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HIGHLIGHTS

« Silicon slot metasurface supporting a rich variety of bound states in the continuum.
« The modal properties are accurately extracted through eigenfrequency simulations.
« Multipole expansion reveals the near- and the far-field properties of the modes.

» Experimental measurements confirming the existence of the investigated modes.

« The metasurface serves as an ideal platform for lasing and nonlinear applications.

ARTICLE INFO ABSTRACT

Keywords: A dielectric metasurface supporting a variety of quasi-bound states in the continuum (gBICs), including the in-
Silicon metasurfaces tricate dark toroidal dipole and toroidal quadrupole Mie modes, is theoretically and experimentally investigated
Bound states _iﬂ the continuum in the near-infrared. The metasurface consists of square slots etched into a thin silicon layer and periodically
Nanofabrication arrayed in a subdiffractive lattice residing on a sapphire substrate. The modal properties of the gBICs, i.e., the

Multipole analysis
Metasurface lasers
Nonlinear nanophotonics

quality factors alongside the near- and far-field characteristics, are comprehensively assessed through a set of
theoretical tools, including eigenfrequency simulations and multipolar expansion analysis. The results are cor-
roborated by experimental studies verifying the existence of the gBICs. The investigated metasurface may serve as
an ideal platform for nonlinear applications, such as third-harmonic generation, when leveraging the Kerr effect
of silicon, as well as for lasing when the slot is filled with a low-index material hosting organic dye molecules.

1. Introduction spectrum, from microwaves to the visible [1]. More specifically,
all-dielectric metasurfaces, consisting of transparent and high

Metasurfaces have gathered immense scientific attention during the L. . . . .
8 8 refractive-index nanoresonators arrayed in subdiffractive lattices,

last decade for applications spanning almost the entire electromagnetic
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are particularly attractive as they interact strongly with incident
electromagnetic waves and support an abundance of resonances,
including electric, magnetic, and toroidal Mie multipoles, as well
as surface-lattice resonances (SLRs) [2-4]. Additionally, dielectric
metasurfaces do not suffer from the ohmic losses of their plasmonic
counterparts. Appropriately designed dielectric metasurfaces have
already been exploited for advanced-functionality applications, such
as reconfigurable wavefront manipulation [5], refractometric sensing
[6], optical filtering [7], passive radiative cooling [8], spatial light
modulation [9], and nonreciprocal elements [10].

The emergence of dielectric metasurfaces hosting bound states in
the continuum (BICs), i.e., nonradiative (dark) modes that lie within
but are uncoupled from the radiation continuum, has opened new av-
enues for a wide range of applications [11-17]. As they are decoupled
from radiation fields, BICs are characterized by infinite radiative qual-
ity factors (in the infinite periodic system), whereas their total quality
factor is limited only by losses related to material absorption and fab-
rication imperfections. For the BICs to interact with impinging waves,
however, they have to be transformed into quasi-BICs (qBICs) which can
controllably couple to radiation fields and have finite radiative quality
factors. In the most commonly investigated case of symmetry-protected
BICs, this is achieved by appropriately introducing structural asymme-
tries in the metasurface structure [18]. Along with high quality factors,
gBIC-metasurfaces offer intense near-field enhancement and strong light
confinement at the nanoscale, hence boosting the light-matter inter-
action and enabling lasing and the manifestation of nonlinear effects.
In particular, silicon gBIC-metasurfaces have already been realized for
third- (THG) [19-22] and higher- (HHG) harmonic generation up to
the eleventh order [23], by harnessing the strong Kerr effect in sili-
con. In those configurations, a light beam in the mid- or near-infrared
is exploited to parametrically generate a wave in the visible or ultravi-
olet (UV) region. Degenerate four-wave mixing (DFWM) has also been
demonstrated in Refs. [22,23]. Even more interesting is the exploita-
tion of gBIC-metasurfaces for lasing applications. A number of novel
works have already been published and diverse gain media have been
exploited, such as semiconductors [24], colloidal nanoplatelet quantum
wells [25], and organic dye solutions [26-29], thus, paving the way for
low-threshold ultrathin lasing structures.

Motivated by the aforementioned developments, in this work we
theoretically and experimentally study a subdiffractive square slot meta-
surface based on the silicon-on-sapphire platform. Mesh-type metasur-
faces comprising narrow slots etched in thin silicon layers and forming
split-rings or -squares have recently been proposed and studied to some
extent in Refs. [6,30,31]. This work complements and expands the exist-
ing literature as outlined below. The metasurface under study supports
a variety of BIC states in the wavelength region 1300-2000 nm with
distinct field profiles. Such rich variety of physical resonances makes
the investigated metasurface an excellent platform for highly efficient
nonlinear applications when harnessing the Kerr effect in silicon, as
well as for optically pumped lasing when the slot is filled by a low-
index polymer hosting organic dye molecules. To facilitate the coupling
of the supported BICs to radiation fields, the symmetry of the meta-
surface is reduced by introducing a thin silicon bridge splitting the
square slots. The modal properties of the supported gBICs, such as res-
onance wavelengths, quality factors, and field profiles, are accurately
evaluated through finite element method (FEM) simulations utilizing an
augmented- or auxiliary-fields eigenfrequency formulation, which al-
lows for the explicit consideration of the dispersive properties of the
underlying materials [32,33]. The nature of the supported gBICs in
terms of Mie multipoles is assessed by performing multipolar expan-
sion analysis [34]. The latter study also reveals the mechanism behind
the transformation of the dark states into quasi-dark ones and, conse-
quently, the far-field properties of the supported gBICs are obtained.
To corroborate the theoretical studies, we have fabricated the exam-
ined metasurface through electron-beam lithography (EBL) followed by
inductively coupled plasma (ICP) etching. The existence of the gBICs
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is experimentally confirmed by measuring the transmission spectrum
under normally incident excitation.

