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ABSTRACT: Resonant optical metasurfaces hold promise for enhancing nonlinear optical signals and manipulating
their fundamental properties. However, they rarely excel at amplifying signals from nonlinear processes with two
incident pump beams, such as four-wave mixing (FWM) or sum-frequency generation. Frequency-mixing
experiments impose challenging requirements for metasurface design due to the need to support multiple optical
resonances with compatible field profiles at specified resonant wavelengths, often across a substantial spectral
separation. In this work, we introduce nonlocal ‘quadromer’ metasurfaces containing four nanostructures per unit
cell as the key to unlocking configurable, multiresonant metasurfaces that enhance frequency-mixing processes. As a
proof of concept, we experimentally demonstrate enhanced FWM using quadromer metasurfaces made of silicon
and silicon-rich silicon nitride. The results are relevant for applications such as imaging of infrared light upconverted
into the visible spectrum and the generation of quantum light via spontaneous FWM.
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INTRODUCTION

Free-space metasurfaces supporting optical resonances have
emerged as promising platforms for amplifying and controlling
nonlinear optical signals. Optically thin resonant metasurfaces
are advantageous because they enhance the local density of
states (LDOS) and, therefore, the nonlinear signal while being
unencumbered by phase-matching considerations. Early
demonstrations of nonlinear dielectric metasurfaces used
spectrally broadband optical modes, such as Mie modes, to
resonantly enhance nonlinear signal generation.' > Recently,
spectrally narrowband quasi-bound states in the continuum (q-
BICs)*™" have become a leading approach to enhance
nonlinear optical processes due to their strong field enhance-
ment and ability to tailor the field overlap with the nonlinear
material. In the context of metasurfaces, q-BICs are typically
supported by a periodic array of nanostructures with periodic

© 2025 American Chemical Society

7 ACS Publications

35609

symmetry perturbations that allow a bound mode to leak into
free space. A distinguishing characteristic of q-BICs is their
engineerability, as their optical lifetimes (and thus, Q-factors)
are controlled largely by the strength of the symmetry-breaking
perturbation®” and their field distributions are determined by
which symmetries are broken.'” Concurrent with higher Q-
factors, metasurfaces supporting q-BICs enhance the LDOS
and fields concentrated inside the active material and therefore
consistently demonstrate strong enhancement of second”'' ™'
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Figure 1. Hlustration of doubly zone-folded metasurfaces for four-wave mixing by quadromer lattices. (a) Schematic of a metasurface
supporting four-wave mixing with two incident pump beams. (b) Representative metasurface spectrum with resonances at the wavelength of
each pump beam. (c—e) Conceptualization of doubly zone-folded quadromer lattices formed by combining two dimer lattices. (c, d)
Schematics of x-dimerized, y-dimerized, and quadromerized lattices in (c) real space and (d) k-space with FBZ indicated in gray. (e) Band

structures of x-dimerized, y-dimerized, and quadromerized lattices.

and third">™"” harmonic generation, high-harmonic gener-
ation,"*™*° and quantum nonlinear processes such as
spontaneous parametric down-conversion.”'

Despite substantial progress in enhancing harmonic
generation, nonlinear processes with multiple pump beams
remain challenging for high-Q dielectric metasurfaces.
Metasurfaces with only one spectrally narrowband resonance™*
or two broadband Mie modes” or plasmonic modes””** have
enhanced frequency-mixing processes, a pathway to further
improvement is enhancing the LDOS with moderately high-Q
resonances at multiple relevant wavelengths, for example, at
each pump beam. Crucially, these multiple resonances must
have compatible field profiles following the nonlinear polar-
ization of the selected nonlinear process and material. Typical
metasurfaces cannot readily support multiple resonances with
the appropriate field distributions and resonant wavelengths
for multipump nonlinear experiments. Occasionally, meta-
surfaces with fine-tuned nanostructure dimensions have
enhanced sum-frequency generation (SFG) or four-wave
mixing (FWM) using an arbitrary pair of q-BICs>™*’ or low
Q-factor Mie modes” with little choice of field profiles and
resonant wavelengths. As an alternative, recent demonstrations
of doubly resonant metasurfaces for two-beam experiments
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have relied on guided mode resonances™® or using one g-BIC
and one mode of another kind such as a Mie mode* or a
guided mode resonance.”® While inverse design’’ and
leveraging three q-BICs™> have both been proposed as
methods to enhance frequency mixing, nanofabrication
constraints may impede their successful experimental demon-
stration. In short, strong enhancement of frequency mixing in
metasurfaces requires the development of robust and fabricable
devices with tailorable narrowband optical resonances.

