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Abstract: Enhancing the second harmonic conversion efficiency at the nanoscale is a critical challenge
in nonlinear optics. Here we propose the use of epsilon-near-zero materials to boost the nonlinear
radiation in the far field. Here, a comparison of the second harmonic behavior of a cylindrical AlGaAs
nanoantenna placed over different semi-infinite layers is presented. In particular, we observed that
the second harmonic generation is strongly enhanced and redirected by the simultaneous presence
of a resonance at the fundamental wavelength and a low-permittivity condition in the substrate
at the harmonic wavelength. Our results pave the way for a novel approach to enhance optical
nonlinearities at the nanoscale.
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1. Introduction

Dielectric nanoantennas have recently gained increasing interest for many applications such as
directional scattering and emission, nonlinear spectroscopy and microscopy [1-4]. Recently, a nanoscale
system based on AlGaAs nanodisks placed over an AlOy substrate pumped in the telecom range was
theoretically proposed as an efficient system to enhance second-order nonlinear effects in nanoscale
optics [5]. The conversion efficiencies reported were higher than 10> [6-8], which is more than
four orders of magnitude greater than optimized centrosymmetric plasmonic nanoantennas pumped
at similar intensities. Indeed, this dramatic enhancement is due the non-centrosymmetric nature of
AlGaAs. Moreover, in contrast to plasmonics, resonances of high-index dielectric nanoparticles provide
amode volume that is not limited to interfaces and thus lead to greater nonlinear conversion efficiencies.
Several strategies have been employed to enhance harmonic nonlinearities including dielectric
nanopillars in a dimer configuration [9] and a metal-dielectric hybrid nanoantenna configuration [10,11]
exploiting the anapole condition. Promising studies on enhanced second harmonic generation (SHG)
at the nanoscale have also been performed on perovskite nanoparticles [12]. However, the generated
nonlinear signal tends to remain more confined in the substrate since it typically has a greater refractive
index than the surrounding air. Recently several authors have discussed some possible strategies to
engineer the radiation pattern of nonlinear nano-antennas, using the properties of the fundamental
frequency field (i.e., polarization state and propagation direction) as tuning parameters [13-15].
However, an unexplored possibility to optimize the nonlinear radiation pattern is the use of epsilon
near zero (ENZ) substrates.

ENZ materials have attracted lots of attention because of their peculiar linear properties,
such as their ability to realize perfect electromagnetic tunneling [16,17] and to re-direct antennas
electromagnetic radiation [18,19]. In particular, it has already been demonstrated that when an antenna
is placed on top of an extremely low-permittivity substrate, the air is the “denser” medium with
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higher relative permittivity and therefore the antenna pattern will be predominantly backscattered
into the air [20,21]. Their ability to be good reflectors and, at the same time, provide high electric field
values, makes them also good candidates for energy harvesting purposes [22] and photocatalysis [23].
ENZ conditions, which occur when the real part of the dielectric permittivity crosses the zero, may be
found in natural (e.g., low loss noble metals, some semiconductors and some polar dielectrics)
and artificial materials (metamaterials) alike, where the latter are more flexible both in terms of
the zero-crossing wavelength and effective losses [24-27]. Another possible path to tune the ENZ
wavelength is the use of oxide materials, such as Indium Tin Oxide (ITO), Aluminum Zinc Oxide (AZO)
or Dysprosium-doped Cadmium Oxide (Dy:CdO) [28-30], whose doping determines the spectral
position of the ENZ crossing point. ENZ materials have been also shown to be good platforms for
nonlinear processes like harmonic generation, optical bistability and soliton excitation [31-37]. In this
framework, ENZ substrates have been also shown to enhance harmonic generation processes when
the ENZ mode is coupled with localized surface plasmon resonances [38]. Moreover, a new approach
to engineer an optical medium with an unprecedentedly large intensity-dependent refractive index
using nanoantennas coupled to a thin ENZ material has been reported [39].

Here we demonstrate how one can exploit the peculiar ability of ENZ substrates to re-direct
the electromagnetic radiation to increase the efficiency of nonlinear processes generated in AlGaAs
nanoantennas. More specifically, we will focus on Second Harmonic (SH) generation and show that
the presence of the ENZ can improve the scattered SH signal up to three orders of magnitude with
respect to a dielectric substrate and up to two orders of magnitude with respect to a metallic one.
This dramatic enhancement benefits a novel approach to improve nonlinear processes at the nanoscale.

2. Results and Discussion

We considered a nanocylinder with a height of 400 nm made of Alj13GaggyAs placed over a
semi-infinite substrate layer. The excitation is assumed to be a x-polarized plane wave (see Figure 1)
at a fundamental wavelength (FW) of 1550 nm with incident amplitude Eg corresponding to a pump
intensity of 1.6 GW/cm?. A sketch of the proposed structure is reported in Figure 1a. The considered
nanoantenna height is compatible with other AlGaAs structures [6,9,13] already fabricated and
optimized for the efficient generation of the second harmonic signal.

