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Celebrano2, and Anne-Laure Baudrion1

1Light, Nanomaterials, Nanotechnologies, Université de Technologie de Troyes, Troyes, France
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A Near- and far-field simulation methods

The procedure used to simulate the emission of our antenna gratings has been detailed in
a previous work.[1] Notably, only the nonlinear emission of a single array element needs
to be simulated. The overall metagrating response is then reconstructed by combining the
single antenna far-field emission pattern with the array factor. This approach relies on the
assumption that interactions between antennas, such as near-field coupling and long-distance
effects such as surface lattice resonances, are negligible.[2]
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Briefly, the near-field simulation is performed using a commercial finite elements method
package (Comsol), and divided into two steps: linear excitation and SH emission. This
approach is valid under the so-called “undepleted pump” approximation, which assumes a
negligible back-conversion of the harmonic energy into the one at the fundamental frequency,
a condition typically verified at low upconversion rates.

We simulate an antenna placed on a water-glass interface, and surrounded by perfectly
matched layers to absorb the outgoing radiation and avoid unphysical reflections. We consider
time-harmonic, plane wave excitation at a wavelength of 1550 nm, propagating along the
normal to the interface plane. The fundamental near-field distribution at the fundamental
frequency is given in fig. S1a.

This electric field distribution at the fundamental frequency is subsequently used as the
input for the second simulation step. The SH signal originates mostly from nonlinear surface
currents, with the normal component being the dominant contribution.[3–5] This source
is calculated from eq. (1), and implemented in the simulation using a custom boundary
condition. The obtained SH near-field distribution is shown in fig. S1b.
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(a) Magnitude of the simulated electric near-
field at the fundamental frequency

(b) Magnitude of the simulated electric near-
field at the harmonic frequency

Figure S1: Simulated electric field distributions

The far-field emission pattern can be calculated from the electric near-field distribution,
using a near- to far-field projection. To this purpose, we have used Retop,[6] which supports
stratified environments (in our case the water-substrate interface). The calculated far-field
emission is presented as a spherical plot and as a projection in the Fourier plane of the
substrate half-space, respectively in figs. S2a and S2b.

The projection in the Fourier plane highlights the dipole-like nature of the antenna emis-
sion, with two lobes oriented away from the optical axis, at an angle defined by the critical
angle of the interface.
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(a) Simulated antenna far-field SH emission,
spherical diagram

(b) Simulated antenna far-field SH emission,
projection onto the Fourier plane of the sub-
strate half-space

Figure S2: Simulated antenna far-field SH emission

A cut through the BFP of the antenna (in the ky plane) is shown in fig. S3, for the
different refractive indices tested in the main paper. Note the flat behavior around 0°.
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Figure S3: Evolution of the antenna emission pattern in different environments
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B Linear optical cross-section spectra

We characterize the two plasmonic modes of our nanoantenna (ie. the horizontal/fundamental
and vectical/harmonic modes), by calculating the optical cross-sections in a frequency sweep.
The proximity of the plasmon resonances with the pump/signal wavelength allows improved
absorption and re-emission.
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Figure S4: Linear cross-sections of the optimized design, for the plasmonic modes at frequen-
cies close to the harmonic and fundamental modes (dotted vertical lines: pump wavelength
and its second harmonic)

C Particle swarm optimization of antenna geometry

In order to maximize the antenna SH emission in an acqueous environment, we employ
particle swarm optimization (PSO) to tune its geometric parameters (arm width, arm length,
arm angle, see fig. S5a). Since the quantity of interest that we measure experimentally is the
nonlinear far-field emission of the particles, the PSO objective function is designed from this
metric. Moreover, the optimization also favors emission angles that fall within the numerical
aperture of the objective employed in our experimental apparatus (NA = 1.45). The cost
function C is therefore the integral of the far-field emission f(θ) in the kx axis, multiplied
by a modulating factor M(θ) whose expression is given in eq. (2), and plotted in fig. S5b:
C =

∫
θ
f(θ)M(θ).

