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Abstract: High-permittivity III–V semiconductor nanocavities have shown huge potential
for enhanced nonlinear light–matter interactions at the nanoscale. In particular, Second
Harmonic (SH) generation in AlGaAs nanoantennas can be extremely efficient; however,
vertical emission is difficult to achieve, due to the zincblende χ (2) tensor and epitaxially
growth on (100) substrates. Here, we demonstrate that we can shape the second harmonic
radiation pattern from a single AlGaAs nanostructure by exploiting a geometrical symmetry
breaking optimization approach. The optimized design allows to redirect the SH signal
toward the normal direction and to increase the SH power collection efficiency by 2 orders of
magnitude in a small numerical aperture of 0.1 with respect to the symmetrical counterpart
structure.

Index Terms: Nonlinear optics devices, optical harmonic generation, optical resonator.

1. Introduction

Optical antennas have recently attracted a lot of attention due to their potential application in
different research areas [1]–[3]. Significantly, their capability to strongly confine light at the sub-
wavelength scale makes optical antennas particularly desirable for various applications [4]–[8].
All-dielectric optical resonators present two fundamental properties that are absent in plasmonics:
extremely low losses in the infra-red spectral region, which results in high radiation efficiency,
and multipolar nature of both electric and magnetic internal resonant fields [9]–[11]. Furthermore,
optically induced Mie-like resonances sustained by dielectric nanostructures, show near-field dis-
tributions with relatively high enhancement inside the nanoantennas due to multipolar interference
effects [12,13]. These kinds of structures have thus emerged as a promising building block
to improve the nonlinear conversion processes such as Second or Third Harmonic generation
(SHG/THG) at the nanoscale [14]–[21]. Among the class of III–V semiconductors, AlGaAs is of
mentionable interest as it exhibits high permittivity and large second-order nonlinear susceptibility
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[14]. Recently, SHG efficiency of the order of 10−5 was demonstrated in AlGaAs on AlOx platform
[15] and then different studies were proposed to maximize the total SH signal [22]–[24]. Despite
the high conversion efficiencies, what all these structures have in common is their SH radiation
pattern, which presents a null in the forward and backward directions when the pump is impinging
at normal-incidence [25, 26]. This peculiarity is related to the symmetry of the AlGaAs second-order
nonlinear susceptibility. As a matter of fact, engineering the SH radiation pattern is strongly
necessary in a lot of low-power and low-cost applications such as biological or chemical sensing
[27]–[30]. It is known that the symmetry of the system needs to be weakened to shape the SH
radiation into more suitable patterns with high emission in the normal direction and following
this concept different studies have been already carried out [31, 32]. Different approaches have
been recently proposed to reshape the SH generation pattern. One possibility is to reduce the
system symmetry by tilting the pump beam with respect to the main crystal axis [33]. An alternative
approach consists of creating a surrounding grating structure that enables the redirection of the
coherent SH radiation emitted at grazing angles from the optical antenna toward its normal [25].
Finally, the fabrication of AlGaAs nanodisks with crystalline axis rotated with respect to the global
coordinate system has been proposed by addressing epitaxial growth on either (111) or (110)
substrates [34], [35]. However, the former is not easy to obtain because it necessitates elevate
growth temperature with a narrow growth window, thus achieving an irregular morphology, while
both (111) and (110) substrates are not standard in diode laser technology and reduce the overall
compatibility of the related metastructures with a full optoelectronic integration. Here, we suggest
an alternative approach to reshape the SH radiation pattern with a pump at normal incidence and
the common (100) crystalline axis orientation of the dielectric structure. Thus, our design can be
realized with minimal complexity in the nanoantenna fabrication and experimental implementation.
We propose a geometrical symmetry broken structure that guarantees an enhancement of more
than two orders of magnitude in a small numerical aperture (NA = 0.1) around the normal direction
with respect to its symmetrical counterpart structure.