Al,Gaj_,As is a [II-V semiconductor which is gaining more and more popularity for nonlinear
photonics due to its non-centrosymmetric structure. Moreover, it has a large band gap enabling
two photons absorption-free operation at 1.55 pm, a high non-resonant quadratic susceptibility
(d14 =~ 100 pm/V for GaAs in the near infrared) [40], and a broad spectral window of transparency in
the mid-infrared (up to 17 um), which allows for the generation of intense second-order nonlinear
optical effects [41,42]. For the dispersion of the refractive index of AlGaAs, we use the analytical model
proposed in Reference [43]. At the FW it has a refractive index nag18Ga0.824as €qual to 3.275 that is
Re(e) = 10.729, Im(e) = 0, see Table 1.

Table 1. Summary of the permittivities of the materials used in this work.

. Re(e) +j Im(e) Re(e) + j Im(e)
Material W SH
ENZ —16.48 +j 0.4217 0.0006 +j 0.05
Gold —11513 +j11.259  —22.068 +j 1.3708
Dielectric 256 +j0 256 +j0
AlGaAs 10.729 +j 0 12.583 +j 0.086

In the following we considered three different substrates where the AlIGaAs nanoantenna was
placed on an ENZ, a dielectric and a gold substrate.
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For the dispersion of the ENZ substrate we considered a material modelled with a single

Lorentz oscillator: )

P
__r 1
w? + iwy M

w
SENz(w) = €0

with parameters o, = 5.5, w, = 5.7535 x 10'° rad/s and y = 2.3327 x 10" rad/s. The optimized
substrate has the epsilon near zero condition around A = 775 nm, where the dielectric permittivity
assumes a value ¢ = 0.0006 + 10.05. The dielectric substrate had instead a refractive index ng fixed to
1.6 that is Re(e) = 2.56, Im(¢) = 0 as listed in Table 1. These values correspond to those of AlOy [6].
They were chosen because of the realization that AlGaAs nanostructures on an AlOy layer are easily
obtained in modern manufacturing processes [6]. The optical properties of gold are obtained by the
Johnson and Christy interpolation [44]. For completeness, Table 1 summarizes the permittivities of
the materials used in this study both at the Fundamental Wavelength (FW) and at Second Harmonic
(SH) wavelength.

The experimental realization of such kind of structure will probably face various problems.
However, a novel procedure for fabricating nanodisks from III-V nanowires has been recently
proposed in [42]. The main advantage of this new approach of slicing nanowires with Focused
Ion Beam (FIB) milling is the possibility to create disk-based configurations on any substrate. In fact,
the method of FIB nanowire slicing permits one to easily create nanoantenna chains of different
designs without relying on the substrate material and to make them compatible with Complementary
Metal-Oxide Semiconductor (CMOS) technologies. Moreover, the proposed ENZ substrate could be
realized by using transparent conductive oxide, such as ITO, GzO, AZO or doped-CdO, where the
plasma frequency can be tuned by varying the doping of these materials.

We performed our simulation by means of a commercial software based on the finite element
method (COMSOL Multiphysics®v. 5.2.—www.comsol.com.—COMSOL AB, Stockholm, Sweden).
The model geometry is shown in Figure 1b. The mesh was customized to be more detailed in the
cylindrical nanoantenna and in the air-substrate interface close to the nanodisk. Doing so enabled
us to focus on the key phenomena of the proposed structure. The minimum mesh element size
was less than 1 nm. The domain was truncated by a perfectly matched layer (PML), and far-field
calculations were done on the inner boundary of the PML domain. Surface A was used to calculate
total scattered power. We evaluated three different scenarios. First, we considered the case of an
ENZ substrate. We investigated the optical scattering of the AlGaAs nanodisk by changing its radius
between 200 nm and 290 nm. The maximum scattered power was reached for a nanocylinder with a
radius of ¥ = 232 nm, as shown in Figure 1c.

Figure 2a shows the electric field distribution in the case of = 232 nm, when the substrate was
the ENZ material. At 1550 nm, the ENZ material had a real part of the permittivity equal to —16.48
and an imaginary part equal to 0.4217 (see Table 1). It can be seen how the electric field inside the
cylinder reached an enhancement factor |E| /| Eg| equal to 35. The high enhancement of the field
at the interface between the substrate and the cylinder can be attributed to the excitation of surface
plasmon polaritons of the underlying ENZ material by the dielectric nanoparticle on top [45].

