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Abstract

Nonlinear metasurfaces have been enabling unprecedented control over light generation and wave mixing, dem-
onstrating enhanced wavefront control, beam shaping and steering of nonlinear light waves. However, the design
and operation of nonlinear metasurfaces have been for the most part limited to localized modes, fundamentally
limiting the overall nonlinearity enhancement of such devices. Periodic structures supporting extended lattice reso-
nances can realize much larger quality-factor resonances, and hence stronger nonlinearity enhancement, but they
are fundamentally limited in their wavefront shaping capabilities, due to their high symmetry. Nonlocal metasurfaces
have been recently introduced in linear settings to support highly delocalized resonant modes that can promote very
large quality factors, yet without requiring periodicity, hence providing also local control over the wavefront. Here, we
extend the powerful features of nonlocal metasurfaces to nonlinear phenomena, experimentally demonstrating non-
linear nonlocal metasurfaces that simultaneously support high quality factor modes, and hence strong nonlinearity
enhancement, as well as a spatially varying geometric phase tailored over a subwavelength scale. We show how non-
linear nonlocal metasurfaces can at the same time enhance light-matter interactions, boosting nonlinear conversion
efficiency, and enable precise subwavelength control over the wavefront of the generated light. Using this platform,
we demonstrate a silicon metasurface for beam steering of third-harmonic generation in the visible. Our results show
control over the polarization and steering angle of the third-harmonic signal, extending the framework of diffractive

nonlocal metasurfaces to nonlinear optics, and pave the way for the development of nanoscale nonlinear devices
with unparalleled control over the optical properties of generated light.

1 Introduction

Structuring matter at a subwavelength scale has enabled
the creation of artificial materials with unprecedented
optical properties and functionalities, surpassing natural
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materials. Over the past decades, intense research on
optical nanoantennas and metasurfaces, based on metal-
lic and/or dielectric nano-resonators, has led to break-
throughs in wavefront shaping [1-3], analog image
processing [4, 5] and computing [6], imaging [7], opti-
cal holography [8], and information processing and
encryption [9, 10]. This paradigm has been enabled by
the deeply subwavelength control that metasurfaces can
exert over key properties of light — such as polarization,
directionality and frequency [11-15].

While these functionalities are all based on linear inter-
actions of light with metasurfaces, these structured sur-
faces have also proven instrumental in controlling and
enhancing nonlinear light-matter interactions, enabling
efficient harmonic generation [16-19] and spontane-
ous parametric down-conversion [20, 21], relaxing phase
matching constraints [17], and implementing optical
limiting [22, 23], rectification [24] and nonreciprocal
transmission [25, 26]. By tailoring optical nonlinearities
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at subwavelength scales, two distinct fields of optics can
be merged: nonlinear optics, which typically requires
extended spatial scales, and nanoscale optics. As a result,
nonlinear wavefront-shaping metasurfaces have emerged
— ultrathin planarized devices that can generate higher
harmonic frequencies while simultaneously impart-
ing a locally tailored, spatially dependent engineered
amplitude and phase on the generated wavefront. This
feat, unique to nonlinear metasurfaces, has so far been
achieved following two main paths, i.e., either by engi-
neering localized resonances [27-29], or via an extension
of the Pancharatnam—Berry phase to the harmonic gen-
eration process, also referred to as nonlinear geometric
phase [30—34]. The latter enables a form of control over
the amplitude and phase of the generated wavefront.
These advantages are typically traded with some con-
straints on the polarization of the outgoing light and a
limited field localization and enhancement, which in turn
results in limited efficiency. Regardless of the approach,
all demonstrations of nonlinear metasurfaces so far share
a commonality: they rely on localized nanoscale reso-
nances, which ensure a localized form of phase matching
at the subwavelength scale and enable a subwavelength
control over the nonlinear processes.

Recently, metasurfaces supporting nonlocal wave-
matter interactions have been introduced, demonstrat-
ing remarkable features for several applications [3, 35].
Different from their local counterparts, nonlocal metas-
urfaces empower the coupling between their unit cell ele-
ments and leverage it to drastically enhance light-matter
interactions, akin highly periodic grating-like structures
supporting strong lattice resonances. However, different
from conventional gratings, nonlocal metasurfaces also
allow subwavelength local control over the amplitude,
phase and polarization of the scattered wavefront [35,
36]. As such, nonlocal metasurfaces have been intro-
ducing a new paradigm for the spectro-spatial control
of light [3], imaging [7] and analog computing applica-
tions [4, 5, 37]. So far, however, these demonstrations
have been for the most part limited to the linear regime.
Recently, nonlocal interactions in highly periodic grating-
like structures supporting quasi bound states in the con-
tinuum (q-BICs) have proven advantageous for nonlinear
light-matter interactions, both in terms of bandwidth
selectivity and efficiency [38, 39]. While such periodic
structures demonstrate enhanced light-matter interac-
tions, they inherently showcase limited control over
the nonlinear wavefront, both in terms of spatial shap-
ing and polarization, due to their high symmetry. A key
challenge remains: is it possible to tailor the local optical
properties of a nonlinear metasurface that relies on non-
local, lattice-supported phenomena? Such opportunity
would combine the advantages of nonlocal metasurfaces
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in terms of high Q-factors, enhanced light-matter inter-
actions, spectral selectivity and control, with the local
wavefront shaping features conventionally associated
with metasurfaces based on local resonances and lower
Q-factors. These devices may expand the capabilities of
multifunctional meta-optics to include active wavefront
shaping by leveraging enhanced light—matter interactions
enabled by high-Q resonances [40], broadband operation
through stacking multiple metasurfaces supporting qBIC
at slightly detuned wavelengths [3], and potential wave-
guide integration for photonic integrated circuits [41].

