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Dielectric optical antennas have emerged as a promising nanophotonic architecture for manipulating the propa-
gation and localization of light. However, the optically induced Mie resonances in an isolated nanoantenna are
normally with broad spectra and poor Q-factors, limiting their performances in sensing, lasing, and nonlinear
optics. Here, we dramatically enhance the O-factors of Mie resonances in silicon (Si) nanoparticles across the

optical band by arranging the nanoparticles in a periodic lattice. We select monocrystalline Si with negligible
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material losses and develop a unique method to fabricate nanoparticle arrays on a quartz substrate. By extinction
dispersion measurements and electromagnetic analysis, we can identify three types of collective Mie resonances
with Q-factors ~ 500 in the same nanocylinder arrays, including surface lattice resonances, bound states in the
continuum, and quasi-guided modes. Our work paves the way for fundamental research in strong light-matter
interactions and the design of highly efficient light-emitting metasurfaces.

1. Introduction

Optical antennas, analogies to microwave or radiowave antennas,
can convert the freely propagating light field into localized energy, and
vice versa [1]. These artificial subwavelength architectures (also called
meta-atoms) offer us a desirable platform for pursuing the fundamental
insights into the control and manipulation of light or matter [2,3]. It en-
ables a variety of possibilities to develop relevant applications in pho-
todetection [4,5], solid-state lighting [6,7], lasing [8-10], bio-sensing
[11,12], and quantum technologies [3,13,14]. Over the past decades,
plasmonic antennas composed of metallic nanoparticles have achieved
the deep-subwavelength-scale optical localization for the highly effi-
cient manipulation of light [15,16]. Intrinsic to metals are Ohmic losses
and skin effect due to the free electrons in conductors. The plasmonic
nanoparticles thus possess essentially high material losses and can not
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support magnetic resonances inside without any exceptional design as
well [17,18].

Recently, optically induced dielectric resonators have emerged as a
vibrant scheme to proceed the development of nanophotonics [9,10,18-
27]. The high-index dielectric nanoparticles are of negligible absorption
losses. They can simultaneously support electric and magnetic Mie res-
onances due to the optically induced displacement currents, leading to
high local field enhancements. Additionally, the interference of coupling
between different multipole resonances in dielectric nanoparticles can
lead to a plethora of new phenomena, including nonradiating anapole
modes [23], Kerker effects [19,27], and accidental bound states in the
continuum (BICs) [28,29].

Among different types of dielectrics and semiconductors, silicon (Si)
is the most plausible material to design optical nanoantennas consider-
ing its high refractive index, low losses, and CMOS-compatible fabrica-
tion processes [18,26,30,31]. Under the illumination of light, an isolated
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Si nanoparticle has a large scattering cross-section due to its strong opti-
cally induced polarizability. The nanoparticle radiates efficiently to free
space while resulting in a broad spectrum and poor quality (Q)-factor.
To suppress the radiation losses of the isolated nanoparticles, nonradiat-
ing configurations confining anapole and BIC resonances have been em-
ployed to enhance the field confinement inside the particle [23,28,29].
While real applications typically require field enhancements specifically
extending to the surrounding of the nanoparticles. In contrast, the col-
lective Mie resonances in nanoparticle arrays (NPAs) arranged in a pe-
riodic lattice can dramatically boost the field enhancement over large
volumes, and thus the light-matter interaction involving a high density
of quantum emitters in the proximity of the nanoparticles. Addition-
ally, current Si NPAs are mostly fabricated using amorphous Si (a-Si)
[12,19,32,33], which has an absorption coefficient as one order of mag-
nitude larger than monocrystalline Si (c-Si) [34]. The efforts to prepare
c-Si NPAs on a desirable substrate have been strongly hampered by the
fabrication complexity [20,35-37].

