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ABSTRACT: Sharp optical resonances in high-index dielectric
nanostructures have recently attracted significant attention for their
promising applications in nanophotonics. Fano resonances, as well
as resonances associated with bound states in the continuum (BIC),
have independently shown a great potential for applications in
nanoscale lasers, sensors, and nonlinear optical devices. Here, we
demonstrate experimentally a close connection between Fano and
quasi-BIC resonances excited in individual dielectric nanoantennas.
We analyze systematically the resonant response of AlGaAs
nanoantennas pumped with a structured light in the near-infrared
range. We trace a variation of the scattering spectrum that fully
agrees with an analytical expression governed by a Fano parameter
and observe directly a transition to a quasi-BIC resonance. Our
results suggest a unified approach toward the analysis of sharp
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resonances in subwavelength nanostructures originating from strong coupling of optical modes that can provide high energy

localization for enhanced light—matter interactions.
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laser spectroscopy

ielectric structures hosting Mie resonances have recently
become a vibrant research area, providing a versatile
platform for engineering of electromagnetic properties at the
nanoscale.”” Compared to their plasmonic counterparts,” all-
dielectric nanoparticles were shown to offer advanced
functionalities” due to low absorption losses, the ability to
support displacement currents in bulk, and simplicity of
achieving artificial magnetic response.”” Mie resonances in
individual dielectric particles and their arrays have been widely
explored for enhancing light—matter interactions at the
subwavelength scale, including applications for optical
harmonic generation,s’9 quantum dot emission,10 Raman
scattering,11 lasing,lz'13 colored images imprinting,14 and
enhancement of the near-field coupling effects.”” Very recently,
a prominent group of dielectric nanostructures that support the
pronounced optical response associated with Fano resonances
and the physics of bound states in the continuum (BICs) has
drawn increased attention.'® Considered as two unrelated
resonant effects,'® both Fano resonances and BICs were
suggested as a vivid tool for a further increase in the efficiency
of functional devices, especially for nonlinear and active
applications.'”
Fano resonances represent a universal wave interference
phenomenon manifested as an asymmetric spectral feature
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with a specific line shape due to overlap of a narrow resonance
with a “continuum” of modes, which in practice may be a
much broader resonant mode. The famous Fano formula [see
eq 1] describes the spectral response ¢ of the structure in
dependence on the relative phase between the narrow and
broad resonances, which is governed by Fano asymmetry
parameter q:

(q + x)°
1+ a2 (1)

o(x) =

Here, x = 2(@ — @,)/Y, is the normalized frequency offset, m,
is the frequency of the narrow resonance, and ¥, is its inverse
lifetime. Originally predicted for autoionized states of electrons
in the 1960s,"® Fano resonances were later observed across
many different branches of physics and attracted a lot of
attention in optics as an efficient tool to engineer and control
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scattering of light in photonic devices."”™>" The property of

Fano resonances to provide a high field enhancement'” in a
narrow”” spectral range allowed for the creation of Fano-
resonant low-loss*®> and nonlinear metasurfaces,** enhanced
third harmonic generation via magnetic Fano resonances”” as
well as detection of single protein monolayers with naked eye
using plasmonic Fano resonances,”® and other applications.

Very similar to Fano resonances, bound states in the
continuum (BICs) were originally predicted for electrons in
the beginning of the 20th century. They were proposed as
peculiar electron states, which are localized despite the fact that
their energies are larger than the zero energy of the gotential.27
Much later, BICs were rediscovered in photonics” and have
attracted vivid interest for applications requiring high field
enhancement. In practice, photonic BICs in large ensembles of
particles manifest themselves as quasi-BICs—high-quality
(high-Q) resonances weakly coupled to the radiative
continuum due to interparticle destructive interference in the
far-field. One of the prominent groups of quasi-BICs is
accidental quasi-BICs, for which the coupling strength to the
continuum can be controlled by tuning one of the structural
parameters.”” Very recently, accidental quasi-BICs were
proposed and experimentally observed in optics and micro-
waves for individual subwavelength dielectric resonators of
cylindrical shape.’”™ In that case, sharp resonances were
achieved by enabling destructive interference of several modes
of the same symmetry in the far-field via a change of the
resonator’s aspect ratio. In a short time, the proposed high-Q
nanocavities were shown to have a great potential for nonlinear
nano-optics’** and active nanophotonics.*®

In this Letter, we experimentally uncover a fundamental link
between the formation of quasi-BIC modes in individual
dielectric nanoantennas and the peculiarities of the resonance
asymmetry associated with the Fano line shape. A true BIC,
being a theoretical construct characterized by an infinite Q
factor, is associated with the collapse of a Fano resonance.”®’
The connection between the appearance of quasi-BICs and
unusual behavior of Fano resonances was noticed earlier’*”
and discussed in several pioneerin% works for idealistic free-
standing dielectric resonators.> %133 However, transitions
between two types of resonances have never been analyzed
and observed in optics, where the presence of the substrate is
inevitable.

