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Graded Plasmonic Metagratings for Directional Nonlinear
Optical Sensing

Augustin Verneuil, Attilio Zilli, Cyrille Vézy, Jérémie Béal, Marco Finazzi,
Michele Celebrano,* and Anne-Laure Baudrion*

Plasmon-enhanced sensing based on localized resonances conventionally
relies on the variation of the mode frequency of a nano-resonator, owing to its
dependence on the local dielectric environment. In this work, a novel
approach to optical refractometric sensing is introduced, using
second-harmonic emission from metagratings of plasmonic nanoantennas.
Leveraging the angular shift of the nonlinear emission patterns induced by
changes in the local refractive index, a directional sensing strategy
complementary to plasmonic resonance-based detection is demonstrated.
This approach is first assessed on periodic metagratings, where the effects of
the resonance spectral shift and the variation of the emission pattern are
disentangled through Fourier-space imaging. A graded aperiodic metagrating
layout is then introduced to enable the direct measurement of the angular
shift in the emission. In this configuration, a comparable performance
between angular and spectroscopic sensing is obtained, highlighting the
potential of emission directionality as an independent and synergistic
mechanism for enhanced nonlinear optical sensing.

1. Introduction

The ubiquitous demand for rapid, accurate, and selective sens-
ing solutions has been growing in recent years, with applications
ranging from industrial[1,2] and environmental monitoring,[3]

to label-free biological and healthcare detection.[4] The collec-
tive oscillation of free surface electrons, supported at metal-
lic interfaces and dubbed surface plasmon resonance (SPR),
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has been in the past decades a topic
of intense research in this direction,
spurring mature technologies such as
SPR sensing and surface-enhanced Ra-
man spectroscopy.[5,6] In this context,
nanoscale structures such as colloidal
nanoparticles[7–9] and nanoantennas have
proven effective for time-resolved, single-
particle detection.[10,11] This capability
arises from the strong field enhancements
and small modal volumes associated with
the localized SPRs (LSPRs). These proper-
ties pioneered compelling possibilities like
single-molecule detection[7,8] and monitor-
ing of individual molecular reactions.[12] In
these works, the alteration of the LSPR due
to the presence of a molecule is detected
via the spectral shift of the corresponding
plasmonic peak in scattering or extinction.
Here, we show that a complementary
approach is equally feasible, namely
monitoring the shift of the emission in
the wavevector rather than wavelength

domain. Additionally, we leverage a nonlinear optical process
in our plasmonic nanoantennas, namely second-harmonic (SH)
generation (SHG), which has emerged as a promising alterna-
tive approach to enhance the performance of plasmonic sens-
ing platforms due to its intrinsic surface sensitivity and pecu-
liar interface-specific properties.[13–18] Indeed, due to the inver-
sion symmetry featured by the lattices of most plasmonic ma-
terials, second-order nonlinearities are forbidden in the bulk of
the crystal,[19,20] and the SH behavior is then mostly governed by
the interface, where local symmetry breaking occurs. This prop-
erty turns plasmon-enhanced SHG into a very attractive tool for
applications in molecular- and bio-sensing. Namely, the binding
of an analyte is expected to perturb the nonlinear surface cur-
rent which the SHmostly originates from,[15,21,22] thusmodifying
the local susceptibility tensor and giving rise to a large variation
in signal intensity. This approach has already been successfully
applied to a broad range of biological analytes, molecules, and
proteins, using metal surfaces or small colloidal nanoparticles,
where improved or similar sensing performance was obtained
against established technologies such as SPR sensors or enzyme-
linked immunosorbent assay (ELISA). The interested reader can
refer to the review by Tran et al. for further discussion and a com-
parison between the different approaches.[13]

On the other hand, only a few studies attempted to bring
over these improvements to lithographically patterned plasmonic