The rest of the paper is organized as follows: In Section 2 the modal
properties of the supported gBICs are theoretically evaluated, followed
by the experimental studies in Section 3. In Section 4 the suitability of
each of the investigated qBICs for nonlinear and lasing applications is
thoroughly discussed. Finally, Section 5 offers concluding remarks.

2. Bright and dark Mie resonances in square-slotted silicon
metasurfaces

2.1. Physical structure

The metasurface under study is depicted in Fig. 1. It consists of pe-
riodically arrayed square slots etched in a thin silicon layer of thickness
h = 200 nm and residing on top of a semi-infinite sapphire substrate. The
geometric parameters of the unit cell have been carefully selected for the
metasurface to support a variety of qBICs with distinct modal properties
in an extended wavelength range spanning from 1300 nm to 2000 nm.
In particular, the inner seperation of slots is w = 710 nm, the distance
between adjacent squares g = 50 nm, while the slot width is s = 40 nm.
Hence, the pitch of the metasurface is A = w + 2 s + g = 840 nm. The
symmetry of the unit cell is reduced by a thin silicon bridge of width ¢
splitting the square slots along the y axis, as shown in Fig. 1. This sym-
metry reduction facilitates the transformation of the supported BICs to
qBICs with finite quality factors (see below). In the considered spectral
range, the relative permittivity of silicon is accurately given by a single-
pole Drude-Lorentz relation reading ¢,5 = 1 — > (® — @ - ja)y)fl,
where @, = 2.0405 x 10'% rad/s and w, = 6.2472 x 10'5 rad/s are the
plasma and resonance frequencies, respectively. The damping coeffi-
cient is set to y = 0 as silicon is transparent in the considered wavelength
range from 1300 nm to 2000 nm. Nonetheless, a non-zero value of y
could be used to take into account fabrication-quality-related imper-
fections that introduce scattering and/or absorption losses. Note also
that for y = 0 the considered Drude-Lorentz relation coincides with the
standard Sellmeier equation of silicon, when only the dominant term is
retained. Sapphire, on the other hand, is considered to be dispersion-
less (and lossless) with a constant refractive index of n, = 1.74. Given
the value of the pitch and the refractive index of the substrate, it is
straightforward to determine that the metasurface is subdiffractive for
wavelengths 4 > n A = 1461.6 nm, assuming a normally incident plane
wave.

2.2. Eigenvalue and multipolar expansion analysis

Initially, the optical modes of the symmetric metasurface (¢t = 0) are
studied. To this end, we conduct eigenfrequency simulations with the
unit cell of the metasurface using the commercially available COMSOL
Multiphysics® software that implements vectorial FEM. The lateral sides
of the unit cell are terminated by appropriate periodic boundary con-
ditions, whereas vertically the computational domain is truncated by

[ silicon
| Sapphire

Fig. 1. 3D schematic illustration of the considered metasurface comprised of
periodically arranged square slots fully etched in a silicon layer of thickness 4.
The structure resides on a semi-infinite sapphire substrate. The symmetry of the
metasurface is broken by a silicon bridge of width ¢ splitting the square slots
along the y axis. Inset: Unit cell of the metasurface on the xy-plane depicting the
geometric parameters of the structure.
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Table 1
Resonance wavelengths 4, and quality factors Q of the supported
modes in the symmetric and asymmetric metasurface.

Modes Symmetric (t = 0) Asymmetric (+ = 60 nm)
4 (nm) Qo Ay (nm) 0]

B, 1348.24 50 1375.81 80
D, 1480.66 o 1484.26 3796
B.a 1517.16 59 1517.63 59

2 1517.23 59 1521.88 69
D, 1547.64 o 1550.72 76236
D, 1555.02 © 1555.75 122533
D, 1737.14 oo 1737.61 8 x 107
B.a 1827.74 800 1831.79 894

3 1827.78 804 1838.62 434
Dy 1957.19 o0 1957.78 ~ 107

2 Two degenerate resonances in the symmetric metasurface. Any
difference in the values of 4, and Q concerning the two degenerate
resonances is due to numerical error.

perfectly matched layers (PMLs). To accurately consider silicon’s dis-
persion in the eigenfrequency evaluations, we exploit the augmented-
or auxiliary-fields formulation of Ref. [32], which can be appropriately
embedded in the eigenfrequency module of COMSOL Multiphysics®.
The necessity behind the use of this formulation stems from the fact
that material dispersion renders the eigenvalue problem nonlinear. This
would mean that an iterative approach is essential for the accurate ex-
traction of the resonance frequency, while the precise calculation of the
quality factor is challenging and could require extensive post-processing
with the evaluated eigenvectors, especially in the case of leaky modes
[35-37]. With the auxiliary-fields formulation, on the other hand, the
dispersive optical properties of the underlying cavity materials are ex-
plicitly considered through a number of independent polarization and
current fields following typical Drude-Lorentz relations. The number
of auxiliary fields is twice the number of the Drude-Lorentz poles that
are necessary for the accurate description of each material’s optical
properties. Subsequently, the auxiliary-field equations accompanied by
Maxwell’s curl equations define a linear eigenvalue problem through
which the modal properties (resonance frequency, quality factor, and
modal profile) are accurately evaluated. In this study, we focus on in-
vestigating the eigenstates of the metasurface that can be excited by a
normally incident plane wave in the +% direction.

