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Abstract: Second-order nonlinear metasurfaces have proven their ability to efficiently convert
the frequency of incident signals over subwavelength thickness. However, the availability
of second-order nonlinear materials for such metasurfaces has so far been limited to III-V
semiconductors, which have low transparency in the visible and impose constraints on the
excitation geometries due to the lack of diagonal second-order susceptibility components. Here
we propose a new design concept for second-order nonlinear metasurfaces on a monolithic
substrate, which is not limited by the availability of thin crystalline films and can be applied to
any non-centrosymmetric material. We exemplify this concept in a monolithic Lithium Niobate
metasurface with cylinder-shaped corrugations for enhanced field confinement. By optimizing
the geometrical parameters, we show enhanced second harmonic generation from a near-infrared
pump beam with conversion efficiency above 10~ using | GW/cm? pump intensity. Our approach
enables new opportunities for practical designs of generic metasurfaces for nonlinear and quantum
light sources.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Second harmonic generation (SHG) is one of the most studied nonlinear optical effects due to
its huge range of potential applications, such as laser sources and microscopy [1]. However,
since the optical nonlinearity of natural materials is intrinsically low, different techniques to
enhance the nonlinear process have been proposed. A successful approach for the enhancement
of SHG in photonic structures whose dimensions range from hundreds of micrometers up to a
few millimeters relies on the phase-matching condition [1]. Among the different materials for
fabrication of such nonlinear structures, lithium niobate (LiNbO3) is one of the most commonly
used due to its high second-order nonlinear response [2—4].

In the last two decades, the use of resonant photonic nanostructures has been successfully
applied for enhancing SHG [5-8]. By inducing strong electromagnetic resonances, the electric
field intensity is locally enhanced, as compared to unstructured materials. The local field
enhancement is derived by the quality factors of the resonances at the participating wavelengths,
the overlap of the photonic modes and their coupling to free space. The strength of this approach
is that phase-matching is no longer required to promote SHG, while the nonlinear phenomena
are boosted by several orders of magnitudes when the resonances of the cavity coincide with the
fundamental and SH frequencies.
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In this context, plasmonic resonators have emerged as a viable choice [8], however, the
high Ohmic loss of metals has limited their practical use. In recent years, several works
have demonstrated the potential for nonlinear enhancement in high-refractive-index dielectric
nanoparticles thanks to their negligible absorption loss and high-quality factor resonances [5,7].
For instance, AlGaAs nanodisks demonstrated SHG with a conversion efficiency of up to 0.01%
[9]. However, the symmetry of the nonlinear second-order susceptibility tensor associated with
AlGaAs (and in general of crystals with zincblende structure) results in a complex structure of
the generated SH light [6,9,10—15]. Due to the off-diagonal nature of the quadratic susceptibility
tensor of these materials, the SH emission normal to the metasurface is usually prohibited,
which imposes further constraints on their applicability. Recent works have attempted to resolve
this issue by beam-inclination [10] or by employing III-V semiconductors grown in the (111)
crystalline direction [16,17], however, the success has been limited.

Alternative materials, such as LiNbO3 and other ferroelectrics, exhibiting strong diagonal
second-order nonlinear susceptibility tensor, may open new avenues to nonlinearly light generation
in dielectric metasurfaces. The main obstacles in using such material platforms, however, are the
challenges of growth of thin crystalline films on low refractive index substrates. Furthermore,
the subsequent nanostructuring of such materials represents another major challenge. The
need of nanostructures on a low-refractive-index substrate is perceived as a necessary condition
for supporting Mie-type resonance. While significant progress has been recently made in
the development of LiNbO3; micro and nanostructures [18—20], including nanoresonators and
metasurfaces [21-23], they rely on high-cost wafer bonding techniques. Therefore, a universal
solution for quadratic nonlinear metasurfaces that does not depend on crystalline thin films is
highly demanded.

Here, for the first time, we propose LiNbO3-on-LiNbO3; (monolithic) metasurfaces of z-cut
LiNbO3 material, structured with nanopillar array for SHG. We demonstrate that such nanopillar
array can exhibit a strong in-plane magnetic dipole (MD), resonant at wavelengths between 800
nm and 1000 nm, despite the lack of low-index substrate. Our numerical nonlinear simulations
show an enhancement of the SHG conversion efficiency, exceeding 5x107> when illuminating
the metasurface with a plane wave of an intensity of 1 GW/cm?.

