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  FOCUS OPTICAL METASURFACES

Recently, nonlinear optics at the nanoscale level has 
emerged as a promising branch of nanophotonics. In this 
work, we focus our attention on Aluminum Gallium Arsenide 
(AlGaAs) nanoantennas and metasurfaces for efficient and 
controlled second harmonic photon emission. After a brief 
introduction concerning the main studies in this field, we 
present the latest results achieved in AlGaAs platforms both 
in the lossless and absorption regimes.
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SECOND ORDER  
NONLINEAR OPTICS  
IN AlGaAs METASURFACES

In the last years, nano-antennas 
made of dielectric materials have 
attracted much attention for the 
nonlinear generation of light, 
mainly because of their lower loss 

with respect to the metallic counter-
parts. The nonlinear phenomena in 
Gallium Arsenide (GaAs) and AlGaAs 
nano-platforms constitute innovative 
solutions for pioneering researches on 
phenomena such as Second Harmonic 
Generation (SHG) in GaAs nanowires, 
hybrid GaAs plasmonic nano-holes, 
GaAs micro-ring resonators on insula-
tor and newly, dielectric nano-antennas 
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and metasurfaces. The AlGaAs success 
mainly stems from the dependence of 
its band-gap energy on the alloy com-
position. Notably, AlxGa1−xAs presents 
a direct gap that increases with the Al 
molar fraction x and permits two-pho-
ton-absorption-free operation close 
to the third communication window 
(~ 1.5 μm) for x ≥ 0.18 [1].  Another as-
pect to underline is that, AlGaAs possess 
a large non-resonant quadratic suscep-
tibility, χ(2)  (of the order of 200 pm/V 
for Al0.18Ga0.82As in the near infrared) 
[2]. All the aforementioned properties 
highlight the potential of AlGaAs for 

achieving efficient second order harmo-
nic generation.  

In this work, we present the newest 
achievements related to SHG in AlGaAs 
platforms. The manuscript is organized as 
follow: firstly, we briefly describe the state 
of the art of these devices and their practi-
cal implications by highlighting the main 
breakthrough studies. Finally, we discuss 
the opportunity offered by AlGaAs meta-
surfaces to enlarge the operating working 
wavelength by exploiting higher order mul-
tipoles at the fundamental wavelength that 
guarantee a sizable SHG efficiency even in 
the dielectric absorption spectral region.

http://creativecommons.org/licenses/by/4.0
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For the sake of completeness, we un-
derline that, when facing nonlinear gene-
rated signals, the SHG efficiency is not the 
only interesting parameter for optical ap-
plications. For instance, a few recent stu-
dies have demonstrated that the SH phase 
control and engineering is fundamental 
for achieving nonlinear metasurfaces ac-
ting as a metalens or with considerable 
nonlinear beam steering performance [2], 
therefore increasing the potential applica-
tions of AlGaAs meta-devices.  

EXPECTED CONTENTS
One of the first theoretical demonstra-
tion of the great promise of AlGaAs for 
nonlinear nanophotonics considered a 
platform made by isolated cylindrical 
nanodisk in a homogenous air environ-
ment which leads to an individual SHG 
efficiency of the order of 10-3. The inci-
dent excitation, assumed to be a linearly 
polarized plane wave with intensity, I0, of 
1GW/cm2, was in the near-infrared region 
(1550 nm) in order to excite a magnetic 
dipolar resonance of the dielectric pil-
lar (radius of 225 nm and height equal 
to 400 nm). Since AlGaAs belongs to the 
3m symmetry group and it presents a cu-
bic crystalline structure, the nonlinear 
currents at the SH frequency can be ex-
pressed as: Ji

SH = iωSHε0χ(2)Ej
ωEk

ω with i≠j≠k 
where ε0 is the dielectric permittivity of 

vacuum, ωSH is the SH angular frequency, 
and Ej(k)  is the j(k) Cartesian component 
of the electric field at the pump frequen-
cy ω. The SH signal radiated by the die-
lectric nanocylinder was computed by 
using such currents as the sources in the 
numerical calculations at the SH.  This 
breakthrough numerical demonstration 
was shortly after followed by a laborato-
ry experiment [1]. In this scenario, for 
manufacturing reasons, the cylindrical 
pillar was grown over a low refractive 
index substrate that provokes a reduc-
tion of the measured SH efficiency down 
to 10-5. Let us point out that this value is 
orders of magnitude higher with respect 
to the record one reached in plasmonic 
nanoantennas. In this framework, hybrid 
metallo-dielectric structures have been 
deeply investigated [3]. Nevertheless, a 
lot of efforts [4-6] have also been spent 
to improve the SHG performance of fully 
dielectric devices both in terms of nonli-
near efficiency and emission directivity 
as reported in Fig. 1.