The resonance wavelengths 4, and the quality factors Q of the sup-
ported modes when ¢+ = 0 are summarized in Table 1. Note that the
presented quality factors are solely describing radiative losses, since the
underlying materials are lossless. The metasurface hosts three bright Mie
modes with low radiative quality factors which are marked as B; with
i = {1, 2, 3}; “B” stands for bright. Each of the modes B, and B3 com-
prises essentially two degenerate resonances with identical resonance
wavelengths and quality factors; the small difference in their 4, and Q
values presented in Table 1 is attributed to numerical error. However,
their field distributions are orthogonal to each other, meaning that each
degenerate resonance can only be coupled to incident light of a specific
polarization (in the x and y direction, respectively) [31]. Apart from
the bright modes, the metasurface under examination also supports five
dark Mie modes marked as D; with i = {1, 2, 3, 4, 5}; “D” stands for
dark. These modes constitute symmetry-protected BICs, which are com-
pletely decoupled from the radiation fields in the normal direction and
characterized by infinite radiative quality factors. Note that a BIC would
acquire a finite-valued radiative quality factor if its resonance wave-
length is lower than the diffraction limit [24]. In that case the quality
factor describes the radiation losses attributed to the coupling of the BIC
to propagating higher-order diffraction fields. This, however, is not the
case here since the resonance wavelengths of all five BICs are greater
than the onset of the first diffraction order (4, > n,A = 1461.6 nm). For
the rest of this work, we exclusively focus on the study of the BICs D,
Dy, D3, and D,.
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The field distribution of the four BICs at the z = 0 plane (middle of the
silicon layer) are presented in Fig. 2(a—d), respectively. The respective
field profiles at the x = A/4 plane [marked with a gray dashed line in
Fig. 2(a—d)] are illustrated in Fig. 2(e—i). Color portrays the norm of the
electric field, while the black (red) arrows refer to the electric (magnetic)
field. The four BICs are characterized by substantially different field pro-
files, with the modes D,, D,, D3 equally confined in both silicon and slot
areas, while the BIC D, is a slot mode. The field distributions can also
provide an indication of each mode’s order, e.g., dipole, quadrupole.
For instance, the four electric-field loops with alternating direction of
erasure arranged in pairs in the xy-plane [Fig. 2(a)] along with the
perpendicularly circulating magnetic field in the yz-plane [Fig. 2(e)], in-
dicate that the mode D, is a toroidal quadrupole. To undoubtedly deduce
the nature of the four modes we perform a multipole expansion in the
polarization current distributions of the eigenvectors using the expres-
sions of Ref. [34]. For the evaluation of the multipole moments, we use
the eigenvectors extracted in the absence of the sapphire substrate, thus,
eliminating any ambiguity regarding the integration volume that may be
introduced in the presence of the semi-infinite substrate. Then, each mo-
ment is multiplied by an appropriate factor to acquire the corresponding
contribution to the scattered field [see Eq. (10) in Ref. [34]]. The lat-
ter allows for the direct comparison of different-order multipole terms
with each other, which otherwise would be inconsistent. The results are
compiled in Fig. 2(j-m) for the four BICs under examination. The elec-
tric, magnetic, and toroidal dipole components are marked as p s M, and
T;, respectively, while the electric, magnetic, and toroidal quadrupole
tensor components as Qj.‘;(), Q;’Z), and Q;? , respectively. Also, the com-
ponents of the electric and magnetic octupole tensors are denoted as
O;i)f, and O;’;’;, respectively, where {j, k, £} = {x, y, z}. Consequently,
we can confirm that the mode D, is of toroidal quadrupole nature, as

the dominant moments are the Qg) and Q(T) [Fig. 2(j)]. The mode D,,

»
on the contrary, is characterized by a dominant Qi';) moment [Fig. 2(k)]
rendering it a magnetic quadrupole. Similarly, the modes D5 and D, are
recognized as toroidal dipole and electric quadrupole, respectively, since
their corresponding dominants moments are the 7, [Fig. 2(1)] and ngy)
[Fig. 2(m)]. These conclusions are also in complete accordance with the
mode profiles in Fig. 2. It is also noteworthy that all presented moments
in Fig. 2(j-m) are dark, meaning that they do not radiate in the far-field
in the normal direction. The magnitude of other dark moments, such as
the out-of-plane magnetic dipole m,, is negligible in comparison with
those presented in Fig. 2(j—-m). We also refer to Ref. [31] for a compre-
hensive study of the supported BICs from the perspective of symmetry
through a rigorous mathematical analysis based on group theory and the
symmetry adapted linear combination (SALC) method.

In Fig. 3(a) and (b) we additionally present the resonance wave-
lengths and the radiative quality factors, respectively, of the BICs Dy, D,
D3, and D, along part of the I' = M (k, =0—z/A, k, =0) and " - X
(ky = k, = 0 —z/A) directions of the first Brillouin zone of the sym-
metric (+ = 0) metasurface; k; is the i-component of the Floquet/Bloch
wavenumber with i = {x, y}. The evaluations have been conducted
through eigenfrequency simulations with COMSOL Multiphysics®. This
study reveals the properties of the investigated eigenstates when the
metasurface is illuminated at an oblique direction, which are important
for many practical nonlinear and lasing applications. Along the ' - M
direction, the modes D, and D, exhibit only mild dispersion of their res-
onance wavelengths, in contrast to modes D5 and D,4. On the other hand,
along the I' — X direction all of the examined modes are characterized
by significant dispersion of their resonance wavelengths, except for D
around the I' point. In addition, the discontinuity of the A, curve for
the mode D, at k, ~ 0.1z/A along the I' — M direction is attributed to
Wood’s anomaly (WA), as higher-order diffraction modes become prop-
agating. Similarly for the mode D; at k, ~ 0.08z/A, as well as for Ds
and D, at k, ~ 0.21z/A along the I' - X direction. Notably the abrupt
decrease of the quality factors from infinite to finite values around the
I" point indicates once more that the examined dark resonances are
symmetry-protected BICs.
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Brillouin zone for the symmetric (¢ = 0) metasurface.