In our study, we analyze the scattering spectra of a set of
isolated AlGaAs nanodisks with variable diameters supporting
a quasi-BIC, as schematically shown in Figure la—c. We
consider excitation with a structured cylindrical beam in the
near-infrared (near-IR) range. For the beam profile matching
the quasi-BIC mode symmetry, we observe a clear transition of
the line shape to a symmetric Lorentzian both in theory and
experiment (see Figures 1d—f). We extract the Fano
asymmetry parameter g from the simulated and measured
spectra and observe that it diverges in the vicinity of the quasi-
BIC regime (see Figure le), which gives a simple tool for its
recognition by the naked eye as a completely symmetric
resonant feature. For the symmetry-incompatible pump, we do
not observe any spectral features, which confirms the
importance of selective excitation for high-Q modes. We also
study the dependence of the observed mode Q factor on the
duration of the excitation pulse and reveal a characteristic
dependence. Our results demonstrate that the mode
interference mechanism in individual nanoantennas underpins
the physics of Fano resonances as a phenomenon closely
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Figure 1. Schematic of the transition between Fano and quasi-BIC
resonances in an individual dielectric nanoantenna. (a—c) Scanning
electron microscope (SEM) images of individual AlGaAs nano-
particles with the height 635 nm and different diameters (a) 890, (b)
930, and (c) 970 nm, respectively. The nanodisks are trapezoidal in
the vertical cross section, and the diameter is measured at the half-
height. The scale bar is S00 nm. (d—f) Evolution of the spectral line
shape [see eq 1] observed as a Fano resonance in the optical response
of corresponding nanoparticles. x is the dimensionless frequency
offset from a resonance. A change in the nanoparticle size leads to a
(d) positive, (e) infinite, or (f) negative Fano parameter q.

associated with the strong mode coupling. Their interplay can
be used for better energy localization in subwavelength optical
structures and enhanced light—matter interaction.

The presence of a substrate introduces an additional channel
of energy leakage, which leads to the decrease of local
electromagnetic fields and the suppression of Q-factor values of
optical modes supported by a nanoparticle. Therefore, we
consider AlGaAs nanoparticles located on a multilayered
substrate, as schematically shown in Figure 2a. We design the
particles to support a high-Q mode with an azimuthally
symmetric field profile associated with a quasi-BIC** with a Q
factor of about 190 (see Supporting Information). The
substrate consists of a 300 nm layer of ITO sandwiched
between a 350 nm buffer layer of SiO, and a thick SiO, slab.
The ITO layer is highly doped and is reflective at the pump
frequency. Adjustment of the buffer layer thickness allows to
compensate the parasitic diffraction to the substrate by
additional interference of the quasi-BIC with its imaginary
mirror image.’”**~* The nanoparticles are fabricated from an
AlGaAs/AlInP/GaAs wafer using standard electron beam
lithography with a sequential substrate transfer to the
multilayered SiO,/ITO/SiO, substrate (see Supporting
Information). The scanning electron microscope (SEM)
image of the fabricated structures is shown in Figure 2b. The
nanoparticles are separated by 10 ym to prevent their coupling.
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Figure 2. Measurements of resonant optical response of individual high-index nanoresonators. (a) Schematic of the structure and excitation setup,
side view. (b) Scanning electron microscope image of several isolated nanoparticles. The red spots illustrate the in-plane field profiles of the linearly
and azimuthally polarized pump beams with white arrows showing the polarization direction. (c, d) Measured reflectance spectra of nanoparticles
in dependence on their diameter for (c) azimuthal and (d) linear excitation, respectively. Purple, orange, and red curves in panel ¢ highlight three

distinct types of peak asymmetry similar to Figure 1d—f.

They have the same height of 635 nm and varying diameters.
The diameter of fabricated particles has a slight variation from
the top to the bottom; thus, we consider the average diameter
at the half-height, which spans across a 890—980 nm range.

