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Abstract: Optical sensors typically provide compact, fast
and precise means of performing quantitative measures
for almost any kind of measurand that is usually probed
electronically. High-contrast grating (HCG) resonators are
known to manifest an extremely sharp and sensitive opti-
cal resonance and can constitute a highly suitable sens-
ing platform. In this paper we present two advanced
high-contrast grating designs improving the sensing
performances of conventional implementations. These
configurations, namely pedestal and half-buried HCGs,
allow to enhance the shift of the photonic resonance
while maintaining the spectral features of the standard
configuration. First, the spectral feature of the HCGs was
numerically optimized to express the sharpest possible
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resonance when the structure is immersed in serum. Sec-
ond, the sensing properties of conventional and advanced
HCG implementations were studied by modelling the bio-
logical entities to be sensed as a thin dielectric coating
layer of increasing thickness. Pedestal HCGs were found to
provide a ~ 12% improvement in sensitivity and a six-fold
improvement in resonance quality factor (Q-factor), while
buried HCGs resulted in a ~ 58% improvement in sensi-
tivity at the expense of a slightly broader resonance. Such
structures may serve as an improved sensitive biosensing
platform for near-infrared spectroscopy.

Keywords: biosensing; dielectric resonator; guided-mode
resonance; high-contrast grating.

1 Introduction

High-contrast grating (HCG) resonators are well-known
and thoroughly studied dielectric nanostructures [1-6],
which have been used for many years in various appli-
cations from signal filtering [1-3, 7-9] to biosensing [4,
10-20]. A typical HCG consists of a one-dimensional
periodic array of high-index structures (rectangular bars,
tubes, or sinusoidal modulations of the refractive index),
surrounded by a low-index medium. The physical behav-
ior of such structure relies on the concept of leaky-mode
resonances or guided-mode resonances (GMR). There also
have been realizations of GMR in dielectric gratings placed
on top of a dielectric slab waveguide [21]. We note that
GMR-based devices are also known as resonant gratings
waveguide structures [21] or resonant guided-mode filters
(RGMFs) [1, 2].

The underlying meaning of leaky-mode resonances
is that, should the structure be free of refractive index
modulations, it would act a standard slab waveguide where
the guided mode could not be excited by a plane wave
impinging on the structure at normal incidence. However,
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with a perturbation of the dielectric constant, a transverse
momentum could be generated, which causes the guided
mode to couple to light waves in an ambient medium
and to be excited by an incoming plane wave at normal
incidence. Furthermore, HCGs are dramatically polariza-
tion dependent, as they can manifest extremely narrow or
broadband near-unit reflection depending on design and
polarization. The resonance originates from a strong cou-
pling between grating modes and as such it is characterized
by a Fano-shape [22].

Optical biosensing exploits the sensitivity of guided
or resonant modes confined in photonic nanostructures to
the environmental conditions [4, 10-13, 16, 20]. Among
several different approaches, refractometric sensing and
wavelength interrogation [23] can be used where very small
concentration variations of a specific analyte induce small
changes of thelocal refractive index, resulting in the shift of
resonance wavelength. Conventionally, plasmonic struc-
tures relying on either propagating or localized surface
plasmons have been extensively used to detect biomark-
ers down to clinically-relevant concentrations [24-26].
Despite their high sensitivity, metallic platforms are char-
acterized by large optical losses, which render accurate
experiments harder to perform. On the other hand, high-Q
resonance of dielectric HCG structures may provide higher
accuracy in sensing and can be easily tuned to resonate
in any wavelength range where materials can be approxi-
mated as lossless. Both one- and two-dimensional periodic
dielectric nanostructures have been successfully used to
perform the sensing tasks with encouraging results [14—18,
27-32].