As already explained, the previously studied BICs cannot be coupled
to radiation fields in the normal direction, prohibiting their exploitation
in practical nonlinear and lasing applications. Therefore, a silicon bridge
is introduced to reduce the symmetry of the metasurface, transforming
the BICs into gBICs with finite yet very high quality factors. In Table 1
we compile the resonance wavelengths and radiative quality factors of
the supported modes when ¢+ = 60 nm (asymmetric metasurface). All

the dark modes now acquire finite quality factors, although their val-
ues range from few thousands (D) to tens of millions (D,). This is due
to the fact that the introduction of the silicon bridge affects differently
each mode. In particular, the modes D;, D,, and D5 have strong elec-
tric field concentration in the area where the asymmetry is introduced
[see Fig. 2(a—c)], hence their field distributions and, consequently, their
quality factors are greatly perturbed by the silicon bridge. On the other
hand, the electric field distribution of the mode D, is almost zero in the
vicinity of the bridge [Fig. 2(d)], resulting only in a small change of its
modal properties. The dependence of the quality factors of the gBICs
D;, Dy, D3, and D4 on the width ¢ of the silicon bridge is presented in
Fig. 4. For lower values of 7 (i.e., the silicon bridge is a small perturba-
tion), all the Q curves follow the established inverse quadratic law for
nondiffracting metasurfaces [38]. This behavior changes, however, for
higher values of ¢. Notably the radiative quality factor of D, exhibits a
local maximum for t ~ 200 nm which is attributed to the formation of
an accidental BIC (A-BIC) [17], as thoroughly explained in Ref. [31].
As also highlighted previously, the qBIC D, requires much higher val-
ues of ¢ in order to achieve a quality factor in the tens of thousands in
contrast to the modes D;, D,, and D3. Nonetheless, it is evident that the
desired value of the radiative quality factor can always be achieved for

Quality factor @

0 100 200 300

¢ (nm)

400 500

Fig. 4. Radiative quality factor of the qBICs D,, D,, D3, and D, as a function of
the width 7 of the silicon bridge.
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all four of the examined qBICs by appropriately tuning the width of the
silicon bridge. In addition, the degeneracy of the bright modes B, and
Bj is lifted in the asymmetric metasurface, as the presence of the silicon
bridge affects differently the field profiles of the two initially degenerate
resonances.

The transformation of the dark modes to quasi-dark ones as the
symmetry of the metasurface is reduced, can be unraveled by perform-
ing multipole expansion analysis with the polarization currents of the
eigenvectors in the asymmetric metasurface (+ = 60 nm); once again
the evaluations are conducted in the absence of the sapphire substrate.
In principle, symmetry breaking enables the mixing of the dark multi-
pole term or moment that characterizes each BIC, with bright moments,
which are then coupled to radiation fields in the normal direction [18].
The four modes under investigation can be separated in two distinct
groups. In the first group we have the gBICs Dy, D,, and D3, which can
only be coupled to radiation fields in the normal direction that are polar-
ized in the y direction. The second group comprises of the gBIC D, (and
D), which is only coupled to radiation fields polarized in the x direc-
tion. The separation of the investigated modes in two different groups
stems from the specific symmetry reduction that the silicon bridge intro-
duces in the metasurface’s unit cell, as it can be rigorously deduced by
a mathematical analysis based on group theory and the SALC method
[31]. Alternatively, one can reach the same conclusions through the
multipolar expansion analysis (see below).

We initially study the modes of the first group (D;, D,, and D3). The
bright moments which are excited by normally incident light polarized
in the y direction and scatter light in the normal direction and with
the same polarization, are the p,, m,, T,, Q;"z), Qi’?, and O(yez)z [34]; the
moments Qg) and Ofﬂ)z also belong to this category but their influence
was found negligible for all three modes and, hence, they are omitted.
Subsequently, in Fig. 5(a) we present the magnitude of the previously
mentioned bright moments for the mode D; when ¢ = 0 (blue circles)
and 7 = 60 nm (red squares), respectively. Each moment’s magnitude has
been normalized with respect to the magnitude of the dominant dark
moment Qg) (or equivalently Q(y?), which as explained previously does
not radiate in the far-field in the normal direction. Note that the small
values the magnitude of the bright moments receive in the symmet-
ric structure are solely attributed to the inherent limitations associated
with the numerical calculation, as introduced by the discretization of
the computational domain. Thus, the shaded area in Fig. 5(a) denotes a
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practically zero level for the bright moments’ magnitude. The introduc-
tion of the silicon bridge leaves unaffected the dominant moment and,
hence, the nature of the mode. Nonetheless, it results in an almost three
orders of magnitude increase for the moments p,, T, 0%, and O(yez)z,
However, caution is required as some combinations of these moments
can nullify one another [39]. This is exactly the case with the mode D, as
the moments 7, Qi’?, and O;QZ)Z effectively cancel each other out and, as
a result, their overall far-field contribution is negligible. This is revealed
in Fig. 5(d), where the far-field contribution of each moment individu-
ally in terms of the power they scatter in the normal direction, is plotted
as a function of the wavelength around the mode D;, when the asym-
metric metasurface is normally excited by a plane wave polarized in the
y direction. The multipole moments are now evaluated using the polar-
ization currents generated by the total (incident and scattered) electric
field rather than the eigenvector. Note that the resonance wavelength
of all modes is substantially shifted in the absence of the sapphire sub-
strate [cf. Table 1]; the modes D, and D5 are affected much more than
the mode D, due to the substantial overlap of their field profiles with
the sapphire substrate [Fig. 2(f) and (h)]. The combined far-field contri-
bution of the moments 7, 0™ and O(yez)z is presented with gray curve
showcasing their mutual cancellation; the cancellation is not complete
though due to inherent limitations associated with the numerical cal-
culation. Thus, only the electric p, and magnetic m, dipoles dictate the
far-field scattering spectrum in the vicinity of the resonance D,. Notice
that the spectrum of m, is practically constant without exhibiting a Fano
lineshape similar to those of the rest of the moments. This means that
the magnetic dipole moment solely captures non-resonant/background
contributions. This is fully consistent with Fig. 5(a), which shows that
the magnetic dipole m, remains practically zero with the introduction
of the silicon bridge; its small nonzero value is attributed to inherent
limitations associated with the numerical calculation, as mentioned pre-
viously. This is due to the fact that performing multipole expansion
analysis using the polarization currents of the eigenvector reveals only
the resonant contributions. It is also noteworthy that in Fig. 5(d) the
contribution of Q(yez) is practically zero in the entire presented spectrum.

