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We demonstrate optically tunable control of second-
harmonic generation in all-dielectric nanoantennas: by
using a control beam which is absorbed by the nanores-
onator, we thermo-optically change the refractive index
of the radiating element to modulate the amplitude of
the second-harmonic signal. For a moderate tempera-
ture increase of roughly 40 K, modulation of the effi-
ciency up to 60% is demonstrated; this large tunability
of the single meta-atom response paves the way to excit-
ing avenues for reconfigurable homogeneous and het-
erogeneous metasurfaces. © 2021 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

In the last two decades, metamaterials, artificial media where
electromagnetic features can be engineered by designing the ge-
ometry of elementary building blocks called meta-atoms, have
attracted a great interest in the scientific community in the quest
for molding the properties of light beyond what was previously
possible [1, 2]. The special case of metasurfaces, i.e. 2D meta-
materials, owing to their planar profiles, is particularly appeal-
ing due to the simplified fabrication process compared to the
3D case and the long-sought promise for integration with on-
chip nanophotonic devices [3]. Metasurfaces based on dielectric
meta-atoms have recently witnessed tremendous advancements
thanks to several key features, such as the possibility to obtain
electric and magnetic Mie resonances and their low dissipative
losses throughout the visible and infrared spectrum [4-6].
Dielectric metasurfaces have been recognized as an innova-
tive platform for nonlinear optics, where new paradigms have

been introduced in the last years [7, 8]. Using a silicon platform,
two orders of magnitude increase of third order nonlinear effects
were first predicted in the seminal paper by Shcherbakov et al.
[9]. Shortly after, second order nonlinearities were demonstrated
in gallium arsenide platforms where record high Second Har-
monic Generation (SHG) at the nanoscale was reported [10-14].

For the above reasons, nonlinear non-metallic metasurfaces
are today at the forefront of research with three main challenges
to be tackled first at the single meta-atom level: i) increase the
efficiency of the nonlinear processes at the nanoscale also ex-
ploiting new concepts, such as anapoles and bound states in
the continuum [8, 15-17]; ii) control and engineer the radiation
pattern of the nonlinearly generated photons [18-20]; iii) tune
and reconfigure the nonlinear emission to achieve all-optical
modulation and multifunctional devices [21, 22]. As far as tun-
ability and reconfigurability in the linear regime are concerned,
many ideas have already appeared in the literature, involving,
for example, the use of different stimuli (electrical, mechanical,
optical and thermal) [23-25]. The challenge of reconfigurability
in the nonlinear regime is now attracting a great deal of interest
for basic science and applications [6, 26, 27].

In this work, we demonstrate control of SHG efficiency at the
single meta-atom level in AlGaAs dielectric nanoantennas. The
key concept is sketched in Fig. 1 (a) and (b): by changing the
temperature of the nanoresonator, we can modulate the emitted
second-harmonic (SH) signal. Once applied to an ensemble of
meta-atoms, this idea straightforwardly translates into tunability
of metasurfaces. Noteworthy, we demonstrate that the heating
can be provided not only by a Peltier cell, but also all-optically
by a control beam tuned above band-gap impinging on the
nanoantenna. For a moderate temperature increase of roughly
40 K, modulation of the efficiency up to 60% is demonstrated in


http://dx.doi.org/10.1364/ao.XX.XXXXXX

Letter ‘

Optics Letters 2

a single nanoresonator; this large tunability of the meta-atom
response paves the way to exciting avenues for all-optically
reconfigurable nonlinear metasurfaces [28].

2. SHG TUNING

Since the first experiments on SHG from nanoantennas, it was
immediately recognized that the properties of the emitted signal
(e.g. efficiency, polarization and directionality) were strongly
dependent on geometrical parameters (i.e. radius and height
[29]). The experimental results are understood in terms of the
optical size and geometry of the nanoresonator, which determine
the spectral position of the resonances involved in the SHG
process [30, 31]. Obviously, the optical size of an object can be
modified by varying not only its physical dimensions, but also
its refractive index.