In this work, we demonstrate 3 orders of magnitude
enhancement of four-wave mixing in doubly resonant nonlocal
metasurfaces. Specifically, we introduce a rational design
scheme based on symmetry to generate metasurfaces with
deliberate g-BICs for each of the two pumps while retaining
the flexibility to choose the wavelengths of the pumps and the
upconverted nonlinear signal. To do so, we consider nonlocal
metasurfaces made from ‘quadromer’ lattices with four
nanostructures per unit cell that enable multiple q-BICs with
deliberately selected fundamental properties. Nearly all
previous metasurfaces supported q-BICs with periodic
monomer (one nanostructure per unit cell) or dimer (two
nanostructures per unit cell) lattices. We recently introduced
quadromer lattices and validated their distinctive flexibility for
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choosing the mode Eroﬁles of multiple g-BICs as well as their
spectral separation.”> Here, we experimentally demonstrate
markedly enhanced FWM in both silicon and silicon-rich
silicon nitride (SRN) metasurfaces by devising quadromer
lattices that support q-BICs at two chosen pump wavelengths
with suitable field profiles. The results validate a design
approach that is broadly generalizable to other materials and a
frequency-mixing process, which is promising for applications
in quantum nonlinear processes and upconverted nonlinear
imaging.

RESULTS

We first construct doubly resonant metasurfaces for FWM.
The metasurfaces support resonances at the wavelengths of the
two near-infrared (NIR) pumps (w; and w,) to enhance a
FWM process that upconverts the NIR frequencies into a
visible nonlinear output with frequency @; = 2w, — @, (Figure
la,b). We consider nonlocal metasurfaces with spatially
extended optical modes whose resonant frequencies are
dispersive in k-space such that the modes have a photonic
band structure. Most nonlocal metasurfaces support g-BICs in
periodic monomer or dimer lattices through symmetry-
breaking perturbations.”’® Dimerizing perturbations double
the period along one direction in real space (Figure lc, left and
center panels) and correspondingly halve the period along the
corresponding direction in k-space, which folds the photonic
bands from the edge of the First Brillouin Zone (FBZ) (either
the X or M high-symmetry point) to the I point at the center
of the FBZ (Figure 1d, left and center panels).9 In doing so,
the dimerizing perturbations take bound modes from under
the light line at the edge of the FBZ (Figure le, left and center
panels) and convert selected modes into radiative q-BICs that
are excitable from free space at normal incidence.” The
symmetry of the dimer lattice determines which of the folded
modes become radiative q-BICs and which polarization of free-
space light excites each ¢-BIC."’ Additionally, the strength of
each symmetry-breaking perturbation partially controls the Q-
factor of the corresponding q-BICs, such that Q is inversely
proportional to the perturbation strength squared.® Dimer
lattices have emerged as a predominant method for supporting
q-BICs but offer a limited selection of mode profiles'’ and
minimal ability to control the spectral separation between
modes. We have recently demonstrated that a larger selection
of BICs and g-BICs is achievable by dimerizing a lattice in two
different in-plane directions, as any combination of two such
folding operations from the M, X,, or X, points brings modes
from all three high-symmetry points to I'.'"" Doubly folded
lattices take the form of symmetry-broken quadromer lattices
with four nanostructures per primitive unit cell (ex., Figure 1c,
right panel). As with dimer lattices, the symmetry of the
quadromer lattice determines which modes become radiative
q-BICs, and the strength of the relevant symmetry-breaking
perturbation controls their Q-factors.”> Because the relation-
ships between lattice symmetry and allowed q-BICs are known
for dimer lattices,'® an intuitive method to construct
quadromer lattices is to combine two Ilattices that are
dimerized along different directions so that the resulting
quadromer inherits, at a minimum, the g-BICs folded by both
dimerizing perturbations.” Figure lc—e illustrates a simple
quadromer with doubly folded bands formed by combining
lattices dimerized in the x- and y- directions. In this example,
both dimerizing perturbations make the two nanostructures of
the dimer into different sizes (Figure 1c) and, in doing so, fold