Different is the case of the dielectric substrate. In the latter circumstance, the field circulated inside
the disk (see Figure 2b) because a low refractive index (ns; ~ 1.6), enabling sub-wavelength optical
confinement in the nanocavity by total internal reflection. The multipole analysis deduced from the
distributions of the induced electric current, density had been carried out [46]. For r = 232 nm the
scattering behaviour was dominated by the electric and magnetic dipolar contributions as can be also
concluded by looking at the field distribution. Finally, the case of gold substrate was considered. See
Table 1 for the gold permittivity at the FW. The mode excited inside the nanoantenna resembled the
one of the ENZ substrate but the field enhancement was more than 8 times lower. As the real part of
the permittivity of the substrate became more negative, the electric field generated by the antenna
was reduced because the substrate behaves as an electric conductor, cancelling the dipolar moment
at the direct surface by an imaginary mirror dipole in the substrate. This is similar to the case of
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increasing the imaginary part of the permittivity [47]. We stress that, even though the radius of the
cylinder was optimized for the ENZ substrate, no significant field enhancement was obtained for the
other substrates using a different radius. We then simulated the second harmonic generation from
the proposed structure. Since AlGaAs is a non-centrosymmetric material, we had a strong volume
contribution which could enhance the SH signal.
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Figure 1. (a) Sketch of the proposed structure; (b) simulated model with the discretization mesh;
(c) scattering power at varying cylinder radius (2 = 400 nm) for the different considered substrates,
Ip=1.6 GW/cm?.

We first note that, among the different resonant modes that were observed in the nanodisks in
Figure 1c, the resonance at r = 232 nm in the case of ENZ substrate, showed the strongest scattering
power and electric field enhancement inside the structure. This can potentially enhance the nonlinear
optical response achievable from these nanoantennas. We recall that the second harmonic (SH)
wavelength falls at the ENZ condition wavelength of the optimized substrate. The second-order
nonlinear susceptibility tensor of (100)-grown AlGaAs is anisotropic and has only off-diagonal elements
)(f]zk) with i # j # k. In the calculations, we used )((2) =100 pm/V as reported for Al 13Gag g as in [48].
We thus solved the problem of the SH wavelength using the calculated fields at the FW to define the
second harmonic source as external current density. The i-th component of the external current density
Ji is expressed as:

Ji = jwsueox ® Err iErr, )

where ¢ is the vacuum permittivity and Epp; is the i-th component of the electric field at the FW.
Note that here we are assuming that no SH signal is coming from the substrate.

Figure 2d—f shows the electric field distribution at the Second Harmonic wavelength SH.
Figure 2a,d suggest that the use of the ENZ enlarged the mode-matching between the mode at
FW and SH wavelengths. The overlap integral estimation [5] clarified that the maximum overlap
(about 46%) was reached for the ENZ substrate whereas was only about 42% for the gold substrate
and 39% for the dielectric substrate.
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Figure 2. Electric field enhancement at the fundamental wavelength FW (second harmonic SH) in the
case of nanocylinder of radius 232 nm, and height # equal to 400 nm placed over the ENZ ((a) at FW
and (d) at SH), the dielectric ((b) at FW(e) at SH) and the gold substrate ((c) at FW and (f) at SH).

The geometrical conversion efficiency is defined as:

N
fA SSH-ﬁda

Iy x 712

®)

NSHG =

where E sy is the Poynting vector of the SH field, 7 is the unit vector normal to a surface A enclosing
the antenna, and Ij is the incident field intensity.

We numerically found a SH conversion efficiency of up to 3 x 1072 in the case of nanodisks placed
over the ENZ substrate. We also evaluated how much SH power was redirected in the air region by
defining I" as the ratio between the SH power radiated in the air and the SH power radiated in the
substrate region through surface A enclosing the nanodisk (see Figure 1b). For the ENZ substrate,
I' reached the maximum value of 1191. This means that in the proposed structure we were able to
obtain a very high SH efficiency and at the same time, the second harmonic signal was redirected into
the upper region where the air was present. On the other hand, in the case of the dielectric substrate,
I'is equal to 0.28 meaning that most of the SH signal was redirected into the substrate, as shown in
Figure 3b, and the SHG efficiency was about 4 x 10~7. A good SH signal redirection was instead
obtained in the case of a gold substrate, where I'was equal to 836, see Figure 3c. However, the achieved
efficiency did not exceed 8 x 10~7. In this case, the SH efficiency limiting factor was represented by
the poor electric field enhancement inside the cylinder at the fundamental wavelength. The second
harmonic fields in Figure 2d—f indicate that higher order modes were excited inside the structure at the
SH wavelength. Such higher order multipoles were responsible for the obtained far field.