In this work, we address this challenge and demon-
strate a nonlocal nonlinear metasurface supporting,
simultaneously, a qBIC with high Q factor stemming
from spatially extended nonlocal modes, and a spatially
varying geometric phase tailored over subwavelength
scales. We introduce rational design principles to tailor
the nonlinear wavefront and experimentally demon-
strate directional emission of third-harmonic generation
(THQG) at desired angles emerging from an ultrathin sili-
con metasurface. Our metasurface features directional
emission modulation in response to different circular
polarizations of the input pump. In past demonstrations
of a nonlinear geometric phase in local metasurfaces,
beam steering was shown for harmonic signals that are
themselves circularly polarized, such that both the hand-
edness and direction of the signal are affected by the
handedness of the pump. In our nonlocal platform, the
third harmonic (TH) emission is instead linearly polar-
ized, irrespective of the pump handedness, while retain-
ing the ability to steer its direction. This feature highlights
the novel nature of the operating mechanism behind our
metasurface, stemming from a two-step process depicted
in Fig. 1: (1) a local resonant polarization couples the
pump into a nonlocal mode with a customized geometric
phase profile controlled by both the pump chirality and
the metasurface geometrical phase (as described more
quantitatively later); (2) the long-lifetime pump mode
interacts with the silicon to efficiently generate a TH sig-
nal which inherits three times the phase gradient of the
pump; the resulting engineered phase gradient results
into scattering of the TH wave into a custom wave, and it
can be leveraged to achieve steering towards preferential
directions. In conjunction with the strong light-matter
interactions inherent to delocalized gBICs, our demon-
stration highlights the potential of nonlocal metasurfaces
to advance the boundaries of nonlinear nanophotonics.

2 Results

We begin our analysis by considering a metasurface
design formed by a periodic repetition of the unit-cell
shown Fig. 2a. The unit cell consists of two rectangu-
lar apertures, rotated by 90° with respect to each other,
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Fig. 1 Working principle of the proposed nonlinear nonlocal metasurface. (a) A nonlocal metasurface is excited from below by circularly
polarized light at the pump frequency, wp. The metasurface has a locally tailored resonant polarization, depicted by the colored arrows

above the metasurface. The colors of the array track the phase of the coupling process, inherited from the polarization-dependent phase

of the incident circular polarization. As a result, a nonlocal mode, characterized by the field component £, is excited within the metasurface
with a resonantly enhanced amplitude and a spatial gradient of phase along the x direction. (b) The third-harmonic generation process

in the metasurface is characterized by the quantity x @ [£x (wp)] ? which inherits three times the phase gradient from the pump. The resulting
nonlinear polarization currents, denoted by colored arrows, scatter the third harmonic to the far field in a direction dictated by the engineered
phase gradient, with two diffraction orders in the y direction due to the superwavelength periodicity of the metasurface
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Fig. 2 Metasurface unit-cell and numerical investigation. (@) Schematic representation of the unit-cell. (b) Profile of the x-component of the electric
field in the horizontal plane of the metasurface at the gBIC wavelength (1500 nm). (c) x-polarized transmittance spectrum of a periodic

metasurface with unit cell shown in panel (a), as p changes from 0° to 45°. (d) Electric field distribution (x and y components) in the horizontal plane
of the metasurface at the TH wavelength when the pump is at a wavelength of 1500 nm. (e) Distribution of the TH emission into different far-field
diffraction orders (my, my). (f) THG conversion efficiency and phase of the TH signal in the (0,1) diffraction order as a function of p
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and etched into a thin film of amorphous silicon (a-Si)
placed on a silica substrate. The unit-cell is rectangu-
lar with periods A and 2A along the x and y directions,
respectively. The geometric phase is encoded by rotating
each aperture around its center by an angle p, as defined
in Fig. 2a. We first consider periodic metasurfaces, i.e.,
arrays obtained by a periodic repetition of the unit-cell
shown in Fig. 2a and with fixed value of the angle p . The
metasurface design is obtained through numerical analy-
sis in COMSOL (see Methods for details on the numeri-
cal calculation technique). Based on an eigenmode study,
we optimized the geometrical parameters such that
the metasurface supports a qBIC at the wavelength of
1500 nm. The optimized design consists of an a-Si film
with thickness of 125 nm, period A=445 nm and aper-
ture width L=371 nm. By varying the aspect ratio J,
defined as §=(L-W)/L (where W is the short length of
the apertures), we can control the Q-factor of the reso-
nance. We used §=0.66, yielding a Q-factor of 180,
which allowed us to obtain a resonant bandwidth large
enough to accommodate the full bandwidth of the laser
used later for the nonlinear characterization (see Meth-
ods for details on the experimental setups). Figure 2b
shows the x-axis component of the electric field in the
xy-plane in the middle of the a-Si film, under x-polarized
normal-incidence resonant excitation and for p = 0°. The
response shows an antisymmetric phase profile, typical
for symmetry-protected qBICs.