Adv. Optical Mater. 2025, e01748 e01748 (1 of 8) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:anne_laure.baudrion@utt.fr
mailto:michele.celebrano@polimi.it
https://doi.org/10.1002/adom.202501748
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202501748&domain=pdf&date_stamp=2025-10-30


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. a) Top: Optimized geometry of the nanoantenna and schematic of the principle of angular shift sensing: as the refractive index n of the
superstrate increases, the lobes of the SH emission pattern in the glass substrate spread out. The gray frame at their tip is zoomed in in panel c. Bottom
left: simulated SH radiation in the far-field plotted in false colors in the Fourier plane. Bottom right: scanning electronmicrograph of a grating with period
G = 550 nm. b) The peak of the SH emission lobes occurs at the critical angle and shifts when n increases. The profiles are taken along kx in the Fourier
plane, indicated by a dashed white line in the exemplary simulated data in panel a. The diffraction angles corresponding to the nominal metagrating
periods G are indicated by dashed vertical lines. c) Top: Zoom on the tips of the simulated lobes shown in panel a. Bottom: Simulated SH emission in
the Fourier plane in the (−1; 0) diffraction order. The single-antenna emission pattern of panel a has been scaled by the analytical antenna factor of a
graded aperiodic metagrating, resulting in the elongated shape of the order along kx. The vertical dashed lines highlight the angular shift of the peak
with a refractive index change from n1 = 1.3386 to n2 = 1.3286.

nanoantennas featuring more complex field interaction and op-
portunities for mode engineering. To date, nonlinear plasmonic
detection schemes based on LSPRs have shown roughly compa-
rable performance with linear schemes.[17,18,23,24] This is because,
while nonlinear detection provides a superlinear rate of change of
the signal compared to the environment variation, the reduction
in collected photons and therefore signal-to-noise ratio (SNR)
brings sensitivity metrics down to values close to the linear ones.
More importantly, these early studies focused on bulk sensing
(detecting a refractive index change induced by flowing single-
phase solutions), thus not exploiting the true potential of plas-
monic SHG sensing, i.e. surface sensitivity. Indeed, the surface
selectivity of SHG brings no advantage in this application, since
the sensed refractive index is a bulk property of the environment.
Thus, similar sensing performances were obtained when moni-
toring the linear and nonlinear signals. Another limitation is the
weak signal-to-noise ratio of the SH emission, due to the low up-
conversion ratio at the nanoscale. A crucial challenge is therefore
the engineering of highly emissive individual objects or metas-
tructures. To this aim, configurations supporting surface lattice
resonances,[25–31] quasi-bound states in the continuum[32–35] or
advanced modal behavior[36] have been proposed.
Plasmonic sensing is traditionally based on tracking variations

of the plasmonic resonance, either in frequency or in intensity,
resulting from subtle changes in the refractive index of the sur-
rounding environment.[9,30,37,38] In this work, we propose the us-
age of another sensing alleyway: monitoring the angular shift of
the nanoantenna emission which, as illustrated in Figure 1, is
directly related to the dielectric properties of the local environ-

ment. In principle, this approach can be combined with standard
resonance-based techniques to improve sensing performance.
Our metagrating configurations also optimize the extraction of
SH signal by directing the grating diffraction in a privileged di-
rection of the antenna emission, thus improving the SNR.
In the following, we explore the possibility of performing sens-

ing by monitoring the angular emission shift in two ways. First,
we employ periodic rectangular metagratings of different peri-
odicity and monitor the intensity changes resulting from vary-
ing the overlap between the diffraction order associated with the
given periodicity and the preferred emission angle of the isolated
antenna. While the expected shift is rather well reproduced, this
method is very slow, prone to drifts, and, hence, significant mea-
surement error. To overcome these limitations, we design and
realize graded aperiodic metagratings of the same nanoantennas
supporting a broadened diffraction order, enabling direct obser-
vation of changes in the emission pattern within this operating
angular range.

