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We experimentally demonstrate a novel quasi-bound state in the continuum (BIC) resonance in the mid-infrared
wavelength region with the resonant electric field confined as a slot mode within a low-refractive-index medium
sandwiched between high-index layers. The structures studied here comprise coupled amorphous germanium
guided-mode resonance (GMR) structures with a top one-dimensional grating layer and bottom uniform layer
separated by a low-index silicon nitride layer. The slot-mode profile within the silicon nitride layer with mode
field confinement >30% is achieved as a solution to the electromagnetic wave propagation through the coupled
GMR structure with the dominant field component being perpendicular to the layers. The quasi-BIC resonance in
symmetric 1D grating structures can be observed even at normal incidence when considering a realistic excitation
beam with finite angular spread. The measured transmission peak is found to redshift (remain almost unchanged)
under classical (full-conical) mounting conditions. The highest quality factor of ~400 is experimentally extracted
at normal incidence under a classical mounting condition with a resonance peak at 3.41 pm wavelength. Such
slot-mode GMR structures with appropriately chosen low-index intermediate layers can find applications in

resonantly enhanced sensing and active photonic devices.

https://doi.org/10.1364/PRJ.442650

© 2021 Chinese Laser Press

1. INTRODUCTION

Resonant dielectric optical metasurfaces with high quality fac-
tors and frequency selective responses can be realized using
guided-mode resonance (GMR) [1] and bound state in the con-
tinuum (BIC) phenomena [2,3]. True BIC resonances exhibit
infinite quality factors and are inaccessible to external excita-
tion. Such resonances can, however, be made accessible by mak-
ing them quasi-BIC resonances using asymmetric structures for
normal incidence excitation [4] or by using off-axis excitation
for symmetric structures [5]. Quasi-BIC resonances have been
utilized for realizing resonant metasurface-based lasers [6], pho-
toluminescence enhancement [7], nonlinear optical enhance-
ment from both dielectric structures [8] and two-
dimensional materials integrated into the dielectric structures
[9], sensing [10], and as chiral optical structures [11]. Such di-
electric resonant metasurfaces operating in the mid-infrared
(mid-IR) wavelength range are useful for realizing resonant op-
tical filters, substrates for high-sensitivity surface-enhanced IR
absorption, and nonlinear frequency upconversion devices.
Quasi-BIC metasurfaces in the form of germanium-based tilted
elliptical structures have been utilized for angle-resolved IR ab-
sorption spectroscopy [12]. Cuboid shaped unit cells with an
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additional asymmetric notch along one of the edges have been
used to design high-quality-factor resonances in the 9-12 pm
wavelength range [13]. One-dimensional (1D) grating struc-
tures exhibiting GMRs have been used to realize high-quality
optical notch filters in the mid- and long-wave IR wavelength
ranges [14,15]. Polarization independent filter characteristics
have also been demonstrated using two-dimensional circularly
symmetric unit cells [16] and stacked 1D sub-wavelength gra-
ting structures [17]. BIC resonances in close vicinity to finite-
quality-factor GMRs have been theoretically studied in 1D
sub-wavelength grating structures to understand their band
edge properties [18,19]. The transformation of BIC resonances
to leaky-mode resonance due to scattering and substrate leakage
has also been reported [20].

In addition to designing resonant metasurfaces to achieve
resonances at specific spectral positions with high quality fac-
tors, it is necessary to tailor the resonant electric field profile to
achieve strong field concentration either within the structure or
outside. The resonant field engineering becomes essential in the
context of sensing or nonlinear optical studies to ensure maxi-
mum interaction of the optical field with the material of
interest. In this context, we present electromagnetic design,
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fabrication, and experimental study of novel slot-mode reso-
nances in the mid-IR wavelength range with the electric field
confined to the low-index medium sandwiched between high-
index coupled-GMR (c-GMR) structures. The slot-mode
profile with sub-wavelength mode field confinement is realized
here in a silicon nitride (SiN) layer sandwiched in a
c-GMR structure consisting of a top layer amorphous germa-
nium (a-Ge) sub-wavelength grating structure and a bottom
layer a-Ge un-patterned film. Such ¢-GMR structures have
been proposed for use in realizing electromagnetically induced
transparency (EIT) analogs [21,22], exhibiting a high-quality-
factor transmission peak within a broad low-quality-factor res-
onance dip with field confinement in the high-index a-Ge
un-patterned film. The electric field confinement with a
low-index intermediate layer between two high-index layers
has been studied theoretically in silicon grating/silicon dioxide/
silicon c-GMR structures [23,24]. To the best of our
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knowledge, the present work is the first experimental report of
such slot-mode resonances in any GMR or dielectric metasur-
face platform. Slot-mode profiles have been studied previously
in conventional waveguide structures under transverse light
coupling geometry [25]. However, such structures generally
suffer from high coupling losses due to significant mode mis-
match when coupled through fibers or other feeder waveguides.
The confinement of the light as a slot mode within the low-
index medium in a GMR device makes it easier to resonantly
couple light into the low-index slot due to the presence of the
top layer grating structures aiding in wave vector matching [1].

