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Abstract: Nonlinear metamaterials show potential for realizing flat nonlinear optical devices
but are generally lacking in terms of achievable conversion efficiencies. Recent work has
focused on enhancing nonlinear processes by utilizing high quality factor resonances, such
as collective responses known as surface lattice resonances (SLRs) taking place in periodic
metal nanoparticle arrays. Here, we investigate how the dispersive nature of SLRs affects the
nonlinear responses of SLR-supporting metasurfaces. Particularly, we measure second-harmonic
generation from aluminum nanoparticle arrays and demonstrate that by tilting the sample along
two orthogonal directions, the sample can be made multiply-resonant for several pump and
second-harmonic signal wavelength combinations. Characterized metasurfaces are estimated to
exhibit a second-order susceptibility value of 0.40 pm/V, demonstrating aluminum as a potential
material for nonlinear metasurfaces.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recent developments in miniaturized photonic devices have created a demand for nanoscale
nonlinear optical components, which could be potentially addressed by a novel material class
known as metamaterials [1]. They are artificial structures consisting of subwavelength building
blocks, often referred to as meta-atoms. By carefully selecting the meta-atom properties, the
bulk metamaterial can exhibit properties not found in natural materials, such as nanoscale
phase-engineering capabilities [2,3]. Through these unique properties, metamaterials show
potential for realizing novel flat photonic components, such as metalenses and meta-holograms
[4,5].

In addition to their linear optical properties, also the nonlinear optical properties of metamate-
rials have been investigated [6-9]. For example, plasmonic metamaterials consisting of metal
nanoparticles show potential for enabling efficient nonlinear processes in chip-scale devices
[10,11]. The optical properties of metal nanoparticles are dominated by the collective oscillations
of conduction electrons, known as localized surface plasmons [12]. They exhibit resonant
behavior, known as localized surface plasmon resonances (LSPRs), which results in increased
local fields near the nanoparticle surface. This local-field enhancement boosts light-matter inter-
action, including nonlinear processes that scale with high powers of the driving field. Therefore,
utilizing LSPRs leads to dramatic enhancements of the nonlinear responses of metal nanoparticles
[13-19]. Unfortunately, LSPRs are associated with considerable losses, significantly limiting
their potential for nonlinear optics. However, by arranging metal nanoparticles into periodic
lattices, collective responses referred to as surface lattice resonances (SLRs) emerge. They are
associated with much narrower resonance linewidths and higher quality factors (Q-factors) than
LSPRs [20-23]. This indicates that SLRs are also associated with remarkably stronger local-field
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enhancements and smaller losses. Consequently, SLRs can be utilized to enhance the nonlinear
responses of metasurfaces [24-26].

Most studies on nonlinear plasmonics have focused on singly-resonant metamaterials exhibiting
aresonance either at the pump or signal wavelengths of the studied nonlinear processes [24,25,27].
However, nonlinear processes scale with the local fields at all interacting wavelengths [12,28].
Thus, for example a process of second-harmonic generation (SHG) can be enhanced by utilizing
multiply-resonant materials, where the resonance enhancement occurs both at the signal and
pump wavelengths [29-34]. Furthermore, recent numerical work suggests that multiply-
resonant operation based on SLRs could dramatically increase nonlinear responses of plasmonic
metasurfaces [35].

Here, we experimentally demonstrate multiply-resonant enhancement of SHG in SLR-exhibiting
metasurfaces consisting of V-shaped aluminum (Al) nanoparticles. We achieve multiply-resonant
operation by tilting the investigated metasurfaces and by utilizing the dispersion of SLRs. The
multiply-resonant conditions are fulfilled at several different wavelengths, demonstrating the
tunability of SLR-enhanced responses. The measured SH signals correspond to nonlinear
susceptibility tensor values of 0.40 pm/V, which is of the same order-of-magnitude as the typical
values for traditional nonlinear materials [28].

