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1. Isolated resonators and array properties

In order to ensure that the optimized meta-atoms are optically uncoupled, we first computed the emission properties
from isolated resonators. The electric near fields were computed in an analogous way as reported in Section 4 of the
manuscript. Here perfectly matching conditions were imposed all around the resonator, instead of periodic boundary
conditions. In order to easily compare final results, we set the same phase for the background field. Using near-to-
far-field transformations [S1], we computed the y component of SH electric far-field along z. Its amplitude and
phase are reported on the left-most side of Figure S1. Then, we considered periodic structures with decreasing unit-
cell size A. Figure S1 highlights that isolated resonator properties are progressively lost for A < 900 nm, due to
inter-particle coupling. Thus, the choice A =900 ensures both the finest achievable phase sampling for such
geometry and a LUT whose properties stay valid for any arrangement of nanoresonators.
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Figure S1. Top: Phase of the SHG signal from isolated (a) and arrayed (b) nanoresonators with the same geometry as
sketched in the Figure 1a. Bottom: Same as (Top) for the SHG amplitude, which is normalized to its maximum in each
panel. The two plots display the y component of SHG far-field along z. In (b) the unit-cell size decreases from the left to
the right and the red dashed line shows the sub-A threshold at SH.

2. Lookup table calculation

The numerical calculations described in Section 4 of the manuscript allow to predict the SH far-field
properties from each meta-atom. To design a metasurface for phase encoding, we extracted the amplitude and phase
of SH emission into the 0" diffracted order. According to section S2, A was chosen just above the sub-wavelength
threshold at SH. To make sure that most of the emitted power is funneled into the Oth-diffracted order and the
presence of 1% diffraction order can be considered as a perturbative contribution, the LUTs of Figure 3a were
complemented by the calculation of the main SHG lobe direction, see Figure S2, We considered in this case the
weighted emission direction from the normal expressed as Oy = Y1|4;|%6;/X|4;|? , where A; is the amplitude of the
electric field radiated at angle 6;.
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Figure S2. Average radiation angle of SH y-polarized component vs. the meta-atom geometry.
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The response of the metasurface can be rewritten as the product between the emission from the meta-atom
and the array factor [S2]. When the emission from the meta-atom is highly directional and close to the normal, most
of the power at SH funnels into the 0™ diffracted order, see Figure S3.
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Figure S3. SHG from a meta-atom modulated by the array factor. Blue dots: radiation pattern at SH in forward direction
from one of the meta atoms used for the beam steering device. Red line: array-factor of a grating with periodicity

A =900 nm and total size 70 pm X 70 um. Yellow area: product between the two, showing a main lobe at the 0"
diffracted order and two smaller lobes at large angles.

The algorithm to identify the elementary building blocks for wavefront shaping roots on two simultaneous
optimizations: 1) The resonators generate a second harmonic with the same maximized amplitude at normal
direction and phases scanning uniformly the [0,27] range, 2) the emission pattern from the meta-atom exhibits a
maximum close to the normal. We therefore iteratively defined an amplitude mask to filter out just the resonators
emitting SH with amplitude in the range [A; — €, A; + €], with A; the target amplitude for i" iteration and € a
tolerance factor. We furtherly selected from this set just the resonators with a radiation lobe at 6 < 0y;4,, With B4
the maximum accepted deviation from the normal. We defined at this stage an error function e between the phase
profile to implement ¢ and the real phase profile ¢ obtained with the subset of selected resonators:

e = [pr® - gD

Finally, we minimized e and maximized the amplitude A;. For a sawtooth phase profile with N = 8 elements

between [0,27], @7 (i) = 2m(i — 1/2)/N and the optimized value for the amplitude filter was 63% of maximum
amplitude. The filtered lookup table of Figure 2 is reported in Figure S4.
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Figure S4. Lookup tables after filtering process. The selected geometries exhibit the same emission amplitude, a main
radiation lobe close to the normal and a phase in the whole range [0, 2m].
The SH far-field patterns for the 8 structures of Figure 4 in the main text are reported in Figure S5.
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Figure S5. SH radiation pattern in the xz plane for the 8 chosen structures for beam steering in Figure 4. The y-polarized
electric field is considered.

2.1 Lookup table validity

The LUT predictions were verified by the beam-steering metasurface of Figure 4. The near fields of the 8 isolated
meta-atoms, as predicted from LUT calculation, were compared with the fully numerical model of a super-cell
including the same 8 resonators, by imposing periodic conditions at the edges of the super-cell. Results for the
main field components at FF and SH are reported in Figure S6.
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Figure S6. Comparison between LUT predictions (left) and supercell (right) for the steering device in Figure 4 in the xz
plane. Top: total electric-field x component at FF (an intensity I, = 1GW/cm? was considered in the calculations).
Bottom: electric-field y component at SH.

