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ABSTRACT

Recent developments in the physics of Mie-resonant high-index dielectric nanostructures suggested a promising
pathway to improve efficiencies of the nonlinear light conversion beyond the limits imposed by plasmonics. Here,
we employ the concept of bound states in the continuum to experimentally demonstrate a sharp enhancement
of the second-harmonic generation efficiency at localized states formed via destructive interference of two leaky
modes. For an AlGaAs subwavelength disk with optimized parameters, pumped with a structured light and
placed on an engineered multilayered substrate, we observe the record-high conversion efficiency compared to
the previous demonstrations with isolated subwavelength resonators.

Keywords: Second-harmonic generation, bound states in the continuum, meta-optics, subwavelength resonator,
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1. INTRODUCTION

The study of resonant dielectric nanostructures with large refractive index is a new research direction in nanoscale
optics and metamaterial-inspired nanophotonics.’»? Many concepts of all-dielectric resonant nanophotonics are
driven by the idea to employ subwavelength dielectric nanoparticles with Mie resonances as “meta-atoms” for
creating highly efficient optical metasurfaces and metadevices.®* Precise engineering of optical resonances results
in many fascinating phenomena such as perfect reflection, broadband transmission, complete control of phase
and polarization, imaging with subwavelength resolution. The pronounced resonant properties of high-index
dielectric nanoparticles along with low-cost fabrication and compatibility with planar technology make high-index
nanoscale structures prospective candidates to complement or even replace different plasmonic components in a
range of potential applications.> Moreover, many concepts which had been developed for plasmonic structures
but could not be fully employed due to strong losses of metals, can now be realized based on low-loss dielectric
structures.

High-index dielectric meta-atoms can support both electric and magnetic Mie resonances in the visible and
mid-IR spectral ranges, which can be tailored by the nanoparticle geometry. To emphasize the importance of
optically-induced magnetic response, the field of all-dielectric resonant nanophotonics is often termed as meta-
optics. The study of Mie-resonant silicon nanoparticles have recently received considerable attention for appli-
cations in nanophotonics and metamaterials® including optical nanoantennas, wavefront-shaping metasurfaces,
and nonlinear frequency generation.

The physics and applications of all-dielectric resonant nanophotonics could be extended substantially by
employing the concept of bound states in the continuum (BICs), which present localized states with energies
embedded in the continuous spectrum of radiating waves. BICs were predicted as a mathematical curiosity in
quantum mechanics long time ago.” In spite of the fact that the system proposed in that work has never been
implemented experimentally, for last years, the beautiful physics of BIC is attracting very broad attention in
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photonics,® 12 primarily because they provide a simple way to achieve very large quality factors (Q factors) for
photonic crystals,'® 4 metasurfaces,'® and even subwavelength isolated resonators.'®

The key idea underlying the physics of bound states in the continuum is vanishing coupling between the
resonant mode and all radiation channels of a surrounding space. In practice, infinitely high Q factors of BICs
are limited by a finite size of samples, material absorption, structural disorder and surface scattering.!” As a
result, BICs are transformed into resonant states with a giant Q factor often treated as quasi-BICs. Remarkably,
quasi-BICs can be formed even in a single subwavelength high-index dielectric resonator by tuning the structure
parameters into the so-called supercavity regime.': 19

Here, we discuss the recent advances in the physics of bound states in the continuum in application to
isolated subwavelength particles. We pay special attention to novel opportunities for nonlinear nanophotonics
due to the fact that high-Q states (quasi-BICs) supported by subwavelength particles are associated with large
energy concentration inside the particle volume. We observe experimentally a BIC-associated optical mode for
a nanoparticle of the specific parameters providing the high value of second-harmonic generation efficiency.

2. MODE ANALYSIS FOR INDIVIDUAL SUBWAVELENGTH DISKS

In this section, we explain the mechanism of formation of quasi-BICs in an individual cylindrical nanoresonator.
For numerical calculations we consider individual AlGaAs (20% Al) nanodisks placed on a substrate made of a
commercial film of 300-nm ITO on glass with an added 350-nm thick SiO2 spacer.

The eigenmodes of a disk resonator in the free space can be rigorously classified according to their azimuthal
order (m = 0,%1,+2,...) with respect to the disk axis and their parity with respect to the up-down inversion
along the disk axis (p = 0,1). Away from the avoided resonance crossings (ARCs) of the frequency curves, each
mode of the cylindrical nanoresonator can be also sorted in one of two groups distinguished by the number of
oscillations in the radial and axial directions. This sorting is not rigorous, but it is qualitatively justified and
is useful to categorize the modes. The justification can be done by considering the extreme case of an infinitely
long cylinder, where radial modes represent the well-known Mie modes while axial modes appear only for a finite
length of the cylinder.

