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Abstract: We designed AlGaAs-on-aluminium-oxide all-dielectric
nanoantennas with magnetic dipole resonance at near-infrared wavelengths.
These devices, shaped as cylinders of 400nm height and different radii,
offer a few crucial advantages with respect to the silicon-on-insulator
platform for operation around 1.55pum wavelength: absence of two-photon
absorption, high y® nonlinearity, and the perspective of a monolithic
integration with a laser. We analyzed volume x® nonlinear effects
associated to a magnetic dipole resonance in these nanoantennas, and we
predict second-harmonic generation exceeding 107 efficiency with
1GW/cm? of pump intensity.
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1. Introduction

Optical nanoantennas are nanoscale structures capable of efficiently collecting free-space
light and confining it into subwavelength volumes far below the diffraction limit [1]. This
unusual optical capability to strongly manipulate light at the nanoscale has proven useful for a
huge range of applications such as surface enhanced Raman scattering [2], surface enhanced
fluorescence [3], solar cells [4], nanomedicine [5]. The nanoantennas used in those
demonstrations were made of nanometallic objects. Their optical properties, based on
plasmonic resonances, can be predicted using design guidelines which have been developed
starting from well-established techniques already in use at microwave frequencies [6,7]. Even
though plasmonic antennas have been employed for many applications, metals suffer from
large resistive heating losses in the visible and near-infrared (near-IR) wavelength range,
which limit device performance [8,9]. Therefore, several recent works [8—13] have focused
on a new class of all-dielectric optical nanoantennas. These consist of high-permittivity low-
loss dielectric particles of sub-micrometer size. In contrast to plasmonic antennas, the optical
response of dielectric particles does not suffer from ohmic losses and can exhibit both strong
electric and magnetic optical resonances at visible or near-IR wavelengths [11,12].
Semiconductor nanoparticles are emerging as a promising alternative to metallic ones for
a wide range of nanophotonic applications based on localized resonant modes in the entire
visible and near-IR spectral ranges, see e.g [8—10]. Different particle geometries can be
considered, but mainly spherical and cylindrical antennas have been dealt with to date.
Nanodisks have recently proven versatile in tailoring of electric and magnetic response,
stemming from two degrees of freedom: radius and height [14,15]. Also, as opposed to
nanospheres, the fabrication of nanodisks is easily accessed by modern electron beam
lithography, which enables a precise control of the nanodisk size and lattice geometries.
Dielectric nanostructures on a low-index substrate have been recently demonstrated in the
framework of semiconductor planar technology, encompassing the cases of silicon on
insulator [10], as well as GaAs on silica [12]. All-dielectric nanoantennas offer unique
opportunities for the study of nonlinear effects due to very low losses in combination with
multipolar characteristics of both electric and magnetic resonant optical modes [10]. The
nonlinear optical effects of magnetic origin can have fundamentally different properties
compared with those of electric origin. When nonlinearities of both electric and magnetic type
are present, the nonlinear response can be substantially modified and is accompanied by
nonlinear mode mixing and magnetoelectric coupling [16,17]. To the best of our knowledge,
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the only investigations of the nonlinear optical response generated from a magnetic resonant
optical mode in an all-dielectric antenna have been conducted on Si nanodisks [10,14].
However, in that case, operation in the third window of optical fiber communication is limited
by two-photon absorption (TPA) and volume y interactions are absent because of centro-
symmetry of Si. In this perspective III-V materials such as GaAs or AlGaAs offer a strong
potential to efficiently observe second order nonlinear effects such as Second-Harmonic
Generation (SHG). Furthermore, by engineering the AlGaAs alloy composition, TPA at
wavelengths close to 1.55um can be avoided. Finally, at variance with indirect-bandgap Si,
AlGaAs monolithic nanoantennas might benefit from the direct integration of diode lasers on
a GaAs chip.

For all these reasons, here we study the linear and nonlinear scattering of AlGaAs-on-
aluminum-oxide monolithic nanodisks. In Section 2, we illustrate the design of nanodisks
exhibiting the magnetic dipole (MD) resonance in the near-IR wavelength range. In Section 3,
we report, for the first time, an analysis of the optical nonlinear response generated from
volume %? nonlinearity in all-dielectric nanodisks. Our results show that AlGaAs
nanoantennas have a strong potential to enhance the SHG from all-dielectric nanostructures.

