the
framework of the presented general strategy.

IV. CONCLUSION

In the present work we have studied the features of the
optical response of disk NPs fabricated from an optically
anisotropic material MoS,. The scattering cross sections for
different irradiation directions have been calculated. It has
been shown that spectral positions of multipole resonances are
determined by not only the shape and size of the scatterer but
also by the internal material anisotropy, which can affect the
nonlocal optical properties of the scatterers. We have inves-
tigated the features of transmission and reflection spectra of
metasurfaces composed of such nanoparticles and determined
conditions for the excitation of QTM, leading to the formation
of a narrow absorption band in the telecom spectral range. A
cross-polarization effect was also found for the transmitted
and reflected waves, and its spectral and angular features
were studied. The critical role of material anisotropy in these
transformations has been demonstrated. The obtained results
can be used to design metasurfaces composed of weakly
absorbing blocks and intended for narrow-band quenching
of IR signals and fabrication of polarization-sensitive dis-
tributed sensors and polarization metacoatings. Along with
direct physical-chemical approaches [70] to the creation of
materials with special properties, the expansion of the material
base for the implementation of metamaterials and metasur-
faces opens up new possibilities for the development of optical
devices for nanophotonic applications.

Note that for fabricating metasurfaces from two-
dimensional materials, one can use electron beam lithography
[71] in the case when building blocks have complex geometry
as in this work. However, the possibility of observing the
presented effects in metasurfaces based on spherical/elliptical
nanoparticles with defects or dimers [72] fabricated by laser
printing methods with the control of the phase composition
[73] from two-dimensional materials is of considerable
interest.
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