2. Theory

2.1. Surface lattice resonances

The optical properties of metals are governed by the collective oscillations of conduction electrons
known as plasmons [12]. At resonant conditions, the strength of light-matter interaction increases,
resulting in dramatic changes of, e.g., reflectivity and absorbance of the bulk metal. In the case
of metal nanoparticles, plasmons are restricted to the particle surface [36]. Therefore, in resonant
conditions, incident light is coupled to the local plasmon modes resulting in increased local fields
near the nanoparticle surface. This phenomenon is known as LSPR, and it is widely used in
many applications of plasmonic metamaterials [37-39]. LSPRs are associated with relatively
broad linewidths and therefore low Q-factors (Q ~ 10), which indicate extremely short resonance
lifetimes but, on the other hand, considerable losses and relatively low local-field enhancements.
The low field enhancement can be compensated by using optically dense plasmonic structures and
intense pulsed laser sources. Unfortunately, the subsequent strong absorption decrease damage
thresholds of the plasmonic structures, significantly limiting the usable input power and thus the
strength of the nonlinear responses of plasmonic metamaterials.

A viable approach to decrease losses and increase the interaction strength in plasmonic
metamaterials is to utilize SLRs. They are propagating surface modes resulting from radiative
coupling of localized surface plasmons in a periodic grating of nanoparticles. They are associated
with remarkably high Q-factors (Q ~1000) [23], indicating significantly higher local-field
enhancements than the ones associated with LSPRs. Because SLRs result from diffractive
properties of the metasurface, their spectral locations are related to the Rayleigh anomalies (RAs)
according to [40,41]

Un(0:8) = ~A1n(0, 9) + \JA2,,(0, ) = Bin(0), (1)

where [ and m are the diffraction orders along the Cartesian coordinates of the grating, 6 is the
incidence angle in the incidence plane, and ¢ is the azimuthal angle that defines the orientation
of the incidence plane with respect to the Cartesian coordinates. For a rectangular metasurface
with lattice constants p, and p, along the surface Cartesian coordinates (see Fig. 1), the variables
Am(0, ¢) and By,,(0) are given by

Al.m(ev ¢) =

sin @ (lsin¢+mcos¢) )

(pr)z + (m/py)2 Px Py
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where 7 is the refractive index of the surrounding material.

Biw(6) = 3)

Fig. 1. Surface lattice resonance (SLR) modes propagate along the metasurface. Their
spectral location depends on numerous factors: incidence angle (6), azimuthal angle (¢),
refractive index (1), and lattice constants py, py, and p4. For y-polarized light (¢ = 90°),
parallel SLRs (green waves) depend on 6, and py, and for x-polarized light (¢ = 0°), the
emerging SLRs depend on and 0y and py (red waves). The diagonal SLRs (blue waves)
occur for both polarizations. In this work, we consider metasurfaces consisting of V-shaped
nanoparticles with arm length L, arm width w, and thickness d. These parameters dictate
localized surface plasmon resonances of individual nanoparticles, which also impact the
SLR formation.

In this work, we focus on in-plane SLRs that occur when the polarization of the incident light
and the induced dipoles in the nanoparticles are parallel to the metasurface, i.e., when the incident
light is TE polarized [42]. These SLR modes propagate along the metasurface in the directions
that are not parallel with incident polarization. The most obvious option for nanoparticles to
couple is along the direction that is perpendicular to the incident polarization, resulting in surface
modes we name as parallel SLR.

Here, we are interested in first-order parallel SLRs for light polarized along either the x- or
y-axis of the rectangular metasurface. For x-polarized light (¢ = 0°), the SLR wavelength
depends on p,, and the incidence angle 6, on the yz-plane (see Fig. 1) as given by

A:(0y) = A9+1(0y) = py (n F sinby). “)
For y-polarized light (¢ = 90°), a similar condition is found to be
/ly(ex) = A+10(6x) = px (n Fsin6y), 5

where 6, is the incidence angle along the xz-plane with respect to the metasurface normal.
Plasmon modes in a rectangular lattice can couple also along the diagonal of the lattice unit

cell, resulting in diagonal SLRs (blue waves in Fig. 1). At normal incidence (6, = 6, = 0°), the

diagonal SLRs occur at the same wavelength for both incident polarizations, which for first-order

SLRs is given by

Ay = anPy ’ 6)

Pd

where pg = {/p? + p? is the diagonal of the metasurface unit cell.