2. Design of AlGaAs nanoantennas

We investigated the scattering characteristics of Alg;3GaggAs cylinders at near-IR
wavelengths by using finite element method simulations in COMSOL. As shown in the inset
of Fig. 1(a), the incident light was a plane wave with a wave vector, K, parallel to the cylinder
axis and the electric field, E, polarized along the x-axis.
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Fig. 1. (a) Scattering efficiency Qs., decomposed in magnetic dipole (MD), electric dipole
(ED), magnetic quadrupole (MQ), and electric quadrupole (EQ) contributions, as a function of
wavelength calculated for » = 225 nm and /2 = 400 nm. A schematics of the AlGaAs cylinder
with the incident field and the cross section of normalized |(E)| in the x-z plane through the
axis of the cylinder are shown in the inset. The arrows represent (E) in the same x-z plane. (b)
and (c) scattering efficiency as a function of wavelength and cylinder radius for a constant
height # = 400 nm for cylinders suspended in air and on a substrate with n = 1.6 respectively.

For the dispersion of the refractive index of Aly5Gagg,As we used the analytical model
proposed in [18] which was derived from comparison with measurements. The scattering
efficiency (defined as Q,., = Cyoo/mr” where Cy, is the scattering cross-section and r is the
cylinder radius) calculated for a cylinder suspended in air with radius » = 225 nm and height
h =400 nm is shown in Fig. 1(a). The multipole expansion of Qy,, calculated by applying the
method in [19], is also shown in Fig. 1(a). We can observe that several resonant peaks appear
at wavelengths shorter than about A = 1700 nm while, for longer wavelengths, the scattering
efficiency monotonically decreases. In particular, the sharper and strongest resonance
observed at A = 1640 nm is mainly due to a MD resonance, as it can be inferred from the field
distribution shown in the inset of Fig. 1(a) [11]. Because the incident electric field was x-
polarized, the main components of the electric field inside the cylinder are along the x and z
directions. The broader resonance at A = 1300 nm is of electric dipole type while higher-order
multipoles contribute to the resonances observed at shorter wavelengths (see Fig. 1(a)). When
the geometric parameters of the antenna are changed, the resonances observed in Fig. 1(a)
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shift in wavelength. The scattering efficiency of cylinders with radius varying from 175 nm
up to 230 nm and a constant height of 400 nm is shown in Fig. 1(b). It can be seen that the
resonant peaks mainly red-shift as the radius of the cylinder is increased. For example, the
MD resonance peak wavelength shifts from A = 1410 nm when » = 175 nm up to A = 1655 nm
when r = 230 nm. The scattering efficiency for the same cylinders, but on a substrate with a
refractive index of 1.6, is shown in Fig. 1(c). This configuration reflects the case of the
antennas fabricated onto an aluminum oxide substrate. We can see that the effect of the
substrate on the scattering efficiency is small (e.g. for r = 220 nm the MD resonance
wavelength is about 1620 nm in the case without the substrate and 1630 nm with the
substrate). The presence of the substrate does not radically alter the scattering efficiency of
the cylinder because of the large difference between the refractive index of the AlGaAs
nanodisk and the aluminum oxide substrate that can be obtained in the AlGaAs-on-aluminum-
oxide material platform.

3. Second-Harmonic Generation in AlGaAs nanoantennas

Second harmonic generation in plasmonic nanostructures has been deeply investigated in
recent years, often enhanced by matching localised surface plasmon resonance (LSPR) either
with the excitation or the emission wavelength [20-22]. Furthermore, SHG from metal-
dielectric-metal metasurfaces has been studied [23]. In all these cases the main contribution to
the second harmonic (SH) signal came from the surface nonlinearity of the metal while the
volume contribution was negligible. In this work, since AlGaAs is a non-centrosymmetric
material, we have a strong volume contribution which could enhance the SH signal. We first
note that, among the different resonant modes that have been observed in the nanodisks, for
example in Fig. 1(a), the MD resonance shows the strongest scattering efficiency. This can
potentially enhance the nonlinear optical response achievable from these nanoantennas.

