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S$1. Experimental Setup

Figure S1 Schematic of the experimental setups. a) Linear and nonlinear characterization of the electro-
optic (EO) modulation. Acronyms: CW= continuous wave, MMF = multimode fiber, PMF = polarization-
maintaining fiber, BS = beam splitter, BFP = back-focal plane, DMLP = long pass dichroic mirror, UHF =
ultra-high frequency. b) Optoelectronic characterization by means of a vector-network analyzer (VNA).
Acronyms: RF = radiofrequency, SMF = single-mode fiber, EDFA = erbium-doped fiber amplifier.



S2. Numerical simulations with COMSOL

The metasurfaces linear spectra, the refractive index change induced by Pockels effect and the second-
harmonic generation (SHG) presented in this article have all been simulated by Finite-Element Method
(FEM) using COMSOL Multiphysics® 6.2. The translational invariance along z allows us to implement a
2D unit cell (see Figure 2b and Figure S4, S5 of the Supplementary Information), reducing the
computational workload. We set a periodicity p =800 nm for the supercell, which includes two
asymmetric nanowires (150 nm high on top of 450 nm LiNbO; film). The LiNbO; ordinary and
extraordinary index dispersion are described via Sellmeier equation [1]. We take into account the tilted
sidewalls resulting from fabrication with an angle of 6 =65°. The LiNnO3 grating is placed on top of a
SiO; layer (hsus = 2 um, n2 = 1.45) and Si (semi-infinite, n; = 3.69 at 775 nm [2] and n; = 3.48 at 1550 nm
[3]). Floguet periodic boundary conditions are defined at the unit cell lateral boundaries to mimic an
infinitely extended periodic structure. The upper semi-infinite space is made by air (n1=1). We
implement a three-steps simulation:

1. The change in the refractive index is calculated within a static field interface, available in the
AC/DC module. For this step we define a 3D unit cell (see Figure S3) to calculate the static
electric field Eeo subtended by in-plane electrodes spaced by 14 um. The static voltage V; is
applied to a 300 nm - height Electric Potential port (the one on the other side of the electrodes
is set to ground). Thanks to the uniformity of Ego in the LiNbO; film (see Figure S3), only the
solution for the z component Ego, is used to calculate the modifications of the refractive index
induced by the Pockels effect [4]:
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with ri3=10.3 pm/V and rs33 = 34.1 pm/V [5] for A = 1.32 um, assumed to be the same at 1550 nm
[6], and ri3=11 pm/V and r3; = 36.7 pm/V for A in the visible range [5].

2. The linear reflectance is calculated with a scattered-field formulation of the frequency domain
interface of the wave optics module. We exploit the invariance along z and model the 2D unit
cell as described above. The top port shown in Figure S4 of the models a plane-wave excitation,
impinging at normal incidence and polarized along the z axis for TE simulations (i.e., orthogonal
to the simulation plane). Top and bottom ports work also to absorb the reflected and transmitted
light, thus mimicking infinite Si and air layers in the —x and +x directions, respectively. The
Pockels effect is included by performing a static field simulation (step 1) and extracting the
averaged field Ego in the LiNbOj; layer. The electric field is indeed homogeneous in any xy cross
section with almost no variation along z far away from the electrodes (see Figure S3b,c).
Therefore, we know the LiNbO; refractive index change for any given input voltages V, with
Equation 1.

3. SHG is calculated in a full-field, frequency domain formulation at twice the fundamental
frequency. Under the hypothesis of undepleted pump, we use the solution of the optical electric
field obtained from step 2 as fundamental field E;(w) for the computation of the nonlinear

current density J(2w) = —2iwP® (2w). The nonlinear polarization P®)(2w) takes the form:
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which simplifies into P,(2w) = 2€,d33E,(w)?. To calculate the power radiated in the upper
space we compute the Poynting vector flux f II - dl, through the top-port boundary, where M is
the time-averaged Poynting vector and dl the outgoing vector normal to the top port (see Figure
S4). Perfectly matched layers have also been added after the linear ports for the SH computation
to prevent any back reflection into the simulation volume. The Pockels effect has been
considered in both steps of the second-harmonic computation by modifying the refractive index
of the LiNbO; according to Sellmeier equations. In the case of the SH simulations, we took the
values of the electro-optic coefficients measured at 632.8 nm [5]. As for the fundamental step,
we used the average value of the static field in LiINbO; to compute the change of the refractive
index. Also, the second order nonlinear coefficients d; are unknown at 1.5 um. We thus used
values measured for the fundamental wavelength at 1.313pum (ds1=-4.3pm/V,
dss =—-27 pm/V)[7], while d2, = 2.1 pm/V [8].

Material properties

Lithium niobate (LiINbO;) is a birefringent material where the dispersion of the principal extraordinary
refractive index n.and the principal ordinary refractive index n, is described via the Sellmeier equations
given in Equation 1 and 2. The Sellmeier coefficients are taken from [1]. The extraordinary index is
associated with the z axis in the COMSOL implementation.
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Figure S2 Extraordinary and ordinary refractive indices (n. and n, respectively) as a function of the
wavelength. The analytical expressions of ne and no are given by Equation 1 and 2.
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where Ais given in pm. The dispersion of n. and n, as a function of the wavelength is plotted in Figure S2.