Overall, the spectral location of the SLR depends on the polarization of the interacting wave,
the lattice constants p, and p,, the refractive index of the surrounding material n, and the incidence
angles 6, and 6\, providing us multiple parameters to control the occurrence of SLRs.
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2.2. Second-harmonic generation in multiply-resonant structures

The SH responses of metamaterials depend on the local fields Ejoc(w) and Ejo.(2w), oscillating
at the fundamental and SH frequency, respectively [12,28]. Therefore, we can write for far-field
SH emission E(2w) that

Eni(2w) « x?Eioe(20)Ep, (w), (7)

where y? is the effective nonlinear susceptibility of the metasurface.

The local electric fields in Eq. (7) can be enhanced by utilizing metasurface responses, such as
LSPRs and SLRs, at the interacting wavelengths. Most works have considered singly-resonant
metasurfaces that exhibit resonances at either the signal or more commonly at the fundamental
wavelength [24,43]. However, the nonlinear responses can be further enhanced by utilizing
multiply-resonant metasurfaces that exhibit resonances at both interacting wavelengths. For
example, Celebrano et al. designed metasurfaces consisting of gold nanoparticles exhibiting
LSPRs to enhance SHG [30]. In this work, we extend the approach to metasurfaces based on
SLRs with clear benefits. As mentioned before, SLRs are very dependent on the polarization state
and propagation direction of the interacting laser fields. Therefore, we design our metasurfaces
for type-I SHG, where both fundamental fields have the same polarization state k, while the
emitted signal field is associated with a different polarization state j. For this process, we can
rewrite Eq. (7) as follows:

En(ka, 2w) o X;kzk)Eloc,/(kZ’ 2w)Ep, (K, ), 8

where k; and k; are the wavevectors of fundamental and SH beams, respectively, and X,(kz;f is the
corresponding effective nonlinear susceptibility tensor component.

3. Methods

3.1.  Sample fabrication

For this work, we fabricated Al nanoparticle arrays with a total area of 300 x 300 um. The
structures were fabricated on a pre-cleaned microscope slide (Schott Nexterion, D263T glass). A
200 nm layer of PMMA-resist (MicroChem, 950k) was spin-coated on top and baked on a hot
plate at 180°C for 180 s. A 10 nm layer of Al was evaporated on the resist to act as a conductive
layer for electron beam lithography.

The patterning was done using a Raith EBPG 5000+ 100 kV electron beam lithography system.
After patterning the Al layer was removed using a 1% sodium hydroxide solution. The resist
was then developed using a 1:3 mixture of methyl isobutyl ketone and isopropanol (IPA) for 15
s, followed by a 30 s immersion in IPA. The sample was dried with nitrogen and placed in an
electron beam evaporator for depositing 30 nm of Al. Finally, a liftoff process was performed by
soaking the sample in acetone overnight and gently washing the surface with more acetone using
a syringe. This removes the resist and excess metal on top of it, leaving only the nanoparticles on
the glass substrate. The sample was then rinsed with IPA and dried with nitrogen.

Before the measurements, we covered the metasurface with index-matching oil and an anti-
reflection (AR) coated coverslip with the AR wavelength band at 1000—1300 nm. This way, the
nanoparticles were assured to have a homogeneous surrounding, and we avoided any Fabry—Pérot
resonances resulting from multiple reflections from different interfaces present in the fabricated
devices.