2. Results

Our samples consist of arrays of V-shaped gold nanoantennas
(see the inset of Figure 1a), which are designed to feature
multiple key functionalities to enhance the sensing capabilities.
First, the shape breaks the inversion symmetry, which is crucial
for efficient SH emission due to photon parity and angular mo-
mentum conservation in the upconversion process.[39] Second,
this design supports two distinct LSPRs, improving respectively
light in-coupling at the employed fundamental wavelength
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(𝜆 = 1550 nm) and light re-emission at the SH, see Section B
of the Supporting Information. In addition, these two modes
exhibit good spatial overlap, which is essential to satisfy the
mode-matching condition – see Figure S1 of the Supporting
Information.[40–42] Finally, we engineered the superstructure
with two specific designs, i.e. periodic and aperiodic graded
lattices, to efficiently funnel the SH in specific diffraction orders,
that can be exploited as both signals and references to maximize
the SNR and hence the sensitivity. Because of the complex de-
pendence of the SH emission on the geometrical parameters due
to the aforementioned phenomena, we optimized the antenna
emission using a population-based algorithm to determine the
shape of the antenna, given in Figure 1a – the full procedure is
described in Section C of the Supporting Information).
The SH emission pattern of the antenna shown in Figure 1a

is obtained by computing the far-field projection of a full-wave
simulation of the nonlinear emission (see Section A of the Sup-
porting Information). The radiation pattern is very similar to that
of an electric dipole placed on the interface and oriented along
y, with two main emission lobes directed at 62° off the optical
axis. This finding was confirmed experimentally in a previous
study.[45] An interesting feature of the dipolar emission is that
the lobes are directed toward the critical angle defined by the
interface,[43,44] and therefore depend on the local dielectric prop-
erties of the medium, as illustrated in Figure 1b. The emission
pattern of a dipole placed near an interface is governed by the
Fresnel coefficients, and light emitted at supercritical angles orig-
inates from the evanescent field transformed into propagative
waves by the presence of the interface.[46] Therefore, changing
the refractive index of the superstrate causes an angular shift of
the emission lobes toward the interface plane. Due to the rela-
tively narrow (few degrees) full width at half-maximum of the
emission peaks, this opens an interesting alleyway to perform
refractometric sensing.
Quantitatively, the critical angle is 𝜃c = sin−1n/nsub , where nsub

and n are the refractive indices of the substrate (fixed) and super-
strate (sensed). The sensitivity of the angular shift sensing is thus

S = d𝜃c ∕ dn =
√
n2sub − n2 . With nsub = 1.52 and n = 1.33, we

expect S= 78°RIU−1. For comparison, the sensitivity of SPR sen-
sors based on the angular interrogation of metals films reaches
≈100° RIU−1. Note however that angular interrogation requires
a set-up with rotating stages, while our emission-based approach
does not need moving parts. The corresponding figure of merit
is FOM = S/FWHM = 11 RIU−1, where FWHM = 7° is the full
width at half maximum of the peak in Figure 1b (with respect to
a baseline of 0.15 at 0° outside the range of the plot). The FOM
does not depend on the interrogation method, and can thus be
compared with different sensing schemes: 20 to 25 RIU−1 for
conventional SPR sensors, 1 to 6 RIU−1 for LSPR sensors based
on simple particle shapes, and up to and above 100 RIU−1 for
metamaterial-based sensors exploiting spectrally narrow collec-
tive resonances such as surface lattice resonances.[11,47]

2.1. Periodic Metagratings

To validate this approach, we have fabricated rectangular gratings
of V-shaped nanoantennas characterized by a different period in
the x direction. This parameter controls the angular position of

the diffraction orders along the kx axis, which allows us to probe
the momentum space in this direction. We have tested the sensi-
tivity of the SH radiation emitted by these gratings to small varia-
tions of the surrounding dielectric constant. To this purpose, we
collected the SH radiation from the gratings immersed in five
aqueous solutions with different concentrations of glycerol. We
begin with pure water (n= 1.3286 at 𝜆SH = 775 nm),[54] and apply
the Arago–Biot relation, using literature data, and determine the
relative concentrations of the two components giving solutions
with evenly spaced values of n within the range Δn = 0.01.[23,48]