We used finite-element-method calculations imple-
mented in COMSOL to numerically estimate the trans-
mittance spectra of periodic metasurfaces for different
values of p and fixed x-polarized excitation (Fig. 2c). For
p = 0°, the spectrum features the characteristic Fano
lineshape associated to a qBIC. By varying the angle p,
we control the coupling efficiency between the qBIC and
free-space wave for a given polarization [32], while hav-
ing a minimal effect on the qBIC wavelength. Indeed,
as confirmed by Fig. 2c, as the angle p changes from 0°
to 45° the x-polarized transmittance spectrum evolves
from a high-contrast Fano lineshape (p = 0°) to a flat
line (p = 45°). The absence of any spectral feature for
p = 45° confirms that, for this value of p, the gBIC does
not couple to x-polarized light. The opposite trend with
respect to p is observed for a y-polarized excitation (see
Section S2 in the Supplemental Information). Thus, by
using circularly polarized light, which contains both x
and y polarized electric fields, the gBIC can be excited for
any rotation angle p (see Section S2 in the Supplemen-
tal Information). These effects are robust with respect
to small variations of the rod dimensions due to fabrica-
tion imperfections (see Section S5 in the Supplemental
Information). While the induced electric field amplitude
is nearly uniform as a function of p, and the resulting
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transmission amplitude is constant, by varying p we con-
trol the phase of the metasurface response through a geo-
metric phase. In contrast to the conventional geometric
phase approach used in local metasurfaces, which yields
a ®gep & 2p phase factor, here the geometric phase has
the approximate form ®g, ~ 4p. The additional factor
of two arises from the two-step process of the underlying
resonant scattering phenomenon: coupling into the qBIC
yields one factor 2p, while coupling out yields an addi-
tional factor 2p. As a result, the near field profile of the
gBIC is patterned with a 2p dependence, and the outcou-
pled light is patterned with 4. [32]

To characterize the geometric phase encoded by the
structure on the THG wavefront, we analyze the effect of
the rotation angle p on the phase and amplitude of the
TH signal emitted by a periodic metasurface with unit-
cell shown in Fig. 2a. We performed numerical simula-
tions of the THG process in COMSOL based on the
induced nonlinear polarization in the a-Si film. Due to
the material isotropy, intrinsic permutation symmetry
implies that the elements of the third-order nonlinear
susceptibility tensor, ¥®, for THG are given by
Xt% = X(3) (8ij0k + SircSj1 + Sudji)- This results in a non-
linear polarization for the THG, P(3w), that can be
expressed as [31, 32]

P(3w) = eox PEEE =3¢0x® (E-E)E (1)

where E-E = E’+E?+E?, E is the electric field vector
at the pump frequency, y® is the nonlinear susceptibility
of amorphous silicon, and ¢, is the vacuum permittivity.
As shown in Fig. 2b and further discussed in Section S3
of the Supplemental Information, for p = 0° the electric
field of the qBIC is predominantly polarized along the
x-axis. This, together with the material isotropy, ensures
that the THG nonlinear polarization (Eq. 1) retains the
same polarization. In addition, we expect the TH to be
emitted mainly into the (mx,my) = (0, 1) diffraction
orders because (i) the electric field phase is odd-sym-
metric with respect to the x-axis (see Fig. 2b), and (ii)
the unit-cell is subwavelength along the x-axis but super-
wavelength along the y-axis. This is confirmed by the cal-
culated electric field distribution in the middle plane of
the metasurface (Fig. 2d), and by the calculated far-field
TH emission into the different diffraction orders (Fig. 2e).

When the angle p is different than zero, the near field
induced by a circularly polarized pump acquires an addi-
tional geometric phase factor equal to £2p (where the
+ sign depends on the pump chirality), stemming from
the coupling process described above [3]. Thus, the elec-
tric field at the pump frequency inside the metasurface
can be expressed as Eet’?” where the e*2” term repre-
sents the acquired phase difference. This phase is then
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imprinted onto the phase of the TH polarization P,(3w):
since the latter is proportional to the cube of the pump
electric field, it will in general be proportional to a term
ELE4E, eti20 %120 04120 where o, B, y are equal to R or L,
for right- or left-circularly polarized light, and the sign
of the exponent is accordingly chosen. If we assume,
for example, that the pump is left-handed circularly
polarized, and neglecting conversion between oppo-
site circular polarizations in the structure, the nonlinear
polarization reads
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insets showing zoomed-in views of the super-cell (dashed
blue box) and unit-cell (dashed red box). The measured
transmittance spectrum upon x-polarized illumination
(Fig. 3b, solid blue line) shows a pronounced Fano line-
shape with a dip close to 1530 nm. This resonance feature
is very similar to the numerically calculated spectrum for
a periodic array (Fig. 2c), indicating that our local pertur-
bation of the periodic geometry, aimed at preserving the
spatially extended resonance, does not critically degrade
the qBIC features.