We stress that the analysis performed did not take surface SHG effects into account, but we only
considered the quadratic bulk nonlinearity contribution since the latter term has been shown to be
dominant in these kinds of dielectric structures [5-9]. A complete analysis and comparison between
surface and volume nonlinear contributions was postponed to a future effort. We note that, although
all the calculations have been performed for a cylinder optimized on the ENZ substrate, even if we
consider the other substrates with the respective optimized cylinder radius, we obtained a maximum
SH conversion efficiency of less than 1076 for the AlOy substrate (r = 205 nm) and 5.5 x 1072 for the
gold substrate (r = 260 nm).
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Figure 3. SH Far Field in the case of AlGaAs cylinder (r = 232 nm, h = 400 nm) placed over (a) the ENZ,
(b) the dielectric and (c) the gold substrate when excited by a plane wave.

Moreover, by using the eigenfrequency analysis in COMSOL Multiphysics, one can estimate
the Q factor of the mode for the proposed structure in the different scenarios. The linear scattering
power spectra for the different substrates are reported in Figure 4a, for a nanodisk with » = 232 nm
and / = 400 nm. For the ENZ substrate, the scattering spectra showed a Fano-like behavior. A Fano
resonance originates from the coupling between a broad “bright” mode resonator, that is accessible
from free space, and a narrow “dark” mode resonator which is less-accessible, or inaccessible, from
free-space. When the two resonances are brought in close proximity in both the spatial and frequency
domains, a coupling is possible. This leads to a total resonance in the system, coming from the
interference between the two pathways. We could attribuite this Fano resonance to the excitation of
the broad magnetic dipolar resonance in the AlGaAs nanodisk that interfered with the SPP excited at
the interface between the ENZ material and the dielectric resonator. The mode of the ENZ substrate
(Figure 4b) has a Q factor of 25 for a pump wavelength of 1550 nm. If the cylinder is slightly moved
upwards from the substrate one can find a field distribution as shown in Figure 4c with Q factor that
decreases by increasing the distance of the cylinder from the substrate.

In the limit case of infinite distance, the dielectric antenna can be considered as completely
surrounded by air. In this latter situation, the closest mode (which is a magnetic resonance) has a Q
factor of 9 at the wavelength of about 1695 nm, as shown in Figure 4d. The analysis of the nanostructure
placed at different heights from the substrate demonstrates that the high enhancement of the field at
the interface was due to the excitation of surface plasmon polaritons of the underlying ENZ substrate
by the AlGaAs nanodisk on top. The dielectric nanoparticle helps provides the appropriate momentum
(k-vector) to couple light at the interface. As far as concerning the substrate with refractive index 1.6,
the closest mode that one can excite is a magnetic resonance with a Q factor of 6 for a wavelength
equal to 1710 nm (Figure 4e). This is in perfect agreement with the known effect of broadening
and redshifting of the resonances that are obtained when a nanostructure is placed on a dielectric
substrate with respect to the case of structure in homogenous media (usually assumed to be air).
Finally, when the AlGaAs nanocylinder was placed over the gold substrate, the closest mode had a Q
factor equal to 20 for a wavelength of 1460 nm, see Figure 4f.

Therefore, to conclude, the mode with the highest Q factor excitable at 1550 nm is the one obtained
in the case of ENZ substrate. This high-quality mode is supported by the nanoantenna results in the
enhanced near-field distribution, as represented in Figure 2a.
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Figure 4. (a) Scattering spectra for an AlGaAs nanocylinder with r = 232 nm and & = 400 nm placed
over the different substrates. (b) Near-field distributions of the electric field enhancement for nanodisk
placed over the ENZ substrate at the pump wavelength of 1550 nm and (c) with a gap from the substrate
equal to 30 nm. (d) Near-field distribution for the same AlGaAs nanoantenna completely surrounded
by air at 1694 nm; in the case of dielectric substrate (d) at 1710 nm and in the case of gold substrate (e)
at 1460 nm.

3. Conclusions

We performed a theoretical analysis to show how to enhance the collection of the second harmonic
signal generated from AlGaAs resonators. The possibility of enhancing optical nonlinear effects by
introducing an epsilon-near-zero substrate has been demonstrated. More precisely, in this work we
have shown that it is possible to enhance the second harmonic efficiency and directivity by exploiting
simultaneously the strong electric field enhancement induced inside the structure at the FW and the
ENZ condition at the SH wavelength. By designing a cylindrical nanoantenna optimized over an
ENZ substrate we obtained a second harmonic conversion efficiency on the order of 10~ for a pump
intensity of Iy = 1.6 GW/cm?. These results offer the opportunity to re-think the design of novel
nonlinear photonic metadevices, with improved capabilities for on-chip communication, information
processing and sensing.
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