The periods G of the gratings are chosen to span the angular
range of the critical angles for the different superstrate refractive
indices, and range from 550 to 600 nm in 10 nm increments. A
scanning electron micrograph of one such grating is presented
in Figure 1a, showing the array layout.
The sample containing the gratings is fabricated by e-beam

lithography and metal evaporation on a BK7 glass substrate.
It is mounted on a home-built inverted microscope and ex-
cited by a pulsed laser centered at 1556 nm (OneFive, Origami
15–80), with a pulse duration of 200 fs and repetition rate of
80 MHz. The incoming light is focused on the back focal plane
(BFP) of the objective, producing a near-collimated, plane-wave
excitation on the sample, with a spot diameter of ≈30 μm, suit-
able to illuminate the whole 20 × 20 μm2 sample area. The
frequency-doubled nonlinear signal is collected in a backscat-
tering configuration and filtered by a long-pass dichroic mirror
(Thorlabs, DMLP650) followed by two short-pass filters (Thor-
labs, FESH1000 and FESH0800), and a bandpass filter centered
around the SH wavelength (Omega Optical 775AF25). The SHG
emission is collected in momentum space by imaging the objec-
tive BFP using a 4-f optical arrangement. This optical setup is
schematized in Section G of the Supporting Information and en-
ables us to conveniently switch between real- and momentum-
space (k space) imaging, by inserting a Bertrand lens in the
optical path.
The BFP emission is recorded for each combination of wa-

ter/glycerol solution and grating period, with the entire experi-
ment repeated 5 independent times to assess the repeatability of
the results. The SH power channeled within each diffraction or-
der is ruled by two coexisting phenomena: the frequency shift of
the LSPR, which alters the SH mode excitation, and the angular
redistribution of the emission pattern. To tell apart these contri-
butions, we capitalize on the fact that for a point electric dipole
parallel to the interface, the emission intensity into the optical
axis exhibits minimal sensitivity to the refractive index of the su-
perstrate, since the antenna predominantly radiates into the sub-
strate (see also Figure S3). As a result, the variation of the SH
emission diffracted into the 0th order is attributable mostly to the
spectral shifts of the plasmon resonances at the fundamental and
SH wavelengths. The emission into the orders (±1; 0) can then
be normalized against the 0th order intensity, isolating the effect
of the angular shift in the emission pattern.
We begin by investigating the sensitivity of our platform with

respect to spectral shifts of the plasmonic resonance. The SH
emission of our metagratings into their 0th order is plotted in
Figure 2a as a function of the refractive index of the solution,
showing an upward trend for all the arrays. Arrays with a shorter
period display amore intense emission, which we attribute to the
increased density of emitters. This results in a higher sensitivity
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Figure 2. a) SH emission into the 0th order of diffraction, as a function of the refractive index of the superstrate for different grating periods. Data and
error bars are respectively the average and standard deviation over 5 independent repetitions of the measurement for each data point. b) Figure of merit
and resolution of the spectral shift-based sensing data. (a lower resolution indicates better performance). c) Nonlinear emission from the metagratings,
as a function of n. The expected result, calculated from diffraction theory (see text) is shown with full dots.