In this article, we simplify the fabrication processes of c-Si NPAs
and successfully achieve three types of collective Mie resonances with
ultra-low losses in the visible. We prepare c-Si NPAs on a transparent
substrate with a low refractive index (e.g. quartz) employing a "float
off" technique, inspired by the wet transfer of two-dimensional materi-
als [38]. We resolve different multipole resonances in c-Si NPAs from
their extinction spectra and near-field simulations by tuning the period
of the lattice and diameter of the nanoparticles. We demonstrate sharp
magnetic surface lattice resonances (SLRs) with Q-factors as high as ~
500 at wavelengths longer than 600 nm, thanks to the negligible ab-
sorption coefficients of c-Si in this band and in-phase scattering assisted
by the lattice. Furthermore, we observe a symmetry-protected BIC mode
without radiation in the normal direction, showing a readable Q-factor
of ~ 180 close to the I" point of the lattice when the symmetry is bro-
ken. From the electromagnetic analysis of multipole decomposition, we
identify that the BIC mode with lower energy than that of the diffraction
order of the lattice arises from the out-of-plane magnetic dipolar reso-
nances inside the NPAs, while a quasi-BIC mode with energy close to the
diffraction order is contributed by the in-plane electric quadrupoles. Fur-
thermore, we hybridize the Mie resonances with guided modes, spatially
extending the optical field to a lossless slab, and obtain modest high-Q
quasi-guided modes (QGMs) at the optical band lower than 550 nm. Our
work suggests that the fine engineering of all-dielectric nanoantenna ar-
rays provides a myriad of possibilities to achieve super long-lived opti-
cal resonances. It can not only proceed the fundamental study of strong
light-matter interactions, but also intrigue the applications of antenna
metasurfaces in display [31,39], optoelectronic detection [40], and vis-
ible light communications [41].

2. Material and methods
2.1. Sample fabrication

The c¢-Si NPA on a SOI wafer (ShinEtsu Inc.) was fabricated using
electron beam lithography (EBL) and dry etching in advance (Fig. S1).
The wafer includes a 100 nm thick intrinsic c-Si layer and a 450 nm
thick SiO, layer. A hole array pattern was firstly formed on positive
resist (PMMA A2, MicroChem) with a thickness of 80 nm using an EBL
(JBX-5500FS, JEOL) with a dose of 450 pC/cm? and a beam current of 2
nA. Afterward, a 4 nm thick alumina was deposited onto the hole array
pattern of resist by atomic layer deposition. A nanodisk array pattern
of alumina was formed when the resist was removed with anisole in an
ultrasonic cleaner followed by an oxygen plasma cleaner. The alumina
disk array pattern then was transferred to the 100 nm SOI device layer
using a Bosch process with SF; and C4Hg [42,43]. The etching rate of
c-Si was tuned to 0.5 nm/s to avoid etching the oxide layer of SOI as
much as possible. Afterward, a PMMA layer with a thickness of 300-600
nm was spin-cast onto the c-Si NPAs.
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The whole sample was immersed in hydrofluoric (HF) acid with a
concentration of 40% for 24 hours to etch the 450 nm thick SiO, layer
between c-Si NPAs and the silicon substrate. Then the sample was moved
to the deionized water. The PMMA slab embedding the c-Si NPAs floated
off and was titled onto another silicon wafer. Such “float off” was re-
peated in different bottles of deionized water for three times to clean
the residuals of HF. The PMMA slab was finally loaded onto a quartz
substrate in deionized water. In this process, the PMMA slab also can
be subtly turned over to prepare a c-Si NPAs facing the air after being
transferred onto a quartz substrate [44]. The surface morphology of c-Si
NPA embedded in PMMA was scanned by an atomic force microscope
(Fig. S2). The sample can be covered on a flexible PDMS superstrate
with a thickness of 200 pm for ensuring a dielectric environment for
c-Si NPAs with a nearly homogeneous refractive index.

2.2. Optical characterization

The refractive index of the c-Si layer on SOI was measured using
ellipsometry (GES5E, SEMLAB). The extinction spectra at normal inci-
dence of the c-Si NPAs were measured using an optical microscope. The
sample was aligned along the optical axis of the microscope and illumi-
nated with quasi-collimated white light from a halogen tungsten lamp.
The light transmitted through the samples was collected using a micro-
scope objective (CFI Plan Fluor 4x, NA = 0.13, Nikon) and recorded
with an imaging spectrometer (Shemrock 500i) with a grating of 150
lines/mm at 500 nm blaze wavelength and an electron-multiplying
charge-coupled device camera (EMCCD, iXon Ultra 888).

The extinction dispersion measurements were carried out with a
home-built Fourier imaging setup (Fig. S5a). It consists of an inverted
microscope (Nikon Ti2-U) equipped with a couple of objectives with
the same optical parameters (Plan Fluor ELWD 60x, NA = 0.7, Nikon).
The quasi-collimated incident light is focused onto the sample through
the former objective and the transmitted light from the sample passes
through the latter objective. A Fourier lens (FL) at the side port of the
microscope copies the back focal plane image (i.e. Fourier image) of the
latter objective to infinity. Another tube lens (TL) focuses the Fourier
image onto the slit of the spectrometer coupled with EMCCD. A linear
polarizer between the FL and TL defines the polarization of the beam
[43-45].