2. COUPLED GMR STRUCTURE DESIGN

A schematic of the c-GMR structure studied here is shown in
Fig. 1(a). This consists of a low-refractive-index SiN layer sand-
wiched between a top a-Ge 1D sub-wavelength grating layer
and a bottom a-Ge un-patterned slab layer on a low-index
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Fig. 1. (a) Schematic of the c-GMR structure showing angle of incidence AOI (0, ¢), and dimensions. Simulated transmission contour as a
function of wave vector and x component of wave vector for c-GMR structure (b) without SiN layer and (c) with SiN layer. Insets show the zoomed-
in views of corresponding BICs across the white square region. Wave vector is represented as inverse of wavelength in micrometers. Simulated
transmission spectra considering plane wave excitation for c-GMR structures (d) without SiN layer and (e) with SiN layer for AOIs of 0°, 1°, and 5°.
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quartz substrate. The choice of the materials used in this stack is
determined by the low optical absorption in the mid-IR spectral
range and the ability to process these materials using standard
clean-room fabrication techniques. The wavelength dependent
refractive indices of the materials used here were obtained from
ellipsometry measurements of a-Ge and SiN films used in the
fabrication process. The c-GMR structure studied here is de-
signed by optimizing the dimensions, namely, the lattice con-
stant or pitch (A), the width of the grating (wgm), thickness of
the grating layer (hg,), SiN layer (Ag,.), and a-Ge slab layer
(hgap)> as shown in Fig. 1(a), to achieve resonances at specific
wavelength ranges of interest. First, we focus on quasi-BIC res-
onances in symmetric 1D grating structures with plane wave
excitation of finite angular spread and varying angles of inci-
dence (AOIs). The AOL, 6, is the tilt of the propagation axis
with respect to normal direction (z axis), as shown in Fig. 1(a).
The plane of incidence is also considered to be rotated about
the z axis at an angle ¢ from the x axis, which is the grating
vector direction. This results in exciting the grating under
classical (¢ = 0°) and conical mounting (¢ > 0°) conditions,
with @ = 90° termed as full-conical mounting [26,27]. The
polarization direction considered in this study is fixed as trans-
verse magnetic (TM), where the magnetic field vector is
perpendicular to the plane of incidence. The use of TM polar-
ized excitation results in a strong out-of-plane field component
(along z direction) within the structure [25,28], which ensures
the excitation of the slot mode in the low-index intermediate
layer. The ¢-GMR structures are designed using the finite-
difference time-domain (FDTD)-based electro-magnetic wave
propagation solver in ANSYS Lumerical FDTD [29].

The photonic band diagrams equivalent for the cGMR
structures obtained from the plane wave excited transmission
spectra plotted as a function of wave vector and x component
of the wave vector for structures without and with the SiN layer
are shown in Figs. 1(b) and 1(c), respectively. The wave vectors
represent the inverse of the wavelength in units of pm™. The
dimensions of the GMR structure considered are A = 2 pm,
Werae = 0.5, hgrye = 300 nm, by, = 1.2 pm, and hyo =
200 nm. The dimensions of the structure were optimized first
in the absence of the SiN layer with varying a-Ge etch depths to
achieve broad transmission dips in the 3 to 3.5 pm wavelength
range for normal incidence with prominent quasi-BIC reso-
nance for off-normal incidence. Following this, the addition
of the SiN intermediate layer results in excitation of the
low-index slot-mode profile with the optimum thickness
chosen to achieve maximum fractional field confinement, as
discussed below. The white dashed boxes show the spectral win-
dow of interest across in which the quasi-BIC resonance is ob-
served, with a zoomed-in view of the region shown as an inset.
Both a-Ge structures without the SiN layer, termed as the zero-
contrast gratings (ZCGs) [30], and the c-GMR structure with
the SiN intermediate layer exhibit BIC resonance at normal
incidence at center wavelengths of ~3.6 and 3.51 pm, respec-
tively. With increasing excitation angles from normal incidence,
clear resonance features of spectral width broadening as ex-
pected for quasi-BIC resonances, are observed, resulting in a
reduced quality factor. The linear transmission spectra are
also shown for AOIs of 0°, 1°, and 5° for the two structures in
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Figs. 1(d) and 1(e), respectively. Symmetry protected BIC res-
onances under plane wave normal incidence (green curve) with
a broad transmission dip followed by narrow quasi-BIC reso-
nances with increasing AOIs (blue and red curves) are observed.
The ZCG quasi-BIC resonance is found to minimally shift
with increasing AOIs. In contrast, the c-GMR structure exhib-
its a noticeable redshift in addition to spectral broadening with
increasing AOIs. This points to the increased angular sensitivity
of the transverse guided mode excited in the case of the a-Ge
c-GMR structure with the low-index intermediate layer when
compared to the a-Ge ZCG structure with increasing excitation
angle. The sharp spectral feature observed in the 3.7 to 3.8 pm
wavelength range is due to the excitation of an EIT-like high-
quality-factor resonance [21,22] with the field concentrated in
the un-patterned bottom a-Ge layer.