(S), calculated as the slope of the data in Figure 2a, and in
turn into a better resolution (minimum detectableΔn) estimated
as the standard deviation of the data (error bars in Figure 2a)
divided by the sensitivity.[18,49] Both metrics are shown in
Figure 2b for different gratings. The most favorable result is
achieved in the array with 560 nm period, with a resolution of
4.0 × 10−4 RIU. While this is far from competitive with the cur-
rent state of the art in LSPR-based linear optical refractomet-
ric sensing,[49–53] it still represents an improvement compared
to previous results reported in the literature for similar sensing
platforms based on nonlinear optics.[18,23] This can be attributed
to the optimized design discussed above, which ensures a more
intense emission in water and improves the SNR in themeasure-
ments.
Next, we consider the sensing performance associated with the

angular shift of the single antenna emission pattern. To do so,
the signal variation caused by the frequency shift of the plasmon
resonance must be compensated for. This is achieved by normal-
izing the intensity diffracted into the side orders, which is ruled
by both the plasmon resonance and emission pattern, by the one
emitted into the 0th order, associated only with the former. Re-
sults for allmeasured combinations of glycerol concentration and
grating period are mapped in Figure 2c. In this figure, one can
observe a shift of the SH emission toward lower array periods
as the environment dielectric constant increases, despite the un-
dersampling of pitch and refractive index. Indeed, as the single
antenna emission pattern shifts toward the antenna plane as a
consequence of an increase in refractive index, it overlaps better
with diffraction orders of gratings featuring a lower period.
In addition, we can predict the period G yielding the maxi-

mum SH emission for a given solution, as the emission peak
of an electric dipole is known to be located at the critical an-
gle defined by the interface properties.[43,45] Combining with the
Bragg condition for diffraction into the substrate, we obtain:
G = 𝜆SH

nsub sin 𝜃c
= 𝜆SH∕nsup. This results in a linear dependence of

the best-performing array period onto the superstrate refractive
index. This matching condition is therefore entirely independent
from substrate parameters and is overlaid in Figure 2c for com-
parison with experimental results. A close agreement is obtained
between our experimental data and this theoretical position of
the matching gratings, which confirms the possibility of exploit-
ing the emission angular shift as a sensingmechanism.However,
our sampling of the grating period and solution refractive index is

too coarse to allow us to extract the sensing resolution associated
only with the angular shift in the emission pattern. While a finer
resolution would allow us to track the shift of the emission peak,
for instance, by performing a fit against the analytical model of
dipole emission,[46] this method is still unsatisfying. Indeed, as
each data point represents a separate acquisition, involving repo-
sitioning and refocusing of the microscope stage, this procedure
introduces sizable systematic errors, decreasing the sensing per-
formance and practicality.

2.2. Aperiodic Metagrating

To address these limitations, we designed an aperiodic ar-
ray, featuring a variable, “chirped” horizontal period that in-
creases across columns. The layout is illustrated in the inset of
Figure 3a, with array periods ranging from 550 nm (on the left)
to 600 nm (on the right) (see further details in Section D of
the Supporting Information). The SH light generated by this
metagrating is emitted in a broadened angular range that cov-
ers the full range where the peak of the single-antenna emission
varies when the refraction index of the superstrate is changed.
This device allows direct monitoring angular shifts of the SH
emission from a fixed measurement position, improving con-
sistency and reducing alignment errors. The measured Fourier
plane emission of such a grating is exemplified in Figure 3a,
where the broadening of the diffraction order can be observed
by comparing the (−1; 0) and (0; 0) diffraction orders. The
(+1; 0) order is instead compressed, breaking the mirror sym-
metry of the BFP. We attribute this asymmetry to the focusing
properties of the broken-symmetry chirped grating: the SHG ra-
diation diverges for emission along the (−1; 0) diffraction or-
der while it converges for emission along the (+1; 0) order to-
ward a focal point nearly coincident with the objective’s work-
ing distance. Further discussion is provided in section E of the
Supporting Information.
Experimentally, the angular shift of the SH emission is ob-