The transmission and reflection spectra evaluated by the reconstruc-
tion of the scattered field using the combined contribution of all the
bright moments presented in Fig. 5(d) [dashed lines in Fig. 6] are
identical to those calculated directly through plane-wave scattering sim-
ulations with COMSOL Multiphysics® [solid lines in Fig. 6]. Similar
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Fig. 5. Multipolar expansion analysis showcasing the transformation of the modes D;, D,, and D5 from BICs to qBICs, as the symmetry of the metasurface is reduced
with the introduction of the silicon bridge. (a—c) Analysis with the eigenvector of the three modes. The magnitude of the bright moments coupled to radiation fields
polarized in the y direction is depicted, in the case of the symmetric (blue circles), and asymmetric (red squares) metasurface. The bright moments’ magnitude in
each panel is normalized with respect to the magnitude of the corresponding mode’s dark dominant moment, which does not radiate in the far-field. The shaded
area marks a practically zero level for the moments’ magnitude. (d-f) Normalized far-field contribution of each bright moment individually in the scattered field as
a function of the wavelength, when the metasurface is vertically illuminated by a plane wave polarized in the y direction.
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Fig. 6. Transmission and reflection spectra in the vicinity of the qBIC D,
evaluated directly by plane-wave scattering simulations (solid lines), by the re-
constructed scattered field using the contribution of all bright moments (dashed
lines), by the reconstructed scattered field using only the contribution of the
electric dipole Dy and the magnetic dipole m, moments (dotted lines).

conclusions are drawn for the rest of the supported modes. To further
showcase that the far-field scattering spectrum in the vicinity of the
resonance D, is predominantly dictated by the moments p, (resonant
contribution) and m, (non-resonant/background contribution), in Fig. 6
we present the reconstructed transmission and reflection spectra using
only the contribution of these two moments (dotted lines), which re-
produce fairly accurate the overall transmission and reflection spectra.
Therefore, the toroidal quadrupole mode D; is transformed into a gBIC
by acquiring a significant electric dipole moment p, which, in turn,
is coupled to radiation fields in the normal direction and results in a
finite-valued quality factor.

Similar studies are performed for the modes D, and D3 in Fig. 5(b)
and (c), respectively. We see that Qx";) and T, remain the dominant mo-
ments for the modes D, and D5, respectively, despite the introduction
of the asymmetry. The coupling of the two gBICs to the radiation fields
in the normal direction is now mediated by the magnetic dipole m, and
the electric quadrupole va"z), which are the moments that increase sub-
stantially when the symmetry of the metasurface is reduced. This is also
verified in Fig. 5(e) and (f), where the far-field contribution of each
moment individually is depicted in the vicinity of the two resonances,
when the metasurface is excited by normally incident light polarized in
the y direction. Notice also that the electric dipole p, quantifies only
non-resonant contributions. In Fig. 5(d-f) we have allowed for a small
imaginary part in silicon’s relative permittivity by setting y = 10'2 s~1.
This broadens the resonances, enhancing the clarity of the presented
results. This adjustment, however, has no impact on the results discussed
previously.

As stated above, the qBIC D, can only be coupled to the radiation
fields polarized in the x direction. As such, one has to examine how
the magnitude of the bright moments p,, m,, T,, 09, Q(y’;’), and 0%,
changes with the introduction of the asymmetry; the moments Qg;) and
0;';2 are omitted as being negligible. Notice that these moments are dif-
ferent than those studied previously for the modes D;, D,, and D5. This
aspect indicates an alternative way in order to determine which polar-
ization excites each mode, i.e., by identifying if the symmetry reduction
affects the bright moments coupled to x- or y-polarized radiation fields.
In Fig. 7(a), the magnitude of the previously said moments is presented
in the case of the symmetric and asymmetric metasurface. Each bright
moment’s magnitude is normalized, once again, with the dominant dark

moment’s magnitude, i.e., ngy) It is evident that with the introduction of
(m)

yz o
and ngz)z moments. However, the moments 7., Q(y';’), and 0%, almost
fully cancel each other out [Fig. 7(b)], leaving the far-field properties
of the mode to be predominantly determined by the electric dipole p,.
In Fig. 7(b) we have used y = 10!° s7! in the formula of ¢,g; in order

the silicon bridge, the mode D4 acquires substantially strong p,, T, O
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Fig. 7. Multipolar expansion analysis showcasing the transformation of the mode
D, from BIC to gBIC, as the symmetry of the metasurface is reduced with the
introduction of the silicon bridge. (a) Analysis with the eigenvector. The mag-
nitude of the bright moments coupled to radiation fields polarized in the x
direction is depicted, in the case of the symmetric (blue circles), and asymmet-
ric (red squares) metasurface. The bright moments’ magnitude are normalized
with respect to the magnitude of the dominant dark moment Q*), which does
not radiate in the far-field in the normal direction. The shaded area marks a
practically zero level for the moments’ magnitude. (b) Normalized far-field con-
tribution of each bright moment individually in the scattered field as a function
of the wavelength, when the metasurface is vertically illuminated by a plane
wave polarized in the x direction.

to broaden the Fano lineshapes and enhance the clarity of the presented
results.