For silicon, we use the refractive index from [3] for the linear case, and a constant value from [2] for the
nonlinear simulations (ns; (A = 775 nm) = 3.69).

For silicon-oxide (SiO) we used the refractive index nsio = 1.45 from [9] for both linear and nonlinear

simulations

The dielectric constants values used for the numerical computation of the static field are listed below:

e LiNbO;: the unclamped values have been used, €7, =84.2, €1, =29.2[10],
e Site=11.7[11],
o Si0:€=3.7[12]

The nonlinear coefficients used in the linear and nonlinear simulations are summarized in Table 1.

A=1500nm A=775nm
riz (pm/V) 10.3 (A = 1320 nm) [5] 11 (A =632.8 nm) [5]
rss(pm/V) | 34.1 (A =1320nm)[5] 36.7 (A =1320 nm) [5]
diz (pm/V) - -4.3 (Arw = 1320 nm) [7]
d2 (pm/V) - 2.1 (Arw = 1152 nm) [8]
dss (pm/V) - =27 (Arw = 1320 nm) [7]

Table S1 Summary of the nonlinear coefficients used in the numerical simulations (for Pockels effect
and SHG), with the wavelength at which they have been measured in literature. In the case of the SHG,
the wavelength corresponds to the fundamental one



Simulation geometry
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Figure S3 COMSOL cell for the calculation of the static electric field distribution. a) Geometry of the
simulated unit cell. The voltage V; is applied at one electrode, while the other one is grounded (GND).
Periodic conditions are applied to the surfaces perpendicular to the z-axis. b) Norm of the amplitude of
the static field component E,, plotted for a specific xy transverse section (highlighted in blue in a), atz=
2.5 um, for V, =9V, showing a homogeneous field distribution inside the Lithium Niobate (LiNbO3)
structure. ¢) Normalized amplitude of the component E, of the static electric field in a xz transverse
section (dimensions are not on same scale), plotted in the center of the left bar, at y=-p/4. The
arrowfield shows the electric field direction, being mostly along z in the LiNbO;
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Figure S4 2D COMSOL cell for the calculation of the optical field distribution and reflectance and
transmittance (dimensions along the x and y axes are not on the same scale). PML indicates a perfectly
matched boundary condition. The fundamental field E impinges at normal incidence (k wavevector
parallel to the x axis) from the top input port (blue boundary on the top) and polarized along z for TE
simulations. For the second harmonic simulations, a perfectly matched layer is added, and the Poynting
vector flux [ IT- dl, where IT is the time-averaged Poynting vector and dl the outgoing vector normal to
the top port (red boundary), is evaluated.



S3. Linear and electro-optic characterization of the different designs
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Figure S5 Measured reflected power and electro-optic response depending on geometry and
polarization. Within each macro-design (identified by the fill factor FF), the size of D, and D, is
changed by an amount d (see sample transverse section on the top). a),c),e) and g) report the
modulation efficiency n = P,(f = f,)/P,(f = 0); b),d),f) and h) report the corresponding
reflectance spectra. The data in the top (bottom) four panels are collected with TE (TM) pump
polarization. The sample is gated by a sinusoidal drive with peak-to-peak amplitude V,, =10V

and frequency fimos = 100 kHz.
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S4 Second-harmonic spectrum
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Figure S6 SHG emission spectrum from the sample with FF=0.3 and a=0.19, excited at the
fundamental wavelength A = 1553.99 nm with a CW optical intensity of 13 kW/cm?. The spectrum FWHM

is limited by the spectrometer resolution (2 nm).



S5 Second-harmonic simulations
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Figure S7 Simulated second-harmonic excitation spectrum. In blue, simulated second-harmonic

power irradiated by the metasurface with FF=0.3 and a =0.19 in the upper part of space. Each point is

obtained by integrating the SHG Poynting vector over the upper boundary of the simulation cell. The
€,

orange data are obtained by integrating the electromagnetic energy density ug,, = :" [n2|E?| + n2|E2]],

over the LN volume where n,. are the ordinary and extraordinary refractive indices. The dashed line is
the calculated reflectance spectrum.
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Figure S8 Simulated second-harmonic modulation amplitude. In blue, second-harmonic excitation
spectra calculated for the geometry FF=0.3 and a =0.19, Vpoc =+ 9 V. The orange data indicate the SHG
modulation efficiency, calculated from the blue curves with the same definition of the article

(Psug(9V) = Psp(0V)) / Psyg(0 V).



S6. SHG from the sample with FF=0.5, a=0.2 and from unpatterned LN
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Figure S9 a) Spectrum of the reflected signal from the sample with FF=0.5 and o =0.19. b) Second-
harmonic power as a function of the fundamental wavelength. The fundamental optical intensity on the
sample is estimated to be 12 kW/cm?. c—f) SHG power variation by exciting with four wavelengths
(indicated by vertical, dashed lines in panels a,b) depending on the applied DC voltage Vpc. g) SHG
power detected from the unpatterned LN on the same sample stack (h’'n =450 nm) in the two pump
wavelength ranges of the samples investigated in the main (see Figure 4) and in the Supplementary
Information.
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