the bands to I' from an X point of the unperturbed lattice
(Figure 1d,e).

Next, we selected a quadromer lattice that supports two g-
BICs with suitable mode profiles to enhance FWM when the
g-BICs are excited by two incident pump beams. On a
platform of apertures etched into a thin film of amorphous
silicon, we formulate a quadromer lattice by combining an x-
dimerized lattice with a y-dimerized lattice such that each
dimer supports a q-BIC for a pump beam. With many choices
for combinations of ¢-BIC mode profiles, we consider the
nonlinear polarization for four-wave mixing for guidance. For
Pump 1 at @, and Pump 2 at w,, the nonlinear polarization is
PQw, — w,) = 9"V [E(w,)E*(w,)E(w,)] when nonzero
)((3) tensor components are set equal to approximate
amorphous or polycrystalline silicon. The nonlinear polar-
ization indicates that for an optimal nonlinear interaction, the
q-BICs at both pumps need spatially overlapping profiles with
electric field components along at least one of the same
Cartesian directions. Figure 2a illustrates the construction of a
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Figure 2. Construction of a quadromer lattice for four-wave mixing
from two dimer lattices. (a) Schematic of selected dimer lattices
and their combined quadromer lattice. The white area indicates
apertures etched into silicon. The dimerizing perturbation in the y-
direction is a ‘spacing’ perturbation, where each nanostructure is
closer to one of its neighbors. (b) Simulated spectra of dimer
lattices and their combined quadromer lattice. Insets: Field
profiles of dominant out-of-plane component (E, for Pump 1 g-
BIC, H, for Pump 2 g-BIC). (c) E, field component of constituent
dimer lattices. (d) |E . (®,)E,*(®,)E.(®,)| in silicon in the
quadromer lattice as a proxy for enhancement of four-wave mixing
following the nonlinear polarization.

quadromer by combining an x-direction dimer and a y-
direction dimer. In this particular quadromer, each constituent
dimer conforms to the p2mm crystallographic wallpaper group,
but with the nanostructures positioned differently with respect
to the mirror planes. The x-dimerized lattice supports an
‘antibonding’ q-BIC folded from X, (for Pump 1) with the
electric field as the dominant field component in the
propagation direction (TM), and the y-dimerized lattice folds
a ‘bonding’ TE g-BIC from X, (for Pump 2) (Figure 2b). The
simulated spectrum of the quadromer is predominantly the
combined spectrum of both dimers, such that the quadromer
supports the selected g-BICs from each dimer. Both modes
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Figure 3. Selection of resonant wavelengths via tuning of the quadromer lattice constant. (a, b) Simulated transmission spectra as a function
of (a) a, and (b) a,. (c) Ilustration of the enhanced four-wave mixing process and its wavelength dependencies on a, and a,. (d) Four-wave
mixing wavelength as a function of lattice constant when the metasurface is pumped at the two selected q-BICs.
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Figure 4. Experimental demonstration of enhanced four-wave mixing in a silicon quadromer metasurface. (a) Scanning electron micrograph
of a fabricated device with lattice constants a, = 285 nm and a, = 500 nm, and y-direction spacing perturbation dy = 26 nm. Scale bar: 500

y

nm. The white box indicates one unit cell. (b) Measured linear transmission spectrum for x-polarized (blue curve) and y-polarized (dashed

black curve) white light, with y-polarized spectrum offset by 0.5.