The previous analysis has shown that the four modes under study are
transformed from BICs to qBICs by acquiring a radiative/bright moment
superimposed onto the dominant dark moment. Concurrently, it has re-
vealed the far-field properties of the four qBICs. Notably, although the
near-field profiles of D;, D,, D3, and D, are higher-order multipoles (i.e.,
toroidal quadrupole, magnetic quadrupole, toroidal dipole, and electric
quadrupole, respectively), their far-field properties are predominantly
dictated by in-plane electric or magnetic dipoles, while the impact of a
bright electric quadrupole term is also equally important for the modes
D, and Ds.

2.3. Plane-wave scattering analysis

It is also important to evaluate the transmission spectrum of the
investigated metasurface for both + = 0 and + = 60 nm. This is
done by conducting plane-wave scattering simulations with COMSOL
Multiphysics®. In Fig. 8(a), the transmission coefficient (black line) is
plotted as a function of the wavelength when the symmetric metasur-
face is vertically illuminated by a plane wave; the result is the same
regardless of the polarization of the incident wave. Only the broad (low
quality-factor) bright modes B, B,, and B3 are excited, as they are
all clearly marked. The position of the dips in Fig. 8(a) are in excel-
lent agreement with the extracted resonance wavelengths of the bright
modes (cf. Table 1). The transmission spectrum also exhibits a peak at
A =ngA = 1461.6 nm, which is attributed to Wood’s anomaly (WA), i.e.,
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Fig. 8. (a) Transmission spectrum of the symmetric (+ = 0) metasurface under
vertical illumination by a plane wave. The excited bright modes B,, B,, and
B, are clearly marked. The transmission spectrum of higher diffraction orders
(yellow and purple curves) is also depicted. (b) Transmission spectrum of the
asymmetric (r = 60 nm) metasurface under vertical excitation with a plane wave
polarized in the x (blue curve) and y (red curve) direction, respectively. With
y—polarized incident light the gBICs D;, D,, and D, are excited, while the x—
polarized illumination excites the gBICs D, and Ds. Inset: zoomed-in view
around A ~ 1550 nm, where the resonances D, and D5 are located.

an abrupt redistribution of energy as higher diffraction orders become
propagating. Indeed, for 4 < 1461.6 nm, the modes (+1,0) and (0, +1)
become propagating with their transmission coefficients presented in
Fig. 8(a) with yellow and purple curves, respectively. The transmission
spectrum for the asymmetric metasurface is given in Fig. 8(b). Now the
high quality-factor qBICs are also excited, albeit each of them for dif-
ferent polarization of the incident light, i.e., the modes Dy, D,, and D3
for y-polarized light, while the modes D4 and D5 for x-polarized light.
In addition, the degeneracy of the bright modes B, and B; is also lifted
with the introduction of the silicon bridge, rendering the transmission
spectrum for x-polarized incident light (blue curve) substantially dif-
ferent than that with y-polarized illumination (red curve). Once again,
all the dips in Fig. 8(b) are in excellent agreement with the resonance
wavelengths of the modes (cf. Table 1).

3. Experimental demonstration

To corroborate the theoretical studies of Section 2 and verify the
existence of the investigated qBICs, we fabricated the square slot meta-
surface using the procedure described in Ref. [6]. The fabrication was
carried out in the fabrication facilities at SiPhotonIC ApS. The metasur-
face under study was realized on a silicon-on-sapphire platform with
a 200 nm silicon layer epitaxially grown on a 430 pum sapphire sub-
strate. The nanoslots were defined by EBL using CSAR e-beam resist
and the JBX-9500FSZ 100 kV e-beam writer. After EBL, the STS ICP ad-
vanced silicon etcher (ASE) was applied to etch the silicon based on the
Bosch etching process, which includes an etching phase with SF¢ and
O, that alternates with a passivation phase with C,Fg for each etch-
ing cycle. The gas flow, chamber pressure, platen and coil RF powers
were tuned to achieve a vertical etching profile, with almost complete
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etching of the silicon layer down to the sapphire substrate. After etching,
the residual e-beam resist was removed by oxygen plasma cleaning. The
dimensions of all metasurface samples were 0.3 x 0.3 mm?. A scanning
electron microscope (SEM) image of the asymmetric (+ = 60 nm) and
symmetric (+ = 0) metasurface is presented in Fig. 9(a) and in the in-
set of Fig. 9(b), respectively. SEM characterization of the square-slotted
specimens (both symmetric and asymmetric) was conducted using a
Zeiss Gemini 460 (2) field emission scanning electron microscope (FE-
SEM) under high vacuum conditions. To suppress high-frequency noise
and improve signal-to-noise ratio, frame integration was utilized during
scanning. Final images were produced by averaging a minimum of five
sequential frames per field of view.

The transmission spectrum of the fabricated samples was measured
under normal incidence of a polarized light beam using a Fourier-
transform spectrometer (Bruker IFS66) with a spectral resolution of
0.25 pm (1 cm™!). The light beam from the spectrometer was focused
on the sample surface with an Al off-axis parabolic mirror to a spot-size
diameter of 100 um, with an angular spread of +0.5°. A liquid-nitrogen-
cooled InSb photodiode was used as the detector. The results are
presented in Fig. 9(b) and (c) for the symmetric metasurface with t = 0
(blue curve) and the asymmetric one with + = 60 nm (red curve). The
experimentally measured spectra are generally in quite good agreement
with the theoretically evaluated ones [Fig. 8]. The observed relatively
low contrast of the experimentally measured transmission spectrum is
attributed to the non-critical coupling to the target gBIC modes. Notably,
in the symmetric metasurface (+ = 0) apart from the bright modes B,
B, and Bj, the dark modes D;, D, and D, are also excited. This can be
attributed to (i) the stochastic variation of the geometric parameters of
the meta-atoms over the entire extent of the metasurface, as thoroughly
explained in Ref. [6], (ii) the finite angular content of the illuminating
beam, and (iii) the finite extent of the fabricated metasurface samples.
Note that an obliquely incident light beam effectively reduces the sym-
metry of the metasurface facilitating the coupling of the dark modes to
the radiation fields in the corresponding direction [25,27,28,31]. On the
contrary, the mode Dj is solely excited when ¢ = 60 nm [Fig. 9(b) and
(c)]. Additionally, the observed rippling in the transmission spectra of
Fig. 9(b) and (c) is due to the underlying Fabry-Perot resonances in the
430 um sapphire substrate [6,40,41]. The latter are characterized by a
free-spectral range (FSR) of FSR = 4% /(2n,h,) ~ 1.82 nm, where h, is the
height of the sapphire substrate and 4 = 1650 nm (mid-wavelength in
the range 1300-2000 nm).