Moreover, the only non-zero elements of the second order nonlinear susceptibility 7y, of

Aly,13Gag g,As oriented along the [TOO ] crystalline axis have i=/=k [24].
In order to illustrate the potential of AlGaAs cylinders for nonlinear nanophotonics, we

investigated the SHG phenomenon by using the nonlinear polarization induced by y® as a
source in COMSOL simulations. We define the SHG efficiency as
IESH -nda
s 1, X r’ M

where S is the Poynting vector of the SH field, n is the unit vector normal to a surface 4
enclosing the antenna, and /, is the incident field intensity ([, = 1 GW/cm® in the
simulations). The calculated SHG efficiency for a cylinder with » = 225 nm and 4 = 400 nm
suspended in air is shown in Fig. 2(a). In the calculations, we used ¥ = 100 pm/V as
reported for Al sGaggrAs in [24]. As it can be seen, the maximum SHG efficiency is
obtained for a pump wavelength of A = 1675 nm, which is close to the MD resonance
wavelength (i.e. A = 1640 nm, see Fig. 1(a)).

One would normally expect to observe the strongest enhancement of the SHG when
pumping at the MD resonance. Therefore, in order to understand why the maximum of #gy¢
was not obtained for a pumping wavelength of A = 1640 nm, we calculated the linear
scattering efficiency for wavelengths between 785 nm and 900 nm (shown in Fig. 2(b)). We
can observe that there is a resonance at A = 837.5 nm that can explain the SHG efficiency
enhancement when pumping at A = 1675 nm. Another resonance is found at A = 820 nm, that
is exactly at half the MD resonance peak. However, the SHG efficiency using a pump
wavelength of 1640 nm (thus matching the MD resonance) is smaller than the one obtained
with a pump wavelength of 1675 nm. In order to clarify this point, we evaluated the overlap
integral defined as
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where E/" and E" are the components of the electric field along the i-axis for the pump and
the emission, or SH, modes, respectively. In the overlap integral we considered only this
combination of fields because of two reasons. First, the main components of the electric field
at the MD resonance are those in the x and z axis. Second, the only non-zero terms of the
second order nonlinear susceptibility are those with i##. The overlap integral between the
mode at A = 820 nm and the mode at the pump wavelength of 1640 nm is only about 14%,
whereas ( is about 54% between the modes at A = 837.5 nm and A = 1675 nm (i.e. where the
maximum of #gyg is observed, see Fig. 2(a)). Therefore, since the MD resonance is spectrally
broader than the resonances in the wavelength range corresponding to the SH signal, the SHG
efficiency depends strongly on the overlap between the modes at the emission and pump
wavelength. The magnitude of the electric field of the SH signal generated with a pump at A =
1675 nm is shown in the inset of Fig. 2(a). The far-field radiation pattern is shown in Fig. 3(c)
and we can recognize a quadrupolar emission pattern.
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Fig. 2. (a) SHG efficiency as a function of pump wavelength for a cylinder with » = 225 nm, &
= 400nm suspended in air and pump intensity /, = 1GW/cm®. The normalized |(E)*"| on a cross
section in the x-z plane at the center of the cylinder is shown in the inset. (b) Scattering
efficiency at wavelengths between 785 nm and 900 nm. (c) Far-field radiation pattern of the
SH electric field in the x-y plane.

270

Figure 3(a) provides the SHG efficiency as a function of pump wavelength and cylinder
radius. The peak wavelength of SHG efficiency redshifts as r is increased, following the
resonant mode at the emission wavelength that was found to have a good overlap with the
MD resonance. The maximum SHG efficiency as a function of the cylinder radius is extracted
along the red-dotted line of Fig. 3(a) and shown in Fig. 3(b). We can observe that the
wavelength at which the SH signal is generated varies from 788 nm to 848 nm as r is varied
between 202 nm and 235 nm. Furthermore, we can observe that the SHG efficiency varies
only of about 10% in the same range of radii, which might be due to the fact that the MD
resonance is spectrally broader than the SH resonance (compare Fig. 1(a) and Fig. 2(b)).

