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Abstract: Flat optics nanogratings supported on thin free-standing membranes offer the
opportunity to combine narrowband waveguided modes and Rayleigh anomalies for sensitive
and tunable biosensing. At the surface of high-refractive index Si3N4 membranes we engineered
lithographic nanogratings based on plasmonic nanostripes, demonstrating the excitation of sharp
waveguided modes and lattice resonances. We achieved fine tuning of these optical modes over a
broadband Visible and Near-Infrared spectrum, in full agreement with numerical calculations.
This possibility allowed us to select sharp waveguided modes supporting strong near-field
amplification, extending for hundreds of nanometres out of the grating and enabling versatile
biosensing applications. We demonstrate the potential of this flat-optics platform by devising
a proof-of-concept nanofluidic refractive index sensor exploiting the long-range waveguided
mode operating at the sub-picoliter scale. This free-standing device configuration, that could be
further engineered at the nanoscale, highlights the strong potential of flat-optics nanoarrays in
optofluidics and nanofluidic biosensing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Flat-optics nanoarrays have recently gathered strong attention in different fields ranging from
nanophotonics [1–5] to nanofluidics [6–8], optical spectroscopies and sensing [9–15]. In this
context free-standing nanoarrays [16–18] are particularly attractive due to their capability to host
photonic modes within functionalized channels promoting nanofluidic transport [19] and high-
resolution biosensing functionalities [20]. Thanks to this peculiar configuration, liquid transport
at the nanoscale can be investigated as well as optofluidic effects and label-free biosensing of
low-concentration molecule essays [7,16,17]. In this context, the capability to engineer photonic
arrays at the surface of thin free-standing membranes, which are transparent over a broadband
optical window, is crucial in view of versatile biosensing applications that could span from the
Visible to the relevant Near- and Mid-Infrared spectral range [21].

Various sensing templates and configurations have been so far proposed, demonstrating high
sensitivity at the surface of thick solid-state substrates thanks to the strong near-field confinement
supported by plasmonic nanoantennas and/or thin films [22–28]. However, the state-of-the-art
sensors based on thin metallic films require bulky optical setups in Kretschman configuration
to launch Surface Plasmon Polaritons at the sample interface [29], thus demanding more
compact schemes in view of sensor miniaturization and integration within ultra-thin supports.
A promising alternative is based on plasmonic nanoantenna arrays which are characterized
by resonant ‘hot-spots’ localized in the inter-antennas nanogaps [30,31]. By exploiting this
effect, a strong enhancement of weak spectroscopic signals can be achieved. In parallel, spectral
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sensitivity in applications such as refractive index sensing is limited due to the broadband nature
of the plasmonic resonance. In order to overcome this limit, plasmonic nanoantennas can be
arranged in the form of periodic nanogratings: narrowband Rayleigh Anomalies (RA) can be
here excited thanks to the coupling of light momentum to the periodic lattice, thus achieving
strong electromagnetic confinement at the plasmonic-dielectric interface. Eventually, tailoring
the substrate materials and/or thickness, splitting into two diffraction modes can be observed
supported at the substrate-metal and at the metal-air interface, respectively. Under this condition
two different effects can be engineered by properly tailoring the nanopatterning conditions:
(i) resonant coupling of the RA to the broadband plasmon mode, resulting into narrowband
Lattice Resonances due to Fano interference [32,33]; (ii) guiding and/or waveguiding of the
leaky propagating mode within the substrate. Improved spectral sensitivity can be achieved in
the first case thanks to sharp Fano resonances [34–36], while substrate-guiding mechanisms such
as Guided Mode Anomalies (GMA) represent a very effective way to amplify light coupling
to the metasurface, promoting high sensitivity in Raman spectroscopy [37], or strong photon
absorption enhancement in ultrathin two-dimensional (2D) layers [38–40].