Here we present two advanced HCG designs based on
GMR with different mechanisms to improve the sensitivity
of such structures beyond the reported values for the con-
ventional implementation. These new configurations will
be referred to as pedestal and half-buried HCGs, respec-
tively, as illustrated in Figure 1. Pedestal nanostructures
are a quite novel approach that relies on the maximiza-
tion of the sensing area and increased index contrast by
partial etching of the substrate beneath the grating bars.
This approach particularly suits HCGs as the resonance
features heavily rely on a large index contrast. Plasmonic
nanoparticles have been suspended on dielectric pedestals
to improve the platform sensitivity with a configuration
referred to as plasmonic nanomushrooms [33]. Further-
more, dielectric Mie resonators obtained by pedestalling
silicon nanostructures have been reported [34], as well as
silicon-on-insulator (SOI) suspended waveguide for mid-
IR sensing [35]. In our case we apply pedestalling for
long bars thus improving the figure-of-merit (FOM) by

DE GRUYTER
i—}z Serum i——}m Serum
| mEm
2 > e
A w A
Si0y Si0;

(a) (b)

i—-}m Serum
m
A w

Si0,

A

A

(d)
()

Figure 1: One-dimensional high contrast grating structures under
consideration. Schematic design of (a) conventional, (b) pedestal,
and (c) half-buried HCG structures. Note that thin blue layers around
HCG structures are assumed to be the analyte layers in serum (n =
1.35) background, in green. (d) lllustration of the structure under
consideration in a three-dimensional drawing where the considered
incident polarization is depicted. Simulations were performed by
considering normal incidence and with an electric field aligned
parallel to the grating bars.

enhancing both the resonance redshift and the structure’s
Q-factor. Up to date, there has not been any reported case
of pedestal high-contrast gratings to the best of authors’
knowledge. The half-buried version of HCGs was inspired
by [5], who propose a similar implementation to enhance
the field interaction with metallic nanoantennas placed
in between the grating bars for surface-enhanced Raman
scattering (SERS) applications. Partially burying the high-
index structures on the low-index substrate allows main-
taining the resonance features of HCGs while providing
a mean to maximize the interaction between field-profile
and biological entities, hence the device sensitivity.

2 Numerical analysis

Figure 1 illustrates the considered HCG designs, which
we optimized to manifest the largest possible resonance
shift in response to a thickness variation of a thin coat-
ing analyte layer (thin blue line) while immersed in
human serum. The structures were simulated by consid-
ering a practical implementation, where SOI wafers would
be manufactured by first depositing an SiO, layer, and
then amorphous silicon (aSi) on top of a blank crys-
talline silicon (cSi) wafer. We applied various numerical
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methods to conduct thorough numerical simulations of
the optimized designs: the commercial finite difference
time-domain (FDTD) method (Ansys Lumerical Inc., ver-
sion 2020 R2.2) and finite element method (COMSOL Inc.,
COMSOL Multiphysics), as well as two homemade meth-
ods: rigorous coupled-wave analysis (RCWA) [36, 37] and
method of lines (MoL) [38] implemented on MATLAB. We
found excellent agreement between results provided by all s 150 el et oy it Ty
methods witnessing validity of the drawn conclusions. Wavelength [nm]

The starting point was to reproduce results from lit- (a)
erature [5, 16] with the structures optimized to manifest
the narrowest possible resonance close to 1550 nm when 351
immersed in human serum. Refractive index of serum was
assumed to be n=1.35. As the top layer can be deposited by
low-pressure chemical vapor deposition (LPCVD), material
parameters were taken from the ellipsometry measure-
ments after amorphous silicon deposition. Crystalline sili- o2
con and silicon dioxide were instead modelled by means of O e ‘ :
the Sellmeier equations with coefficients taken from [39]. 046. 0465 04T 0473 &;‘X 04850 0490 0495 105

Both the functionalization layer and the target (b)
biomarkers were simulated as a protein layer of identi-
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theory (EMT) [41-43].
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2.1 Conventional HCG