We select a pair of modes from different groups (one radial and one axial) with the same m and p. With
the change of the cylinder aspect ratio their frequencies change differently because of their distinct nature. In
the vicinity of the specific aspect ratios, the mode dispersion curves tend to cross. However, the nanoresonator
has open boundaries which make it a non-Hermitian electromagnetic system and allow the so-called internal
and external coupling between its modes. In the strong coupling regime, the mode dispersion curves exhibit the
ARC behavior and the mode radiative losses change due to the external coupling. Near the ARC the modes are
hybrid with a combination of radial or axial oscillations and thus do not belong to any of the defined groups.
Here, we also note that modes with different m or p do not interact and their frequency curves always cross.

The proper quantitative description of the mode hybridization can be achieved by analyzing the eigenfunction
evolution in the vicinity of the ARC of two modes [see Fig. 1A]. We denote the hybrid eigenfunctions of the
cylinder resonator as ¢ 2, they are given by the linear combination of the eigenfunctions of the uncoupled radial
and axial modes ¢, , respectively

p12 = Cf 200 + CF 200 (1)

The complex coefficients C’be can be determined by solving the 2x2 matrix equation (22)

Wa — 1Ya 0 Cia | _ w 14+ Vaa Vab Cto (2)
0 wh — 1Y C%’Q 2 Voa 1+ Vbb C{),Z ’

Here, V;; describes the coupling between radial and axial modes in the parameter space, which is due to the
change of the resonator aspect ratio (the disk diameter for the fixed height). If [Cf 5| < |C? 5| or [Cf o] > |CY o,
then the modes can be considered as dominantly radial or axial, otherwise, for [Cf,| ~ |C{’72| both modes
are hybrid. The values V;; can be extracted from the calculated dispersion w; 2, by using the two-level model
approximation.'®
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Figure 1. (A) Calculated mode wavelengths vs. resonator diameter for the disk on a structured substrate. The dashed
lines qualitatively show the dispersion of uncoupled radial and axial modes. (B) Calculated ratio |H|/|H,| as a function
of the disk diameter. The regime of hybrid modes is qualitatively shown by the blurred blue area.

To simplify the analysis of mode hybridization, it is also possible to compare the mode polarization ratio.
For nanoresonator modes with fixed m # 0 and fixed p, the radial modes possess one dominant polarization (TE
or TM), while the axial modes always have another polarization. Then, the criterion of mode hybridization is
the degree of TE or TM polarization. For nanoresonator modes with fixed m = 0, such as the modes studied
in the main text, the polarization is pure. For pure TE modes, as in the paper, which have only three nonzero
field components F,, H ., H, in the cylindrical coordinate frame, the criterion of mode hybridization is the ratio
of two nonzero magnetic field components, e.g. |H.|/|H,|, as shown in Fig. 1B. At the same time, the absolute
value of the electric field component |E,| is almost constant in the vicinity of the ARC. We also note that in the
presence of the substrate, p is not a mode index any more and can be used only approximately, while the modes
with different p can be hybridized in the vicinity of ARCs.

For numerical simulations of the linear spectrum, we use the finite-element-method solver in COMSOL
Multiphysics in the frequency domain. To compare the simulations with the measured spectra, we consider the
azimuthally polarized pump. To obtain the exact expression for the background field for scattering simulations,
we derive the angular spectrum representation for the azimuthal cylindrical vector beam in each layer of the
multilayered structure and match the solutions at the boundaries between the layers. We perform the multipolar
decomposition of the total scattered power in the full solid angle shown in Fig. 2. It demonstrates that the
quasi-BIC is manifested as a resonant feature and is determined by the magnetic dipolar and octupolar patterns.
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Figure 2. Multipolar decomposition of the scattered power at the pump wavelength in the full solid angle for a 930 nm
disk on a three-layer substrate excited with an azimuthally polarized cylindrical vector pump.

3. ANALYSIS OF NONLINEAR RESPONSE.

We consider a subwavelength AlGaAs disk on a substrate. We neglect the absorption losses, since the material
Q factor Re[e]/Im[e] > 10® within the range of wavelengths from 780 to 1670 nm. Also we neglect the losses
due to surface roughness are low because of high quality of fabrication. The disk is excited by the pump with
a given distribution of electric field Eyg. The total electric field E(r) in each point of the space can be divided
into the background and the scattered as

E(w,r) = Eg.(w, 1) + Epg(w, ). (3)

The scattered field can be found using the Green’s function
w2 ’ NS ’ ’
Eulwr) = =5 [ d' Acwr) Gl r) - Bugloor) (4)
c

where Ae(w,r) = €(w,r) — €pg(w, ).