When high refractive index substrates are employed, more efficient light-guiding can be
achieved and gratings can promote resonant electromagnetic confinement into the waveguide.
Different schemes have been investigated so far, based both on plasmonic [41] and/or dielectric
gratings [42], for launching and coupling leaky waveguided modes which can be tuned across a
broadband spectral range by acting on the metasurface materials and design. Both all-dielectric
and hybrid plasmonic/dielectric Guided Mode Resonant (GMR) gratings have been proposed
and optimized for a broad range of applications, from diffractive elements to biosensors thanks
to the huge variety of available materials and tuning capability [43]. In particular, a hybrid
scheme supporting both photonic and plasmonic modes has been recently proposed for large
biomolecules sensing [44]. Concerning GMR gratings realized on freestanding membranes,
asymmetric light absorbers/reflectors to be implemented in energy harvesting applications and
for wavelength multiplexing [45,46] have been designed and fabricated on Si3N4 slabs coupled
to metallic nanostructures.

Thin and free-standing supports endowed with high refractive index represent a unique platform
where flat-optics gratings can combine effective waveguiding to near field confinement at the
interface, with crucial impact in optofluidics and biosensing. Indeed, the possibility to design
optically active nanofluidic channels is intriguing since, on one side opens the possibility to study
interaction between light and fluid transport [19,47], and on the other side enables the design of
compact free-standing nanosensors [6,48].

In this work we engineered plasmonic nanogratings supported on high-refractive index, free
standing membranes by high resolution nanolithography. A flat-optics nanograting based on Au
nanostripes is fabricated at the surface of thin Si3N4 membranes, thus enabling the excitation
of narrowband Rayleigh Anomalies and waveguided modes, coupled to the localized plasmon
resonance characteristic of the nanoantenna elements. Thanks to the versatile flat-optics platform,
accurate tuning of the optical modes has been achieved over a broadband Visible and Near-IR
spectrum, obtaining an optimal agreement with respect to calculations. The accurate modeling of
the system also enables engineering of the optical configuration for which narrowband waveguided
modes induce a strong near-field confinement at the external interface, potentially acting as
hot-spots for sensing. The performances of these flat-optics templates have been finally tested
into a proof-of-concept nanofluidic device, showing good figures of merit in refractive index
sensing. The highest figures of merit reported in literature are usually obtained in specialized
configurations, adopting illumination at tilted incidence angles which are not accessible under the
high numerical aperture microscope objectives of a typical setup. The proposed nanofabricated
platform is peculiar since it makes possible measurements on miniaturized plasmonic arrays
employing a conventional low-cost optical setup under normal incidence illumination conditions.
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2. Results and discussion

Periodic plasmonic nanostripe arrays are fabricated on top of electron-transparent silicon nitride
(Si3N4) membranes via high resolution electron beam lithography (EBL), achieving homogeneous
patterned area extending over hundreds of square microns (Fig. 1(a), 1(b). Thanks to their
compatibility with nanofluidic sensing we choose free standing Si3N4 membranes (Agar Scientific
- thickness 200 nm). The free-standing square membrane (∼ mm2) is supported by a silicon chip
as shown in Figure 1(a) (see Fig. S1 in Supplement 1 for further details).

Fig. 1. SEM images of the studied sample. (a) Low magnification image of the 3 mm chip,
with the square free-standing window visible in the middle; (b) detail of the free-standing
area: four patterns with marked period have been fabricated without overlap. The apparent
distortion of the patterns is simply a graphical artifact due to Moiré effect; (c-f) images of
the nanostripes arrays with period respectively 700, 900, 1100 and 1300 nm. Magnification
of the SEM images is the same (scale bar 500 nm).

The Scanning Electron Microscope (SEM) image of Fig. 1(b) well highlights the presence of
four patterns on the same substrate, which are characterized by different periodicity of the lattice,
P, ranging from 700 nm to 1300 nm, thus enabling the fine tuning of the optical response of these
free-standing gratings. SEM images shown in Fig. 1(c) and Fig. 1(f), respectively corresponding
to increasing periodicity of the pattern from P= 700 nm to P= 1300 nm, highlight the degree
of order of the nanopatterns and the control on the periodicity and shape of the antennas. All
the patterns are based on nanostripes characterized by fixed aspect ratio, determined by width
w= 120 nm and thickness h= 40 nm, engineered with the aim to tune the optical modes within
the Visible (VIS) and Near-Infrared (NIR) spectrum.