The former takes into account the interaction of neighboring resonators with different geometries, and it is the same
configuration used to compute the numerical predictions in Figure 4. The comparison between the two shows just
minor differences. Finally, the reconstruction of a continuous wavefront in the near-field was examined considering
a larger volume along z. Figure S7 confirms that a tilted continuous wavefront with 65 ~ 6.2° from the normal is
retrieved, at a distance of about 134gy from the metasurface.
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Figure S7. Electric near-field y component in a supercell made of 8 resonators and designed to steer the SHG beam by
6.2°. The plot reports the same simulation results as in bottom right of Figure S6, but in a larger supercell along z, so as
to show the reconstruction of a continuous wavefront.

3. Sample fabrication
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Figure S8. (a) Nanochairs-on-sapphire fabrication, with steps 5-7 being complemented by SEM images. (b) SEM views
of nonlinear meta-grating (left) and meta-lens (right).
Figure S8 depicts the main technological steps to realize the nanochair structures which we detail in the
following:



1. Fabrication started from a molecular beam epitaxy growth of 500-nm-thick AlysGaj,As sacrificial layer on a
(100) GaAs substrate, followed by 400-nm-thick Aly3Gagg,As layer which constituted the future body of the
nanochairs.

2. The epitaxial growth was then glued on a sapphire host substrate with a flip-chip process.

3. GaAs substrate and the sacrificial layer were thus removed by mechanical and selective chemical etching. In
particular, the presence of this latter layer allowed to leave only the 400-nm-thick Alj3Gagg,As as a mirror-
flat surface. Man2403 negative resist was spin coated on the sample, assisted by Ti-Prime adhesion promoter.
On top of this, a conductive polymer (Electra92) was spun to avoid electron charging during lithography.

4. The first half of the chair structure, as well as alignment marks for every metasurface, were patterned by e-
beam lithography with an accelerating voltage of 20 KV and exposure dose of 120 uC/cm?.

5. A first ICP-RIE dry etching with SiCly transferred the first half of cylinder pattern to the AlGaAs layer. In
particular, in situ interferometry enabled to accurately control the etching depth, ensuring to stop after 200 nm
of Aly 13Gag grAs were removed. An SEM image after this step is reported in the inset of Figure S8.

6. We performed a second e-beam lithography, aligned with the previously designed marks, to pattern the second
half of the nanochairs. The same settings and the same resist were used. An SEM image showing the alignment
precision is reported in the inset of Figure S8.

7. The fabrication was completed with a second ICP etching, with the same characteristics as the former one, and
plasma oxygen to remove Man resist.

4. SHG experimental characterization

4.1 Experimental setup

The nonlinear optical characterization was performed with a home built horizontal microscope, see Figure
S9. The pulsed light source, detailed in Section 4, was focused by a plano-convex lens with focal distance 400 mm
on the back-focal plane of a 10X microscope objective with NA = 0.2. In this configuration a collimated beam could
be ensured on the object plane [S3]. The excitation power was measured by an InGaAs photodiode (Newport 818-
IG) before the objective, and the input polarization was set by an achromatic half-wave plate (Thorlabs AHWP10M-
1600) and optimized with a wire-grid polarizer (Thorlabs WP25M-UB) placed on the object plane. A short-pass
dichroic mirror (Thorlabs DMSP950) was used along the excitation line to collect the SH emitted in backward
direction. The SH signal emitted in forward direction was collected by a 100X objective with NA = 0.8 (Olympus
LMPLFLN 100X) placed on an automized stage to scan along the z direction and acquire images at different object
planes. For back focal plane imaging a Bertrand lens with focal distance 200 mm was placed along the collection
path.
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Figure S9. Experimental setup used for the characterization of nonlinear metasurfaces: pump beam (red), plano-convex
lens (FL). InGaAs power meter (PD), half-wave plate (HW), Bertrand lenses (BL), dichroic mirror (DMSP). Pump power
is controlled by an automatized half waveplate (HW) combined with a Glan-Taylor polarizer (GT). Short pass filter (SP,
Thorlabs FESH850) were placed along detection path to remove pump beam. Collected signals were characterized either
with a CCD camera, a fiber-coupled spectrometer, or a Si power meter (PD, Newport 818-SL).



The size of the collimated beam on the object plane was characterized by knife edge measurement. The
experience was repeated at different positions between the two objectives and the collected signal was fitted
assuming a gaussian beam profile. The extracted waist sizes at different positions are reported in Figure S10.