The longitudinal electric field (z component) amplitude
profiles corresponding to the a-Ge ZCG and a-Ge c-GMR with
200 nm SiN intermediate layers at their respective resonance
wavelengths are shown in Figs. 2(a)—2(e), respectively. The field
profiles are shown for plane wave excitation at 0° and 1° AOls.
The z component of the electric field is found to be the strong-
est for the a-Ge c-GMR structures. It is seen in Figs. 2(a) and
2(d) that the electric field profiles corresponding to the sym-
metry protected BIC exhibit characteristic double-lobe
profiles that cannot be accessed through excitation with plane
waves at normal incidence [19]. In contrast, quasi-BIC
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Fig. 2. Longitudinal component of electric field (|£,|) along the xz
plane for the c-GMR structure without SiN for AOI of (a) 0° and
(b) 1°, and with SiN for AOI of (d) 0° and (e) 1°. Vertical line profile
of |E,| at x = 0 and AOI of 1° for c-GMR structure: (c) without SiN
and (f) with SiN. Mode-confinement factor (MCF) in different layers
of the c-GMR structure as a function of: (g) varying AOI for fixed SIN
thickness of 200 nm and (h) varying SiN height for fixed AOI of 1°.
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resonant mode profiles corresponding to AOIs of 1° shown in
Figs. 2(b) and 2(e) exhibit a single-lobe mode profile that can
be excited by plane waves at off-normal incidence. With the
addition of a low-index SiN layer, the field profile is found
to shift from the high-index a-Ge layer to the low-index
SiN intermediate layer. This points to the excitation of a slot
mode that is confined to the low-index medium sandwiched
between high-index GMR structures. Vertical line-scan field
profiles along the dashed line are also shown in Figs. 2(c)
and 2(f). The slot mode supported in the 200 nm SiN layer
in the a-Ge coupled GMR structure exhibits sub-wavelength
confinement of light for the wavelength considered here with
strong field concentration in the low-index region [25]. Clear
slot-mode confinement can be observed even for SiN layer
thicknesses as low as 1 nm.

We compute the mode-confinement factor (MCF) to quan-
tify the fraction of field intensity confined within a region of
interest (ROI) in the unit cell of the coupled GMR as follows:

Jfror |EP dxdz
fonit cell |E|2dXdZ ’

where the electric field intensity, |E|?, includes the sum of all
three electric field intensity components. The MCEF is plotted
across various regions within the coupled-GMR structure unit
cell as a function of AOI and SiN layer thickness as shown in
Figs. 2(g) and 2(h), respectively. It is found that with increasing
AOIs, the confinement of the slot mode in the 200 nm SiN
layer increases from ~30% to a maximum value of ~42%
for AOIs of 1° and subsequently decreases for higher AOIs.
With the increase in AOI, the decrease in MCF in the low-
index SiN layer is accompanied by field redistribution to the air
region above the c-GMR structure. It is also found in Fig. 2(h)
that an increase in SiN layer thickness for a fixed AOI of 1°
results in the MCF in the SiN layer to monotonically increase
at the expense of the field confinement in the a-Ge layer. The
MCEF in the SiN layer is the largest in comparison to the other
regions in the ¢GMR stack for a SiN layer thickness of
~180 nm. In the design studies, we fix the SiN intermediate
layer thickness as 200 nm to achieve large field confinement in
the slot mode while at the same time ensuring sub-wavelength
GMR mode confinement.