With the aim of achieving reconfigurability, we exploit here
the possibility of thermally tuning the refractive index to mod-
ulate the efficiency of the nonlinear process (Fig. 1la and 1b).
Our experimental setup (described in the Supplementary) is a
nonlinear confocal microscope: the excitation light (fundamen-
tal frequency, FF), delivered by a linearly polarized ultrafast
Erbium-doped fiber laser centered at 1550 nm (160 fs pulse dura-
tion), is tightly focused to a diffraction-limited spot size of 1.8 pym
onto the sample through a 0.85 numerical aperture air objective.
The setup allows the interrogation of individual nanoparticles
(NP) on the sample, where several pillars (3 um apart from each
other), with the same height (400 nm) and different radii (from
190 to 225 nm) have been fabricated to finely tune the nonlinear
process with Mie resonances of the NP (see [11] for details of
the fabrication procedure). For a FF pulse with peak intensity
of 1 GW/cm?, the dependence of the experimentally detected
SHG on the NP radius is shown in Fig. 1c: as already reported
in previous works [11], the most efficient SHG is obtained for
specific radii and in the following we thus focus our attention
only on five replicas of the five NPs with radius ranging from
195 nm to 215 nm (the region of the sample inside the white
rectangle in Fig. 1c).

Our key idea is that the SH intensity can be modulated by the
NP temperature. To demonstrate the principle, we consider two
different means to control the NP temperature: (A) the sample is
heated by a Peltier cell from room temperature T to temperature
Ty + AT; (B) the sample is heated by a light beam absorbed by the
NP (a continuous wave (CW) pump of power Pp). In both cases,
we quantify the SHG variation by the normalized differential
signal:

ION _ IOF F
ASHG = SHG___SHG 1)

IOFF
SHG

where IgHNG (Iglgé) is the SH light intensity generated by the
NP when the external stimulus (either a Peltier cell or a light
beam) is present (absent). Hence, ISOIQ\]G is either a function of
the temperature T set by the Peltier cell or a function of the
optical control power P, of the CW-pump. To rule out possible
modulations due to linear effects, we have also characterized the
linear optical contrast (see the Supplementary for the details).

A. THERMAL TUNING

In this case the NP is heated by a thermal contact: the nanores-
onator’s substrate adheres to a Peltier cell, set at a constant
temperature Ty + AT (Fig. 2¢). The high thermal conductivity
of the NP and of the GaAs wafer, as well as the homogeneity of

190 200 210 220
(c) Radius (nm)

Fig. 1. (a) and (b): conceptual scheme of the controllable non-
linear antenna: the emitted SH can be modulated by a heat
source. Panel (c): map of Iglflé collected at room temperature
by a nonlinear microscope (described in the Supplementary),
using a FF pulse with peak intensity of 1 GW/cm? from a sam-
ple with eight replicas (from top to bottom) of eight different
pillars.

the AlOx substrate, results in an almost uniform temperature in
the NP, close to Ty + AT (see the Supplementary for the details).

Fig. 2(a) shows five replicas of the measured normalized
differential SH signal (ASHG(Ty + AT)) for AT = 20 K. In Fig.
2b we summarize the previous findings by plotting ASHG(Ty +
AT) for AT = 10 Kand AT = 20 K. Note that, surprisingly, for a
moderate temperature increase of 20 K, we observe large modu-
lation (of about 20%) of the SHG efficiency. We then rationalize
the experimental evidences in the frame of a thermo-optical
model [32]. Following the same fitting procedure reported in
[33], we describe the thermal AlGaAs refractive index change
using the simplified relation An(T,A) = (dn/dT) AT. From the
plot of dn/dT in Fig. 2c, we can appreciate that dn/dT is as low
as few 10~* K~! at FF, and increases by orders of magnitude
when approaching the band edge. This has a twofold relevance
for our work: while an exact estimation of this parameter is be-
yond the main purpose of this Letter, we stress that large values
of this parameter are crucial to obtain sizeable changes of the
SH signal. Thus, engineering Mie resonances for efficient SHG
at around the band edge of the semiconductor is the key point
to obtain efficient modulation.

Our thermo-optical model computes numerically with COM-
SOL Multiphysics the SHG intensity variations due to ther-
mally induced refractive index changes. By assuming dn/dT ~
10~3 K~! (Fig. 2c), the ASHG value obtained by the model is in
good agreement with the experimental results (Fig. 2d), proving
that the physical reason for the observed modulation is the re-
fractive index variation induced by the temperature change.
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Fig. 2. (a) ASHG(Tj + 20K) measured on five replicas (from
top to bottom) of five different nanopillars. The average of
ASHG(Ty + AT) over each column in panel (a) is reported as
red and yellow histograms in panel (b), for the five different
radii and two different temperatures (AT = 10K and AT =
20K) (c) Theoretical model of dn/dT versus wavelength. Inset:
schematic of the Peltier cell heating. (d) Modeling data to be
compared with the experimental data reported in panel (b).

The
results reported in Fig. 2 show that a moderate uniform heating
of the nanoantenna (up to 20 K) translates into an amplitude
modulation of the emitted SH intensity (up to 20%).

