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Subwavelength control of the electromagnetic field distribution represents one of the current challenges in photonics
research. In this field, diffractive metasurfaces with spatially extended (i.e., nonlocal) resonant modes have recently
gained a great interest for their versatility in molding the electromagnetic field beyond the approximation of indepen-
dent resonators. In this framework, we design an high-contrast nonlocal metasurface featuring modes situated in the
third operating spectral window of optical communications. The optical properties of the fabricated metasurface are
investigated by linear spectroscopy and numerical simulations. Our analysis allows to discern the magnetic and electric
nature of the bounded modes by means of polarization-resolved reflectance measurements. Our results represent a
step toward integrated nano-photonics in the telecom regime and open promising opportunities for the development of

compact nonlinear optical devices.

In the last decades, the field of nano-photonics has
witnessed a steady progress of small-footprint and high-
performance optical devices with diverse functionalities for
a wide variety of applications, from light manipulation to
sensing!™. This advancement has been fueled by the sig-
nificant development and improvement of fabrication meth-
ods which are now capable to produce nano-structured ma-
terials with high precision. In this context, metasurfaces
are emerging as a powerful tool to manipulate the proper-
ties of light, such as amplitude, phase, polarization and an-
gular momentum, and to engineer light-matter interactions
with a higher degree of versatility across the spectrum. In-
deed, when considering light-matter interaction within objects
with a size on the order of the impinging wavelength, struc-
tural modes are accessible and they provide a high field lo-
calization, which ultimately determines an enhancement of
the performances®, especially for nonlinear optical inter-
actions such as frequency-mixing in which the intensity of
nonlinearly scattered light scales superlinearly with the in-
tensity of the input light”. Not only this aspect lead to the
development of devices for dynamical light-modulation'®-1¢,
but it is also crucial for the realization of nonlocal metasur-
faces (NLM, e.g., resonant gratings) for the efficient control
of nonlinearly diffracted light'”->?>. Nonlocal metasurfaces
have recently been proposed as promising candidates for sens-
ing, since the propagation of an external light through guided
mode resonances can be strongly modified under the expo-
sure to a chemical specimen®327. In particular, high-contrast
NLMs (HC-NLMs) have gained increasing attention due to
their enhanced ability to boost the optical field localization

compared to conventional gratings, owing to the large in-
dex contrast between the diffractive elements of the grating
and the low-index background material’®?®. In this frame-
work, silicon represents the most suitable constituent due to
its high-refractive index, low-absorption losses in the near
infrared region (NIR), high nonlinear coefficient, low-cost
and mature nano-fabrication processes, and good compatibil-
ity with complementary metal-oxide-semiconductor (CMOS)
technology®*33. Regarding sensing applications, an addi-
tional advantage of HC-NLM is the possibility to increase
the area exposed to the analyte, thus improving the interac-
tion with the environment, by the fabrication of pedestal HC-
NLM, as recently demonstrated?9-34,

Previously, low refractive index substrate®® and suspended
metasurfaces®® were employed in the mid infrared region
to enhance electric field confinement. Here, we propose a
Si-based pedestal HC-NLM featuring both bound-state-in-
continuum®”3® (BIC) modes and guided mode resonances
(GMRs) at telecommunications wavelengths. First, we an-
alyze the modes of the structure by numerically calculating
the dispersion curves and the field distributions of the modes
by using the finite element method (FEM). We then perform
measurements of polarization-resolved spectra in the linear
regime and compare them with spectra calculated numeri-
cally with the rigorous coupled-wave analysis (RCWA) under
plane-wave excitation. Our results provide a scalable geom-
etry for an efficient integration of HC-NLM in photonics de-
vices which can be scaled down to telecommunication wave-
lengths.

The metasurface under study is a one-dimensional peri-
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FIG. 1. Metasurface Design. (a) Sketch of the proposed metasurface. The Si bars, standing on top of SiO pedestals of height /4, and width
wp, have a width w and a height A. Given a pitch P, the resulting slit aperture is @ = P —w. The thickness of the SiO; layer is ¢. (b) Calculated
dispersion curves of the eigen-wavelengths of modes in the NIR spectral region between 1300 and 1700-nm wavelength. (c) Calculated quality
factor as a function of the pitch for LE, BM(, and BE|; modes. (d) Summary of the modes for P = 820 nm and for # = 1160 nm. The values
of the spectral position (wavelength, 1) and quality factor (Q) of the modes are those at 6 = 0°. The insets show the spatial distribution of
the field component along the x-axis (electric and induction field, E and H, respectively). In the colorscale, blue (red) color corresponds to
negative (positive) values. (e) Calculated quality factor as a function of the SiO; layer thickness for LE, BM ¢, and BE;| modes. LE: leaky;
BMj(: bounded magnetic with mode shape 1 (y-axis), 0 (z-axis); BE{;: bounded electric with mode shape 1 (y-axis), 1 (z-axis). The gray
vertical dotted lines indicate the value of the parameter of the fabricated metasurface.