Our design is comparable to the designs of monolithic Si-based high-contrast gratings,
providing enhanced reflectivity for VCSELSs [24,25], light-trapping for photovoltaic structures
[26], and suppressed scattering for antireflection coatings [27]. However, the use of such gratings
with ferroelectric materials for enhancement of the nonlinear processes has not been studied.
While SHG in single disk-shaped corrugated GaP-on-GaP structures has been recently observed
[28], the refractive index of ferroelectric materials, such as LiNbOj3 in the visible spectral range
is much smaller than the one of GaP or Si. The lower refractive index of ferroelectric materials
inevitably impacts on the optical field confinement and resonant phenomena. Therefore, the
investigation of the linear and nonlinear monolithic metasurfaces represents a valuable and
important challenge to assess the potential of such monolithic metasurface platform.

2. Linear analysis

A schematic representation of SHG in a monolithic LiNbO3 metasurface is shown in Fig. 1(a).
The incident field is a plane wave propagating along the normal direction (i.e. z-axis). It
illuminates the metasurface from the backside with an electric field that is linearly polarized,
parallel to the y-axis. The geometrical parameters defining the unit cell of the metasurface are
shown in Fig. 1(b). The nanoantennas are shaped as cylindrical pillars with a radius r and a height
h. The distance between the centers of two neighboring nanoantennas represents the array’s
pitch p. Full-vectorial numerical simulations of the periodic structures are performed on a single
array unit cell using periodic boundary conditions on the sidewalls of the simulation domain
(i.e. orthogonal to the array) satisfying Floquet condition with a phase of 0 radians to work at
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normal incidence. The simulations account for the dispersion and birefringence of the LiNbO;
permittivity using the Sellmeier model [29]. We focus on the design of monolithic metasurfaces
in a z-cut LiNbO3 wafer (i.e. anisotropy axis parallel to the z-axis), which is potentially easier
for nanostructuring [30]. In this geometry, we expect SHG enhancement only due to the optical
resonances of the nanostructures since such z-cut design does not allow for SH phase matching
in the bulk LiNbO3 substrate.

Fig. 1. (a) Schematic design of the monolithic metasurface for second harmonic generation.
Incident plane wave is polarized along the y-axis. The pump beam direction and electric
field are indicated in terms of k and E. (b) Schematic of the metasurface unit cell. The
pillar-shaped nanoantenna has a radius r and a height 4. The pitch of the squire unit cell is p.

We first study the linear response of the array in the visible and near-infrared wavelength range
between 400 nm and 1000 nm. Figure 2(a) shows the reflectivity spectrum of the metasurface
made of pillars with r=150 nm, h =440 nm, and a pitch p =590 nm. The spectrum exhibits
several local maxima and minima of the reflectivity for wavelengths shorter than 800 nm and
a low reflectivity plateau for wavelengths above 800 nm. To understand the nature of this
complex optical response, we perform a multipolar analysis of the electric field induced in the
nanopillars [31], as shown in Fig. 2(a) right axis. We can observe a pronounced MD resonance
at a wavelength of 815 nm. As shown in Fig. 2(b), at this wavelength, the electric field inside the
nanopillar circulates in the yz plane through the axis of the cylinder, resembling an in-plane MD.
At the resonance condition, the maximum field intensity enhancement (FE) defined as the ratio
(|E|/Eo)?, where E is the amplitude of the electric field and E, is the amplitude of the incident
plane wave, is over 40. This value is comparable to single AlGaAs disks in air [12] or on low
refractive index substrates [9,11]. At wavelengths shorter than 800 nm, we can also observe
higher-order resonances such as electric dipole (ED) and electric quadrupole (EQ) at about 650
nm, and a magnetic quadrupole (MQ) at about 425 nm. We note that LiNbOj is transparent for
wavelengths between 350 and 5200 nm. Our analysis shows that the monolithic LiNbO3 array
can support resonances over a wide wavelength range, covering both the pump (800-1000 nm)
and second harmonic (400-500 nm) wavelengths.

To understand the dependence of the electric field enhancement on the unit cell geometrical
parameters, we define the average E—field intensity enhancement, FE,,, as

JI[FEQvV  [[f (E/Eo)’av
FEqy = =— = —

ey

where the integration volume is inside the entire nanoantennas, V. As can be seen in Fig. 3(a),
the average E-field intensity enhancement peak occurs in correspondence of the MD resonant
peak. As the pillar radius is increased, its spectral position shifts towards longer wavelengths.
Figure 3(b) shows the FE,y, spectra, as a function of cell pitch. We can observe that the FE,y,
peak slowly shifts towards longer wavelengths, as the pitch is increased. This weaker dependence
of the MD mode on the lattice periodicity indicates that the resonance is mainly defined by the
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Fig. 2. (a) Reflectivity and multipolar analysis of the fields generated in the nanopillar as a
function of wavelength, calculated for r = 150 nm, p =590 nm and h =440 nm. Rx stands for
reflectivity, MD for magnetic dipole, ED for electric dipole, MQ for magnetic quadrupole,
EQ for electric quadrupole, and FE for field intensity enhancement. (b) Cross-section of the
electric field intensity enhancement (|E|/Eg)? in the yz plane through the axis of the cylinder
at a wavelength of 815nm. E is the amplitude of the incident plane wave. The arrows
represent the E-field vector components in the same yz plane.