2. Results and Discussion

The basic idea implemented in this work is strictly related to the filtering mechanism used in dielec-
tric asymmetric grating. Indeed, it is possible to fabricate a long-wavelength infrared narrowband
transmission filter using an asymmetric subwavelength dielectric grating. The two-step grating
geometry guarantees a normal-incidence response, overcoming the limitations of rectangular
gratings [36]. Following the same approach, we rescale the aforementioned concept to dielectric
nanoantennas. Let us consider as a reference structure a nanodisk made of AlGaAs with a radius
r = 205 nm and a total height h = 400 nm. For these dimensions the dielectric nanocylinder
exhibits a magnetic dipolar resonance around 1550 nm, as already reported in [15]. We now
cut the cylinder in two regions with a plane parallel to its axis [see Fig. 1(a)], and call m the
height difference between the two resonator regions [see Fig. 1(b)]. The proposed structure can
be fabricated starting from an epitaxial growth of AlGaAs on GaAs substrate with an analogue
approach as reported in [15]. Thus, at the end of the fabrication procedure, the nanodisk is placed
over an AlOx substrate. To emulate the linear and nonlinear behaviour of the antenna under test
we perform Finite Element Method simulations in COMSOL Multiphysics. The AlGaAs permittivity
is supposed to be the same as in [37], whereas for the AlOx layer we consider a wavelength
independent refractive index equal to 1.6 [15]. The excitation beam is assumed to be a linearly
polarized plane wave, at a wavelength of 1550 nm, with a pump intensity equal to 1.6 GW/cm2.

The analysis of the SHG mechanism is implemented by using the nonlinear polarization induced
by the nonlinear susceptibility of the second order, χ (2). The latter is supposed to have a value of
200 pm/V [15]. Moreover, due to the AlGaAs zinc-blende crystalline structure, the only non-zero
elements of the nonlinear susceptibility tensor χ ijk

(2) are obtained for i � j � k [14]. For simplicity,
let us start by analyzing just two different cases. In the first one, the AlGaAs crystalline axes are
oriented along the reference system of the laboratory [i.e., θ = 0, see Fig. 1(c)] while the second
one displays π /4 rotation between the AlGaAs axis and the laboratory reference, i.e., θ = π /4.

Vol. 12, No. 3, June 2020 4500507



IEEE Photonics Journal Vertical Second Harmonic Generation

Fig. 1. (a) Sketch of the proposed structure and (b) relative dimensions. (c) The considered orientation
of the AlGaAs crystalline axis.

These two crystalline axis configurations thus differ only by an in-plane rotation in the xy plane.
We thus performed a study of the SHG when m is varying between 0 nm (unperturbed pillar) and
400 nm. Moreover, since the structure is symmetry-broken when m � 0, we expect to redirect some
SH signal towards the normal direction. Thus, we define the SHG gain (ρSHG) as the SH collected
power in a small NA (i.e., equal to 0.1) when m � 0 with respect to the SH collected power in the
same NA for the full isolated pillar (m = 0). It is known that when m = 0 (i.e., full isolated pillar)
the SH signal is emitted solely at large angles [see inset of Fig. 2(a)], while no signal is radiated
along the normal direction despite of the polarization. This property has been noticed in previous
investigations carried out on analogous devices and is connected to the symmetry of the nonlinear
χ (2) tensor and the excitation light beam. By increasing m, the symmetry of the structure is broken
and the modification in SH radiation pattern is thus possible. Please also notice that in the case of
m � 0 the structure is no more symmetric in the xy plane, thus different behavior is expected for
different incident polarization of the pump. Still, for sake of simplicity, we limit ourselves to study
the nonlinear performances when the incident plane wave is polarized along x or y. Figs. 2(a) and
(b) show the obtained results for the two considered input polarizations by varying m. Firstly, we
consider the case of θ = 0 rad, where θ is the angle between the E-field vector and the x-axis.
In the case of x polarized light the maximum reshaping along the normal direction is obtained for
m = 200 nm, see red curve of Fig. 2(a). The associated SH mode pattern is reported in Fig. 2(c).
In this configuration, an increase of two orders of magnitude in the SH generation measured in
a small NA is obtained, more precisely ρSHG reaches the maximum value of 195. Instead, for y
polarized light the maximum ρSHG (equal to 53) is obtained for m = 150, see Figs. 2(b) and (d).
Although at the two optimal m values (200 nm and 150 nm) the SH shows a similar radiation
pattern, as illustrated by the insets of Fig. 2, it should be noted that the nonlinear generation signal
is about 4 times more efficient for incident light polarized along the height discrepancy direction
due to smaller electric field perturbation at the fundamental wavelength. This is corroborated by
the SHG efficiency that results 1.6 × 10−5 for m = 200 nm and x polarized excitation whereas the
nonlinear efficiency is 4 × 10−6 when m = 150 nm for the other input polarization. Secondly, we
analyze the case when θ = π /4 rad. The gain in the SH, ρSHG, is always less than 30 for the x
polarized plane wave and less than 6 for the y polarized excitation, as illustrated by the blue curve
of Figure 2. Thus, in the following we report the results of the most promising case of θ = 0 rad.