2.3. Numerical simulations

The extinction and near-field simulations were performed using
the finite-difference time-domain method (FDTD) with the commercial
package Lumerical. The sharp corners of cylinders were replaced by
sphere sections with a radius of 10 nm to avoid extreme hot spots and
to approach the experimental conditions. Non-dispersive refractive in-
dices for quartz, PDMS superstrate, PMMA layer, and alumina residu-
als were employed. The optical constants of c-Si were obtained from
the ellipsometry measurement. For the simulations of the scattering
cross-section and the Cartesian distribution of the near-field, a total-
filed scattered-field (TFSF) source and perfectly matched layer (PML)
boundaries were implemented. While in-plane wave sources, periodic
boundary conditions in the in-plane directions (x- or y-axis), and PML
boundaries in the out-of-plane direction (z-axis) were used for the ar-
rays.

We further use the multipole decomposition approach to fully iden-
tify the Cartesian components of multipoles excited inside the nanoparti-
cles [46-48]. Briefly, we record the field amplitude (E) inside of the par-
ticle for a unit cell under the excitation of in-plane waves as a function
of the incident angles. We use for these simulations the finite-element
method, instead of FDTD, because of the accessible integral calculations
in COMSOL. We can obtain the polarization currents (j) induced inside
the nanoparticles using the equation:

Jj=—iwey(e —€,)E,
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where o is the frequency of the multipole resonance, and ¢, ¢, and ¢,
are the permittivity of free space, Si, and PMMA, respectively. Based
on the distribution of polarization current inside the nanoparticle, we
further calculate the electric, magnetic, and toroidal dipole moments:

pa = L / .(ld3r’ (2)
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where r defines the spatial position in Cartesian coordinates, and « (f
below as well) thus refers to x, y,z. Next we obtain the quadrupolar
moments [48]:
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and the mean-square radii of the dipole or quadrupole distributions are

given by:
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Finally, we get the scattering cross-sections of electric/magnetic
dipolar and quadrupolar resonances of the lattice in SI units using:
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where E| is the electric field amplitude of the incident waves, k is its
wave-vector, and 7, is the impedance of free space.

3. Results and discussion
3.1. Mechanism for enhancing the Q-factors

The Q-factor of resonators is inversely proportional to their losses,
including both the radiation loss and the constituent material loss due to
absorption. To reduce the radiation loss, we arrange the Si nanoparticles
in a square lattice (Fig. 1¢) and investigate the collective Mie resonances
(panels a and b of Fig. 1) inherent to the diffraction array or subdiffrac-
tion metasurface. Specifically, the NPAs are surrounded by dielectrics
with a homogeneous refractive index or embedded in a polymer slab
with a refractive index higher than that of the substrate. The enhanced
radiative coupling between the individual nanoparticles for these two
structures is through the diffraction orders in the plane of the array (i.e.,
Rayleigh anomalies or RAs) and planar waveguided modes, respectively
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a Rayleigh anomaly or Guided modes b Subdiffraction
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Fig. 1. Enhancing the quality (Q) factors of nanoantenna resonators by
reducing their radiation losses and constituent material absorption. (a)
Periodic arrays of dielectric nanoparticles support collective Mie resonances,
emerging from the enhanced radiative coupling of localized electric or mag-
netic multipoles by in-plane diffraction orders, i.e., Rayleigh anomalies (RA) or
guided modes. The former behaves as the so-called surface lattice resonances
(SLRs), while the latter is the quasi-guided modes (QGMs). SLRs and QGMs can
have remarkably narrow linewidths (high Q-fators) due to low radiation losses.
(b) The coupling of out-of-plane dipoles or quadrupoles in a subdiffraction ar-
ray with a C, symmetry manifests the third type of collective Mie resonances,
i.e., symmetry-protected bound states in the continuum (BICs). The radiation
channels of such BICs can be fully suppressed, offering a unique optical reso-
nance with an infinite large Q-factor if the constituent material’s absorption is
negligible and the size of the array is ideally infinite. (¢) Schematic of the sam-
ple. The monocrystalline silicon (c-Si) nanoparticle array (NPAs) on a quartz
substrate (n = 1.45) consists of cylinders with varied diameters of D and a fixed
height of 100 nm, and a square lattice with a period of P. The nanoparticles
are coated with a slab of PMMA polymer (n = 1.49). The array is in the xy-
plane, while the out-of-plane direction is indicated by the z-axis. (d) Compar-
isons of the refractive indices and absorption coefficients between c-Si and amor-
phous silicon (a-Si) in the visible band (1 = 400 - 750 nm). The black and or-
ange curves represent the refractive indices and absorption coefficients, respec-
tively. The solid and dashed curves correspond to the dispersion of ¢-Si and a-Si,
respectively.