Green and red shaded areas indicate the wavelength and bandwidth of

Pump 1 and Pump 2, respectively. (c) Measured FWM spectra as a function of time delay between the two pump beams. Pumps are x-
polarized except for the dashed black line. The dashed black line represents measured FWM when incident pump beams are both y-
polarized. Spectra artificially offset by 1. (d, ¢) Measured FWM power as a function of (d) Pump 1 and (e) Pump 2 power with the other

pump power held constant at 2 mW.

have an appreciable x-component of their electric fields (Figure
2¢) and considerable spatial overlap with each other following
the nonlinear polarizations (E, component in Figure 2d, E, and
E, components, and nonresonantly excited E, component in
Figure S1). Additionally, as the perturbation strength of each
constituent dimer is the primary factor controlling the Q-factor
of its own q-BIC,” the Q-factors and field enhancement are
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readily tunable (Figure S2). While quadromers can be
configured to support many different combinations of g-
BICs,>® we choose one TE mode and one TM mode to
introduce a larger spectral separation between the modes. In
the selected quadromer lattice, both g-BICs are excited by x-
polarized incident light. However, rotating the apertures by 45°
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would allow the Pump 1 g-BIC to be excited instead by y-
polarized free-space light if desired.’***

In quadromers composed of x- and y-direction dimers, the
spectral separation between g-BICs is readily configurable,
which allows the metasurface to conform to specified pump
wavelengths or generate four-wave mixing at a desired
wavelength. Expanding (contracting) the lattice along the x-
direction red-shifts (blue-shifts) the q-BIC for Pump 1 that was
folded from X, with minimal impact to the resonant
wavelength of the g-BIC for Pump 2 (Figure 3a). Similarly,
expanding or contracting the lattice along the y-direction
primarily controls the resonant wavelength of Pump 2 without
significantly shifting the Pump 1 resonance (Figure 3b). As
such, the quadromer lattice can be readily adapted to
accommodate pump beams at a range of NIR wavelengths
and to choose the wavelength of enhanced FWM (Figure 3c).
In this example, changing the x-direction lattice constant (a,)
from 450 to 600 nm red-shifts the Pump 1 q-BIC by more than
350 nm while only red-shifting the Pump 2 g-BIC by less than
40 nm. Consequently, the lattice can be configured to support
enhanced FWM signal within a broad choice of wavelengths
(i.e., half of the visible spectrum) even before any fine-tuning
or optimization and without compromising the choice of mode
profiles (Figure 3d). Such flexibility is not attainable in dimer
lattices and is instead only possible because the two relevant g-
BICs are folded to I' from different high-symmetry points.