We illuminate the fabricated nanoantennas with a focused
pulsed laser beam (for details on the experimental setup, see
Supporting Information). The schematic of the excitation
setup is presented in Figure 2a. To pump the structures, we use
the structured light in the form of a cylindrical vector beam™
and consider two cases: azimuthal polarization®* and linear
polarization. Structured beams are widely used in nanoscale
spectroscopy, and they can be implemented to inspect the
nanostructure defects,”*® for selective excitation of nano-
particle multipoles,””** or for spatial scanning of a nanoparticle
structure to define the crystalline axes of its material.”” The
azimuthally polarized beams are shown to be the most efficient
way to couple light to the quasi-BIC modes with an azimuthal
field distribution inside a subwavelength resonator.”>***°

We measure the reflected power from each particle in the
spectral range of 1450—1700 nm and normalize it to the
reflection from the substrate. We scan over multiple nano-
antennas with different diameters and compare the variation of
scattering spectra with the diameter change for azimuthal and
for linear polarization of the incident laser beam. The
experimentally measured spectra are shown in Figure 2c¢,d.
For the azimuthal excitation (Figure 2c), we observe an
isolated sharp resonant feature, which line shape is, in general,
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asymmetric and varies with the diameter of the nanoparticle.
The peak asymmetry changes its sign from positive (purple,
diameter 890 nm) to negative (red, diameter 980 nm); i.e., we
vary the size of a nanoantenna within the range of 10%. The
transition point, for which the peak becomes symmetric, is
shown with an orange curve in Figure 2c. For the linear
excitation, we do not observe any resonant features. The
comparison of the scattering patterns for both azimuthal and
linear excitation highlights the significance of a pump
structuring to enable selective excitation of high-Q modes of
nanoresonators.

To explain the experimental results, we perform full-wave
simulations of the reflectance spectra. For numerical
simulations, we use the finite-element-method solver in
COMSOL Multiphysics in the frequency domain (for details
on simulations, see Supporting Information). To compare the
simulations with the measured spectra, we consider the
experimental design as in Figure 2a, the azimuthally polarized
pump, and the presence of the multilayered substrate. We
calculate the reflected power coming through the 0.7 NA in the
backward direction and normalize it on the reflectance from
the substrate collected by the same aperture. The simulated
reflection spectra for nanoparticles of different diameters are
shown in Figure 3a. One can see that the peak shape evolves
when the diameter changes from 890 to 980 nm.

To explain the change of peak shape, we derive the analytical
solution for the scattering cross section of the nanoparticle. For

https://dx.doi.org/10.1021/acs.nanolett.0c04660
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Figure 3. (a) Simulated backward reflectance spectra of a nanoantenna depending on the particle diameter. Inset shows a vector plot of the electric
field at the half-height of the nanoparticle with a diameter of 930 nm at a resonant frequency of 186.9 THz. The black circle indicates a
nanoparticle’s edge; white arrows depict the polarization of the electric field inside the particle; the electric field contains an azimuthal component
only. (b) Dependence of the Q factor extracted from the simulations on the disk diameter. The quasi-BIC is realized at a diameter of 930 nm. (c)
Extracted values of the Fano asymmetry parameter q. Gray lines are a guide for the eyes. It can be seen that g diverges in the vicinity of the quasi-

BIC.

analytical calculations, we assume the simplest case of a free-
standing nanoparticle and linearly polarized excitation (for
details, see Supporting Information). The analytical solution
for the experimental design with a substrate and structured
excitation can be derived in a similar manner. We expand the
scattered field amplitude into the sum of independent terms,
where each term corresponds to a resonant mode of the
nanoantenna. The scattering cross section ¢ in the vicinity of
resonance with frequency @, and inverse lifetime y, could be
described (see Supporting Information) by the modified Fano
formula:*"

0, (q + x)2

+ o;
1+x2

o(x) = bg

L+q 2)
Here, we use the same notations as for eq 1. The Fano
asymmetry parameter can be expressed as g = —cot A, where A
is the phase shift between the resonant mode and the
background contribution coming from other modes and
nonresonant scattering.51 In sharp contrast to eq 1, the
derived formula has additional terms, including the smooth
peak envelope ¢, and the background contribution 6y, Both o,
and oy, originate from the nonresonant contribution of other
modes of the nanoparticle, which were not considered in eq 1.

Also, in eq 2, the Fano asymmetry parameter appears explicitly
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in the denominator, which allows avoiding the divergence of o
for large q.