[2,5,6,49-52]. The hybridization of Mie resonances with surface prop-
agating modes in terms of RAs and planar guided modes results in SLRs
and QGMs, respectively (Fig. 1a) [53]. Such hybrid modes essentially
suppress most of the radiation channels of the electric or magnetic mul-
tipoles within the individual nanoparticle. Therefore, SLRs and QGMs
can improve the Q-factors of the isolated resonators by orders of mag-
nitude [2].

To further inhibit the radiation losses of nanoantennas, we ap-
ply symmetry-protected BIC modes within a subdiffraction metasurface
(Fig. 1b). Such BIC emerges from out-of-plane Mie dipolar or quadrupo-
lar resonances which have no radiation channel to the normal direc-
tion of the C,-symmetric array [8,9,26]. The BIC eigenmodes in an
infinite NPA exhibit a characteristic suppression of the radiation, for
which the electromagnetic field is confined on the plane of the array
while completely decoupled from the radiation field in the free space.
It provides a physical mechanism for trapping electromagnetic fields
in small mode volumes for a long time [54]. In addition to engineer-
ing the radiation channels, we employ c-Si instead of a-Si, with a sim-
ilar refractive index but a much lower absorption coefficient (Fig. 1c).
A large index of c-Si allows the strong localization of electromagnetic
field according to the small mode volume of the nanoantennas. A negli-
gible absorption coefficient of c-Si not only displays the crucial advan-
tages to the plasmonic counterparts but also allows to observe magnetic
multipoles due to the electric loop inside the nanoparticles with high
visibility [42].
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Fig. 2. Schematic of the fabrication processes. (a) The c-Si NPAs are prepared first on a silicon-on-insulator (SOI) wafer (see the details in Fig. S2). The bright-field
microscope images of the NPAs with D = 100, 120, and 140 nm after this process (process I) are shown at the left panels of (b-d). The right panels of (b-d) correspond
to the scanning electron microscope (SEM) images. The scale bars of optical and SEM images are 10 pm and 200 nm, respectively. After steps II to V in panel a, two
types of samples are obtained, including the NPAs embedded in PMMA facing to the air or sticking on quartz. Their microscope images are shown in the left and

right panels of Fig. 4a, respectively.

3.2. ¢-Si nanoparticle arrays on quartz

To investigate the optical response of c-Si NPAs, we developed a
versatile method (Fig. 2a) to fabricate a flexible device and transfer
it onto a quartz substrate. The c-Si film is available from commercial
wafers of silicon on insulator (SOI) or sapphire. While both slides are
not qualified for achieving high Q-resonators according to the opaque
thick Si substrates or high refractive index of sapphire (n ~ 1.8). A
wafer-bonding technique has been demonstrated to transfer the c-Si
film from the SOI substrate onto quartz [35-37]. Instead of using ex-
pensive bonding equipment and complicated processes of stripping, we
reverse the roadmap of processes to prepare the Si cylinder arrays on
SOI in advance. The bright-field microscope images of the NPAs with
a fixed height of H = 100 nm and varying diameters of D = 100,
120, and 140 nm are shown in the left panels of Fig. 2b-d, respec-
tively. The unitary color of the samples qualitatively indicates the ho-
mogeneity of the nanoparticles and the reproducible pitch of the arrays,
which are further confirmed by the scanning electron microscope im-
ages (see the right panels of Fig. 2b-d). Afterward, we transfer the sam-
ples onto quartz by a “float off” technique (Fig. 2a). We can successfully
deposit the c-Si NPAs in terms of either sticking on quartz or facing
the air (Fig. 4a) by flipping over the ~ 500 nm thick PMMA slide in
water [44].

3.3. Evaluations of Mie SLRs

Next, we focus on the optical characterization of the samples. To
elucidate the properties of bare SLRs, we covered the sample with a 200
pm thick superstrate of PDMS to obtain a nearly homogeneous dielectric
environment for the NPAs, depicted schematically in the inset of Fig. 3a.
At first, we analyze the extinction spectra of NPAs measured under the
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condition of normal incidence. Two pronounced peaks are observed in
the extinction spectra of NPAs with the diameter of D = 100 nm and the
period varying in the range P = 405 to 425 nm (Fig. 3a). The resonance
wavelengths of these two peaks red shift linearly as a function of period,
following almost the same trend (Fig. 3e). The long-wavelength sharp
peaks with a pronounced extinction (~ 0.6) show a Q-factor of ~ 350
estimated by a Lorentzian fitting. This value is a factor of ~ 3 larger
compared with that of poly-Si NPAs in Ref.[43].