3.2. Experiments

In this work, we characterized both linear and nonlinear optical properties of our metasurfaces
using two different experimental setups. Here, only short descriptions are given while further
details are described in Supplement 1.
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In order to characterize the linear optical properties of our samples, especially the properties of
the occurring SLRs, we measured transmission spectra of our samples (see Figs. 2, 3(a)—(b), and
4(a)-(b)) Here, we used a broadband halogen lamp, a linear polarizer, and spectrometers to locate
SLRs. We placed the sample on a goniometer on a rotational stage, which was connected to a
3-axis translational stage. This enabled continuous control over sample position and orientation,
especially with respect to angles 6, and 6. By measuring the transmission spectra at different
angles, we extracted the dispersion relation graphs shown in Figs. 3(a)—(b) and 4(a)—(b).

In our nonlinear experiments, we used an optical parametric oscillator (1000-1300 nm) pumped
with a titanium sapphire femtosecond laser (800 nm, repetition rate 82 MHz, pulse duration
200 fs) as a tunable laser source. We set our laser power to 75 mW using a combination of a
linear polarizer, an achromatic half-wave plate and a reference diode. The laser beam was then
weakly focused on the sample using an achromatic lens (f = 500 mm), resulting in estimated
beam diameter (1/e? of maximum intensity) of 75 wm and peak intensity of 115 MW/cm? at
the sample plane. Similar to the transmission experiments, we placed the sample on a stage
that allows fine-tuning of sample position and accurate control of 6, and ;. In this setup, the
rotation stage was motorized allowing continuous incidence angle scans. The generated SH
signal was collected with a photo-multiplier tube. By repeating angle scans for different pump
wavelengths, we acquired the (4, 6)-graphs for the SHG emission from studied metasurfaces,
shown in Figs. 3(c) and 4(c).

4. Design and results

Our metasurfaces consisted of V-shaped Al nanoparticles with arm length L = 100 nm, arm
width w = 70 nm, and thickness d = 30 nm (see Fig. 1). The nanoparticles were fabricated on
a glass substrate (refractive index n = 1.51) [See the Sample Fabrication section for details].
The nanoparticles were arranged in rectangular lattices with lattice constants p, and p, along
and orthogonal to the nanoparticle symmetry axis (y-axis), respectively (see Fig. 1). In such
configuration, the metasurface has the following non-zero second-order susceptibility tensor

components Xy(iz’ /\(ﬁl, and )()(;; = Xg,)( [44]. Additionally, under illumination of x- or y-polarized
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Fig. 2. Measured tranmsission spectra for the studied periodic aluminum metasurfaces
(see Fig. 1). (a)—(b) The two studied samples, S1 and S2, had p, = 813 nm, resulting in
first-order SLRs at 1220 nm for x-polarized light (dotted red lines). (c)—(d) S1 (S2) has p, =
410 nm (398 nm), resulting in first-order SLR at 626 nm (609 nm) for y-polarized light (blue
solid lines). Furthermore, S1 (S2) exhibit diagonal SLRs at 560 nm (546 nm).
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light, local field hotspots form in the tips of the V-shaped nanoparticles [45]. We note that similar
array configurations have been shown to result in SLRs at different spectral regions [46].

Here, we studied two metasurfaces composed of identical nanoparticles but varying in their
array periodicities. For sample S1, the periodicities were p, = 410 nm and p, = 813, and for
sample S2, p, = 398 nm and p, = 813 nm. Since both samples are composed of identical
nanoparticles, they both exhibit LSPRs centered at 475 nm and 550 nm for y- and x-polarized
light, respectively (see Supplement | for more information). The samples also have the same
py = 813 nm, and therefore, at normal incidence, they exhibit the first-order SLR for x-polarized
light at 1,(0°) = 1220 nm (see Fig. 2(a)). The two samples differ in p,, and therefore, also in
location of parallel SLRs for y-polarized light (1,(6,)) and diagonal SLRs for both polarizations
(A4). At normal incidence, these SLRs occur at 4,(0°) = 626 nm (609 nm) and 1; = 560 nm
(546 nm) for the sample S1 (S2).