served in Figure 3b, where we plot the ky-integrated SH emission
in the vicinity of the broadened diffraction order as a function
of the refractive index of the superstrate. Increasing the refrac-
tive index does not only shift the SHG emission toward higher
angles but also modifies the shape of the emission lobe: we ob-
serve a transition from a central emission peak surrounded by
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Figure 3. a) Experimental back focal plane (BFP) image of the SH radiation from an aperiodic metagrating. The color scale is strongly saturated to
show the BFP background, and the dashed circle indicates the edge of the detected region corresponding to the numerical aperture (NA) of the oil-
immersion objective used for collection. Individual diffraction orders are shown in the full dynamic color range in the magnified frames below, featuring
a broadened (−1; 0) and compressed (+1; 0) diffraction orders. Top inset: diagram of the variable pitch array indicating its real-space orientation. b)
ky-integrated nonlinear emission of the (−1; 0) diffraction order, for each water/glycerol solution. The vertical dashed line indicates the centroid of the
angular power distribution of pure water (n = 1.3286), partitioning the diffraction order range into two integration regions labelled A and B. c) Emission
angular asymmetry as a function of the refractive index n of the superstrate and SH intensity in the 0th order for comparison with the plasmon-based
sensing mechanism. Data and error bars are, respectively average and standard deviation over 5 independent repetitions of the measurement for each
data point. The linear fit (dashed lines) of equation f(n) = −37 + (28 RIU−1)n represents the calibration of our sensing device and the slope corresponds
to its sensitivity.

two shoulders in pure water (n = 1.3286), to a merged double-
peak structure at n = 1.3386.
To quantify this evolution, we divide the BFP into two regions

(A and B) and integrate the power density emitted within each
(see inset in Figure 3c). The partition boundary is placed at the
centroid of the emission in water. In Figure 3c, we plot the emis-
sion asymmetry into different solutions, where the asymmetry is
defined as (A − B)/(A + B), A and B being the SH powers emit-
ted within the A and B integration regions. The asymmetry dis-
plays monotonic behavior and represents an angular-based sens-
ing demonstration. For the sake of comparison with the LSPR
spectral shift mechanism, the SH signal diffracted into the 0th or-
der is also shown in Figure 3c. As previously noted (see Figure 2
and related discussion), this data is only negligibly affected by
variations of the emission pattern. The SH counts diffracted into
the different diffraction orders is presented for clarity in Sec-
tion F of the Supporting Information. The respective sensitivity
S (estimated as the slope of the data in Figure 3c) and resolu-
tion R (estimated as the average standard deviation of the data,
which is indicated by the error bars, divided by the sensitivity)
of the two sensing approaches are S = 2.0 × 103 kcts RIU−1

and R= 1.3× 10−3 RIU (SHG intensity), and S = 28 RIU−1 and
R = 2.0 × 10−3 RIU (peak asymmetry). The reduced resolution of
the spectral shift sensing, compared to the result obtained for a
fixed pitch grating (4.0 × 10−4 RIU, see Figure 2b) is mostly due
to fabrication issues that strongly degraded the SH emission and
introduced a higher background in the BFP (visible in Figure 3a),
decreasing the SNR of the measurements. As a term of compar-
ison, conventional SPR sensors achieve resolutions on the order
of 10−5 RIU, with state-of-the-art techniques reported to reach
10−8 RIU by exploiting optical phase singularities.[55] However,
we reiterate that this bulk sensing configuration does not benefit
yet from the surface selectivity of plasmon-enhanced SHG, and
thus does not completely reflect its full potential.

Nevertheless, the refractometric resolutions achieved by the
two methods in the same device have remarkably similar magni-
tude, highlighting the potential of the emission patternmodifica-
tion as a complement to the traditional resonance-based sensing
schemes.