When the diameter of the cylinders increases from D = 100 to 130
nm, the resonances at the short wavelength band do not shift. The res-
onance wavelength of this band is tuned by the period of the array and
can be calculated by Ag,, = n,,,P, where n,,, is the effective index
defining the phase velocity of the RAs. The slope of the curve represent-
ing the change of the resonance wavelength of the RAs as a function of
period, shown as open circles in panels e and f of Fig. 3, determines the
value of n,,, = 1.43.

The extinction increases due to the enhanced polarizability and scat-
tering cross-section of Mie resonances as D becomes larger (Fig. S3).
Besides the RA band of D = 130 nm, we observe two pronounced peaks
in Fig. 3b. One of which is sharp with O ~ 400 (indicated by downward
orange triangles in Fig. 3f) and another relative broad with O ~ 80 (in-
dicated by upward orange triangles in Fig. 3f). We denote the resonance
wavelengths of these two peaks by black upward and downward trian-
gles in Fig. 3f, respectively. Both resonances red shift linearly following
the same trend of RAs as P increases, manifesting the remarkable char-
acteristics of SLRs.[55]

We have performed FDTD simulations to attribute the electromag-
netic multipoles corresponding to the SLR peaks in the spectra. We sim-
ulated the extinction spectra (Fig. S4), which are qualitatively in agree-
ment with the measurements, and the distribution of electric field in-
tensity in a unit cell of the c-Si NPAs (panels ¢ and d of Fig. 3) under
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Fig. 3. SLRs in c¢-Si NPAs surrounded by a nearly homogeneous medium. (a) (b) Extinction spectra of the sample at normal incidence. The inset of panel a shows
the schematic cross-section view of the sample covered with a PDMS superstrate (n = 1.43). The diameters of the nanoparticles corresponding to panels a and b are
D =100 and 130 nm, respectively. The black, brown, and green solid curves represent the spectra of the array with P = 405, 415, and 425 nm, respectively. (c) (d)
FDTD simulations of the spatial distribution of the electric field intensity | E|* normalized to the incident field intensity |EU|2 in xy- and xz-planes of a unit cell of
the array with P = 405 nm and D = 130 nm. The resonance wavelengths in panels ¢ and d correspond to e-SLR (4 = 625 nm) and m-SLR (4 = 608 nm) indicated in
panel b, respectively. The color scale represents the electric field enhancements and the yellow arrows are the real components of the electric vector field projected
in xy or xz-planes. The contours of the nanoparticles are indicated by white circles and rectangles. Scale bar: 150 nm. (e) (f) The evolution of resonance wavelengths
and Q-factors as a function of P, calculated from the extinction spectra shown in panels a and b. The resonance wavelengths of e-SLRs (black upward triangles) and
m-SLRs (black downward triangles) red shift linearly with P, which follows the dependence of RAs (black circles). The Q-factors of SLRs (denoted by the orange

triangles with error bars) increase as the resonances redshift.

the normal incidence of in-plane waves. For P = 405 nm, the peaks at
4 =608 nm in Fig. 3a and 4 = 623 nm in Fig. 3b display the same field
distribution as shown in Fig. 3c. From the cross-section (xz-plane) of
the particle, the electric field is aligned with the polarization of the in-
cident field and the intensity shows a dipolar field pattern. The top view
(xy-plane) indicates that the radiative coupling between the particles is
along the y-axis, thus perpendicular to the polarization of the incident
field. The near-field distribution suggests that the peaks with the high-
est extinction shown in panels a and b of Fig. 3 arise from the collective
coupling of electric Mie dipoles in the particles, and we label this reso-
nance as e-SLR. In Fig. 3d, a loop of the electric field inside the particle
in xz-plane manifests a magnetic dipole along the y-axis determined by
the curl of the electric field. We further confirm from the xy-plane at
the surface of the NPAs that the radiative coupling is along the x-axis,
which is perpendicular to the magnetic dipole. The middle peaks in the
spectra depicted in Fig. 3b correspond to the collective coupling of mag-
netic dipoles in the particles, and we label this resonance as m-SLR. We
also compared the resonances of ¢-Si and a-Si NPAs by simulations (see
the results in panels a and b of Fig. S4). The Q-factors of resonances
in a-Si NPAs are much lower and especially the m-SLRs are not visible,
compared with those of c-Si NPAs.

We have thus obtained an unambiguous and stronger m-SLR than
previous measurements with poly-Si due to the strong field distribution
inside particles and the negligible material losses of c-Si at wavelengths
longer than 600 nm [43]. The c-Si NPAs offer a superior platform for
achieving strong optically induced magnetic resonances of nonmagnetic
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structured elements. We also note that the fields of e-SLR and m-SLR
display an extremely strong intensity enhancement, compared to the
local field of Mie resonances near the isolated particles (Fig. S3).