properties of the individual nanostructures. Figure 3(c) reports the FE,y, spectra as a function of
the pillar height. We can observe that the FE,,, peak wavelength is nearly constant with respect
to the pillar height, suggesting a low impact on the MD resonance. These results show that
even with the lack of a low-permittivity substrate, subwavelength dielectric nanoresonators can
be defined by corrugating the surface of the material. Importantly, such resonators can exhibit
magnetic and electric Mie-type resonances with appreciable field enhancement factors. In the
following, we show that by finely adjusting the design parameters and incidence polarization, we
can engineer such resonances to dramatically enhance the SHG efficiency.
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Fig. 3. Average E-field intensity enhancement spectra as a function of (a) pillar radius
(p=600nm, h=500nm), (b) metasurface pitch (r=150nm, h=500nm), and (c) pillar
height (p =590 nm, r = 150 nm). The dashed line on (a) shows the MD peak as a function of
radius and wavelength.

3. Second harmonic generation in monolithic metasurfaces

Next, we study the process of SHG in such monolithic metasurfaces using finite-element-method
numerical simulations in COMSOL in the undepleted pump approximation. Thus, we use two
subsequent simulations: at the first step, the linear optical response of the metasurface at the
fundamental wavelength (FW) is evaluated; at the second step, we reproduce the second harmonic
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(SH) response by excitation of the metasurface with the nonlinear currents induced by the FW
beam [12]. These are calculated considering the LiNbO3; nonlinear coefficient matrix:

0 0 0 0 dy —dn
—~dy dn 0 dy 0 0 |, (2)
dyi dy diz 0 0 0

where dy; =2.1 pm/V, d3; =-4.6 pm/V, d33 =-25.2 pm/V, extracted from Ref. [1]. We define the
SH conversion efficiency, 7, as

P [(S-h)ydA
Py Iy p?

, ®3)

where S is the Poynting vector of the SH field, f is the unit vector normal to the integration
surface, which covers the top and bottom of the array, and [;, is the incident intensity.

The dependences of SHG efficiency on the geometrical parameters of the metasurface are
shown in Fig. 4. To improve the SHG efficiency, we vary the three geometrical parameters
(radius, pitch, and height) recursively; each time before we start varying the next parameter,
we fix the scanned parameter(s) at its/their best value. We chose a starting point at p =600
nm and h =500 nm. First, we study the SHG conversion efficiency spectrum as a function of
the nanopillar radius, Fig. 4(a). We can deduce that the SH peak corresponds to dimensions
accounting for the MD resonance at the FW (see Fig. 2). The increase of the pillar radius
red-shifts the SHG efficiency peak, as expected due to the analog shift of the MD resonance and
the associated E-field intensity enhancement, see Fig. 3(a) [12]. Slight differences in the spectral
position of the peaks of E-field intensity enhancement and SH conversion efficiency might be
due to mode selection rules at the SH wavelength.

120 550 400
800 850 900 950 1000 800 850 900 950 1000 800 850 900 950
Wavelength (nm) Wavelength (nm) Wavelength (nm)

1000

Fig. 4. Total SH conversion efficiency as a function of the pump wavelength and (a) pillar
radius (p=600nm, h=500nm), (b) array pitch (r=150nm, h=500nm), and (c) pillar
height (r =150 nm, p =590 nm). The dashed line on (a) shows the MD peak as a function of
radius and wavelength.

The second parameter that we study is the metasurface pitch, as shown in Fig. 4(b). We
focus on the case of a sub-diffraction pitch at the FW by varying p between 550 and 650 nm.
The firsts diffraction orders, however, are present at the SH wavelength since p > Asy. We can
observe that the SH conversion efficiency exhibits a peak in the area where the E-field intensity
enhancement at the FW is also maximized, see Fig. 3(b). However, the SH peak is narrower than
the one in Fig. 3(b) due to mode selection at the SH wavelength. At last, we characterize the
SH efficiency spectra as a function of the pillar height from 400 to 500 nm. The upper limit is
chosen to maintain a subwavelength height of the LiNbOs pillar. As can be seen in Fig. 4(c), the
SHG peak is obtained for the optimum pillar height of 440 nm. This is likely due to the matching
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between phase retardation effect in the nanopillar between the top and bottom surfaces and the
nanopillar height.