3. Conclusion

In this work, we explored the possibility of employing the non-
linear emission from tailored plasmonic metagratings for refrac-
tometric sensing. We demonstrated that the radiative behavior
of the emitters is governed by two concurrent phenomena: spec-
tral shift of the plasmon resonance shift and angular shift of the
emission pattern, both depending on the local refractive index.
Moreover, we have shown that these effects can be disentangled
using directional information obtained from Fourier-plane imag-
ing.
The evaluation of the sensing performance was first conducted

using periodic, rectangular gratings, where we studied the shift
of the plasmon resonance using the 0th diffraction order. The
sensing resolution values obtained were comparable to, or even
higher than, those reported in similar works demonstrating non-
linear optical sensing.[18,23] We also confirmed the modification
of the emission pattern, by examining the overlap between the
emission lobes and diffraction orders from different arrays. Yet,
this approach did not yield sufficient resolution and practicality
for quantitative analysis.
To overcome this limitation, we implemented a second

approach based on graded aperiodic arrays with a chirped hor-
izontal period, designed to broaden the horizontal diffraction
orders. This novel configuration allowed us to directly monitor
the angular shift of the emission lobe, with no need to perform
multiple measurements from several gratings, which can be
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affected by slow drifts. With this configuration, we were able
to characterize the resolution of two complementary sensing
approaches, the first one based on the observation of SHG
intensity variations due to LSPR shifts, and the second one
based on evaluating changes in the angular emission pattern.
The estimated resolution of 10−3 RIU is similar for both meth-
ods, highlighting the viability of using the modification of the
antenna emission diagram as a sensing mechanism.
In the broader context of sensing based on SHG from plas-

monic emitters, this opens an interesting avenue for quantifying
the effect of the surface origin of the signal. Indeed, since SHG
in plasmonic systemsmainly originates from a nonlinear surface
current, the binding event of an analyte to the antenna would
disturb the current flow and give rise to a potentially significant
change in emission. A preliminary assessment of this approach
can be found in ref. [56].
Finally, we stress that the two sensing schemes are not mutu-

ally exclusive, as they affect the overall emission independently.
Therefore, angular emission shifts can be used as a complemen-
tary mechanism to conventional LSPR frequency monitoring to
achieve enhanced sensitivity, even in a single fixed-pitched meta-
grating. In this scenario, a careful design is necessary to en-
sure that both mechanisms cooperate in determining the varia-
tions of the nonlinear emission intensity, either by increasing or
decreasing it both.
As a last remark, we underline that the detection of the emis-

sion pattern variations is compatible with existing technologies,
such as quadrant photodiodes. To directly measure any angu-
lar variation of the SH emission, one could collimate the SH
emission from the broadened diffraction order on a quadripar-
tite detector, for instance by coupling the platform to a prism
or a solid immersion lens. Moreover, the angular dependence
of the radiation pattern on the environment is a general feature
inherent to all dipole and higher-order emitters, in the linear
and nonlinear regime. This work can therefore be generalized
to different nanoscale platforms. In particular, molecular and
simple plasmonic systems are particularly suitable due to their
emission driven by a single electric dipole mode. Indeed, while
featuring a rather simple emission pattern, the emission lobes
of dipolar emitters placed at an interface are subject to sharp
changes against the refractive index change between the two me-
dia. These attributes suggest that directional modulation of non-
linear emission by engineered metagratings could be rapidly de-
veloped into a sensitive, versatile and cost-effective sensing plat-
form. Looking ahead, moving beyond bulk refractive index mea-
surements, the exploitation of the intrinsic surface sensitivity of
SHG in these plasmonic platforms will allow to harness their
full potential, unlocking key opportunities for advanced sensing
applications.

4. Experimental Section
Metagrating Fabrication: The samples consist of gold nanoantennas

realized on a BK7 glass microscope coverslip (Schott). The substrates
are first cleaned by successive ultrasonication in detergent, water, ace-
tone, and isopropanol. A layer of photoresist (polymethylmethacrylate,
PMMA) is deposited via spin coating, targeting a thickness of ≈160 nm,
which is then baked on a hot plate. A second layer of conductive poly-
mer is added using the same process to avoid electronic charge-up ef-

Table 1. Water and glycerol volumes in % used to prepare the solution
series. The overall solution volume for each preparation is 2000 μL.