More recently, dielectric nanoresona-
tors have been proved to sustain modes 
with extremely high quality-factor, Q, by 
demonstrating that an individual AlGaAs 
nanocylinder can attain high Q superca-
vity modes which originate from the inter-
ference of two similar leaky modes. This 
mechanism, which is inspired by 

Figure 1. (a) The electric field distribution around the MD resonance and the (b) experimental 
and simulated SHG efficiency as a function of the pillar radius.  (c) SEM image of an AlGaAs 
cylindrical sample. Adapted with permission from [1] © The Optical Society. (d) The SH 
directivity toward the normal direction can be increased by tilting the input wavefront. 
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the physical concept known as Bound-
state In the Continuum (BIC), is today 
generally referred to as quasi-BIC [5]. 
Importantly, it has been proved a huge 
SHG enhancement when the resona-
tor (an AlGaAs nanodisk) parameters 
are tuned to the quasi-BIC regime. The 
obtained SH efficiency surpasses by 2 
orders of magnitude the largest one 
achieved when a magnetic dipolar re-
sonance is excited at the fundamen-
tal wavelength. All these concepts, 
related to the isolated nanoresona-
tor, have been subsequently imple-
mented in nonlinear metasurfaces 
(i.e. structures obtained by properly 
engineering the spatial repetition of 

the individual pillar) design [2], as 
summarized in Fig. 2.   

In any case, most of the aforemen-
tioned solutions are related to the cir-
cumstance where either the pump 
and emission wavelengths are in the 
lossless region of the nonlinear mate-
rial that constitutes the metasurface 
under consideration. Instead, in the 
following, we exploit the extreme ver-
satility offered by AlGaAs platforms 
which allows to efficiently operate 
even beyond the material transparen-
cy window. In more details, we reveal 
that, for an optimized structure, the 
SH efficiency emitted in the visible 
part of the electromagnetic spectrum 

Figure 2. (a) Analysis of the SHG in an AlGaAs 
metasurface close to the normal direction.  
(b) SH metalens and beam steering for AlGaAs 
metasurface with nano-chair meta-atoms. Adapted 
with permission from [2] © The Optical Society. 

Figure 3. (a) Scattered power as a function of 
the incident pump wavelength for the pillar with 
radius 260 nm, height 400 nm. (b) Normalized 
field distributions at the MQ and MD resonances 
(c) The γSHG parameter as a function of the 
incident wavelength evaluated for the nanodisk 
with radius of 260 nm (left axis, blue curve) 
in comparison with the imaginary part of the 
complex AlGaAs refractive index (right axis, 
brown curve) as a function of the emission 
wavelength. Adapted with permission from [7].
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is comparable, despite the presence of 
absorption, to the nonlinear second or-
der signal radiated in the near infrared, 
where no losses occur. Let us consider, 
as a reference case, an Al0.18Ga0.82As nano-
disk with radius r equal to 260 nm and 
height of 400 nm placed over an AlOx 
substrate (refractive index ~1.6) which is 
excited by a linearly polarized plane wave 
excitation with wavelength in between 
1100 nm and 2100 nm, I0 being the inci-
dent intensity [7]. The scattered power 
as a function of the incident wavelength 
is reported in Fig. 3. Two distinct reso-
nances can be excited: by performing a 
multipolar decomposition, it is possible 
to ascribe the one around 1250 nm to a 
magnetic quadrupole (MQ) and the other 
to a magnetic dipole (MD). For the consi-
dered Al molar fraction x (equal to 0.18), 
the material losses are non-negligible 
for wavelengths smaller than 750 nm. 
Interestingly, for the selected pillar, the 
MQ resonance is responsible for a SHG 
signal in the absorption regime whereas 
the MD resonance is fully lossless, both 
at the pump and at the SH emitted wave-
length,  λSH. 

To estimate the impact of losses at λSH in 
the nonlinear process of SHG, let us define 
a parameter γSHG = PSHG[κ(λSH)] / PSHG[κ = 0].  
The numerator PSHG[κ(λSH)] is the scatte-
red SH power, and κ(λSH) represents the 
imaginary part of the AlGaAs refractive 
index at the SH (emission) wavelength. 
The term PSHG[κ = 0] is the emitted SH 
power when the absorption at the emis-
sion wavelength is factiously turned off.  
In this computation, the SH power is 
assumed to be collected by an objective 
with Numerical Aperture, NA = 0.85. 
The nonlinear simulations are done fol-
lowing the well-established procedure 
based on the nonlinear current densities 
distribution [1] and Fig. 3c reports the 
obtained results in terms of γSHG (black 
line) and the imaginary part of the com-
plex AlGaAs refractive index at the SH 
wavelength, κ(λSH) (red curve). 