As shown in Figure 2a, we optimized the traditional HCG
configuration, first by setting the periodicity in order to (d)
tune the structure fc.)r the WaYEIeng‘th ral?ge of mter?St’ afld Figure 2: Optical response of conventional HCG structures. (a)
second by calculating the dispersion diagram to identify Reflectance contour plot versus wavelength and duty-cycle, (b)
the anticrossing point corresponding to strong coupling of  Q-factor and resonance redshift as a function of duty cycle, (c)
the grating modes, hence appearing of a high-Qresonance, calculated reflection spectra for the an HCG without coating layer
as thoroughly discussed in [5]. Finally, we found the grating (black), with functionalization layer (blue), and with immobilized
duty-cycle corresponding to the phase-matching condition biomarker Fmd)’ a'nd (d) field-intensity enhancement (|, |,2) at

. X K resonance in a unit cell calculated by the FDTD. Note that in (a) the
between Bloch modes in the grating plane, which allows to box with white dashed line indicate the region where FOM is
further maximize the resonance Q-factor (Figure 2b). Fur-  petween its maximum and half, indicating the parameter space
thermore, we applied the aforementioned analyte model where FOM is high.
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in order to identify the duty-cycle providing the opti-
mal resonance redshift upon increase of the protein layer
thickness by 3 nm, as shown in Figure 2c.

It is customary [23, 44] in the sensing community to
define an FOM which relates the sensitivity, S (wavelength
shift of resonance), and full-width half-maximum (FWHM)
of the resonance, namely by

S

FOM = twmm’

oy
thus quantifying the goodness of the sensor under investi-
gation. Moreover, we calculated the bulk refractive index
sensitivity, Sggis, Of each structure defined as

Sanis = %[nm/RIU], @)

where A/ is the shift of the resonance wavelengths as
opposed to the change of background liquid’s refractive
index An, and RIU stands for the refractive index unit. Spg;g
isalso a general indication of sensors sensitivity toward the
change of a bulk refractive index of the background liquid.
In our study, the interest lies in the sensitivity towards the
change of the refractive index at the nanoscale proximity
to the grating surface.

We found that the experienced redshift manifests a
linear trend as a function of the grating bars width, most
likely due to the extended grating surface that can accom-
modate an increased amount of proteins sitting on the
high-index structures. The staircase-like pattern of the red
simulation points is due to a truncation of the redshift to
10 pm. Figure 2d shows the typical field profile of the HCG
structures. Note, that the excitation field in Figure 2d was
set to E, = 1V/m, hence the color bar represents the field-
intensity enhancement. The field profile suggests that the
fields on top of the silicon grating surface mainly contribute
to the sensing of analyte, and we confirmed this statement
with our simulations.

2.2 Pedestal HCG

The physics of HCGs heavily relies on a large refractive
index contrast between grating bars and their surround-
ings resulting in high-Q resonances. The index contrast
of standard structures can be increased even further by
partial etching of the substrate beneath the grating, thus
suspending the grating bars on glass pedestals (Figure 1b).
Such configuration allows for narrowing down the reso-
nances and increasing their Q-factor. Furthermore, in this
way the sensing area increases as well, as alarger portion of
the grating surface will be exposed to the environment. All
these aspects contribute to maximizing the sensing FOM
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(Eq. (1)), hence bringing an important advantage in terms
of practical experimental implementation.

We repeated the same series of analysis for pedestal
HCG structures by running large parametric sweeps. The
optimal grating geometry resulted to be unvaried with
respect to the standard implementation, as shown in
Figure 3a, meaning that the maximum Q-factor is achieved
in correspondence of the same duty-cycle previously
found. In the case of pedestal structures, the Q-factor
enhancement depends on the achieved etch depth as the
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Figure 3: Optical response of pedestal HCG structures. (a)
Reflectance contour plot versus wavelength and duty-cycle, (b)
resonance Q-factor for conventional (blue), 50 nm (green) and 100
nm (red) pedestal HCG as a function of the grating duty-cycle, and (c)
calculated reflection spectra for a 100 nm pedestal HCG without
coating layer (black), with functionalization layer (blue) and with
immobilized biomarker (red). Note that in (a) the white dashed line
box indicates the region, where FOM is between the maximum and
its half, indicating the parameter space of a high FOM. Note also
that for the sake of keeping (b) readable, the entries describing the
fitted curves have been omitted.
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structure progressively tends to the ideal implementation
of completely suspended grating bars as can be seen
from Figure 3b. Note that a lorentzian fit accompanies the
simulation points in order to compensate for numerical
inaccuracy related to resolution of such extremely nar-
row spectral features. Similarly, the resonance redshift is
enhanced with deeper etch due to extended sensing area
upon increase of the protein layer thickness and, impor-
tantly, the field hot-spot at the bottom grating interface is
eventually becoming accessible in virtue of the HCG sus-
pension. We would like to emphasize that the field profile
of the pedestal HCG is very similar to that of a conventional
HCG case except that the maximum intensity is enhanced
due to the increased Q-factor. The spectral response of an
s = 100 nm pedestal HCG is reported in Figure 3c.