From this analysis we find that arrays composed of nanopillars with =150 nm, & =440 nm
and with p = 590 nm can yield to a maximum SHG efficiency, exceeding 510> when the FW is
at 815 nm. For the geometrical parameters space explored in this study, we can observe a strong
correlation between the nonlinear efficiency and the pillar radius: even if the radius changes just
a little, the nonlinear response of similar value can no longer be observed at the same wavelength.
In contrast, for different pitch and height, the changes in the SH efficiency is apparently weaker.
However, if a different parametric space was explored the effects of pitch and pillar height might
increase. This agrees well with the dispersion of the average E-field intensity enhancement vs.
the geometrical parameters observed in Fig. 3 and suggests a weak coupling between the adjacent
LiNbO3 pillars.

To understand the contribution from the LiNbOs3 substrate, we perform numerical simulations
where the nonlinear currents are generated in the substrate only. The thickness of the LiNbO3 in
the simulations is chosen to be equal to the coherence length, L., for SHG from FW of 815 nm,
where L, = Apw/4(npw-nsg) = 1.17 um with npw and ngy the refractive indices at FW and SH
respectively [1]. These simulations show that the SH conversion efficiency from the substrate
is about 3x1077 which is two orders of magnitude smaller than when the nonlinear currents
are generated in the nanopillars. This result confirms that the SHG is enhanced mostly by the
metasurface optical resonant response.

Considering that in the analyzed wavelength range the dispersion of the permittivity of LiNbO3
is low, we can exploit the scalability of Maxwell’s equations to tune our design for pump
wavelengths from 825 nm up to 1000 nm. By fixing the ratio between radius, pitch, and height at
the optimum (i.e. r: p: h=150: 590: 440 nm) and simultaneously scaling the three geometric
parameters, we can tune the FW for which the maximum SHG is achieved, as shown in Fig.
5(a). Note that such scaling enables the nonlinear generation of light from 400 nm to 500 nm
with nearly constant SH conversion efficiency. The enhancement of the SHG in the optimized
structures is analyzed as a function of the incident E-field polarization.
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Fig. 5. (a) Total SH conversion efficiency as a function of the pump wavelength and
geometry for a fixed ratio between radius, pitch, and height of 150 nm: 590 nm: 440 nm.
(b) SH conversion efficiency for FW at 815 nm as a function of polarization angle of input
electric field calculated for r = 150 nm, p =590 nm and /4 =440 nm.

Figure 5(b) shows the calculated SH conversion efficiency for a FW of 815 nm as a function of
the angle between the linearly polarized electric field of the pump and the y-axis (Fig. 1a). As
seen, the SH conversion efficiency is only weakly polarization-sensitive. The maximum efficiency
is obtained when the input polarization is set along the y-axis or the x-axis and it is minimum
along the bisect between the x and y-axes. However, the difference in conversion efficiency
between these two extrema points is less than 20%. This behavior of the SH conversion efficiency
as a function of the incident polarization angle is due to the symmetry of the rectangular array
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and of the second-order susceptibility tensor, described by Eq. (2). In fact, the linear response of
the metasurface (i.e. reflectivity and transmissivity) is polarization insensitive since the intensity
of the excited multipoles (i.e. electric and magnetic dipoles) are constant as the polarization
angle of the pump beam is varied.

We also performed numerical simulations for a configuration with the pump beam incident
from the top of the metasurface (airside). In this scenario, we obtain very similar results for
slightly different geometrical parameters. The optimal metasurface has pillar radius, pitch, and
height of 170 nm, 657 nm, and 680 nm, respectively. The difference in geometry with respect to
the case of the pump from the substrate side that we analyzed in the first place can be attributed
to a different electric field localization of the FW beam in the two configurations (excitation from
the air or the substrate side). Furthermore, since the structure is not symmetric along the z-axis,
the impedance mismatch of the air-metasurface and the substrate-metasurface interfaces are
different, which rescales the total intensity at the FW inside the metasurface. A more extensive
analysis of this behavior will be the subject of future work.

4. Conclusions

In conclusion, we have proposed a new concept for nonlinear metasurface of monolithic material
for enhanced SHG. We have demonstrated this concept in a monolithic LiNbO3 metasurface of
periodic cylindrical nanopillar on a LiNbO3 substrate. Using full-vectorial numerical simulations
we observed a strong magnetic dipole resonance in the monolithic LiNbO3; nanoantennas, allowing
for an average E-field intensity enhancement of over ten times. Such field intensity enhancement
is comparable to that of the nanoantennas in air or on a low-refractive-index substrate. By finely
adjusting size parameters on three dimensions, we have obtained an optimized SHG efficiency
of over 5x107> assuming a 1 GW/cm? pump intensity. We have further analyzed the SHG
efficiency modulation related to pillar radius and input polarization. Our results open the way for
the development of nonlinear metasurfaces in transparent ferroelectric materials.
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