The analysis of eq 2 shows that the asymmetry parameter g
strongly depends on the phase shift A: when A becomes zero,
the asymmetry parameter diverges. Earlier analysis of free-
standing high-index dielectric nanoparticles excited with a
plane wave showed that, for the condition, A = 0 can be
fulfilled by tuning the resonance to the quasi-BIC regime.”’ To
establish the relation between the peak asymmetry and the
mode Q factor, we extract them from the simulated spectra as
shown in Figure 3b,c (for details on the extraction procedure,
see Supporting Information). The quasi-BIC with Q = 185
manifests itself for the nanoparticle with a diameter of 930 nm.
As shown in Figure 3¢, even for our complex structure with a
structured excitation, the asymmetry parameter diverges in the
vicinity of the quasi-BIC, which is in good agreement with
earlier predictions;*”*"*® any variation in the contribution
from other eigenmodes of the fabricated nanoparticle and from
a realistic multilayered substrate significantly affects the
dependence of the asymmetry parameter g on the nanoparticle
size.

Next, we analyze the relation between g and mode Q factor
for the measured spectra using the same extraction procedure
(see Supporting Information). Figure 4a shows that the peak

https://dx.doi.org/10.1021/acs.nanolett.0c04660
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Figure 4. (a) The Fano parameter q and (b) observed Q factor extracted from the measured scattering spectra of individual AlGaAs nanoparticles
excited by an azimuthally polarized vector beam. The measurements are conducted for the laser pulse duration of 2 ps. The orange vertical line
depicts the location of the quasi-BIC mode. (c) Dependence of the observed quasi-BIC Q factor extracted from the measurements on the excitation
pulse duration. The observed Q factors are measured for the excitation with the pulse duration of 295 fs (purple circle), 360 fs (wine), 870 fs
(brown), 2.00 ps (orange), and 2.28 ps (green), respectively, and for a continuous-wave excitation regime (blue). Error bars determine the accuracy
of a spectral line shape fitting procedure. The thick solid line is a guide for an eye, following the dependence in eq 3.

transforms to a symmetric Lorentzian for a diverging q for a
diameter of about 925 nm, which is in the narrow vicinity of
the quasi-BIC regime. As shown in Figure 4b, the
experimentally measured dependence of the Q factor on the
nanoantenna size demonstrates the maximal value of about 175
at a diameter of 930 nm, which in good agreement with the
simulation results (see Figure 3b). The agreement between the
condition of quasi-BIC formation and Fano parameter
divergence in the experiment is even better than that in
numerical simulations. This criterion of the transformation of
an asymmetry parameter has also demonstrated numerically””
and experimentally™ for so-called superlattices supporting the
optical modes associated with the physics of BIC.”

We further bring into consideration the importance of
temporal coupling to high-Q nanoresonators. We pump the
nanoparticle supporting the quasi-BIC and vary the duration of
an optical pulse from a sub-ps to a continuous-wave regime,
while tracing the variation of the scattering spectrum. For each
measurement, we extract the observed mode Q factor, as
shown in Figure 4c. One can see that the explicitly observed
resonant line width of the quasi-BIC mode depends strongly
on the pulse duration. Qualitatively, the measured spectral line
width represents the sum of the mode line width and the pulse
line width. In this approximation, the observed quality factor Q
will depend on the pulse duration as

QCW
1+ V2 /(37) (3)

where Q¢ = 175 is the intrinsic mode Q factor, which can be
reached in the continuous-wave regime, y, is the mode line
width, and 7 is the pulse full-width-at-half-maximum duration.
Equation 3 and experimental measurements in Figure 4c
demonstrate that, for shorter pulses, the measured Q factor is
lower because their broad spectrum is inefficient for coupling
to a narrow resonance. This effect of short pulse
implementation has been observed experimentally in nonlinear
up-conversion studies of Fano-resonant semiconductor meta-
surfaces.”*** The measured Q factors saturate toward the
longer pulses.

In conclusion, our results illustrate experimentally, for the
first time, the link between the physics of Fano resonances and

Q=
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quasi-BIC resonances excited in individual high-index dielec-
tric nanoparticles in the near-infrared range. We have used
selective excitation of the quasi-BIC mode with an azimuthally
polarized pump matching the resonant mode profile and have
shown the appearance of sharp resonant features in the
simulated and measured reflectance spectra. We have extracted
the values of mode Q factor and peak asymmetry from the
simulated and measured data and have shown that the Fano
asymmetry parameter diverges in close vicinity of the quasi-
BIC regime. Finally, we have determined the relation between
the measured line width of the quasi-BIC and the excitation
pulse duration. Our findings prove a direct link between quasi-
BIC states and Fano resonances as both phenomena are
supported by similar physics. The established link paves the
way toward a unified framework of sharp resonances in
individual dielectric nanoresonators providing strong field
enhancement for enhancing the light—matter interaction at the
nanoscale.
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