As it can be seen in Fig. 3(b), #syc initially increases as the cylinder radius is increased
and, after a maximum when » = 225 nm, it decreases. This behavior can be intuitively
explained by evaluating v = (Qgr)* % Qs * {, where Qpr and Qgy are the scattering efficiency
of the pump and second-harmonic modes respectively. The conversion efficiency is expected
to increase as Qg because the intensity of the SH signal scales as the squared power of the
electric field intensity of the pump beam. Indeed, if we evaluate v for the cylinder with » =
225nm, we obtain a maximum at A = 1675 nm, in good agreement with the results shown in
Fig. 2(a). When the radius is varied, { remains almost constant while the spectral distance
between the pump wavelength for which ngpg is maximum and the MD resonance increases
(see dotted lines in Fig. 3(a)). Therefore Qg diminishes which in turn lowers v, in good
agreement with the results shown in Fig. 3(b). Furthermore, we analyzed the SHG efficiency
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for cylinders with different heights (between 300nm and 600nm). We observe that the overlap
integral C between the pump and the SH mode remains almost unchanged as the height is
varied. When the height of the cylinder is decreased, the spectral distance between the SH
mode and the MD mode increases. Thus, the maximum of nsyg decreases because the product
(QFF)2 x Qgsy decreases. When the cylinder height is increased, the spectral distance between
the pump and the MD mode progressively decreases and the pump wavelength can eventually
coincide with the MD resonance for # = 600 nm and » = 300 nm. Despite this fact, we
observed that the maximum SHG efficiency is smaller than the one obtained for the cylinder
with 4 =400 nm. In fact, when the height of the cylinder is increased, Qsy decreases and thus
v decreases as well. From these observations, it is straightforward to understand that in order
to maximize nsug, the nanoparticle geometry should be engineered for, from one side,
guaranteeing a fair tradeoff between the need of a high Qgr and a high Qgy to maximize the
product (Qr)* X Qgy and, from the other side, optimizing the spatial overlap { of the
nanoparticle mode at the SH wavelength with the pump mode.

Emission wavelength (nm)

%10
750 800 850 <10” 12
230 1 o0
10 ..0“" °.
220 210 ..° o 800
b5}
,g g 4_6. vv? ¢ . &z
Z210 T8 v v C
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Fig. 3. (a) SHG efficiency as a function of pump wavelength and nanodisk radius. The
magnetic dipole resonance (MD) and the resonant mode at the emission wavelength (SH) are
outlined with a dotted white and magenta line respectively. (b) Maximum SHG efficiency
(circles) and (Qrr)* x Qs (triangles) as a function of nanodisk radius. The nanodisks have
constant height of 400 nm and are suspended in air. The pump intensity is 1GW/cm®.

5. Conclusion

We reported the design AlGaAs on aluminum-oxide nanoantennas. We showed that by
varying height and radius of the nanodisk we could obtain a strong MD resonance in the near-
IR wavelength range. The SHG phenomenon when the pump wavelength is chosen close to
the MD mode was studied. We found that in order to achieve a strong enhancement of the
conversion efficiency it is necessary to have a good mode overlap and a strong scattering
efficiency of both the pump and the SH mode. These characteristics allowed to predict a SHG
efficiency larger than 10~ from a single nanodisk with 7 = 225nm and 4 = 400nm and using a
pump intensity of /, = 1GW/cm® at a wavelength of 1675 nm. These antennas can be
fabricated using the AlGaAs-on-aluminum-oxide material platform. Our material choice can
be advantageous under several perspectives. As far as the nonlinear optical properties are
concerned, AlGaAs is a highly nonlinear material with both ¥ and ¥ nonlinearities and
TPA can be avoided at near-IR wavelengths by engineering the alloy composition.
Furthermore, the maturity of this III-V material platform can be exploited to realize
monolithically integrated devices with, for instance, integrated laser source on chip.

This work is the first investigation of volume second-order nonlinear optical interactions
generated from a MD resonance in all-dielectric nanoantennas. Our results show that
nanoantennas based on the AlGaAs-on-aluminum-oxide material platform may have a huge
potential for applications such as molecular sensing [9] and single biomolecule tracking
microscopy [10].

#246503
(C) 2015 OSA

Received 22 Jul 2015; revised 31 Aug 2015; accepted 31 Aug 2015; published 1 Oct 2015
50Oct 2015 | Vol. 23, No. 20 | DOI:10.1364/0E.23.026544 | OPTICS EXPRESS 26549



Acknowledgments

The paper and the participation of all the authors has been made in the framework of the
Erasmus Mundus NANOPHI project. L. Carletti, C. De Angelis and A. Locatelli
acknowledge financial support from U.S. Army (“Engineering second order nonlinear effects
in optical antennas”) and CARIPLO (“SHAPES - Second-HArmonic Plasmon-Enhanced
Sensing”). G. Leo and Q. Stepanenko acknowledge financial support from the DOLPHIN
project of the SEAM (Science and Engineering of Advanced Materials and Devices) Labex of
Sorbonne Paris Cité.

#246503 Received 22 Jul 2015; revised 31 Aug 2015; accepted 31 Aug 2015; published 1 Oct 2015
(C) 2015 OSA 50Oct 2015 | Vol. 23, No. 20 | DOI:10.1364/0E.23.026544 | OPTICS EXPRESS 26550