The scattered field can be rigorously expanded into a series of the resonator’s eigenmodes. We consider the
case when only one mode E; is resonantly excited in the vicinity of the pump frequency

Esc(w, 1) = a(w)Eq(r). (5)
Next, we find the resonant amplitude a at the pump wavelength

w
2Ny (w —wy +i71)

a(w) =

/dr' Ae(w,r )Ey(r) - Ebg(w,r'). (6)

The energy accumulated inside the resonator W (w) is proportional to |a|?, which can be re-written as

¢
Nywy

W(w) o |a(w)]* = Q111 (W) (W) Py (w): (7)
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Here, Q; = w;/27; is the mode quality factor, the spectral overlap factor L;(w) is

_
Lj(w) - (w _ w_j)2 + 7]27 (8)

and the coupling coefficient x; is

B ‘(w/c)fdr, Ae(w,r)Ei(r) - Epg(w, 1) ’
B (271/¢) N1 P' (w)

k1(w)

The coefficient P’ (w) is proportional to the total incident power P(w)
P (w) = —P(w). (10)

To analyse the resonator response at the SH wavelength we calculate the nonlinear SH polarization PN

PNL 2(“) ZXUI" ( ) (11)

where Xg,)c is the second-order susceptibility tensor. For AlGaAs x(® has the symmetry of the zincblende

crystalline structure. We assume the resonant conditions when the amplitude a(w) is large, so E(w,r) ~ Eg.(w, 1)
and
2 2
PN (2w) = [a()) Y X1 B (12)
3k
The induced field E(2w) at the SH wavelength can be found using the resonator Green’s function similar to
Eq. (4)

E(2w,r) = v ) PN (2w, ). (13)

We assume that E(2w) is dominated by a single resonant state Eo with frequency ws lying in the vicinity of 2w
E(2w,r) = b(2w)Ey(r). (14)
Thus, the amplitude b can be found as

2w

b(2w) = —
( UJ) 2N2(2W*W2+7;’)/2)

/dr E,(r) - PNY (2w, 1) =

2w [a

2
= SNl w2+m ng],)c/dr Ey,Ey By (15)

1,7 :

The energy of the SH field is proportional to |b(2w)|?

w/c)? w1 9
b2 = ot S Qalale e [ Mifa(w) ] (16)

where the cross-coupling coefficient k1o is

S xS de B () By (1) By ()|
e = (Vo)) (Nyin J )2 ' 17)

The total SH power
Pw) = = % dS - Re [E(2w) x H*(2w)]. (18)
8 S
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Figure 3. (A) Second-harmonic generation experimental setup in transmission. MIROPA-fs-M is the optical parametric
amplifier, M1 and M2 are the mirrors, GP1 and GP2 are the Glan prisms, P is the wire-grid polarizer, IFG is the
infrared glass filter, QP is the commercial liquid crystal g-plate, O1 and O2 are the objectives, S is the sample on a three-
dimensional stage, GFG is the set of filters which transmit the SH signal, L1 is the lens, CCD is the detecting visible
camera, DM is the dichroic mirror. (B) SH intensity spectrum for a disk with the diameter of 923 nm; (C) dependence
of the total SH peak power on the peak pump power.

Here, the integral is evaluated at the disk surface, where Eq. (14) is valid.
Finally, we get the expression for the total SH power
P(2w) = a(2w)k2Q2 Lo (2w) k12 [Q1 Ly (w) k1 (w) P(w)] . (19)

Here, the decoupling coefficient ko is
_ $4dS - Re[Ey x Hj]

K , 20
2 (2’)’2/0)]\]2 ( )
and the smooth envelope coefficient « is
2
87 | 2w
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4. EXPERIMENTAL RESULTS

For experimental observation, we used AlGaAs nanodisks on a glass substrate. A set of nanoparticles with
diffrent diameters are fabricated from a wafer consisted of a GaAs substrate, a sacrificial layer of AllnP and
a 650-nm [100]-grown AlGaAs layer; then the pillars are transferred to a glass substrate. We generate a SHG
signal in individual nanodisks by a tunable pulsed laser pump (pulse duration 300 fs, repetition rate 21 MHz).
We generate two orthogonal states of cylindrical vector beams using an achromatic half-wave plate and a silicon-
based spectrally broadband metasurface. The SHG signal from a single resonator is collected in forward direction
by a visible objective (x100 0.9NA) and detected by a cooled CCD camera; then it is normalized over a spectral
function of the experimental setup. The origin of a nonlinear signal is checked by its spectrum and corresponding
power dependence. Figure 3 summarizes our experimental findings on SHG spectroscopy in individual AlGaAs
nanocylinders.

5. CONCLUSIONS

We have analyzed the origin of high-Q resonances associated with bound states in the continuum in individual
subwavelength nanoresonators. We have performed theoretical analysis of SHG in such nanoresonators in the
regime of BICs. In experiment, we have employed a structured pump beam to generate the second-harmonic
from isolated AlGaAs nanoparticles, and conduct nonlinear spectroscopic measurements. We have demonstrated
experimentally optical resonances governed by bound states in the continuum in individual AlGaAs nanoparticles
with the record-high SHG efficiency being empowered by the enhanced field confinement associated with high-Q
resonant modes.
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