The optical response of these arrays has been investigated via optical micro-spectroscopy,
using a custom modified optical microscope (Labomed), operating in transmission configuration
(Fig. 2(a) and fibre-coupled to a VIS-NIR spectrometer (Ocean Optics). A white light beam is
shone from a halogen lamp through a polarizer and a condenser lens, finally illuminating the
bottom surface of the sample at normal incidence (Fig. 2(a). A 100x magnification objective
collects the optical intensity transmitted from a micro-spot (diameter ∼20 µm).

Due to the order of these periodic arrays and to the subwavelength size of the Au nanostripes,
different optical modes are expected to occur in the VIS and NIR spectral ranges. Indeed, the

https://doi.org/10.6084/m9.figshare.19514125
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Fig. 2. (a) Schematic representation of the optical setup, based on an optical microscope
fiber-coupled with a spectrometer; (b) sketch of the photonic modes sustained by the
nanoarrays: the plasmonic nanostripe gratings behave as plasmonic antennas supporting
lattice resonances (LR) and launching guided modes in the high index substrate (GM+,
GM-); (c,d) Experimental and simulated optical response of the P700 array, respectively.
The transmission microspectra were measured and calculated by sample excitation with
polarized light, both perpendicular (TM- solid curves) and parallel (TE -dashed curves) to
the nanostripes long axis.

Au nanostripes behave as plasmonic nanoantennas and, at the same time, the periodic grating
may support Rayleigh Anomalies (RA). Under this condition the so-called Lattice Resonances
(LR) confined at the surface (see sketch in Fig. 2(b) can be observed due to resonant interference
between RA and plasmonic mode [49]. Additionally, guided modes (GM+/GM-) can be launched
into the high index substrate, due to resonant interaction with the periodic nanograting (see sketch
in Fig. 2(b).

In Fig. 2(c) the normal incidence transmission microspectra of the pattern P700 are shown,
corresponding to two perpendicular polarizations of the excitation beam. The light is polarized
either parallel (TE-pol, dashed curves) or perpendicular (TM-pol, solid curves) to the long axis
of the nanostripes. A strong optical dichroism is detected in these anisotropic arrays. For TE
polarization, a slight decrease of transmittance is observed for wavelength below 500 nm, due to
inter-band transitions in gold, in resonance with high order optical modes. Additional weak modes
are observed at higher wavelength. For TM polarization, we detect high-energy optical modes (λ
∼ 400-450 nm) that can be associated to the presence of the Si3N4 waveguide beneath the pattern,
and to the generation of multiple guided modes [50]. At higher wavelengths, four sharp modes are
detected within the VIS and NIR spectrum, above the Au interband transition. The first minimum
is visible at 540 nm (mode D in Fig. 2(c), a broader lattice resonance is detected at 700 nm and
marked as mode C. Given the geometrical aspect ratio of the nanostripes, we indeed expect a
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localized plasmon resonance within this spectral range. Single stripe extinction cross-section
calculations (see Fig. S2 in Supplement 1) show a broadband plasmonic resonance excited at
about 750 nm wavelength. This feature provides a good coupling efficiency between the grating
and the photonics guided modes leading to possible plasmonic/photonic mode hybridization over
a broad wavelength range. Two further narrowband minima are visible in the NIR spectrum (mode
B at 900 nm, mode A at 940 nm) corresponding to the first order guided modes. Experimental
spectra have been confirmed by finite-difference time-domain (FDTD) calculations of finite
structures (removing periodic boundary conditions), considering an incident Gaussian field of 10
µm beam waist. Numerical results depicted in Fig. 2(d) are in remarkable agreement with the
experimental data (Fig. 2(c). Due to the symmetry of the system, using finite size spots fulfilling
normally incident plane wave approximation, one would expect the resonant excitation of left to
right (LTR) or right to left (RTL) guided modes that are degenerate in frequency. Conversely, in
our system we observe a peculiar double peak behaviour (modes A, B and modes C, D) that can
be attributed to the transverse components of the wavevector with respect to the surface normal.
Indeed, a plane wave expansion of a real focused beam contains also wavevectors components
corresponding to nonzero incidence angles (θ). These components can couple to the guided
modes according to the following equation:

2π
λ

sin(θ) +
2π
Λ

m = ±
2π
λ

neff (1)

where λ is the wavelength, Λ is the periodicity of the grating, the integer m is the diffraction order
of the grating and the sign+ (-) stands for the same (opposite) direction of propagation of the
guided mode (of effective refractive index neff) with respect to the incident light. The (+) and (-)
solutions of Eq. (1) respectively correspond to modes such as A (GM+) and B (GM-), and to all
the higher order pairs.

Since, for a symmetric normal incident Gaussian beam the amount of LTR and RTL coupled
energy is the same we are not able to distinguish the two contributions. To validate our hypothesis
about the nature of the peaks, in the first place, simulations are conducted focusing the attention
on the field distribution of the four labelled modes. In the case of the lattice resonance, we expect
the electromagnetic field to be confined at the nanoantenna’s surface, while for pure guided
modes we expect the typical single layer symmetric waveguide field distributions [51–53]. In
Fig. 3 we observe the spatial distribution of both magnetic (H/H0 - first two columns on the
left) and electric (E/E0 - right columns) field. The system supports a combination of different
leaky waveguide modes with symmetric optical field distribution perpendicularly to the guide
(y axis). The calculated distribution of the magnetic field of mode A, B and D (Fig. 3(a), 3(e),
3(m)) suggests a symmetric behaviour. Conversely, in the case of mode C, calculations show an
asymmetric magnetic field distribution (Fig. 3(i), with strong localization in proximity of the
nanoantenna grating attributed to the resonant interference with the broader lattice resonance
supported by plasmonic nanoantennas.

Additionally, strong interference fringes are observed along the waveguide (x axis), arising
from the superposition of LTR and RTL counter-propagating guided modes. While A, B and D
(Fig. 3(a), 3(e), 3(m) are based on the unperturbed fundamental TM0 guided mode of the Si3N4
slab, mode C (Fig. 3(i) displays the typical central node of the TM1 mode.

A deeper analysis of the zoomed magnetic and electric field distributions across the slab
section reveals high symmetry for modes B (Fig. 3(f), 3(g) and D (Fig. 3(n), 3(o), typical of
dielectric waveguided modes. On the other hand, in the case of mode A (Fig. 3(a), 3(b) and C
(Fig. 3(i), 3(j) the optical field distributions are asymmetric and mainly confined on the grating
side. In particular mode C with plasmonic character shows an electric field strongly confined
within a few nanometres at the surface (Fig. 3(k), while mode A shows broader distribution
out of the substrate (Fig. 3(c). It is worth noticing that all the waveguided modes detuned with
respect to the lattice resonance are characterized by electric field (Ey/E0) strongly amplified

https://doi.org/10.6084/m9.figshare.19514125
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Fig. 3. Calculated field maps of the four detected modes, represented along the cross
section of the membrane with the nanostripes on the upper surface and the axis aligned as
depicted in Fig. 2(b). (a,e,i,m) Extended [Hz]/[Ho] maps of modes A, B, C, D divided in
first (I) and second (II) order modes; (b,f,j,n) detail of the [Hz]/[Ho] maps, two periods of the
grating are visible on the upper surface; (c,g,k,o) and (d,h,l,p) detail maps of the electric field
components along the y and x axis. GM+ and GM- distinction refers to higher wavelength
(A, C) and lower wavelength (B, D) modes among the peak pairs, as resulting from Eq. (1).

within 100 - 150 nm out of the guide; this is promising in view of nanofluidic refractive index
sensing applications.