To assess the experimentally obtained quality factors of the Mie
modes supported by the asymmetric metasurface (+ = 60 nm), we fit
the measured transmission spectrum in the vicinity of each mode with
a closed-form Fano transmission relation [30,31]. The Fabry-Perot-
oriented rippling can also be considered through an Airy distribution
superimposed onto the Fano function [6]. The fitted spectrum for the
mode D; is presented in Fig. 9(d), where an experimentally obtained
quality factor of Q = 840 is extracted. The corresponding quality factors
for the modes D,, D3, and D4 are Q = 700, QO = 850, and Q = 270, re-
spectively. It is evident that the experimentally obtained quality factors
are substantially lower in comparison to those theoretically evaluated
in Section 2 [cf. Table 1], which only take into account radiation losses.
This significant difference is mainly attributed to the statistical variation
of the geometric parameters over the extent of the fabricated metasur-
face samples [6,42]. In particular, the slot width s is the parameter
that mainly affects the resonance wavelengths of the investigated qBICs.
Based on a set of SEM images, such as the one shown in Fig. 9(a), an
analysis has been performed on the statistical distribution of the slot
width s over large surface areas of the fabricated metasurface samples.
The image processing is performed in Python: first, the SEM images were
imported as an array of greyscale tones T'(x, y). Then, the slot width
is estimated by taking straight lines over the image, calculating the
greyscale profiles, and setting a threshold value so as to clearly iden-
tify silicon from slotted air regions [6]. The histogram of the variation
of s is depicted in Fig. 10(a), and a standard deviation of ¢ = 2.5 nm
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Fig. 9. Experimental study of the silicon slot metasurface. (a) SEM image of the asymmetric structure (¢ = 60 nm). (b) Experimentally measured transmission spectra

for the symmetric (t =

0) and asymmetric (+ = 60 nm) metasurface. Inset: SEM image of the symmetric metasurface. (c) Zoomed-in view of (b) around A ~ 1520 nm,

where the resonances D, and D5 are located. (d) and (e) Fit of the transmission spectrum with a closed-form Fano transmission relation in the vicinity of the resonances
(d) D;, and (e) B, revealing the experimentally obtained quality factor of the two modes.
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Fig. 10. (a) Histogram showing the statistical variation of the slot width s over
the entire extent of the fabricated metasurface. (b) Resonance wavelengths of
the qBICs D,, D,, D3, and D, as a function of the slot width s of the metasurface.
For every value of s, the inner separation of slots w changes appropriately so
that the pitch remains constant to A = 840 nm.

is thereafter extracted. Although it may at first seem unimportant, such
deviations from the nominal value of s = 40 nm result in a significant
shifting of many nanometers in the resonance wavelengths of all four
gBICs [Fig. 10(b)]. Hence, the stochastic variation of s not only explains
the large difference between theoretical and experimental quality fac-
tors, but also the fact that some of the dark resonances are excited even

in the symmetric metasurface, as mentioned above. The fabrication-
related-imperfections introducing additional absorptive and scattering
losses at the sidewalls of the etched silicon slots are also expected to
play a role, though of lesser importance, in lowering the quality factors
of the gBICs [42]. On the contrary, the experimentally attained quality
factor of the bright mode B, is O = 70 [Fig. 8(e)]. This value is prac-
tically identical to the theoretically evaluated one [cf. Table 1], which
implies that the radiative dissipation is the dominant loss channel for
the mode B,. Despite the substantial resonance damping/broadening of
the investigated gBICs, the previously presented experimental studies
have undoudebtly confirmed the existence of the quasi-dark states in
the silicon square slot metasurface under consideration.

4. Discussion: lasing and nonlinear applications

The rich variety of qBIC states studied previously renders the investi-
gated metasurface an excellent platform for several lasing and nonlinear
applications. More specifically, silicon has a substantially strong Kerr
effect with a nonlinear refractive index of n, ~ 2.5 x 1078 m?/W in the
wavelength range of interest. To quantify the suitability of the qBICs D,
D,, D3, and D, for nonlinear applications, we evaluate the self-phase
modulation (SPM) parameter. It is given by [43]

1
YseM = T3 P0C0€0% i si ///V [21Eyefl* + gt - Evegl*] AV, (€8]
Si

where E ¢ is the normalized eigenvector of each mode in order to have
energy equal to one [44], w, the resonance frequency, c, the speed
of light in vacuum, and ¢, the vacuum permittivity. The integration
is conducted over the volume of the unit cell occupied by silicon. The
yspm Parameter essentially describes the degree of overlap between the
optical mode and the nonlinear material and can be viewed as an in-
versely proportional quantity to the effective modal volume. Hence, it
constitutes an indicative metric for the nonlinear response of each mode,
despite the fact that other parametric processes stemming from the
Kerr effect, such as THG and DFWM, are described by slightly different
nonlinear parameters [43].

The obtained ygpy parameters for the investigated gBICs are summa-
rized in Table 2. For ease of comparison, the corresponding quantity
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Table 2
Nonlinear and lasing metrics for the qBICs D,, D,, D5, and D,, as well as the
bright mode B,.