150
gloo"',....
8
2 50
=

0

12000 0 2000 4000

Position [um]
Figure S10 Knife-edge measurements at different positions between the two objectives. z=0 refers to the focal plane of

10X objective. The reported waists are extracted from the measured power during knife-edge characterization fitted by an
erf function.

4.2 SH characterization

SH emission was characterized spectrally to verify the purity of the signal and confirm the absence of two-
photon luminescence from the substrate. A Qmini fiber coupled spectrometer (Broadcom) was used for the
measurement and the result is reported in Figure S11. The Gaussian fit is peaked at 774.6 nm with FWHM =
6.5 nm.
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Figure S11 Nonlinear emission spectrum from an array of identical resonators.

4.3 Experimental SHG efficiency

Finally, SHG was experimentally tested by extracting the relation between SH and FF power. Figure S12
reports the Py /Py ratio for a constant phase profile (Figure 4c top), the beam steerer (Figure 4c bottom) and meta-
lens (Figure 5). The three results consistently show that SHG efficiency is independent of the specific phase profile.
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Figure S12. Measured SH vs. FF time-averaged power for three phase profiles, from left to right: a uniform meta-
surface, a meta-grating, and a meta-lens. Full circles and empty squares refer to increasing or decreasing FF power,
respectively, proving that the sample does not undergo irreversible processes when illuminated at high power.



The average interpolation coefficient is 1.9610.04 in all cases, i.e. very close to what is expected for SHG.
The maximum recorded conversion ratio Pgy /Prr was 1.3 X 1075 for an average pump power Ppp = 7.4 mW.

We evaluated the intrinsic conversion efficiency ngye considering the power generated by a single resonator in the
metasurface P{5° = Psy/N with N the number of resonators in the metasurface normalized by the peak power
impinging on a single resonator:

PrFr mab

Pg® = Ipwpuy - (RT1p) = ——— ———
FF (aTs ) RaicTopj(Tp RR) TW§

where Iy 1s the spatially-averaged intensity impinging on the metasurface, a and b are the resonator
semiaxes, Ppp the time-averaged power measured by the power meter, while Ry; and T,,; are the dichroic
reflectivity and objective transmittivity at A = 1550 nm, respectively. Finally, 7,, and RR are the pump pulse width

and repetition rate, respectively. Under these assumptions we finally extracted a SHG efficiency ngys ~ 9.3 X
1077wt

4.4 Spectral response

The resonating behavior of nanochair meta-atoms was investigated evaluating SHG efficiency vs. pump
wavelength. The spectral response is shown in Figure S13, highlighting a resonant peak at Az = 1570 nm with
FWHM=~65 nm, revealing a Q-factor around 23, mainly determined by resonances at SH.
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Figure S13. Spectral response of SHG from a uniform metasurface of identical nanochairs. Inset: dependence as a
function of pump photon energy. The Lorentzian fit reveals a resonant peak at 0.788 eV (1574 nm) with a full-width-half-
maximum of 0.033 eV (65 nm).

The shift of 20 nm from the optimized wavelength Apz = 1550 nm is not surprising as the constant amplitude
condition mentioned in section “Lookup Table calculation” requires that all the selected meta-atoms exhibit the
same SHG intensity at design working wavelength, but it does not impose that this should correspond to the
maximum of resonance peak for all of them.

4.5 Beam steerer spectrum

Figure S14a reports the experimental behavior of the meta-grating vs. FF wavelength, i.e. a more comprehensive
study than the bottom panel of Figure 4c in the manuscript (which reports this efficiency just at the optimized
wavelength App = 1550 nm). It displays the power funneled into the 15 diffraction orders within the numerical
aperture of the 100X objective in Figure S9 in the spectral region Agr € [1450 — 1650] nm. For the optimized
wavelength A = 1550 nm, SHG is deflected into the first diffracted order at 6.2°. Figure S14b highlights the
diffraction efficiency of the first diffracted order as a function of the FF wavelength, which results to be around 47%



and remains larger than 40% in the range Agr € [1540 — 1600]. Although at larger wavelengths diffraction
efficiency increases over 70%, we do not consider this spectral region as a useful working range as SHG efficiency
drops, as shown by Figure S13.
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Figure S14. a) Spectral response of the beam steerer SH efficiency imaged in the Fourier plane vs. deflection angle 05;
b) diffraction efficiency for the 1% diffraction order as a function of the incident wavelength.