P (30) =eox ¥ (Ee ™ + E}e'™ + ELERe™ + ExE}e™ ) ~ sox @ Efe’® )

where E and E; denote the right- and left-handed cir-
cularly polarized components of the pump electric field.
The TH phase and geometrical angle p relation predicted
by Eq. (2) are numerically verified in Fig. 2f. As shown
by the red solid line in Fig. 2f, as p changes, the phase of
the co-polarized TH signal is approximately equal to 6p.
Moreover, the TH efficiency (solid blue line in Fig. 2f),
defined as the ratio between TH and pump powers, oscil-
lates as p varies. This is due to a small spectral shift of the
qBIC wavelength as p changes (see also Figure S3 in the
Supplemental Information) and to the fact that, in simu-
lations, we assume a monochromatic excitation. In the
experiments, this small spectral shift is mitigated by the
fact that the laser linewidth is comparable to the qBIC
wavelength. These effects could be further mitigated by
also varying the lengths L and W (as p varies) to keep the
qBIC wavelength constant.

Thus, while a rotation of the apertures by an angle p can
largely affect the coupling to free-space radiation with
a fixed linear polarization, the qBIC wavelength is only
slightly perturbed. Local control of the phase of the THG
can hence be achieved at the sub-wavelength scale, even
though the pump relies on a nonlocal mode to efficiently
excite the nonlinearity. As such, Fig. 2f can be used as a
rational library or lookup table to design wavefront shap-
ing nonlocal nonlinear metasurfaces which impart spa-
tially varying phase profiles on the generated TH signal.

To demonstrate this phenomenon for nonlinear wave-
front shaping, we designed and fabricated a phase-gradi-
ent metasurface for beam-steering and boosting the TH
emission close to the wavelength of 500 nm. The phase-
gradient metasurface is obtained by defining a super-cell
composed of 16 unit-cells disposed along the x-axis, with
p gradually varying from 0° to 180°, as sketched in Fig. 1.
Based on the previous derivation, we expect the phase of
the TH beam to vary by 6m radians along the super-cell,
resulting in a steering angle of about 12°. Figure 3a shows
a top-view SEM picture of the fabricated device, with

In order to verify the role of this resonance in boost-
ing the TH emission, we performed a preliminary experi-
ment (Fig. 3b and c¢) where the metasurface is excited
from the glass side with an H-polarized pump laser at
the FF wavelength (we label with H the linear polariza-
tion parallel to the x-axis, see reference frame in Fig. 3a),
and the TH signal is collected in transmission with a low-
NA lens (NA=0.25, focal length 5 cm). In these and the
following measurements, the excitation spot was kept
large (diameter of the order of 140 pm) to properly cou-
ple to the spatially delocalized nonlocal resonance. The
excitation was provided by a pulsed laser (repetition rate
of 80 MHz, pulse duration of 2 ps) with a central wave-
length Arr that can be tuned across the spectral band of
the gBIC. The red-shaded area in Fig. 3b shows a rep-
resentative spectrum of the pump laser. The collected
TH emission was directed either to a spectrometer, or
to a calibrated photodiode, which allows us to measure
the absolute TH power and thus the THG efficiency. In
Fig. 3c we show the average power of the TH emission
(PTHg) as a function of pump average power Ppp for
Arr = 1527 nm. The TH power features the expected
trend Prig = nPR with N = 3.36and n = 2- 107°W 2,
where the value of the exponent N confirms the third-
order nature of the observed frequency conversion. The
discrepancy between the observed power law and a per-
fect cubic dependence (N =3) is likely due to the occur-
rence of additional nonlinearities, such as self-induced
thermo-optic effects, which shift the resonant wave-
length of the qBIC and thus alter the cubic power-law
expected for the THG power. In particular, recent experi-
ments [25] performed in similar experimental conditions
have demonstrated the occurrence of large thermo-optic
effects in amorphous silicon metasurfaces with Q fac-
tors similar to the ones employed here, leading to wave-
length shifts comparable to the resonance linewidths. At
the highest pump power considered in our experiment
(Ppr &~ 0.26 W), the conversion efficiency Pryg/Prr was
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Fig. 3 Device fabrication, experimental setup and characterization. (@) SEM micrograph of the fabricated silicon nonlocal metasurface,
scalebar=2 um. The two insets show zoomed-in views of the super unit-cell (blue-edged rectangle) with dimensions a, = 7.12 um and a, =

0.89 um, and of the unit-cell (red-edged rectangle) with dimensions A=0.445 um and 2A. (b) Left vertical axis: normal-incidence x-polarized
transmission spectrum (blue solid line), and a typical spectrum of the pump laser (red shaded spectrum, intensity in arbitrary units). Right vertical
axis: THG efficiency 1 (as defined in the text) versus central wavelength of pump laser (green circles). (c) THG average power versus pump average
power, for the pump wavelength at which the highest efficiency in panel b is obtained (1527 nm). (d) Schematic of the experimental configuration
(see Methods for additional information). (e) Real-space imaging of the TH emission under H-polarized pump. Scalebar=20 pym. Inset: Zoomed-in
view of the real-space TH emission, corresponding to the dashed white rectangle in panel (e). The dashed white rectangle in the inset denotes
the size of the super unit-cell. (f) Measured k-space imaging of the TH emission, showing the TH intensity as a function of the normalized in-plane
wavevector components ky /ko and ky /o, for an x-polarized pump. Note that the colorscale of this colorplot has been intentionally saturated