odic structure (along the y direction), as sketched in Fig. 1(a).
The unit cell includes a bar with rectangular cross section
(width w and height /), with its long axis aligned to the x-
direction, sitting on top of a pedestal with height /,, and width
wp, = w — 2h,. The latter structural element helps keeping
the bar suspended, so that, by a suitable choice of materials,
this further enhances the index contrast between the groove
and the surrounding environment. From a fabrication point
of view, etching represents a reliable technique to achieve
this configuration, as recently demonstrated®*. As shown in
Fig. 1(a), in the proposed metasurface, we adopted silicon
(Si) as the constitutive material for the bar and silica (SiO,)
for the pedestal and the uppermost layer of the substrate [with
total thickness ¢, as shown in Fig. 1(a)].

To obtain a photonic structure supporting resonant modes
in the third operating window of optical communication (~
1500 nm), we properly designed the geometrical parameters
of the metasurface. In particular, given its geometry, the pro-
posed structure may support both optical BIC and guided (or
leaky) modes. The latter type of modes, appearing as sharp
resonances in spectra (GMRs), are modes propagating along

the grating periodicity axis (y-axis) and occurs when the fol-
lowing phase-matching condition is fulfilled®:

kowe ~ |ko sin(@) +2wm/P|,  m=+(1,2,3,...), (1)

where kqy is the wavevector of the guided mode, kg = 27/
is the wavenumber of the impinging light at wavelength A
(in vacuum) and ¢ is the angle of incidence with respect to
the normal to the surface [see Fig. 1(a)]. Therefore, a modal
analysis was performed with FEM simulations (Comsol Mul-
tiphysics) to reveal the presence of modes spectrally located
in the NIR. In our design approach, we focused on the de-
pendence of the modes on two geometrical parameters: the
grating pitch and the SiO; layer thickness and the results are
shown in Fig. 1(b)-(e). As suggested by Fig. 1(b), which dis-
plays the dispersion curves as a function of the grating pitch,
the structure supports three modes in the 1300-1600-nm wave-
length range: an electric BIC-type mode ~ 1500 nm (magenta
curve), labelled BE;;, a magnetic BIC-type mode, labelled
BM;, and an electric leaky mode, labelled LE in the range
1330-1410 nm. BIC-type modes are characterized by odd
symmetry of their eigenfields [see Fig. 1(d)]. As expected, the
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FIG. 2. Angle-Resolved Reflectance spectra. Simulated reflectance of the HC-NLM as a function of wavelength and angle of incidence for

TE (a) and TM (b) polarization.

mode eigenwavelength increases with increasing pitch with
a shallow dependence. On the other hand, as depicted in
Fig. 1(c), the pitch dependence of the Q-factor exhibits a shal-
low decrease in the case of the LE mode (blue curve) and
an exponential drop for the BIC-type modes BM|g and BE;
(black and magenta curve, respectively). This different be-
havior is ruled by diffraction, as detailed in the supplementary
material, and it is related to the nature of the modes supported
by the metasurface. In theory, BIC are characterized by an
infinite Q-factor. However, in experimental conditions, they
can appear as resonances with finite Q due to different kinds
of radiation leakage, including tilting of sidewall of Si grating
bars, finite number of periods, finite size of the source, and
opening of higher-order diffraction channels. In the structure
under investigation, while the 0 diffraction order may be for-
bidden by symmetry protection for modes having eigenfields
with odd parity, light emission into higher orders of diffrac-
tion is possible under proper conditions. Higher-order diffrac-
tion into the silicon substrate limits the Q factor of symmetry-
protected BICs. In addition, the amount of diffraction leak-
age significantly depends on the grating pitch, as illustrated in
Fig. 1(c). A diffraction channel is opened when the diffraction
limit is exceeded, i.e., P-n,, > Ar, where n,, is the refrac-
tive index of the substrate and Ar is the mode central wave-
length at the I" point. In the case of BM;g and BE;; modes,
centered at AP and A", we obtain P-ng > Ap™ > AP,
for P in the range 700-900 nm. The eigenfields of these two
modes are evanescent in the SiO; region while they are prop-
agative in the Si substrate due to higher-order diffraction. The
evanescent-wave coupling between the BIC and the substrate,
which is critically dependent on the thickness of SiO, was first
reported in Ref.*?, where the dependence of the Q-factor on
the oxide layer thickness was studied. The role of the SiO;
layer thickness is highlighted in Fig. 1(e), which shows an
exponential increase of the Q factor with the silicon dioxide
thickness that is consistent with the results reported in Ref.*0,
In addition to the previous study (focusing on BIC modes
turning into resonant states due to the high-index substrate),