We experimentally demonstrate enhancement of the FWM
process using our proposed formalism on a silicon metasurface.
Using standard cleanroom processes, we fabricate a metasur-
face in ~200 nm thick amorphous silicon on glass (Figure 4a),
selecting lattice constants that make the metasurface
compatible with our laser systems. Linear measurements
show that the fabricated metasurface supports the designed
g-BICs at 865 nm for Pump 1 and at 1260 nm for Pump 2.
The metasurface supports the designed q-BICs with substantial
field overlap, despite the nanofabrication imperfection that
merges adjacent structures (Figure S3). The strength of the
symmetry perturbation in each dimer controls the Q-factor of
its respective q-BIC, resulting in Q-factors of ~130 for Pump 1
and ~20 for Pump 2 when illuminated by x-polarized light
(Figure 4b). To measure FWM, we excite the metasurface with
two pulsed femtosecond laser beams such that each incident
beam is resonant with one q-BIC and both beams are spatially
and temporally overlapped. Figure 4c shows the measured
FWM signal centered at around 650 nm and its dependence on
the temporal overlap of the two pump beams. Pumping the
metasurface with y-polarized pump beams to avoid exciting the
q-BICs results in minimal enhancement of four-wave mixing
(dashed curve in Figure 4c), which is consistent with
calculations (Figure S2). We further validate that the
upconverted signal originates from the FWM because its
intensity varies quadratically with the power of Pump 1 (Figure
4d) but linearly with the power of Pump 2 (Figure 4e).
Additional polarization- and wavelength-dependent measure-
ments corroborate that enhancement of FWM is a resonant
effect, dependent on the excitation of the designed pair of g-
BIC (Figure S4). We estimate that, relative to the unpatterned
thin film, the metasurface enhances FWM by a factor of at least
~1040 (Figure 4d at 8 mW average Pump 1 power, gray
arrow), which is nearly double the enhancement previously
demonstrated with two arbitrarily selected g-BICs.”> The
metasurface likely enhances FWM by a factor of more than
2000 because (1) the FWM signal on the metasurface saturates

as a function of power at high pump power but the substrate
exhibits a poor signal-to-noise ratio at low power, and (2) we
measured ~2400x enhancement measured at a different spot
on the device due to the effects of local variances in
nanofabrication (Figure SS). The measurements are further
prone to underestimating the enhancement relative to the
unpatterned thin film because they are conducted in a
reflection geometry where we pump the metasurface and
collect the nonlinear signal through the same objective. The
numerical aperture (NA) of the objective is 0.4, which is a
higher-than-ideal NA for exciting the q-BICs with angular
dispersion (Figure S6) but also too low to collect a nonlinear
signal from all of the diffracted orders of the metasurface
(whereas an unpatterned thin film lacks higher-than-zero order
diffraction). We note that more accurate fabrication and higher
Q-factors do not automatically improve experimentally
measured frequency-mixing enhancement (Figure $7),*°
especially if the spectrally narrowband resonances cannot
make use of the entire bandwidth of the pulsed pump beams.

While enhancing the LDOS with g-BICs improves FWM, it
also causes the metasurface to struggle under high-power
excitation. The metasurface demonstrates saturation of the
nonlinear signal at a high pump power (Figure 4d). Saturation
of four-wave mixing in silicon devices is a known phenomenon
for both photonic integrated circuits and metasurfaces.””*>~*!
The physical origins of intensity-dependent saturation are
typically attributed to two-photon absorption (TPA) and free-
carrier absorption, and nanophotonic devices that introduce
field enhancement and confinement increase two-photon
absorption and lower the saturation threshold.*** Under
high-power illumination from Pump 1 (average power >4 mW
or peak power density > ~23 GW/cm?), the FWM signal from
the metasurface, but not the unpatterned thin film, saturates as
a function of pump power (Figure 4d), which is suggestive of
resonant enhancement of TPA at a comparable level to
previous silicon metasurfaces.”” Additionally, when Pump 2 is
y-polarized and therefore nonresonant, the threshold for
saturation increases by approximately a factor of 3 (Figure
S8), indicating that both q-BICs contribute to resonant
enhancement of the nonlinear absorption. TPA enhancement
in metasurfaces depends partially on Q-factor,” as higher Q
resonances tend to introduce larger LDOS enhancement. A
pathway to minimizing or even preventing TPA while
leveraging q-BICs with moderate-to-high Q-factors is increas-
ing the bandgap of the material. Previously, silicon-rich silicon
nitride (SRN) has been used in integrated photonics to reduce
two-photon absorption in four-wave mixing because it has a
wider bandgap than silicon.*”*' SRN is typically grown by
plasma enhanced chemical vapor deposition (PECVD), such
that the ratio of precursor gases can be adjusted to tailor the
optical properties nearly between those of silicon and silicon
nitride.** Increasing the silicon concentration of silicon nitride
increases its refractive index,** linear absorption,44 and )((3)
values.*®