to better show the position of the other diffraction orders with weaker intensity

on the order of 1.6 - 10~/. However, as explained later,
this value largely underestimates the actual metasurface
THG efficiency, since most of the TH power is emitted
at larger angles, not captured by the low-NA lens used
in the measurements in Fig. 3(b-c). We repeated this
measurement varying the pump central wavelength Apr
across the Fano lineshape and measured the correspond-
ing wavelength-dependent efficiency n(Agr), which is
plotted as green circles in Fig. 3b. This data confirms the
resonant enhancement provided by the metasurface: the
efficiency n(Arp) peaks at Arp = 1527 nm and it remains
relatively constant in the [1525nm, 1530nm] wavelength
range, while it drops by more than one order of magni-
tude for detuned wavelengths.

After this initial characterization, we experimen-
tally investigated angle- and polarization-dependence
of the TH emission, and its correlation to the pump

polarization, using a large-NA objective (40x, NA =0.95)
for the THG collection. Figure 3e shows real-space imag-
ing of the TH emission for an H-polarized pump, con-
firming that the TH emission is delocalized in real space,
and its spatial pattern follows the metasurface periodic-
ity. By imaging the back-focal-plane (BFP) of the objec-
tive onto the camera (see Methods for additional details),
we measured the polarization-resolved angle-dependent
TH emission, quantifying the intensity and polarization
of each TH diffraction order. Figure 3f shows a subset of
the measured data, reporting the TH intensity versus the
in-plane wavevector components k, and k, for the case
in which the pump is H-polarized and the H component
of the TH emission is selected. The k-space TH emis-
sion shows four main bright spots, with approximately
the same intensities, corresponding to the four diffrac-
tion orders (m,, my)=(£1, £1). This result is intuitively
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Fig. 4 k-space emission of the TH signal versus pump and TH polarization. (a) Histograms showing experimentally measured k-space TH
emission into different diffraction orders, labelled by the integers m, and m, for different combinations of pump and TH polarization. In each
plot, the pump polarization is shown on the left of the corresponding row, while the measured TH polarization component is shown at the top

of corresponding column. H=horizontal, V=vertical, L=left circularly polarized, R=right circularly polarized. The corresponding raw data are shown
in the Supplementary Information. All histograms share the same colorscale. (b) Same data as in panel (a) but obtained from numerical calculations,
and for a fixed TH polarization equal to H. (c) Numerical calculation of the H-polarized electric field of the TH signal generated by the metasurface

in the xz-plane. The emitted wavefront shows the steering of the TH signal

expected based on our analysis in Fig. 2: when using an
H-polarized pump, only the two unit-cells with p = 0° and
180° efficiently couple to the qBIC [see Fig. 2c]. Thus, a
2n rad phase shift is accumulated in the super-cell, corre-
sponding to an emission angle of about 4°, or the (£1, +1)
diffraction orders of the phase-gradient metasurface.

To demonstrate that our phase-gradient metasurface
can perform THG beam steering controlled by the chiral-
ity of the pump, we repeated the measurement in Fig. 3f
for different combinations of pump and TH polarization
components. Our results verify the theoretical predic-
tion that (i) when the pump is circularly polarized, the
TH is preferentially emitted towards either the x > 0
or x < 0 semi-spaces depending on the pump chirality,
and that (ii) the polarization of the TH remains always
horizontal (H), regardless of the pump polarization. The
raw measurement data are shown in the Supplemen-
tary Information, while Fig. 4a reports the experimental
results collected in histograms. For each measurement,

the pump polarization is reported on the left of the cor-
responding row, while the measured TH polarization
component is shown at the top of corresponding column
(‘H’=horizontal, ‘V’=vertical, ‘L'=left circularly polar-
ized, ‘R’=right circularly polarized). In each histogram,
each bin corresponds to the intensity emitted towards
a particular diffraction order (mi,m,), as denoted in
each plot axis, and it is obtained by integrating the cor-
responding intensity map within the relevant k-space
region. To aid quantitative comparison, all histograms
in Fig. 4a share the same colorscale (reported at the
bottom).

We first focus on the case in which the pump is
H-polarized, corresponding to the four histograms in the
top row of Fig. 4a. The experimentally measured histo-
grams confirm that, when the pump is H-polarized, the
k-space emission pattern is dominated by the (£1,+1)
diffraction orders, and that the TH emission features
a clear left-right spatial symmetry: the TH emission
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towards the semi-space x > 0 is perfectly mirrored by
the TH emission towards the semi-space x < 0. This is
expected because, as explained above, for H-polarized
pump only two unit-cells couple efficiently to free-space
radiation, and no geometric phase is accumulated. Thus,
under H-polarized pump there is no preferential direc-
tion of TH emission. Moreover, the top-right plot in
Fig. 4a (H-polarized pump, V-polarized TH signal) shows
that the vertically polarized component of any TH dif-
fraction order with m, # 0 is zero. Thus, as expected in
our theoretical model, the TH emission associated with
these orders is H-polarized for any pump polarization,
inheriting the primary polarization of the gBIC near field
(as shown in Fig. 2b and 2d), which is independent of the
polarization used to excite it.