we also study a GMR with leakage occurring at 0" diffrac-
tion order. In particular, we note an oscillating modulation of
the Q-factor of the LE mode as a function of ¢ [blue curve in
Fig. 1(e)]. This behavior is due to the fact that, in contrast
to the case of the BIC-type modes, the LE mode does leak
radiation in the normal direction in the SiO; region, and this
radiation may be reflected back towards the grating by the in-
terface with Si, hence generating an interference effect that is
regulated by ¢. The result of this interference is the Fabry-
Pérot-like oscillation of the Q factor. The modal analysis un-
derlines the strong dependence of the Q-factor on the grating
pitch. Therefore, given the shallower dependence of the cen-
tral wavelength on the same parameter, the pitch represents an
effective tuning parameter for the design of this kind of meta-
surfaces. So, in order to ensure both the proper matching with
respect to fabrication tolerances and a high Q-factor for the
BE; mode occurring in the third operating window of optical
communications, the value P = 820 nm was chosen together
with # = 1160 nm. Additionally, the modal analysis allows
to unveil the polarization excitation condition of each mode.
The LE eigenmode, featuring an even parity along the y-axis
[Fig. 1(d)], can be excited by an electric field with TE (Trans-
verse Electric) polarization, i.e., E || x [6 = 0, Fig. 1(a)]. Re-
garding the BIC-type eigenmodes, while BM o mode exhibits
an odd parity only along the y-axis, BE;; mode shows an ad-
ditional parity also in the z direction. In view of the nature
of the polarization of the external excitation, TM [Transverse
Magnetic, E-x =0, Fig. 1(a)] and TE are required for exciting
BMj¢ and BE;; modes, respectively.

The polarization-angle-resolved reflectivity spectra of the
HC-NLM provide additional information about the three res-
onances. In Fig. 2 we show the reflectance, calculated by the
RCWA model (see supplementary material for more details),
as a function of the incident angle ¢ and the wavelength A,
for TE [0 = 0°, panel (a)] and TM [0 = 90°, panel (b)] polar-
izations. Interestingly, for TE mode, two sharp features can
be seen at A ~ 1360 nm (LE) and A ~ 1515 nm (BE;;), both
for ¢ ~ 0°; while, for TM mode, a sharp feature appears at
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FIG. 3. Structural and Optical Chacterization. (a) SEM image of the fabricated metasurface. Parameters of the structure. P = 820 nm;
hp =160 nm; w, =73 nm; w = 393 nm; 2 = 500 nm; @ = 427 nm. Inset: top view of the sample. The central (surrounding) region corresponds
to the HC-NLM (the Si/SiO,/Si bilayer). (b) Reflectance spectrum of the bilayer region: experimental (dark blue) and simulated (red). (c)
Experimental and (d) simulated reflectance spectra of the HC-NLM at various values of the polarization angle. The dashed frames display a

cross-sectional view of the structure under analysis.

A ~ 1380 nm (BM ), for ¢ ~ 0°. Moreover, we note that both
BMjg and BE ; spectral features disappear at ¢ = 0°; while,
on the contrary, the spectral feature of LE mode is clearly vis-
ible at normal incidence (i.e., ¢ = 0°). These details confirm
that LE is a leaky mode regardless of ¢, but highlight also the
leaky behaviour of BM|y and BE;; modes for ¢ > 0°. The
former is consistent with their bound nature associated with
symmetry protection at ¢ = 0°, as discussed in the previous
section.