By definition, when the emission 
wavelength is greater than 750 nm, 
the parameter γSHG is strictly equal to 
one since κ is set to zero in the imple-
mented AlGaAs refractive index model 
in this frequency range. Indeed, the 

most interesting phenomenon occurs 
for emission wavelengths lower than 
750 nm. In fact, it is possible to observe 
that, counterintuitively, the γSHG trend is 
not only non-inversely proportional to 
κ but it also presents a maximum peak 
(equal to 0.75) around 1250 nm, which 
corresponds to the wavelength at which 
the excitation resonates with the MQ.

By way of explanation, around the 
MQ wavelength, the 75% of the poten-
tial SH power is effectively radiated 
thus allowing a sizable SH efficien-
cy which results to be of the order of 
5.22 · 10−8 (I0=1 GW/cm2, NA = 0.85).  
Instead, concerning the MD resonance, 
for a pump wavelength of 1800 nm, the 
nonlinear efficiency is equal to 8 · 10−8 
(solely a factor 1.54 higher). This slight 
decrease is principally attributed to the 
higher intensity enhancement at the MQ 
resonance in comparison to the MD. We 
also note that the considered definition 
of SH efficiency is the one reported in [1].

 These theoretical predictions are 
also corroborated by an experimental 
demonstration. Therefore, we fabricate 
different AlGaAs nanodisks with radii in 
the range between 130 nm and 300 nm 
by obeying the fabrication technique re-
ported in [1]. The implemented measure-
ment set-up is reported in Fig. 4 together 
with a Scanning Electron Microscope 
image of one pillar. In the experiments, 
a fiber laser (Coherent Monaco, 1035 
nm wavelength, 1 MHz repetition rate) 
pumps an optical parametric amplifier 
(OPA, Coherent Opera-F) that provides a 
coherent beam with adjustable wavelen-
gth in the range 1200-2500 nm. In order 
to evaluate the radiated SHG power in 
the presence of losses, in the measure-
ments, we vary the pump wavelength to 
excite the MQ in the nanodisk. After the 
interaction with the sample, the reflec-
ted beams at fundamental wavelength 
(FW) and SH are divided by a dichroic 
mirror [7]. Fig 4b reports a comparison 
between the numerical calculations and 
the experimental data for three different 
pump wavelengths whereas Fig. 4c dis-
plays a space-resolved SH intensity map 
at the incident wavelength of 1250 nm. 
It is worth noting that the measure-
ments confirm the theoretical 
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region. We believe that the reported 
results may open new strategies in 
view of the design of reconfigurable 
nonlinear metasurfaces exploiting 
higher order modes to generate har-
monic waves far beyond the material 
transparency window. 

material absorption-less region), it 
is possible to generate a SH signal 
in the visible range (with losses) by 
attaining an harmonic conversion 
efficiency in the same order of ma-
gnitude with respect to magnetic di-
polar resonances in the near infrared 

predictions and importantly they cor-
roborate the presence of the SH peak 
around the MQ although the nonli-
near signal is partially absorbed. 
To cover every aspect, the inset of 
Fig. 4b shows the SHG efficiency for 
the considered cases assuming the 
same pump intensity. In any case, the 
SHG efficiency for the nanodisk with 
r = 260 nm undergoes a limited reduc-
tion of a factor of 1.54 when the pump 
is tuned to the MQ instead of the MD. 

 The reported results demonstrate 
the capability of optimized AlGaAs 
platforms to generate SH signals even 
in the visible range with a sizable ef-
ficiency, with practical implications 
in different research fields such as 
nonlinear imaging, holography, 
and sensing.

CONCLUSION
In this work, we have reported recent 
achievements on second order nonli-
near optics in AlGaAs metasurfaces. 
In particular, we focus on SHG from 
nanoantennas where the nonlinear 
signal is radiated in the dielectric ab-
sorption regime. We have demons-
trated that by properly exciting a 
magnetic quadrupolar resonance at 
the fundamental wavelength (in the 

Figure 4. (a) Sketch of the experimental set-up. The inset shows a SEM image of one of 
the fabricated pillars. (b) Comparison between experimental (markers) and simulated 
(continuous lines) SHG power as a function of the pillar radius, for three different incident 
wavelengths and pump intensities. The inset displays the simulated SHG efficiency for a 
pump with fixed intensity (1 GW/cm2 ) at the wavelengths used in the main panel. (c) Space-
resolved SH intensity map at the incident wavelength of 1250 nm for the considered pillar 
radii. Adapted with permission from [7].
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