Next, we focus on the case in which the pump polari-
zation is modified from linear to circular (shown in the
middle and bottom rows of Fig. 4a). The measurements
show that symmetry breaking occurs in the k-space emis-
sion pattern. In particular, for the L-polarized pump
(middle row of Fig. 4a), the intensity of all diffraction
orders with 71, < 0 becomes much higher than the inten-
sity of all diffraction orders with m,, > 0. In fact, the latter
completely disappear from the k-space pattern. Moreo-
ver, for any TH polarization except the vertical one, the
diffraction orders (—3,+£1) are much brighter, and their
intensity is comparable to the one of the diffraction
orders (—1,+1). When the pump chirality is switched
from left (middle row of Fig. 4a) to right (bottom row of
Fig. 4a) the opposite effect is observed.

To summarize, the experimental measurements in
Fig. 4a confirm that the TH emission direction is effi-
ciently controlled by the pump chirality. This is expected
from our model and Egs.1, 2, since inverting the chirality
of the pump changes the sign of the nonlinear geometric
phase. In Fig. 4b, we show numerical calculations of the
angle-resolved TH emission for different pump polari-
zations and for a fixed H polarization of the TH emis-
sion. We observe an excellent agreement between these
calculations and the corresponding experimental data
(left-most column of Fig. 4a), albeit with slightly differ-
ent ratios between the intensities of the different diffrac-
tion orders, which can be attributed to small fabrication
and experimental nonidealities. In Fig. 4c we show the
calculated H-polarized electric field component of the
TH generated by a L-polarized pump, in the xz-plane
of the metasurface, confirming the expected steering of
TH emission. Furthermore, the measurements in Fig. 4a
confirm that the (£3,41) diffraction orders of the TH
emission are always H-polarized, for any pump polariza-
tion (i.e., for any row in Fig. 4a). This demonstrates that
the TH polarization is independent of the pump polari-
zation, and that the TH emission does not carry any

Page 8 of 12

preferential chirality, even when the pump is circularly
polarized. This is due to the combination of the domi-
nant x-axis component of the electric field of the qBIC
(see Fig. 2b) and the isotropic nature of the )((3) tensor
of a-Si. To quantitatively confirm the polarization prop-
erties of the TH emission, we used the data in Fig. 4a to
calculate the polarization content and the degree of lin-
ear polarization of the diffraction orders with the highest
intensity for all possible pump polarizations. We found
that, for all these orders, the H-polarized component of
the TH is above 92% of the total intensity, and that the
degree of linear polarization is above 96%. We also note
that the experimental measurements in Fig. 4a feature
some asymmetry between the intensities of the domi-
nant diffraction orders for the cases in which the pump
is L-Polarized (Fig. 4a, mid row) or R-Polarized (Fig. 4a,
bottom row). Such asymmetries, not expected from sim-
ulations (Fig. 4b), are attributed to imperfections in the
fabrication process which might result in small random
fluctuations and/or systematic drifts in the lengths and
widths of the 32 rods which form each super unit cell.
Indeed, since the intensity emitted into each diffraction
order is due to a coherent sum of the TH generated from
each point of the super unit cell, it is expected that small
fluctuations of the rod geometry might lead to non-negli-
gible asymmetries of the diffracted intensity.

Importantly, the BFP measurements shown in Fig. 4
also allow us to provide a better estimation of the TH
efficiency measured in Fig. 3b-c. In the measurements
in Fig. 3b-c, because of the low (NA=0.25) of the col-
lection lens used, only the diffraction orders (0,0) and
(£1,0) contributed to the measured THG power. How-
ever, the measurements in Fig. 4 reveal that about
93% of the TH is actually emitted in the (£1,41) and
(%3, £1) diffraction orders. Taking this into account to
correct the values reported in in Fig. 3b-c, we estimate
a maximum THG efficiency (for average powers) of
n~33-10"°W 2. In terms of peak powers, the effi-
ciency is 7 &~ 8.5 - 10713 W =2, which is almost two orders
of magnitudes larger than previously reported nonlin-
ear gradient metasurfaces [32, 34], and several orders of
magnitude larger than what obtained with different types
of local metasurfaces (See Section S4 in the Supplemen-
tal Information for a detailed comparison between our
work and previous ones). The total power conversion effi-
ciency is estimated PrHg/Prr ~ 2.3 - 10~% at App = 1527
nm and Prr = 0.25W. This enhancement of conversion
efficiency stems from the use of qBIC at the pump rather
than localized Mie-type resonances.

Finally, we systematically investigated how the inten-
sity of each diffraction order of TH emission depends
on the pump ellipticity (Fig. 5). To this end, we fixed the
TH detection polarization to H, and we recorded the
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Fig. 5 Intensity of different diffraction orders versus ellipticity of pump polarization. The pump was polarized with a linear polarizer set

to horizontal followed by a quarter-wave plate with variable angle 6gyp of the fast axis. The values 8o = 0°,90°, 180° correspond to horizontally
polarized pump, while 6gpp = 45°and Boyp = 135° correspond to circularly polarized pump with left and right chirality, respectively. (a) Each
diffraction order shown in panels (b)-(e) is color-coded according to the colored circles shown in this panel. (b) Intensity of the diffraction orders
(0,0), (1,1),(2,0), (3,1) versus Bgue. (c) Intensity of the diffraction orders (£1,1) versus Bgpe. (d) Intensity of the diffraction orders (£2,0) versus 6oyyp.
(e) Intensity of the diffraction orders (£3,1) versus 8gpp. The vertical dashed lines in panels (b)—(e) correspond to the cases in which the pump