4.6 Meta-lenses characterization

The focusing behavior of the designed meta-lenses was probed by scanning the SH signal at different image planes.
As shown in Figure S9, the collection objective is mounted on a motorized stage (Thorlabs Z812B) which allows to
reconstruct the profile of the focused beam. In order to extract an accurate spatial information, the images on the
camera were calibrated through a 20 um-long reference mark fabricated on the same sample and corresponding to
300 pixels on the CCD device, see Figure S15. We therefore estimate a spatial resolution of 0.07 pum.

Figure S15. Reference mark for spatial calibration. Top: SEM image, the white scale bar equals to 10 pm. Bottom:
image acquired by CCD camera with 100X objective. The black curve represents the sum of pixels along vertical
direction.

We acquired an image every micrometer, and at each position z on the optical axis we implemented a numerical
knife-edge measurement extracting the waist w(z). The fit result assuming a Gaussian beam profile is reported in
Figure S16a at two different positions. In this way the beam waist profile w(z) was extracted and fitted with the
hyperbolic relation:

z— 20)2

w(z) = w, 1+( P

Where w, denotes the beam waist at focal point z, and zz = Tw? /A the Rayleigh range. At z = z, the acquired
image exhibits the characteristic Airy pattern of diffraction limited spots with an intensity profile of the type:
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with NA the numerical aperture of the designed lens. The first minimum of Airy function is at x = 1.2241/2NA. In
order to extract an expected value for the focused spot size we approximated the Airy pattern with a Gaussian
distribution I(x) = I,’ exp(—x2/20gys). One finds that the root mean square spot size corresponds to Opys ~
0.211/NA or equivalently wy ~ 0.424/NA. In turn for the two designed lenses with NA=0.2 and 0.5, the expected
beam waists at focal distance are wy = 1.63 pm and 0.66 pm, respectively. The experimentally fitted values are
1.75 um and 0.65 pum, in agreement with those expectation considering the spatial resolution of the experimental

optical system. A 3D reconstruction of the SH focusing beam is reported in Figure S16b-c.
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Figure S16. Meta-lens characterization. (a)Top: numerical knife-edge measurement at two distances z = 40 pm and

140 pm from the metasurface along optical axis. The power is integrated along x direction (blue dots) and fitted with a
Gaussian (green solid line) to extract the waist size. Bottom: beam waist reconstruction. (b-c) SH focused beam

reconstruction in the 3 planes xy, xz and yz for the meta-lenses with NA=0.2 (b) and 0.5 (c).

Furthermore, in order to evaluate the diffraction efficiency of the two meta-lenses we computed the ratio between
SHG at focal point z = f and at metalens plane z = 0. We added a spatial filtering at focal plane with the aim to

remove possible out-of-focus contributions, see Fig. S17.
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Figure S17. Experimental study of the nonlinear meta-lenses efficiency. (a) Spatial filtering along collection path to
remove out-of-focus contributions. An intermediate image plane is created with two plano-convex lenses (Thorlabs
LA4725-B-ML) and the interesting region is selected with a variable size aperture. (b-c) Total (orange) and focused
(green) SHG varying pump power for designed NA=0.2 (b) and 0.5 (c). Right axes display the ratio between the two,
determining the diffraction efficiencies of the two devices.

5. Efficiency comparison for nonlinear beam shaping

Here we report a table comparing the conversion efficiency for relevant publications on nonlinear beam shaping.
Most of them refer to y®) metasurfaces. To the best of our knowledge, Ref. [19] in main text is the sole reported
x® metasurface for phase encoding to date. The impact of our work is highlighted by the comparison of the
normalized nonlinear efficiencies. All the references in the table resort to the main text numbering.

Ref. Type NL efficiency Normalized NL efficiency Prr Irp(FWHM)
[17] Gold - y® N/A N/A 1.9 kW 9.3 MW/cm?
[18] Gold - y® Pry/Ppp = 1078 Pry/PEr = 2.5 x 10722 W2 6 MW 20 GW/cm?®
[19] Gold - y® Pgy/Ppp = 10711 Psy /P2 = 6 x 10716 W1 18SkW  0.22 MW/cm?
[22] Silicon - y® Pry/Ppp = 1076 Pry /P =9 x 10710 W2 33 kW N/A
[23] Silicon - y® Pry/Prp = 1076 Pry/Pir = 6 x 10716 W2 423 kW 0.75 GW/cm?®
[24] Silicon - y® Pry/Prp = 107° N/A N/A 33 GW/em®
This work =~ AlGaAs - y® Psy/Ppp = 1.3 x 1075 Psy /P = 2.8 x 10710 w1 47kW  0.14 GW/ cm?
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