The trend observed in Fig. 2 can be easily appreciated in the far-field images that we calculate
for the incident light polarized along x (Fig. 2(a)) or y (Fig. 2(b)) for m = 200 nm and m = 150 nm
respectively, as depicted in Fig. 3. We observe for both incident polarization a noticeable angular
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Fig. 2. The SH gain, ρSHG, for (a) x or (b) y polarized incident light as a function of the height difference
m. The red curves refer to the case of AlGaAs crystalline axis oriented as the laboratory reference
(θ = 0) instead the blue lines represent the case of π /4 rotation of the crystalline axis in the xy plane.
The insets on the left represent the SH radiation diagram in the air region in the zx plane at different
m values. The normalized nonlinear mode pattern (c) for m equal to 200 nm with x-polarized incident
light (θ = 0 rad) and (d) for m = 150 nm with y-polarized plane wave excitation (θ = 0 rad).

Fig. 3. Far-field images (xy plane) of the SH radiation emitted in the backward direction for (a) the
isolated full pillar (m = 0 nm), asymmetric structure with (b) m = 150 nm and (c) m = 200 nm. The
white arrows indicate the polarization of the incident light at the fundamental wavelength. The green
circles represent the NA. The plots are reported using the same scalebar.

redistribution of the SH pattern from two lateral lobes of the full pillar (Fig. 3(a)) into a central lobe
(Figs. 3(b) and (c)) of the optimized asymmetric structures. We recall that, for the full isolate pillar,
the nonlinear currents in the opposite halves of the resonator present a phase shift that is translated
into a destructive interference in the far-field resulting in the so called “doughnut-shaped” radiation
pattern. Thus, the isolated AlGaAs nanodisk generates a SH signal that mostly radiates the power
to the sides and with low directivity, therefore complicating the collection of the SHG light using
finite numerical aperture objectives [25, 26, 34].

To understand the observed behavior in the asymmetric structure, we analyze the nonlinear
currents generated inside the crystal. We recall that the i-th component of the nonlinear current
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Fig. 4. Normalized x-component (real part) of the nonlinear currents induced in the structure (a) for a
x polarized light and m = 200 nm and (d) for y incident polarized field and m = 150 nm. The x [(b),
(e)] and y [(c), (f)] component of the SH Far Field signal in a NA = 1 for the two optimal cases of
m = 200 nm and m = 150 nm respectively. The black arrows indicate the incident light polarization.

density is determined as Ji = jωSHε0 χ (2) EFW,j EFW,k with i � j � k where ε0 is the vacuum
permittivity, ωSH the angular frequency of the SH and EFW,j is the j-th component of the electric
field at the fundamental wavelength [14]. For the two optimized cases analyzed in Figs. 2(b) and (c),
the Jx, Jy and Jz have similar absolute values. Since the SH field emitted in the NA = 0.1 is polarized
along the x-axis direction, we analyze the nonlinear current with the same orientation, as shown
in Fig. 4. The x-component of the nonlinear currents presents an even-symmetry distribution that
is consistent with a SH mode having a central lobe emission [33]. Thus, the proposed optimized
asymmetric structure successfully breaks the field symmetry inside the dielectric structure and
produces SH nonlinear currents which manifest a symmetry that is consistent with modes emitting
in the vertical direction.