has a circular polarization

k-space TH emission while continuously varying the
ellipticity of the pump polarization by rotating a quarter
wave plate placed in the pump path (after a linear polar-
izer). In Fig. 5b-e, Ogwp denotes the position of the fast
axis of the quarter wave plate, defined such that the val-
ues Ogowp = 0°,90°,180° correspond to an H-polarized
pump, while Ogwp = 45° and Oqwp = 135° correspond
to L and R-polarized pump, respectively. In Fig. 5b—e,
we show the measured intensity of different diffraction
orders as a function of 6gwp. The different lines corre-
spond to different diffraction orders, and they are color-
coded as described in Fig. 5a. Since all k-space patterns
are symmetric along y, here we focus only on diffraction
orders with m, > 0. To aid comparison, all experimental
curves in Fig. 5(b-e) have been normalized to the high-
est global intensity. Figure 5b shows the intensity of four
diffraction orders with (m, > 0,m, > 0). The intensity
of all these diffraction orders features a strong depend-
ence on the pump ellipticity, and the intensity of each
order can be reduced to almost zero for selected values
of Ogwp. In Fig. 5(c-e) we compare the intensities of three
pairs of diffraction orders (i, m,), corresponding to
specular emission directions with respect to the x-axis.
Figure 5c-e confirm that, apart from small deviations
due to experimental imperfections mentioned above, the
intensity curve of each diffraction order (w1, m,) matches
the one of the corresponding opposite order (—my, m1y)
when the mirror transformation Ogwp — 90° — Oqwp is
applied. Moreover, for all pairs of diffraction orders it is
possible to find values of Oqwp for which one diffraction
order completely dominates over its specular partner.

This strong pump-polarization-induced directionality
is particularly evident for the diffraction orders (3, 1),
shown in Fig. 5e, which were indeed the targeted diffrac-
tion orders of the designed metasurface. The intensity
of the (—3,1) diffraction order (dashed green line) peaks
at Ogwp = 50° (corresponding to an almost L-polarized
pump), while it remains very low for 6gwp > 100°. On
the contrary, the intensity of the (4-3,1) diffraction order
(solid green line) peaks at 6qwp = 125° (almost R-polar-
ized pump), while it remains very low for 6gwp < 90°.
The measured extinction ratios of the diffraction order
intensities is I(—3,1)/I3,1) & 155 at fqwp = 50° and
1(3,1)/1(,3,1) ~ 164 at HQWP = 125°

3 Discussions

In this work, we demonstrated diffractive nonlinear non-
local metasurfaces for simultaneous efficiency enhance-
ment through lattice resonances and subwavelength
spatial control over the wavefront of third-harmonic
generation. We designed a-Si metasurfaces supporting a
highly delocalized resonance at approximately 1530 nm
and a Q-factor of ~180. To showcase the capabilities of
our approach to manipulate the wavefront of the emit-
ted light at the TH, we developed a steering metasurface
which, based on a Pancharatnam-Berry phase, generates
structured light with resonant light-matter enhance-
ment. From the measurements, we estimate a peak
efficiency of n ~ 8.5-10713W =2, which is almost two
orders of magnitudes larger than previously reported
nonlinear gradient metasurfaces [32, 34]. While in the
device demonstrated here the THG efficiency is only
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boosted within a narrow spectral range, our approach
does not inherently rely on utilizing a narrow resonant
mode, and it can be readily extended to different struc-
tures supporting broader resonances and/or stronger
nonlinearities. In contrast to previous efforts on nonlin-
ear Pancharatnam-Berry phase, in which the generated
harmonic light is circularly polarized, here we demon-
strate a nonlinear process imparting a geometric phase
onto a linearly polarized harmonic component, associ-
ated with the gBIC features. This feature demonstrates
a novel mechanism for nonlinear metasurfaces, which
exploits both the advantages of nonlocal metasurfaces
and local patterning of the generated wavefront, enhanc-
ing the efficiency of nonlinear processes while providing
subwavelength control over the properties of the gener-
ated light. These results extend the applicability of spa-
tially varying nonlocal metasurfaces to nonlinear optics,
enabling a powerful extension of the physics of nonlin-
ear geometric phase beyond circular polarization. This
platform establishes a new pathway towards the devel-
opment of nonlinear nanoscale devices with complete
nanoscale control over the optical properties of the gen-
erated light, applicable in both classical and quantum
domains, without the requirement of phase matching.
Moreover, our approach is agnostic to the specific mate-
rial as it relies only on geometrical features, and the same
concepts and designs could be applied to metasurfaces
made of materials different than silicon such as GaAs [17,
42, 43], and intersubband transitions in multi-quantum-
well semiconductor heterostructures [44] where different
symmetries of the second or third-order nonlinear per-
mittivity tensor will result in different phase and polari-
zation features.