Our metasurfaces were designed for the multiply-resonant enhancement of SHG corresponding
to X}(')zo)c» i.e., to the process with x-polarized pump and y-polarized SH signal. The multiply-
resonant operation is therefore enabled for SHG processes where the pump is coupled to the
x-polarized SLR and the signal to the y-polarized SLR, either parallel or diagonal. Thus, we
can write the condition for multiply-resonant operation with resonance wavelengths 1,(6,) and
A,(6y) to be

ﬂx(ey) = 2/ly(9x)’ )]

where 6, and 6, emphasize the fact that we modify the SLR wavelengths by rotating the sample
accordingly. This way, the experiment corresponds to a situation where the sample is illuminated
at an angle 6, and the SH signal is collected at an angle 6.

For sample S1, the multiply-resonant condition of Eq. (9) is not fulfilled at normal incidence,
but can be achieved by utilizing the dispersion of the occurring SLRs (see Figs. 3(a) and 3(b)).
Here, we selected 6, = 3° for which S1 exhibit x-polarized SLRs at 1176 nm and 1250 nm
(red circle in Fig. 3(a)). Then, we utilize the dispersion of y-polarized SLRs to fulfill the
multiply-resonant condition at three different conditions (dashed circles in Fig. 3(b)). For the
pump wavelength of 1176 nm, the multiply-resonant condition is fulfilled at 6, = +5°, where
parallel SLRs (green dots) and diagonal SLRs (blue dots) overlap at 590 nm. For the pump
wavelength of 1250 nm, the multiply-resonant condition is fulfilled conveniently at 8, = 0°,
where the fundamental y-polarized SLR occurs at 626 nm. These locations of multiply-resonant
operation are marked in Figs. 3(a) and 3(b) with dashed circles.

To demonstrate multiply-resonant operation using the angle—wavelength combinations men-
tioned above, we set 8, = 3° and measured the SHG (6y, 4) -spectrum corresponding to X;)ZO)C,
i.e., to the SHG process with x-polarized pump and y-polarized signal (see Fig. 3(c)). The SH
emission pattern follows the dispersion of y-polarized SLRs, and the signal reaches its maximum
when multiple SLRs occur at interacting wavelengths (green and blue circles). At these locations,
the SH emission is 8-fold, when compared against the off-resonance signal. The maximum
emission power is 5.7 fW, which corresponds to a conversion efficiency of 7.6 x 1074, By using
the method presented by Herman et al. [47,48], we estimate a value Xy(;zo)c = 0.36 pm/V for the
sample S1 (see Supplement 1 for calculation details).

However, the maximum SH signal is achieved, when diagonal and parallel SLRs overlap at
590 nm. This overlap results in stronger resonance than the separate SLRs. Additionally, the two
SLRs near the pump wavelengths 1176 nm and 1250 nm are considerably weak, when compared
against, e.g., the normal-incidence SLR at 1220 nm. Thus, we cannot confidently confirm that
the strong signals observed with the pump wavelength of 1176 nm results from multiply-resonant
operation or simply from overlapping SLRs at the signal wavelength. To undoubtedly demonstrate
multiply-resonant enhancement, we measured the SH response from the sample S2.

For the sample S2, the multiply-resonant condition in Eq. (9) is fulfilled at normal incidence
(6, = 0° and 0, = 0°) for the pump wavelength of 1220 nm (red circle in Fig. 4(a) and green circle
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Fig. 3. The dispersion graphs of transmission for (a) x- and (b) y-polarized incident light.
(c) The dispersion graph of SHG emission for the sample S1, with x-polarized pump and
y-polarized SHG signal. (a)-(b) At normal incidence (6y = 6x = 0°), sample S1 exhibits
first-order parallel SLRs at 1220 nm and 626 nm for x-polarized (red dots) and y-polarized
(green dots) light, respectively. Additionally, diagonal SLRs (blue dots) occur at 560
nm for normal incidence illumination. By tilting the sample, the SLRs shift from their
normal-incidence values. (c) SLRs occurring near the pump and signal wavelengths impact
the SHG associated with X;,ZO)C By setting 6, = 3° (dashed circle in a) and tilting sample with
respect to x-axis (6x), the SH emission is enhanced with three different wavelength—angle
combinations (dashed circles in b). At 6, = 0°, the parallel SLRs for x- and y-polarized
light enhance SHG at 1250 nm (green circle). At 6, = +5°, parallel and diagonal SLRs for
y-polarized light overlap at 590 nm, and parallel SLR for x-polarization occurs at 1176 nm.
Combined, these SLRs enhance SHG near 1180 nm (blue circles).

in (b)). By rotating the sample along the x-axis, i.e., by changing 6., the diagonal SLRs (red
dots) shift from A; = 546 nm. At 6, = £11° A; = 610 nm and the multiply-resonant condition is
again fulfilled (blue circles in Fig. 4(b)).