M(θ) =

{
0 if θ ≥ 60°
3
√
sin2(2.5θ) otherwise

(2)

The optimized parameters are fairly close to their initial values (see fig. S6a), yet these
small adjustments provide a significant improvement of the overall SH emission (fig. S6b).
Specifically, the angle-integrated SH emission is increased by over 3 orders of magnitude.
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Figure S5: PSO setup

Moreover, the optimization algorithm yields an arm width of 40 nm, which is the lower bound
we set during the procedure. This suggests that the emission might be further improved by
reducing this parameter, which would however increase fabrication complexity.

Angle Arm length Arm width

Original 90° 180 nm 40 nm

Optimized 80.7° 186.2 nm 40 nm

(a) Original and optimized parameters for
the antenna geometry
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(b) Far-field emission patterns before and af-
ter optimization

Figure S6: PSO results
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D Detailed array layout schematics

Detailed schematics of the two array arrangements studied in the main text are given in
fig. S7:

(a) Periodic metagrating layout
and parameters

(b) Aperiodic metagrating layout and parameters

Figure S7: Sample layouts

E Asymmetric diffraction order broadening

To understand why the (±1; 0) diffraction orders differ in lateral size in the back focal plane
(BFP) of the variable pitch array (VPA), we simulate the XZ plane of a one-dimentional
array of point electric dipole emitters, representing a single line of the VPA. In fig. S8, the
dipoles are placed in a zone centered at the bottom of the figure, and the period between
them increases from the left to the right.

The electric field distribution is shown in fig. S8, where we see that the (−1; 0) order has
a purely divergent behavior, while the (+1; 0) order is focused in a point lying above the
water-substrate interface, shown in the figure by a dashed circle.

(0;0)

(−1;0) (+1;0)

50 µm

Figure S8: Electric field distribution for a variably spaced series of electric point dipoles

This behavior can be understood by considering that the antennas on the left side of the
array diffract at a larger angle than the ones on the right, so that their emissions intersect
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on the right side but not on the left. This phenomenon is reminiscent of the one exploited
in variable-line-space gratings to achieve focalization.

This focal point is located about 20 µm above the substrate plane, which is comparable to
the working distance of our objective (150 µm for an Olympus, PlanApo N-UIS-2). Therefore,
we explain the observed BFP asymmetry by the presence of this intermediate focal point,
which prevents the (+1; 0) diffraction order from reaching a true far-field behavior before
being collected by the optical setup.

F Diffraction order intensities for the aperiodic meta-

grating

In fig. S9 we plot the intensity diffracted into each of the lateral diffraction orders of the
aperiodic metagrating: the broadened DO (−1; 0), the 0-order, and the compressed DO
(+1; 0).
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Figure S9: Intensity diffracted into lateral diffraction orders with varying superstrate refrac-
tive index

G Experimental methods

a Microfluidic setup

The antennas are enclosed in a PDMS microfluidic cell (see fig. S10a), fabricated via soft
lithography. The employed solutions are flown at a constant rate using a syringe pusher
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(NE-1000, New Era Pump Systems), and collected into a waste beaker (fig. S10b).
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(a) Microfluidic channel design (b) Sample with mounted inlet and outlet
channels

Figure S10

b Optical setup

The optical setup employed for the nonlinear optical characterization is schematized in
fig. S11.
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Figure S11: Optical setup (DM: Dichroic mirror, SP: Short-pass filter, BP: Band-pass filter,
BL: Bertrand lens).

In the excitation path, the beam from a pulsed laser (OneFive, Origami 15-80, f = 80 Hz,
τ = 160 fs) is first expanded using a telescope in Galileo configuration, then focused on the
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BFP of the objective (Olympus, PlanApo N-UIS-2) to produce a collimated excitation at the
front pupil.

The SH signal is collected by the same objective (shared illumination/collection con-
figuration), and filtered by a dichroic mirror (Thorlabs, DMLP950) and chromatic filters
(short-pass Thorlabs, FESH1000 and FESH800, then band-pass Origami, Omega 775AF25).
The BFP of the objective is imaged by means of a 4-f lens configuration, on a square CCD
camera (Andor, iKon-M 934). Removing or inserting the Bertrand lens (BL) in the optical
path allows switching between real- and Fourier-space detection.
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