We detail the fabrication of the designed HC-NLM in the
supplementary material. We adopt Scanning electron mi-
croscopy (SEM) to investigate the quality of the fabricated
HC-NLM structure and we report in Fig. 3(a) a cross sectional
view which corresponds to the central region (5 mm X 5 mm)
of the whole sample [see inset in Fig. 3(a)]. We employ an
home-built spectroscopy apparatus for linear reflectivity mea-
surements to optically characterize the fabricated metasurface
(see supplementary material for more details). First, we inves-
tigate the spectral properties of the bilayer region. Fig. 3(b) re-
ports the reflectance curve in the NIR spectral region (950 —
1650 nm) at normal incidence. The spectrum is character-
ized by broadband peaks, whose nature has been investi-
gated through a theoretical model based on RCWA method*!.
As input parameters for the model, the layer thickness val-
ues obtained from SEM were adopted (i.e., # = 500 nm and

t = 1160 nm, see Fig. 3). Moreover, the optical properties
(refractive index) of poly-Si were obtained from ellipsometry
measurements, while those of SiO, and c-Si from Ref.*? and
Ref.®3 | respectively. The model [red curve in Fig. 3(b)] well
reproduces the experimental data. In particular, the minima
in the calculated spectrum originate from Fabry-Pérot modes
and their spectral position matches with the minima in the ex-
perimental data. The good agreement between the experimen-
tal data and the model highlights the quality of the fabrication
process and allows to validate the capability of the setup.

Now, we turn our attention to the HC-NLM. It is useful to
remind that, in our reference frame, the x-axis is the direction
parallel to the bars and the z-axis corresponds to the normal to
the sample surface [see Fig. 1(a)]. Moreover, yz is the plane
of incidence; therefore, ko = 27ng/A (sin@+cospz). Re-
flectance spectra (at normal incidence) of the HC-NLM were
measured for polarization directions of the E field varying
from TE (6 = 0°) to TM (6 = 90°) mode and the results are
displayed in Fig. 3(c). The spectra of the metasurface are
characterized by broadband background resonances (located
at ~ 1300 nm and ~ 1600 nm), whose amplitude varies as a
function of the polarization angle 6. Interestingly, three nar-
rower features appear, whose spectral position well matches
that predicted in the design model. Therefore, the peaks in
the reflectance spectra are ascribed to LE (~ 1370 nm), BMjg
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TABLE I. Summary of the parameters retrieved from fitting a Fano
lineshape to the experimental reflectance spectra.

Mode 6 (°) Ar (nm) AA (nm) q

LE 0 13774 £ 0.2 9.9+0.2 -0.98 £+ 0.03
BMj 90 13954 +0.3 4.1+£02 0.22 + 0.06
BE; 0 1513.3 £ 0.2 3.7+0.1 0.57 4+ 0.05

(~ 1400 nm), and BE; (~ 1515 nm) modes. In particular, we
underline that the resonances LE and BE; disappear when 6
increases (i.e., moving from the TE to the TM mode), while
resonance BMy shows an opposite behaviour. In order to
better understand the nature of these spectral features, RCWA
simulations were performed to calculate reflectance spectra
under plane-wave illumination. The reflectance spectra, ob-
tained by considering a numerical aperture NA=0.03 (i.e., av-
eraging over values of ¢ ranging from 0 to ~ 2°), are in good
agreement with the experimental data [see Fig. 3(d)]. This
result confirms that the experimental probe light includes a
small fraction of off-normal wavevector components kg - § # 0
associated with the non-zero numerical aperture. Therefore,
this further analysis unveils that the three narrow peaks in the
reflectance spectra are the signature, in the form of Fano res-
onances, of the interference between the continuum of modes
of the incident light and the discrete spectrum related to the
leaky component of LE, BMo, and BE;; modes**. A Fano
lineshape® has been fitted to the experimental curves in order
to retrieve spectral position (A,), bandwidth (A1), and profile
index (g) of the three resonances (see supplementary mate-
rial for more details). The results are summarized in Tab. L.
We note a difference between the experimental and calculated
profile of the resonances. Our analysis, outlined in the supple-
mentary material, indicates that the differences between ex-
perimental and calculated profile of resonances are due to: (i)
the non-ideal response of the polarizer, (ii) the limited spec-
tral and angular resolution of the setup, and (iii) fabrication
imperfections, especially related to the pedestal thickness.

We theoretically investigated and experimentally demon-
strated a Si-based HC-NLM supporting BIC modes in the
third window of the telecom spectrum. Our results show
that introducing a low refractive index pedestal structure sup-
porting a high-index grating leads to the production of high-
quality HC-NLMs. We performed polarization resolved re-
flectivity measurements and compared the results with RCWA
and FEM simulations to unveil the electric and magnetic na-
ture of BIC modes. Simulations and experiments show good
agreement, confirming the high quality of the fabricated sam-
ples. Our results set HC-NLM as a promising technology
for integrated nanophotonics for telecommunications, and for
the development of compact sensors and nonlinear optical de-
vices.

See the supplementary material for more details on sample
fabrication, spectroscopy setup, rigorous coupled-wave anal-
ysis, and analysis of the experimental reflectance spectra.
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