The high Q-factor and collective behavior of Mie resonances upon
excitation of SLRs within c-Si NPAs could enhance the ensemble cou-
pling of quantum emitters, such as dye molecules or excitons in 2D semi-
conductors, at the proximity of the particles [5,45,56]. For molecules,
we can easily disperse them homogeneously around the particles. How-
ever, to couple with 2D semiconductors requires an architecture with
flat morphology to preserve their intrinsic optical properties [57]. Con-
sidering this application, we fabricated a c-Si NPAs facing air with a
nearly planarized surface (roughness: 3.3 + 0.7 nm depicted in Fig. S2).
The schematic and optical microscope images of the sample, and a sim-
ilar one with the NPAs in contact with the substrate, are shown in the
left and right panels of Fig. 4a, respectively. Both NPAs are embedded
in a PMMA layer with a thickness of ~ 530 nm, while without PDMS su-
perstrate covering on top in this case. The structures of the two samples
are mirror-symmetric due to the flipping process during the fabrication
process of wet-transfer. At first glance, the color displays a pronounced
difference by only changing the dielectric environments for the NPAs
from air to quartz (n = 1.45). Panels b and c in Fig. 4 compare the ex-
tinction spectra of two samples with diameters D = 100 and 130 nm at
normal incidence, respectively. The dash-dotted and solid curves repre-
sent the extinction spectra of NPAs facing the air (Si/air) and sticking
on the quartz (Si/quartz), respectively. The resonances as a function of
the period are consistent with the results shown in Fig. 3. We still pay
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Fig. 4. SLRs in the c-Si NPAs embedded in a polymer slab. (a) Schematics of two samples showing the cross-section view and their corresponding bright-field
microscope images from the top view. Scale bar: 50 pm. The samples on the left correspond to the c-Si nanoparticles facing air (labeled as Si/air) and the ones on the
right to the nanoparticles directly on top of quartz (Si/quartz). The thickness of the PMMA layer is ~ 530 nm. The geometry parameters of the NPAs at the left and
right columns of the two samples are mirror-symmetric, while their colors show pronounced differences. The nanoparticles in every column are of the same diameter.
The period of the arrays from the bottom to top row varies from P = 405 to 425 nm. (b) (c) Corresponding extinction spectra of the NPAs at normal incidence with
D =100 and 130 nm, respectively. The dash-dotted and solid curves represent the spectra of the samples shown on the left and right panels of a, respectively. The

oblique dashed lines denote the shift of SLRs as the period of the array changes.

attention to the pronounced peaks of SLR at longer wavelengths than
the oblique-dashed line in panels b and c of Fig. 4. The increase of effec-
tive index for the RAs from the case of Si/air to that of Si/quartz gives
rise to the red-shift of the SLRs. Such variation turns more significant
for the NPA with a larger diameter of particles. Moreover, the m-SLRs
have stronger and sharper peaks for D = 130 nm due to the enhanced
radiative coupling between nanoparticles embedded in a nearly homo-
geneous dielectric environment (here is PMMA/Si/quartz). The spectral
characterization confirms the successful fabrication of planarized NPAs
with a flat surface, providing us a desirable platform to integrate 2D
materials on top.[44,56]

3.4. Determination of BIC resonances

We have identified different SLRs from the extinction spectra at nor-
mal incidence and their near-field distributions. In this way, we could
have missed sub-radiant collective resonances or dark modes, e.g. out-
of-plane electric or magnetic dipoles and quadrupoles. To obtain the full
dispersion information of our samples, we further investigate the wave-
vector dependence extinction spectra by Fourier imaging and multipole
decomposition. Panels a and c in Fig. 5 show the extinction dispersions
of the NPAs with a fixed period of P = 405 nm and different diameters
of D =130 and 140 nm, respectively. We plot other data associated with
different diameters in Fig. S6. Note that the measured NPAs are embed-
ded in a thinner PMMA with a thickness of ~ 390 nm. The dispersions
of NPAs are analyzed under TE polarization herein.

Around the wavelength of 600 nm, the wave-vector dependence of
SLRs for a small nanoparticle diameter (D = 100 nm) follows the ex-
pected dispersion of a coupled oscillator model by mixing RAs and Mie
resonances in individual nanoparticles (see Fig. S6a) [43,55]. The TE po-
larization modes show linear and parabolic dispersion curves simultane-
ously, associated with the e-SLRs and m-SLRs, which is consistent with
the previous study in Ref.[43]. By increasing D (panels a-e in Fig. S6),
the parabolic band gradually turns to a double band, and the linear dis-
persion bands split at the degenerated I" point. Such pronounced vari-
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ations of the energy bands are due to the strong coupling between the
multipoles inside the nanoparticle with large diameters. For D > 130
nm, we highlight two “dark” mode regions by dashed-white circles in
panels a and c of Fig. 5 and panel a of Fig. S7 which are observable with
nearly zero extinction at k/k, = 0.