2.3 Half-buried HCG

The field profile outside the grating bars (i.e. in the air gaps)
is more intense at the middle of the grating bars height, as
shown in Figure 2d. Indeed, when simulating the conven-
tional HCG with and without proteins on the SiO, substrate,
the sensitivity is not changing significantly. This is due
to the low field-proteins overlap in the conventional HCG
case. We employed the same model representing a uniform
coating protein layer. In order to identify which part of the
structure mostly contributes to sensing, we ran the simu-
lations by first coating only the grating bars, then only the
substrate. This showed that the main contribution comes
from the actual grating (silicon) surface. Therefore, half-
burying the grating bars in the glass substrate increases the
interaction between the field and analyte layers, result-
ing in improved sensitivity, as illustrated in Figure 4. In
this case, the duty-cycle providing the maximum Q-factor
slightly decreases due to the phase difference introduced
by the increased effective index in the air gaps, and the
resonance is reasonably broadened with respect to the con-
ventional implementation, yet retaining most of the HCG
features, as shown in Figure 4a. An important parameter to
be optimized is the percentage of silicon thickness buried
in the glass substrate, which plays a relevant role in the
tradeoff between amelioration of the Q-factor and device
sensitivity as depicted in Figure 4b. The shaded area in
Figure 4b represents the range of buried silicon thickness to
be targeted during the fabrication. Incidentally, due to the
broader resonance (Figure 4c) with a slower Q-factor trend
as a function of the duty-cycle, the fabrication tolerance for
this configuration is more relaxed. Furthermore, although
the sensing FOM suffers an evident decrease as the result
of resonance broadening, the redshift improvement largely
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Figure 4: Optical response of half-buried HCG structures. (a)
Reflectance contour plot versus wavelength and duty-cycle, (b)
resonance Q-factor and redshift versus percentage of buried silicon
thickness, (c) calculated reflection spectra for a 40% buried HCG
without coating layer (black), with functionalization layer (blue) and
with immobilized biomarker (red), and (d) field profile at resonance
for a 40% buried HCG with highlight on the protein layer being
optimally interfaced with it. Note that in (a) the white dashed line
box indicates the region, where FOM is between the maximum and
its half, indicating the parameter space of a high FOM.
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compensates for such loss by reaching remarkable val-
ues, thanks to the enhanced overlap of fields and analyte
(Figure 4d). Additionally, the region, in parametric space,
of high-FOM values is greatly extended (Figure 4a), thus
indicating that the design is more robust to parameter vari-
ations in terms of sensing performance then the previously
described configurations. This is relevant as nanometer
precision is not always achievable in nanofabrication,
especially when the associated costs needs to be kept at a
reasonable level.

3 Discussion and conclusions

Two novel HCG configurations, relying on different mech-
anisms to improve the performances of such platform in
the context of biosensing, clearly provide practical advan-
tages as they allow increasing the sensitivity of the device.
On one hand, pedestal gratings mainly rely on increased
index contrast and extended sensing area to maximize the
FOM, while on other, half-buried HCGs are based on max-
imum field-proteins overlap by enhancing the interaction
with analytes being captured at the substrate level. Table 1
lists geometrical parameters and resonance wavelength of
the considered structures. Table 2 resumes the findings
and compares different configurations. Overall, 100 nm
pedestal HCGs provide a ~12% increase in the redshift and
a 210% improvement in the FOM, while 40% buried HCGs
manifest a ~58% redshift enhancement at the expense of
FOM being roughly 23% that of conventional realizations.