We develop doubly resonant metasurfaces made of silicon-
rich silicon nitride that enhance FWM with less TPA than
silicon. As our design paradigm depends on symmetry rather
than fine-tuning the nanostructure dimensions, it can be
applied to different material platforms to support the same
selected q-BICs, often without fundamental changes to the
design. Indeed, by using a ~440 nm thick SRN film with a
refractive index of n ~ 3.3 at A = 600 nm, the required meta-
unit dimensions are even similar to those of the ~200 nm thick
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Figure S. Experimental demonstration of enhanced FWM in a silicon-rich nitride quadromer metasurface. (a) Scanning electron micrograph
of fabricated device with lattice constants a, = 315 nm, and a4, = 450 nm and y-direction spacing perturbation dy = 25 nm. Scale bar: 500 nm.
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The white box indicates one unit cell. (b) Measured linear transmission spectrum for x-polarized (blue line) and y-polarized (black dashed
line) light. The green and red shaded areas indicate the wavelength and bandwidth of Pump 1 and Pump 2, respectively. (c) Measured FWM
spectra as a function of time delay between the two pump beams for x-polarized incident pump beams. Pumps are x-polarized except for the
dashed black line. The dashed black line represents measured FWM when incident pump beams are both y-polarized. Spectra artificially
offset by 1. (d, e) Measured FWM power as a function of (d) Pump 1 and (e) Pump 2 power with the other pump power held constant at 2

mW.

silicon metasurface (Figure S6). We fabricate SRN meta-
surfaces following the same protocol as that for the silicon
metasurfaces. Figure 5a shows a fabricated SRN metasurface
that supports q-BICs for Pump 1 at 777 nm with a Q ~ 145
and Pump 2 at 1070 nm with a Q ~ 45 (Figure Sb). The
metasurface supports FWM centered at ~600 nm, with a clear
dependence on the temporal overlap of the two pump beams
and their polarizations (Figure Sc). As with the silicon
metasurface, the FWM signal has a quadratic dependence on
the power of Pump 1 (Figure Sd) and a linear dependence on
the power of Pump 2 (Figure Se). The SRN metasurface
enhances FWM by a factor of approximately ~40 relative to
the unpatterned SRN film on a glass substrate, and the lower
field enhancement compared to the silicon metasurface is
consistent with simulations (Figure S9). Compared to the
unpatterned silicon thin film on a glass substrate used for the
silicon metasurface in Figure S, the SRN metasurface enhances
FWM by a factor of ~3200 when pumped at the same
wavelengths (at 8 mW average power, gray arrow in Figure
Sc), partly because of the lower linear absorption in the SRN
film at visible wavelengths (Figure S10). The metasurface
barely exhibits an indication of enhanced TPA (Figure Sc).
Admittedly, the device burns under very high-power excitation
from Pump 1 (~14 mW average power or ~79 GW/cm?),
even though the silicon metasurface in Figure 4 does not show
similar indications of damage (i.e., burn marks and decreased,
not just saturated four-wave mixing). We note that the high-
power performance of SRN metasurfaces may be improved by
decreasing the silicon content to improve the damage
threshold®™ or adopting thermal management strategies such
as the use of a thermally conductive substrate. Overall, the
SRN metasurface provides comparable enhancement to the
silicon metasurface, while avoiding the strong two-photon
absorption of silicon metasurfaces at high power.