Refractive index [RIU] Water volume [%] Glycerol volume [%]

1.3286 100 0

1.3311 93 7

1.3336 87 13

1.3361 81 19

1.3386 1521 24

fects during the lithography process. A commercial setup (eLine, Raith)
is used to pattern the nanoantennas. The coverslips are then rinsed
in water to remove the conductive polymer and developed in a solu-
tion of MIBK/IPA (methyl-isobutyl-ketone/isopropanol). Subsequently, a
chromium adhesion layer (≈3 nm) is deposited using e-beam evapora-
tion, followed by deposition of a gold film (40 nm) via thermal evapora-
tion. Finally, the samples are left overnight in acetone to lift off the PMMA
matrix.

Microfluidic Cell Capping: After fabrication, the samples are enclosed
in a polydimethylsiloxane (PDMS) cell patterned with a microfluidic chan-
nel, which ensures a consistent, laminar flow of the solutions during sens-
ing experiments. The cell is fabricated using soft lithography: a PDMS
preparation is cast onto a negative mold of the fluidic channel and al-
lowed to cure. It is then bonded to the sample after oxygen-plasma ac-
tivation (see also Section G-a of the Supporting Information). To precisely
align the channel with the antennas, a small quantity of IPA is drop-cast
on the sample surface to provide lubrication before applying the cell. The
solvent is then evaporated by heating the assembly in an oven at 150 °C for
10 min.

Solution Preparation: A series of water–glycerol solutions was pre-
pared to achieve a uniform distribution of refractive indices. The partial
volumes are calculated from the Arago-Biot formula (see Table 1). The so-
lutions are produced in excess to reduce deviations, and then aliquoted
for later use.

Fourier-Space Imaging: Nonlinear BFP imaging is performed with a
home-built nonlinear microscope. The sample is excited with ultrashort
femtosecond (≈160 fs) laser pulses, with an emission wavelength cen-
tered at 1551 nm (OneFive, Origami 15–80). The beam is focused on
the BFP of the objective (Olympus, PlanApo N-UIS-2), producing a near-
collimated excitation at the front pupil. The antennas are illuminated from
the substrate side, and the nonlinear emission is epi-collected, then fil-
tered in a narrow band around the SHwavelength (775 nm). Fourier-space
imaging is achieved using a 4-f configuration, projecting the SH signal on a
back-illuminated CCD camera (Andor, iKon-M 934). A sketch of the exper-
imental setup is presented in Section G-b of the Supporting Information.

Sensing Acquisition and Analysis: Solutions are flown into the channel
at a constant rate using a syringe pusher (NE-1000, New Era Pump Sys-
tems), and SH emission in the BFP is measured using the protocol de-
scribed above. For all experiments, these steps are repeated five indepen-
dent times to assess repeatability. Diffraction orders in the BFP images are
automatically identified using a peak finding algorithm, and the SH counts
emitted into them are evaluated by integrating within an appropriate pixel
window. The integrated signal from an empty BFP region of the same size
is then subtracted to remove measurement noise.

Electromagnetic Simulation: The SH emission from the gratings is
simulated using a commercial implementation of the finite-element
method (COMSOL). A single, isolated antenna is considered, placed on an
air/glass interface. Perfectly matched boundary conditions are applied to
absorb all outgoing radiation. Moreover, we considered a spherical simu-
lation domain to mitigate spurious reflections caused by the discretiza-
tion of the geometry. We employ a three-step simulation process, first
considering the linear regime and the scattering of the excitation at the
fundamental wavelength. In this first stage, plane wave illumination at
1550 nm is applied at normal incidence from the substrate half-space.
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The associated scattered field is then numerically evaluated, and the elec-
tric field on the antenna surface is used to compute the nonlinear current
sources. In the second simulation step, the nonlinear field distribution re-
sulting from the nonlinear sources is computed. In the final step, the near
field distribution is projected to the far field and scaled by the array factor
corresponding to the grating geometry, yielding a numerical estimate of
the sample SH emission.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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