In order to tune the waveguided modes within a broader spectrum, we investigate the optical
response of nanopatterns formed by nanostripes of identical cross section and different periodicity
(Fig. 1(c), 1(d), 1(e), 1(f). Fig. 4 compares the detected microspectra with calculated responses
of four different samples with increasing periodicity. Figure panels are sorted by increasing
the pattern periodicity from top (P= 700 nm - Fig. 4(a) to bottom (P= 1300 nm - Fig. 4(j),
while the side panels (Fig. 4(b), 4(e), 4(h), 4(k) show the corresponding simulated response. As
previously noticed, every pattern is characterized by interband transition in Au below 500 nm
wavelength, and by multiple absorption minima in the red-shifted part of the spectrum. For TM
polarization, a broadband mode is clearly detected at about 700 nm wavelength, corresponding
to the plasmonic lattice resonance. The spectral position of this mode is kept constant in the
different arrays provided the fixed aspect ratio of the nanostripes. However, the broadband
plasmonic mode is resonantly coupled to guided modes at detuned frequencies depending on the
grating periodicity. Conversely, the guided modes excited in sample P700 at 900 nm and 940 nm
respectively (Fig. 4(a), display a different behaviour: a gradual red-shift is detected as the grating
periodicity increases. In particular, for P= 900 nm, the modes red-shift to about 1050 nm and
1090 nm as shown in the VIS-NIR experimental spectra of Fig. 4(d) and labeled as first order (I)
in the simulations of Fig. 4(e) and Fig. 4(f).

Fig. 4(c), 4(f), 4(i), 4(l) correspond to simulated spectra within the NIR range (1000-1500 nm)
and allow us to follow the spectral position of the first order modes for the higher periodicity
samples outside the experimentally observable range. The first order guided modes detected for
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Fig. 4. Spectral shift of the modes obtained by variation of the grating periodicity, P= (a)
700, (d) 900, (g) 1100, (j) 1300 nm. (a,d,g,j) experimental spectra of the gratings; (b,e,h,k)
calculated spectra of the nanostripes in the experimentally observed spectral range; (c,f,I,l)
calculated extended-range spectra in the Near IR. The order of the guided modes is labeled
with letters in the simulated spectra.

P700 gradually red-shift as periodicity increases, in parallel the second and third order excitations
are detected in sample P900 and P1100 (Fig. 4(d) and 4(g), and the fourth order emerges in
sample P1300 (Fig. 4(j).

Observing the stitched full-range simulated curves (the two columns on the right in Fig. 4), up
to four pairs of modes can be recognized for the patterns with larger periodicity. Array P1300
exhibits its first order guided modes (I) at 1400 nm, its second order (II) at 850-900 nm, the third
(III) at 650-700 nm, and the fourth (IV) at 550-600 nm.

The second order modes in samples P700 and P900 – or the third order in P1100 and P1300 –
are broader with respect to the other modes arising from the same array. When the modes are
interacting with the plasmon, indeed, they show an increased intensity of the absorption peaks
and relative broadening of the resonance due to the plasmonic dampening. This consideration
assumes critical importance in the context of the sensing applications. Indeed, the spectral width
of the mode is a key parameter in view of refractive index sensing, limiting the resolution of the
spectroscopic detection and the sensitivity of the technique.

Within the set of samples described in this work, the tuning capabilities allowed us to
achieve different coupling conditions between the narrowband waveguided modes and the lattice
resonance. This is highlighted by the different shapes of the resonance detected at about 700
nm wavelength in all the samples, and confirmed by corresponding calculation of both spectra
and near-field distribution. Among the observed responses, P1100 displays high intensity and
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narrowband second-order waveguided modes excitation at about 800 nm wavelength (Fig. 4(g).
As confirmed by calculation of the spectra (Fig. 4(h) and the near-field distribution (Supporting
Content - Fig. S3 in Supplement 1), the second-order waveguided modes are here detuned from
the plasmonic resonance and show a dominant waveguided behaviour. In particular, we would
like to exploit its characteristic electric field amplification within a broader liquid volume for
refractive index sensing, as shown by the Ey/E0 map of Fig. S3(g) in Supplement 1.