Metric D, D, D, D, B,

reom (W7's2)  92x10% 139%x 102  1.33x10%  289x10®  5x10%2
& (VC'm) 1.07x10°  492x10%  446x10°  451x10°  8.88x10°
Q¢ (VC'm)  3x107 8.9 x 10" 1.92x 10" 438x10'  1.13x10"

of the bright mode B, in the symmetric metasurface (+ = 0) is also
included. We see that the mode D; has the greatest ygpy parameter,
rendering it the most favorable for nonlinear applications. The rest of
gBICs also exhibit high nonlinear parameters, which are one order of
magnitude greater than that of the leaky mode B, thus, highlighting
the strong field confinement offered by the qBICs. To further highlight
the superiority of the gBIC D, for nonlinear applications, we introduce
the characteristic power density, Ispy;, Which constitutes an estimate
of the irradiance needed for the SPM effect to manifest. It is given by
Ispm = Pspm/A%, where Pspy = t72yg)h, is the characteristic power
per unit cell, with = = 2Q0/w, the cavity lifetime [43]. Using the ex-
perimentally attained quality factors, we obtain Igpy = 88 MW /cm?
for the mode D;, with the Igp values for the modes D,, D3 and D4
being at least one order of magnitude higher. Specifically, we have
Igpy = 768 MW/cm?, Igpy = 541 MW/cm?, and Igpy = 2 GW/cm?
for D,, D3, and Dy, respectively. Among the various nonlinear applica-
tions, highly efficient THG and HHG attract great scientific attention,
as they enable access to spectral regions, such as the UV, where las-
ing sources are scarce. Therefore, the mode D; can be readily used as
the pump mode excited at the fundamental frequency and resulting in
a substantial enhancement of the conversion efficiency of the paramet-
ric processes [19,22,23]. Alternatively, the modes D; and D5 having
the lowest Igpy; parameters, can be simultaneously utilized in a control-
probe scheme, where the strong control mode generates the nonlinearity
that affects the weak probe mode, thus, achieving low-power all-optical
control of light.

The silicon square slot metasurface under study is also highly fa-
vorable for lasing applications. The gain mechanism can be provided
by organic dye molecules hosted in a polymer, such as poly(methyl
methacrylate) (PMMA), filling the slot. Such metasurface lasing ele-
ments are at the forefront of scientific research [26-28] leveraging
the well-researched and mature technology of optically pumped or-
ganic dye solutions. Specifically, for the wavelength range of interest
(4 = 1300-2000 nm), the dye IR26 can be utilized [45]. The metric that
quantifies the strength of each mode for light-emitting applications is
the overlap factor [44]

§g=}‘///v

slot

el AV ®)

where the integration is now conducted over the volume of the unit cell
occupied by the slot (filled by the gain medium). The modal properties
of the four gBICs have been recalculated through eigenfrequency simu-
lations for the case where the polymer occupying the slot has an index of
n = 1.5. The presence of the polymer redshifts the resonance wavelengths
by 10-15 nm for the modes D,, D,, and D5, while their quality factors
are substantially increased. On the contrary, the resonance wavelength
of the mode D, redshifts by ~ 130 nm and its quality factor decreases
considerably. The obtained values of &, for the investigated gBICs and
the bright mode B, are presented in Table 2. The qBIC D, exhibits by
far the largest ¢, parameter, since it is mainly concentrated inside the
slot [see Fig. 2(d)]. The mode D; has the second highest ¢, parame-
ter followed by the modes D, and D5. Surprisingly, the bright mode B,
has a comparably high £, with those of D, and Ds, but its very low
quality factor would prohibit lasing. To support this claim, in Table 2
we also compile the quantity Q¢&,, which is inversely proportional to
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the lasing threshold [44]; we use the Q values that have been theoreti-
cally evaluated when the slot is filled with the polymer. The mode D, is
also characterized by the highest Q ¢, entity, due to its both high field-
concentration in the slot and ultrahigh quality factor. Consequently, this
could lead to an ultralow lasing threshold when the gBIC D, is exploited
as the lasing mode. Notice that the leaky mode B, has at least two or-
ders of magnitude lower Q¢&, value in comparison to those of the four
gBICs. In a different approach, the gBICs D, and D5 can be utilized in a
dual-mode lasing scheme [27,28], since they have (i) identical far-field
properties, (ii) close resonance wavelengths, and (iii) similar quality
factors.

5. Conclusion

To recapitulate, we have studied both theoretically and experimen-
tally a novel silicon square slot metasurface hosting a rich variety of
BICs including the intricate toroidal dipole and toroidal quadrupole. By
appropriately reducing the symmetry of the metasurface, the symmetry-
protected modes are coupled to radiation fields in the normal direction.
The modal properties of the gBICs, such as their quality factors, as well
as their near- and far-field properties, have been thoroughly assessed
using a variety of theoretical tools. The latter includes an auxiliary-
fields eigenfrequency formulation taking accurately into account the
dispersion of silicon, and multipole expansion analysis unraveling the
physical processes governing the transformation of the dark resonances
to quasi-dark ones. Notably, our analysis has revealed that the in-
vestigated gqBICs radiate in the far-field as simple in-plane electric or
magnetic dipoles, despite the fact that their near-field profiles are those
of higher-order multipoles. The presence of the qBICs under study has
been experimentally confirmed by measuring the transmission spectrum
of the metasurface fabricated through EBL and ICP etching. Overall, the
distinct field distributions of the supported qBICs enable their use for dif-
ferent applications. Specifically, the toroidal quadrupole mode is more
favorable for nonlinear applications stemming from silicon’s Kerr effect,
such as THG, while the electric quadrupole mode is advantageous for
lasing applications when organic dye media are appropriately integrated
into the structure. The toroidal dipole and magnetic quadrupole modes
are promising for dual-mode lasing operation.
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