To clarify the “dark” modes, we cut through the dispersion curves
and plot the extinction spectra as a function of incident wave vectors
in panels e and g of Fig. 5 corresponding to the spectra of D = 130
and 140 nm, respectively. The variations of the two extinction peaks
corresponding to the two “dark” modes are marked by the dashed-blue
guides to the eye curves. Due to the mirror symmetry of the dispersion
curves, we only evaluate the optical bands with positive wave-vectors
from k/ky = 0.05 to 0.2. We notice as well that the extinctions of the
“dark” modes of D = 130 nm at k| /k, = 0, labeled by blue arrows in
panel e of Fig. 5, still display a kink with certain visibility of extinction.
In addition, the resonance at 600 nm for D = 140 nm does not behave
fully dark as well, while the real dark mode appears at A = 660 nm at
ky/ko = 0 for the same NPA. We further calculate the Q-factors of the
extinction peaks, indicated by the right dashed-blue curves in panels e
and g, which are summarized in panels f and h of Fig. 5. The Q-factors
for NPAs with D = 130 and 140 nm both increase as k/k is close to
0, implying that the Q-factors of the real dark modes in D = 140 nm
should be larger than a readable value of O ~ 180 at k| /k, = 0.05. The
extinction turns dark and the Q-factors of the resonances rise as the
bands are close to I" point due to the suppression of radiation losses,
manifesting the resonance at 660 nm for the NPA with D = 140 nm as
a symmetry-protected BIC and at 595 nm as a quasi-BIC [54].

To elucidate the origin of the BIC mode, we focus on investigating
the NPA with D = 140 nm. We employ the multipole decomposition
approach to attribute the optical bands observed from the dispersion
measurement. We record the field amplitude inside the nanoparticle for
a unit cell of the array accompanied by the simulation of its extinc-
tion dispersion. We further calculate the scattering cross-section of each
multipole induced from the electron/magnetic dipolar and quadrupolar
moments. The simulated dispersion bands shown in panels b and d of
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Fig. 5. Identifying symmetry-protected BICs from the extinction dispersion. (a) (c) Measured dispersion curves by Fourier imaging of the NPAs schematically
depicted in Fig. S5, with D =130 and 140 nm while P = 405 nm for TE-polarized light. The NPAs are coated with a PMMA layer with a thickness of 390 nm. (b)
(d) Simulated dispersion curves of NPAs by FDTD. The white linear and parabolic dashed curves represent the dispersion of RA (1, 0), (-1, 0), and RA (0, = 1),
respectively, calculated by the first order of the grating equation. (e) (g) Extinction spectra as a function of the wave vector of incident beam obtained by cutting
through the dispersion curves in panels a and c. The dashed-blue curves are guides to the eye for the evolution of in-plane electric quadrupole (EQ) plus electric
dipole (ED,), and the out-of-plane magnetic dipolar (MD,) plus electric dipole (ED,) modes identified from the multipole decomposition depicted in panels i-1. The
arrow denotes the kick on the extinction curves at k;/k, = 0, manifesting the properties of a quasi-BIC. (f) (h) Analysis of the Q-factors and resonance wavelength as a
function of the incident wave-vector around BIC modes, denoted by dashed-white circles in panels a and ¢, which represent the MDM D, modes. Normalized-scattering
cross-sections of multipoles in the NPA with the same parameters shown in panels ¢ and d calculated by the approach of multipole decomposition, including ED, (i),

in-plane magnetic dipole (MD,) (), MD. (k), and EQ (1).