4 Methods

4.1 Numerical calculations

Fully vectorial numerical calculations are performed in
the frequency-domain with the finite element method

Polarization
Generator

Sample

BFP

HWP  LP, QWP, Ley
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implemented in COMSOL. The eigenmodes of the struc-
ture are calculated with the eigenmode solver. Open
boundaries conditions are implemented with perfectly
matched layers, while periodic boundaries with Floquet
conditions are used for planes perpendicular to the meta-
surface. The transmittance spectra are obtained using
periodic ports. The dispersion of the materials is intro-
duced in the numerical calculations. The third harmonic
signal is calculated using a two-step procedure. First the
electric field at the pump frequency is numerically calcu-
lated. Second, the optical response of the metasurface at
the third-harmonic frequency is calculated by setting a
nonlinear polarization generated by the electric field dis-
tribution at the pump frequency.

4.2 Fabrication

The samples were fabricated with a standard top-down
lithographic approach, starting with commercially avail-
able quartz substrates. The substrates were cleaned via an
acetone bath inside an ultrasonic cleaner, followed by an
oxygen-based cleaning plasma (PVA Tepla IoN 40). After
cleaning, amorphous silicon (a-Si) was deposited on the
substrates via a plasma-enhanced chemical vapor depo-
sition (PECVD) process. A layer of E-beam resist (ZEP
520-A) was then spin-coated on top of the samples. To
avoid any charging effect during electron-beam lithog-
raphy, a thin layer of an anti-charging polymer (Dis-
Charge, DisChem) was additionally spun on the sample.
The desired pattern was then written with an electron
beam tool (Elionix 50 keV). The anti-charging layer was
removed with water, and the exposed ZEP was developed
with n-amyl acetate followed by a rinse in isopropanol.
The pattern was then transferred to the underlying sili-
con layer via dry etching in an ICP machine (Oxford Plas-
maPro System 100). The resist mask was finally removed
with a solvent (Remover PQ).

NIR
Spectrometer

Polarization
Analyzer
Lt

40x, NA =0.95 2f7 : FM1 o
| Visible
. 4‘f T+ f F ¥ Spectromete
Fundamental Third
Frequency Harmonic FM3

Fig. 6 Setup used to measure polarization-dependent k-space emission patterns. See text for details
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4.3 Experimental setups

All data in Figs. 3—5 (except for the transmission spec-
trum in Fig. 3b) were acquired with the setup shown
in Fig. 6 (see also ref. [45]) The pump signal at the FF
was created by an optical parametric oscillator (APE,
Levante IR ps), which generates a tunable pulsed laser
(pulse duration t=2 ps, repetition rate f=80 MHz).
The power and polarization of the pump laser were
controlled by a half-wave plate (HWP), a linear polar-
izer (LP;) and a quarter-wave plate (QWP;) cascaded
in sequence. The laser was then focused on the sam-
ple (from the quartz side) with a long-focal-length lens
(Lexe focal length=20 cm). The excitation spot had a
diameter of approximately 140pum. In all measurements,
the pump was always impinging on the sample at nor-
mal incidence. The signal propagating on the other side
of the sample (containing both the pump and the TH
emission) was collected by a high-NA objective (Nikon,
40x, NA=0.95). A 1:1 telescope (formed by two lenses
with focal length fr = 5 cm) and a 400-um-diameter
pinhole were used as a spatial filter to ensure that only
the signal coming from a circular area of diameter =~
75 um on the sample was collected. After the telescope,
the desired polarization of the TH signal was extracted
with a polarization analyzer formed by a quarter-wave
plate (QWP,) and a linear polarizer (LP,). A Fourier
lens (L, focal length ff = 20 cm) was mounted on a flip
stage, allowing either the real space or the back focal
plane of the objective to be imaged. Finally, a tube lens
(Lrype) focused the light on a silicon CCD camera. The
pump signal was filtered out with the aid of two short-
pass filters (SPFs). Two mirrors, placed on flip stages
(FM1 and FM2), allowed redirecting the output signal
either to a NIR spectrometer (for spectral characteriza-
tion of the pump) or to a visible spectrometer (for spec-
tral characterization of the TH signal).

The efficiency measurements shown in Figs. 3(b-c)
were performed with a modified version of the setup
shown in Fig. 6. A beam sampler and a reference photodi-
ode (connected to a lock-in amplifier) were added in the
excitation path, in order to accurately monitor the pump
power level in real time. The pump polarization was fixed
to horizontal. In the collection path, the objective was
replaced by a lens (focal length 5 cm, NA=0.25). The
spatial filter and the Fourier lens were removed, and the
polarization analyzer was set to horizontal. After passing
through the SPFs filters, the THG signal was measured
with a Si photodiode (Thorlabs, DET100A2), connected
to another lock-in amplifier. Both photodiodes were cali-
brated with the aid of thermal powermeters. For the cali-
bration of the silicon photodiode, a strong TH signal was
generated by sending the pump laser into a commercially
available frequency converter (APE, HarmoniXX SHG/
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THG). Then, for any given pump wavelength, the pump
power was varied continuously by rotating the HWP,
and the signal measured by the two photodiodes was
acquired.

The transmission spectrum (blue line in Fig. 3b) was
measured with a different setup (described also in ref.
25), where the excitation was provided by a broadband
light and the signal was collected by a low-NA lens and
sent directly to the NIR spectrometer.
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