To confirm the multiply-resonant operation, we measured the SHG (6., 1)-spectrum by setting
6y = 0° and scanning over a wavelength range of 1000-1300 nm and an angle range (6,) from
—15° to 15° (see Fig. 4(c)). From the SH emission pattern it is clear, that the x-polarized SLR
enhances the nonlinear response, as there is significant signal at all values of 6, at the pump
wavelength of 1220 nm. Other parts of the SH emission pattern again follows the dispersion
of y-polarized SLRs and reaches its maximum at multiply-resonant conditions, i.e., at 1220
nm when 6, = [0°, £11°] (marked with green and blue circles). Now, the multiply-resonant
enhancement results in 10-fold enhancement and the maximum emission power of 5.8 fW. The
measured signal therefore corresponds to conversion efficiency 7.7 x 10~'# and X;ﬂ = 0.40 pm/V.

For sample S2, the impact of multiply-resonant operation is more evident. The SH emission
with the pump wavelength of 1220 nm is visibly enhanced at all angles 6., demonstrating the
impact of the SLR at the pump wavelength. More importantly, the signal reaches the maximum
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Fig. 4. The dispersion graphs of transmission for (a) x- and (b) y-polarized incident light
for the sample S2. (c) The dispersion graph of SHG emission for the sample S2, with
x-polarized pump and y-polarized SHG signal. (a)-(b) At normal incidence, sample S2
exhibits first-order parallel SLRs at 1220 nm and 609 nm for x-polarized (red dots) and
y-polarized (green dots) light, respectively. The sample exhibits also diagonal SLRs (blue
dots) at 546 nm. Tilting sample along y-axis (fy) and x-axis () will shift x- and y-polarized
SLRs from their normal incidence values. By setting 6, = 0°, the multiply-resonant condition
for SHG associated with ,\(ﬁ)zo)c (Ax = 24y) is fulfilled when 6, = [0°, £11°] (dashed circles).
(c) SLRs enhance the second-harmonic emission and the maximum value is achieved at the
multiply-resonant condition. With the incident angle set to 6, = 0°, this occurs at the pump
wavelength 1220 nm with three different emission angles .. First, at 6, = 0° (green circle),
the multiply-resonant condition is fulfilled with parallel SLRs. At 8, = +11 (blue circles),
S2 exhibit diagonal SLRs at 610 nm, therefore fulfilling the multiply-resonant condition.

level only, when the multiply-resonant condition is fulfilled with parallel and diagonal SLRs
occurring at 610 nm, marked in Fig. 4(c) with green and blue circles, respectively.