Fig. 5 have a good agreement with the measurement, although the ex-
tinction at wavelengths below 600 nm is much lower than that of the
measurements. This discrepancy could be due to a difference in the in-
dex of refraction between the c-Si film employed in the simulation and
the real nanoparticles after fabrication. Panels i-l in Fig. 5 show that
the dispersion of the scattering cross-section of the NPA is dominated
by the optically induced in-plane electric dipoles (ED,) and magnetic
dipoles (MD ), out-of-plane magnetic dipoles (MD,), and in-plane elec-
tric quadrupoles (EQ), respectively. The scattering cross-section of the
EQ is one order of magnitude lower than those of the other three mul-
tipoles due to the low probability to excite the EQ from the far field.
The pronounced extinction bands in Fig. 5d are the convolution of
different multipoles. We compare the scattering spectra of k;/k, = 0 and
k;/ky = 0.05 as an example, which is depicted in Fig. S8. At k/k, = 0,
there are two scattering peaks distinguishable with ED, and MD,. While
the two dark bands at 588 and 650 nm with zero scattering at k/k, = 0
rise up at k;/ky = 0.05. The former is dominated by the scattering from
ED, and EQ, and the latter is contributed by ED, and MD,. Therefore,
we label the left dashed-blue bands (in the panels e and g of Fig. 5) as
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EQ+ED, and the right one as MD, + ED,. In other words, the occurrence
of EQ and MD, only at the condition of higher wave vectors implies that
the dark modes corresponding to the observed quasi-BIC at the higher
energy band (4 = 595 nm) and the BIC with lower energies (1 = 660
nm) in experiments arise from the in-plane quadrupole and out-of-plane
magnetic dipoles, respectively. The measured quasi-BIC with not fully
dark extinction at k| /k, = 0 could be due to the radiation channels to the
diffraction orders of the lattice (indicated by the dashed-white curves in
Fig. 5d).

3.5. Revealing QGM:s at short-wavelength band

We have investigated collective resonances at wavelengths longer
than 600 nm, in the range of which the absorption coefficient of c-Si is
negligible. In the dispersion curves presented in panels a-e of Fig. S6, we
can also observe the arising of a sharp resonant band around 4 = 530 nm,
which redshifts as the diameter of nanoparticles increases. This sharp
resonance disappears when we use a superstrate of PDMS on top of the
NPAs embedded in PMMA (see the panels f-j in Fig. $6). For clarification,
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Fig. 6. QGMs at short wavelengths. (a) Comparison of the extinction spectra at normal incidence for the same sample with (dashed curves) or without (solid
curves) a 200 pm thick PDMS superstrate. The schematics of the samples are shown in panels b and c of Fig. S5. The spectra are obtained by cutting through the
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(b) Simulated spectra corresponding to panel a. The blue dashed curves in panels a and b are guides to the eye, identifying that the QGMs only occur in the NPAs
embedded in the PMMA slab. FDTD simulations of electric (¢) and magnetic (d) field distributions at xz-plane of a unit cell of the NPA with D = 140 nm. The

resonance wavelength corresponds to QGM denoted in panel b.

we plot the extinction of NPAs with (dashed curves) or without (solid
curves) the PDMS superstrate at k) /k, = 0 in Fig. 6a obtained by cutting
through the corresponding Fourier images shown in Fig. S6. Comparing
the spectra for the two cases, we see that the resonances almost overlap
at longer wavelengths than 600 nm, while a peak protrudes above the
Mie resonances with a broad spectrum at a shorter wavelength than 550
nm. The simulations follow the same trend as the experiment, denoted
by the dashed blue curves in Fig. 6b.

The near-field distribution is simulated for the sharp resonances of
the NPA embedded in the PMMA slab and D = 140 nm (panels c and d of
Fig. 6). The strong field enhancement resembles a planar guided mode,
which extends from the nanoparticles to the slab, with an anti-node at
the center of the slab. Additionally, the decomposition results identify
that the new sharp resonance is associated with the multipoles of ED,
and MD, (panels i and j of Fig. 5). The hybridization of planar guide
modes and multipole Mie resonances leads to a QGM [5,6,49]. Combin-
ing QGMs with SLRs or BICs, the c-Si NPAs embedded in PMMA can
support two strong and high-Q resonances distributed in different opti-
cal windows, offering an efficient scheme for simultaneously enhancing
the excitation and emission efficiency of quantum emitters in solid-state
lighting devices [6].

4. Conclusion

In summary, we have demonstrated high-O Mie resonances in the
visible band from c-Si nanoantenna arrays. These collective resonances
arise from the enhanced in-phase coupling between in-plane elec-
tric/magnetic dipoles and quadrupoles, or out-of-plane dipoles within
the nanoantennas. Such collective coupling suppresses the radiation
losses of the Mie resonances, which crucially limit the performance of
isolated antennas. Thanks to the low absorption coefficients of c-Si, we
have reduced the material losses of the nanoantenna arrays. We have
also found that the quality of SLRs can be improved by decreasing the
diameter of nanoparticles, while symmetry-protected BIC and QGMs
only appear with a larger diameter of nanoparticles. We believe that
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the Q-factors of collective resonances can be further improved at short
bands around 500 nm by optimizing the geometry parameters of the c-Si
nanoantenna array, which will be our subsequent study. The abundant
lattice resonances with high Q-factors and strong field enhancements
inherent in c-Si NPAs could allow us many possibilities for investigating
highly efficient and active light-emitting metasurfaces.
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