35614

CONCLUSIONS

In summary, we have experimentally demonstrated nonlocal
metasurfaces that enhance FWM by more than 3 orders of
magnitude. The considerable enhancement is generated by a
rational design paradigm that uses periodic quadromer lattices
to support appropriate q-BICs for two pump beams at
deliberately chosen wavelengths and free-space polarizations.
Our demonstration of FWM suggests, more generally, that
symmetry-based design of quadromer lattices can improve
nonlinear signal generation in multipump processes. The
lattice (and therefore the selected pair of q-BICs) presented in
this work represents just one option out of dozens of possible
quadromer lattices and combinations of g-BICs. Indeed, we
have previously shown that quadromer lattices can support
several q-BICs with deliberately chosen properties.” In the
context of multibeam nonlinear optical processes, triply or
quadrupally resonant metasurfaces could dramatically enhance
a nonlinear signal by introducing appropriate resonances not
just at the pump wavelengths but also at the wavelengths of the
generated nonlinear signals. We demonstrated that the design
of quadromer lattices is readily generalizable to a variety of
material platforms and scalable to most desired wavelength
ranges because of its dependence on symmetry rather than
precise fine-tuning of the nanostructure dimensions. We
anticipate that rationally designed multiresonant metasurfaces
for the frequency-mixing process will prove useful for nonlinear
upconverted imaging”””® and quantum nonlinear processes
such as doubly resonant metasurfaces for nondegenerate
spontaneous parametric down-conversion.” "’ Moreover,
our design paradigm opens the door for the demonstration
of quantum third-order nonlinear processes such as sponta-
neous FWM (SFWM) and photon triplet generation via
spontaneous parametric down-conversion that are yet to be
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observed in metasurfaces. Our platform is readily applicable for
SFWM, which has already been observed in unpatterned SRN
films similar to the ones used in this work."’

METHODS

Fabrication. The silicon device was fabricated on a ~200 nm thick
silicon film grown by low-pressure chemical vapor deposition on a
JGS2 fused silica substrate. The silicon-rich nitride device was
fabricated on a ~440 nm thick film grown on JGS2 fused silica
substrate by plasma-enhanced chemical vapor deposition with SiH,
and N, precursor gases. The metasurfaces were patterned into
ZEPS20A resist with an anticharging layer (DisChem Inc.) by a 100
keV electron-beam lithography system after data preparation with
BEAMER software (GenISys GmbH). All metasurfaces were etched
by a reactive ion etch process with SF4 and C,F; gases. The remaining
ZEP resist was removed by a PG remover at 80 °C.

Linear Measurements. Linear transmission measurements were
conducted in a home-built optical microscope with a white light
source and separate Ocean Optics spectrometers for visible and near-
infrared wavelengths. The numerical aperture of the lens for incident
light is ~0.1. Q-factors are estimated as Q ~ fwhm/4,.

Nonlinear Measurements. Pump 1 was supplied by a
Ti:sapphire oscillator (Chameleon Ultra II, Coherent), which
produced ~140 fs pulses with an 80 MHz repetition rate. Pump 2
was generated by an optical parametric oscillator, pumped by the
Ti:sapphire oscillator, capable of producing broadly tunable pulses
spanning 1000—1600 nm. A 20X objective was used to focus the
beams onto the sample to a beam spot size of ~2 ym. The beams
were spatially and temporally overlapped on the sample to ensure
efficient nonlinear interaction. The same objective was also used to
collect the reflected signal, which was directed either to a
spectrometer for spectral measurements or to a photomultiplier
tube (PMT) (Hamamatsu R943—02) for power studies. A
combination of a half-wave plate (HWP) and a polarizer was used
to control the beam power during power-dependent measurements,
while additional HWPs were used to control the linear polarization
angle of the two pump beams. In both cases, a short pass filter (4 <
750 nm) and a bandpass filter (650 + 40 or 600 + 40 nm) were used
to isolate the nonlinear signal on the detection side. Pump 2 was
chopped at 1 kHz for phase-sensitive detection with a lock-in
amplifier and PMT.

Electromagnetic Simulations. Lumerical FDTD was used to
design the metasurfaces. Band structures were calculated in Legume
using guided mode expansion.***’
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