To test the performance of this flat-optics system, we devised a proof-of-concept experiment
based on the free-standing plasmonic/photonic templates operating as nanofluidic refractive index
sensors. To get quantitative information, the chip has been mounted on a transparent glass support
as sketched in Fig. 5(a). The fluidic microchannel enables controlled confinement of sub-picoliter
volumes of liquid in the active area. This configuration enables direct in-situ optical detection of
transmission micro-spectra under normal incidence illumination (as shown in Fig. 2(a). Different
liquids with known refractive index (water, iso-propanol, PMMA/ethyl-lactate solution) have
been dosed in contact with the upper, structured side of the membrane, monitoring the spectral
shift of the optical modes.

Fig. 5. Testing of the device sensing capability. (a) Sketch of the measure configuration: the
active area is highlighted in yellow, the red arrows indicate the flow of tested solution inside
the channel; (b) in-situ spectra of the sample, liquids from top to bottom with increasing
refractive index; (c) plotted spectral position of the peaks A and B in air (n= 1), water
(n= 1.33), IPA (n= 1.37) and PMMA solution (n= 1.42), with estimated Refractive Index
sensitivity obtained fitting the spectral shifts (nm/RIU); (d) simulation of the spectral shift
with the attributed refractive indices.

Fig. 5(b) compares the VIS-NIR transmittance micro-spectra detected when the active area
of P1100 nanograting samples different dielectric environments: air (black curve), water (red
curve), iso-propanol (IPA) (green curve) and a PMMA-ethyl-lactate solution (blue curve). A
gradual redshift of all the optical modes is detected as the refractive index increases from air-
(n= 1) to PMMA- environment (n= 1.42). In order to evaluate the spectral sensitivity of this
template we selected the narrowband second-order guided modes (see Fig. 4(h), resonant in air at

https://doi.org/10.6084/m9.figshare.19514125
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770 nm (mode B) and 810 nm (mode A), and characterized by optimal bandwidth. A red-shift
of more than 50 nm has been detected for both the targeted peaks as n increases from 1 to 1.42.
In parallel, the resonant frequency of these modes linearly depends on the refractive index, as
highlighted by the plot of Fig. 5(c), and further confirmed by data fit. The latter allows the
evaluation of the refractive index sensitivity (∆λ/∆n), corresponding to the slope of the curve
and reading 180 nm/RIU for mode B (red arrow in Fig. 5(b), and 110 nm /RIU for mode A (blue
arrow in Fig. 5(b).

The corresponding simulated spectra of this nanosensor (Fig. 5(d), well matched with the
experimental data (Fig. 5(b), further confirming the good optical sensitivity of this platform
based on guided photonic modes. In particular, the mode B (as seen for P700 in Fig. 3(g), is
characterized by minimal bandwidth and by strong near-field confinement at the external interface
of the metasurface, thanks to the resonant hot-spots, and represents a good candidate for more
complex nanofluidic sensing platforms enabling detection of weak molecular signals. Depending
on the desired sensing application and the adopted detection scheme, gratings with different
aspect ratio and/or periodicity can be fabricated to evaluate different coupling conditions between
the guided modes and the plasmonic response. For example we show in Fig. S4 in Supplement 1
optimized parameters for enhanced refractive index sensitivity up to 600 nm/RIU. On the other
hand, if sharp resonances are required, the simulated spectra of Fig. 5(d) suggests that the spectral
width of the waveguided mode could be reduced down to 5 nm in an optimized sample, with
possible improvement of the refractive index sensing performances [54]. Finally, a study of the
field’s hot spots, (like the ones in Fig. 3 and in Fig. S3 in Supplement 1) could be performed to
enhance light-matter interaction aiming at the detection of single molecules.

Another interesting pathway to increase the sensing capability of the device involves reduction
of the minimum sampled volume. By simply designing a fluidic channel with drastically reduced
gap in the ten micrometers range, the sensed volume can be downscaled to the picoliter scale. As
a lower limit at the molecular scale one can consider examples of nanofluidic applications in
which the grating itself is exploited as a channel spacer which sustains a 2D material flake acting
as the ceiling of a nanometer size channel [47].