B. ALL-OPTICAL TUNING

Since the experimental results reported in Fig. 2 show that siz-
able modulations can be obtained with temperature changes
of few degrees, we decided to explore the more appealing sce-
nario of all-optical control, which allows addressing a single
meta-atom within a metasurface. In this case, the heating is
provided by the absorption of a control beam tightly focused
on the nanoresonator. In order to heat the NP, we excite our
structures with a CW pump beam (total power P, focused on a
spot size of 1 ym) at a wavelength A = 405 nm, which is well
above the bandgap of AlGaAs. Fig. 3(a) shows the map of five
replicas of the experimentally measured normalized differential
second harmonic signal (ASHG(Py)) for P, = 300 uW.

By comparing ASHG(Py) (Fig. 3a) with ASHG(T) (Fig. 2a)
we observe similar effects, which we can fully explain in the
frame of an opto-thermo-optical model. We first estimate the
effects of the CW control beam with an opto-thermal numerical
simulation; the control beam hits the nanostructure, light is
absorbed by the nanoresonator and in turn translates into a
heat source that is responsible for the temperature increase (Fig.
3c). The numerical computation of the electric field within the
NP discloses a non-homogeneous field confinement, yielding
a strong light absorption at the top of the NP rather than in
its center (Fig. 3c, left). In this case, heat diffusion gives rise
to a moderate temperature gradient within the NP (Fig. 3c,
right box). Hence, at variance with the scenario described in
the previous section, here the non-uniform optical absorption
leads to a non-uniform thermal heating; as a consequence, we
experience a non-uniform refractive index, which is the reason
for a different ASHG with respect to what we reported in the

Radius (nm)

Fig. 3. (a) Measured differential SH signal (ASHG(Py)) col-
lected scanning five replicas of five different nanopillars with
Py = 300 uW. (b) ASHG(Py) for five different NPs radii for
two control pump powers (P, = 250 pyW and P, = 300 pW).
(c) Schematic of the optical heating (left) and induced tempera-
ture field in the NP (right) for a control pump power P, = 300
uW. (d) Modeling data to be compared with the experimental
data reported in panel b).

previous section.

In Fig. 3b we summarize our experimental findings by plotting
ASHG(Py) for P, =250 uW and P,= 300 pW, corresponding to
a maximum AT comparable to what we used in Fig. 2b. The
ASHG obtained by our theoretical and numerical model is in
good agreement with the experimental results (Fig. 3d).

We have also analyzed the all-optical tuning mechanism as a
function of the control beam powers and for two different control
beam wavelengths. The results are reported in Fig. 4, whose
panels (a), (c) and (e) correspond to a control beam at A = 405
nm, while panels (b), (d) and (f) correspond to a control beam at
A =532 nm. From Fig. 4, we can see that the modulation depth
can be changed by the input power of the control beam to obtain
values as large as 60%. We also note that, at A = 532 nm, our
modelling (Fig. 4d) and our experimental results (Fig. 4b) show
a decrease of the modulation depth above P, = 250 uW. This
is explained by a tuning of the nanoparticle big enough to go
through the maximum of the resonances at SH

. Furthermore, even
if the AlGaAs absorption coefficient increases with frequency,
the measured SHG modulation remains almost unchanged in the
two considered cases. Indeed, as can be seen in Fig. 4f, the longer
investigated wavelength experiences enhanced absorption due
to excitation of higher order Mie resonances so that the overall
absorption cross section of the NP is only slightly dependent on
wavelength in this spectral region [10].

3. CONCLUSIONS

In conclusion, using a strongly absorbed control beam that im-
pinges on a nanoresonator, we have proven all-optical control
of SHG in AlGaAs nanoantennas. The opto-thermally induced
variation of the refractive index of the nanoresonator is used to
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Fig. 4. Measured (a and b) and simulated (c and d) SHG mod-
ulation for two different pillar radii vs control beam power for
a control wavelength of 405 nm (a and c) and 532 nm (b and d).
Absorbed power density for a nanoresonator with radius 210
nm, excited with a control beam with power P, = 300 uW and
wavelength 405 nm (e) or 532 nm (f). In panels (a)—(d) positive
(negative) modulation corresponds to a pillar radius of 210 nm
(195 nm).

modulate the amplitude of the emitted SH signal. Modulation
of the efficiency up to 60% is experimentally demonstrated for a
moderate temperature increase of about 40 K; such large tunabil-
ity at the single meta-atom level paves the way for all-optically
reconfigurable nonlinear metasurfaces.
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