To gain a deeper understanding of the nonlinear behavior of the above structure, let us also
resort to the Quasi Normal-Modes (QNMs) formalism. One of its key outcomes is the possibility
to reconstruct the SH field with a closed-form expression involving only few dominant resonances
[38], [39]. A set of QNMs around fundamental (λFF = 1550 nm) and second harmonic wavelengths
(λSH = 775 nm) is computed with freeware toolbox QNMEig [40]. A single-pole Lorentzian is used
to fit the empiric model for AlGaAs refractive index in [37]. Using the formalism presented in [38,40],
the excitation coefficients of the computed eigenmodes for the optimized structure (m = 200 nm, x
polarized light) are retrieved and the extinction cross section at SH is reconstructed. The result is
truncated to the four most excited QNMs. A systematic analysis of the convergence performance
of QNM expansions can be found in [40]. The obtained nonlinear extinction spectrum is depicted
in Fig. 5 together with all the four most excited QNMs contributions (called SH1-SH4).

As can be seen in Figure 5, there is a dominant SHG peak. The powerful nonlinear QNM
expansion allow us to directly assess the contribution of every individual QNM to the SH extinction,
thereby revealing that the dominant mode is only SH1 (light blue dotted line in Fig. 5(a)). The
linear electric field map around the frequencies of SH peak and the corresponding fundamental
frequency are reported in Fig. 5(b), instead the near field maps associated with SH1 are reported
in Fig. 5(c). It is evident that the latter QNM almost perfectly matches with the exact near field
distribution obtained with fully vectorial simulation, see Fig. 5(d). Also, the far-field images of the
SH1 mode (computed applying the near to far-field transformation described in [41]) has a high
similarity with the corresponding images coming from a full wave numerical result (see Figs. 5(e)
and (f) for comparison]). In other words, the symmetry breaking of the structure is optimized to well
excite a mode at the SH with a non-zero SH component in the normal direction and thus to boost
the collected SH power in a small NA.
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Fig. 5. (a) SHG extinction efficiencies for the optimized structure with m = 200 nm, r = 205 nm, and
h = 400 nm. The approximate cross section (black solid line) is reconstructed with four dominant
QNMs (SH1-SH4). (b) The linear electric field distribution inside the nanoantennas for incident pump
wavelength equal to 1550 nm and 775 nm respectively. (c) The near field distribution of SH1 and (d) the
near field map of the exact numerical results. (e) The far-field image (xy plane) of the SH1 mode and
(f) the back focal as obtained in Comsol. The inner green circles represent a NA equal to 0.1 instead
the external one a NA equal to 1.

3. Conclusions

In this work, we have developed a simple approach, based on symmetry breaking in the geometrical
parameters of (100) AlGaAs cylindrical nanoantenna, to achieve SHG in the normal direction.
In particular, we have shown that letting the heights of the two semi-cylinders vary, enables to
effectively engineer the radiation pattern of the nonlinear SH signal. For the optimized structure,
we demonstrate that the collected power in a small numerical aperture (NA = 0.1) in the back-
ward direction increases by more than two orders of magnitude with respect to the case of the
unperturbed nanocylinder. Among the different options for obtaining such second harmonic normal
generation, including the fabrication of (111) or (110) AlGaAs nanoantennas, our strategy optimally
combines record directionality and full compatibility with (100) AlGaAs optoelectronic integration.
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