The bulk refractive index sensitivity Sgp;g of the
pedestal design is improved from conventional one, which
has similar values as for reported Si gratings [20], due
to an extended grating surface interfacing with the envi-
ronment. The buried configuration instead suffers from
reduction of Sggs due to the opposite reason: a smaller
portion of grating is exposed to the surroundings.

Table 1: Geometrical parameters of considered HCG configurations.

HCG design w [nm] h [nm] A [nm] Ao [Nnm]
Conventional 390 500 820 1553.1
Pedestal 390 500 820 1550.2
Half-buried 380 500 820 1546.2

The table refers to s = 100 nm pedestal and d = 40% buried HCGs.
The corresponding resonance wavelength (4,) is also reported for
the case of an uncoated grating (black curves in Figures 2c, 3c, 4c)
for completeness. The geometrical parameters do not perfectly
correspond to the maximum achievable Q-factor as we rounded
them to the nearest multiple of 10 nm accounting for fabrication
tolerances.

DE GRUYTER

Table 2: Comparison of optical responses between three studied
HCG configurations.

HCG design Al FWHM Q FOM Sgris

[nm] [nm] [x10%] [nm/RIU]
Conventional 0.43 0.04 3.9 10.8 278
Pedestal 0.49 0.01 15.5 22.8 291
Half-buried 0.68 0.27 0.7 2.5 193

The table refers again to s = 100 nm pedestal and d = 40% buried
HCGs. Note that resolving such an extremely narrow resonance is
complicated when running large parametric sweeps, and as such
the FWHM of pedestal gratings is limited by the algorithm spectral
resolution, which was set to 0.01 nm in this case. The wavelength
redshift, A4, is induced by a 3 nm-increase in protein layer
thickness. Sggs is calculated by Eq. (2) for the background (serum)
refractive index change of An=1.30-1.40.

There have been numerous realizations of sensor
structures by GMR on dielectric grating on top of dielectric
slab waveguide, known as guided-mode resonant gratings
(GMRGs) or RGMFs [18]. One of the main limitations of such
GMR-based sensors is their moderate quality factor, Q, on
the order of a few hundreds while the bulk refractive index
sensitivity, Sggis, is similar to our design of a few hun-
dreds nm/RIU. Our proposed design can achieve higher
Q-factor and narrow FWHM by the geometrical parameters
and hence high FOM.

As indicated by the white dashed line boxes in
Figures 2a, 3a, and a4a, the high FOM regions of the conven-
tional and pedestal designs are smaller in parameter space,
w/A, and more sensitive to the change of geometrical
parameters due to their narrow resonances. On the other
hand, FOM of the half-buried design is more tolerant to
the change of geometrical parameter, w/A. Additionally,
another advantage provided by such Si-based structures is
thereduced production cost associated with such materials
and the well-developed processes suitable for mass-scale
production.

To conclude we have proposed two novel designs of
dielectric high-contrast gratings in the context of biosens-
ing for the detection of thin protein layers. Comprehensive
numerical study reveals the significant improvement in the
FOM and/or resonance wavelength shift. Pedestal HCGs
show remarkably large resonance Q-factors, which can be
progressively increased by extending the etch depth during
their fabrication. We foresee that such platform may effi-
ciently serve in other applications, where narrow spectral
responses and extreme field-enhancement are of interest,
forinstance, in signal filtering and nonlinear optics. Buried
HCGs instead appear to be the most promising design for
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applications in biosensing as they allow probing proteins
by the most intense field localization, previously inac-
cessible in the conventional HCGs structures, while still
retaining a narrow resonance in the wavelength range of
interest.
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