5. Discussion

Our results demonstrate two things. First, only few studies have characterized the nonlinear
properties of Al nanostructures [49,50]. This is due to the fact that Al spontaneously forms oxides
(Al,O3), which impacts the plasmonic properties of the Al nanoparticles [51]. Therefore, many
researchers prefer more stable plasmonic nanostructures, such as gold and silver nanoparticles
[52]. However, our work utilizes the diffractive properties of plasmonic metasurfaces, which are
less sensitive to the changes in LSPRs induced by the oxidation of Al nanoparticles. Furthermore,
the use of gold or silver nanoparticles would have shifted LSPRs to longer wavelengths, i.e., to
the SHG wavelength range of our studies. Thus, we would not have achieved multiply-resonant
operation by utilzing only SLRs if gold or silver nanoparticles were used.
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Second, our results demonstrate the multiply-resonant enhancement of SHG by utilizing only
SLRs. Other works have either utilized only LSPRs or singly-resonant structures that exhibit
SLRs near either the pump or signal wavelengths [41]. Unfortunately, our results demonstrate only
10-fold on-and-off-resonance enhancement and SH signal levels of 5 fW, which are significantly
lower than the corresponding values acquired with singly-resonant SLR-based structures [24,25].
A major reason for this difference is the fact that our samples exhibited relatively weak and
low-Q SLRs (extinction < 5% and Q ~ 60) at the pump wavelength. Thus, the SLR-induced
field enhancements were also relatively weak. These points originated mostly from the fact that
the nanoparticles themselves were relatively small when compared against the lattice constant
Dy, which weakened the inter-particle coupling. However, our OPO restricted the investigation
to pump wavelengths of 1000—1300 nm and signal wavelengths of 500-650 nm. Having larger
nanoparticles would have shifted the LSPRs to the desired signal wavelength range, preventing
us from using only SLRs to realize multiply-resonant operation. Furthermore, highly transparent
structures could prove to be useful in future investigations. For example, multiple such structures
could be stacked on top of each other to achieve phase-matched SHG boosting the overall
nonlinear signal [53].

Another factor that might explain the weakness of the measured SHG signals is the possible
poor spatial overlap between local fields induced by different SLR modes. We note that such
mode-overlap calculations have been already performed for very similar periodic metasurfaces
elsewhere [54], where the use of oblique angles of incidence did not dramatically affect the
estimated SHG signals. Therefore, we do not think this reason is the most probable one to
explain the weakness of the SHG signal. Unfortunately, due to our restricted computational
capabilities, we did not have the resources to repeat such calculations for the general 2D situation
we have in this work experimentally investigated. We also note, that due to the non-local nature
of SLRs, the conventional susceptibility formalism may not anymore be adequate if a broad
range of angles of incidence would be used. In such case, it would seem preferable to estimate
the nonlinear responses by performing mode-overlap calculations [54]. Alternatively, it might
be possible to estimate angle-dependent nonlinear responses by using an approach based on
the nonlinear discrete-dipole approximation [55]. Although the latter approach approximates
individual nanoparticles as point-like scatterers, and does not therefore permit mode-overlap
calculations, the approach is computational less intensive than approaches based on full-wave
simulations.

Despite the relatively low signal levels, our results demonstrate how SHG can be modified by
utilizing the dispersion of SLRs. As is shown in Figs. 3 and 4, SLRs near both pump and signal
wavelengths enhance the SH response, which reaches its maximum at the multiply-resonant
conditions. By tilting the sample accordingly, we can change the multiply-resonant wavelength,
i.e., tune the wavelength of the maximum SH response. Such post-fabrication tunability could
prove useful for realizing other nonlinear processes in resonant metasurfaces, such as sum-
frequency generation, difference-frequency generation, and third-harmonic generation [35].
Demonstrating these processes could pave the path towards flat and tunable laser sources with the
operation band ranging from the ultraviolet to the terahertz (THz) region of the electromagnetic
spectrum.

6. Conclusion

In summary, we demonstrate multiply-resonant enhancement of second-harmonic generation
from Al metasurfaces. The achieved signal levels correspond to the nonlinear susceptibility
tensor component value of 0.40 pm/V, which is the same order-of-magnitude as the susceptibility
values of conventional nonlinear optical materials, demonstrating the potential of Al metasurfaces
for nonlinear optics. Here, we achieve the multiply-resonant enhancement by utilizing collective
responses of periodic metal nanoparticle arrays known as surface lattice resonances. Due to
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the dispersion of surface lattice resonances, we can control the multiply-resonant enhancement
by tilting the sample. As a result, we achieve multiply-resonant enhancement with several
different combinations of signal wavelength, incidence angle, and signal emission angle, therefore
demonstrating tunable second-harmonic generation. Our methods show promise for realizing
other nonlinear processes in plasmonic metasurfaces. Such structures could pave the path towards
flat and tunable nonlinear devices.
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