3. Conclusions

Flat-optics nanosensor templates based on plasmonic gratings have been fabricated via high
resolution electron beam lithography at the surface of free-standing silicon nitride (Si3N4)
membranes. These engineered templates are able to host both a broadband plasmonic lattice
resonance and different narrowband optical modes launched by the nanograting into the waveguide.
A qualitative and semi-quantitative agreement has been achieved between measured optical
microspectra and simulations, demonstrating the capability to tune narrowband waveguided
modes over a wide VIS-NIR spectral range by simply tailoring the periodicity of the lattice. The
optimal bandwidth of these photonic modes, as low as 12 nm, combined with their strong near-field
confinement at the external interface, enable the development of a hybrid photonic/plasmonic
free-standing nanofluidic device. A proof-of-concept refractive index sensing experiment, at
the sub-picoliter scale, showed a good refractive index sensitivity of 180 nm/RIU, for this
free-standing platform, enabled by the narrowband waveguided mode (mode B), in optimal
agreement with simulations. The latter suggest a further improvement of the refractive index
sensitivity in nanoarrays where bandwidth as low as 5 nm can be achieved. The high sensitivity
provided by waveguided modes thus suggests these free-standing flat-optics platforms as optimal
candidates for label-free biosensing into nanofluidic systems, diagnostics, and environmental
detection.

https://doi.org/10.6084/m9.figshare.19514125
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4. Experimental methods

Silicon nitride membranes by Agar Scientific (Fig. S1(a) and S1(b) in Supplement 1) are applied
as functionalized substrates, with free-standing thickness of 200 nm and lateral window size
of 500 µm. The thin membrane is supported by a 200 µm -thick silicon wafer which grants
mechanical stability and allows safe handling of the chip, with a selectively etched aperture below
the free-standing window.

Nanostructures fabrication is performed in a Hitachi SU3500 electron microscope equipped
with a Raith lithography module (ELPHY Quantum) using a 30 kV electron beam on a 160 nm
thick PMMA film from All Resist (AR-P 690.3), spin coated on the sample surface at 4 krpm and
thermally treated (150 °C, 3 min). Development is applied in MIBK-IPA 1:3 solution and then
gold is deposited at normal incidence through the mask via calibrated physical vapour deposition
in ultra-high vacuum. The thickness of the metallic layer is monitored in-situ with a calibrated
quartz crystal microbalance. Lift-off of the polymer mask is then conducted with overnight
treatment in stirred acetone, using a magnetic stirrer and a custom support to hold the sample
above it.

Optical characterization is conducted with a custom microspectrometer consisting in a Labomed
optical microscope (Lx400 trinocular) fibre-coupled to a Vis-NIR high-resolution solid-state
spectrometer (HR4000, Ocean Optics), with the blue-light filter and the iris diaphragm originally
mounted below the sample replaced by a rotating polarizer (Glan-Thompson). The reduced spot
diameter is granted by the core dimension of the collecting optical fibre, attached to the top of
the microscope in place of a Labomed digital camera.

Numerical simulations are performed by using Ansys Lumerical FDTD software. In order
to take into account the finite size of both the incident beam and the device, periodic boundary
conditions cannot be applied. Thus the input field is modeled as a focused Gaussian beam of
10 µm waist impinging on a 50 µm long GMR grating. This condition allows for an optimal
trade-off between required computing resources and reliability of the numerical calculation with
respect to the real setup.

RI sensing experiments are conducted attaching the sample with a thermal mounting wax
(TED Pella Quickstick 135) in a fluidic channel (see Fig. 5(a) made up of optical microscopy
glass slabs and closed by a thin glass coverslip. Liquids of known refractive index are then
injected in the canal using a syringe, varying the refractive index of the surrounding medium
(water, IPA, PMMA solution= 1.33, 1.37, 1.42). The probed volume is limited by the light spot
diameter (∼20 µm) and the vertical gap between the nanostructures and the glass coverslip (∼150
µm), leading to a value of about ten picoliters. Such volume can be easily reduced at sub-picoliter
levels by choosing the vertical gap ∼15 µm.
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