MCF = (1)

3. GMR STRUCTURE FABRICATION

A photograph of the fabricated a-Ge c-GMR structure is shown
in Fig. 3(a). The structures were fabricated on a double-side-
polished quartz substrate. The multilayer GMR stack consist-
ing of an a-Ge slab layer, SiN layer, and a-Ge grating layer was
deposited using plasma enhanced chemical vapor deposition
(PECVD) at 350°C. The 1D a-Ge gratings were patterned us-
ing electron beam lithography. Reactive ion etching (RIE) using
SE4 and C4Fg gas chemistry was used to transfer the mask pat-
terns onto the a-Ge grating layer with a total etch height of the
top a-Ge layer. A cross-sectional scanning electron microscope
(SEM) image showing the layer stack before top layer grating
fabrication is shown in Fig. 3(b). The average thicknesses of the
individual layers are obtained as: Ay, = 1.13 pm, by, =
173 nm, and /g, = 283 nm. The fabricated grating profile
as obtained using the top-view SEM image is shown in
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Fig.3. (a) Photograph showmg sample with fabricated device (high-
lighted in white box). SEM images showing device (b) cross section
before grating fabrication and (c) top view of the grating structures.
Scale bar is 2 pm. (d) AFM image showing grating etch depth and
sidewall profile.

0.0 ym

Fig. 3(c), with the A and wg, of the grating line measured
as 2 and 1.29 pm, respectively. The etch height of the grating
layer measured using an atomic force microscope (AFM) profile
is shown in Fig. 3(d), showing a fully etched top grating layer.
The 1D grating structures show good etch profiles with vertical
sidewalls that closely follow the designed structure dimensions
with small deviations from the designed dimensions.

4. EXPERIMENTAL RESULTS

The transmission spectra for the c-GMR structures were exper-
imentally characterized in a Fourier transform IR (FTIR) spec-
trometer (Perkin Elmer Frontier-FTIR). The sample was
placed on a rotating holder to precisely vary the AOIs for both
classical and conical mounting cases. A mid-IR polarizer was
placed before the sample to illuminate the sample at TM polari-
zation. The illumination spot at the sample is restricted to
~1 mm using an aperture just before the sample. At the col-
lection end, no aperture is placed to select a particular diffrac-
tion order, as the resonant structure is designed to operate in
the zeroth order diffraction regime over a range of AOls.
Transmission spectra were obtained by normalizing the trans-
mission measurements acquired at 1cm™! spectral resolution
with and without the sample. Two types of sample mountings,
i.e., classical and full-conical mountings, were employed for
transmission measurements. The classical mounting setup
was realized by placing the sample on the rotating holder such
that the grating vector (along x direction) and plane of inci-
dence (xz) are aligned in the same direction (¢ = 0°).
Correspondingly, full-conical mounting was realized by align-
ing the plane of incidence perpendicular to the grating
vector (@ = 90°).

A schematic of the classical mounting excitation of the gra-
ting structures is shown in Fig. 4(a). The experimentally mea-
sured transmission spectra collected across varying AOIs of
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Fig. 4. (a) Schematic showing GMR excitation under classical mounting condition with TM polarized Gaussian beam incidence.

(b) Experimental and (c) simulated (with Gaussian beam excitation) transmission contour map as a function of wavelength and AOL
(d) Resonance peak wavelength shift as a function of AOI comparing experimental (red circles) and simulated data for plane wave (blue curve)

and Gaussian beam (red curve) excitations.

+10" are shown in Fig. 4(b) as a contour map. The evolution of
quasi-BIC resonances with increasing spectral width and the
redshift of the resonance peak are observed in the experimental
measurements. For normal incidence, a finite spectral width
resonance is still measured with the narrowest spectral widch
among the spectra experimentally obtained. For comparison
with the experimental observations, a simulated transmission
spectral contour map is shown in Fig. 4(c) obtained by consid-
ering finite size gratings with fabricated device dimensions and
realistic Gaussian beam excitation rather than the ideal plane
wave excitation. A divergence angle of 3° was used for the

Gaussian beam based on actual experimental conditions used
in the FTIR spectrometer. Good agreement is observed be-
tween the experimental and realistic simulation results. A com-
parison of the experimentally measured resonance peak
positions (red circles) with simulations corresponding to the
ideal plane wave (blue solid curve) and realistic excitation beam
(red solid curve) excitations as a function of AOI is also shown
in Fig. 4(d). Good agreement is obtained between the exper-
imental and realistic simulation results except for a fixed offset
in the resonance wavelength. The experimental measurement
of the quasi-BIC resonances points to the fact that ideal
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symmetry protected BIC resonances can become quasi-BIC
even at normal incidence when considering an appropriate an-
gular spread for the excitation beam, thus making them acces-
sible to external excitation.

Gaussian beam excitation of the structures is modeled con-
sidering perfectly matched layer (PML) boundaries along x and
z directions, while maintaining periodic boundary conditions
along y direction (grating lines direction). This is termed here as
a quasi-3D simulation. The use of a full-3D simulation model
considering the exact Gaussian beam profile along the y direc-
tion would be the exact way to model the grating structures
when compared to the quasi-3D model considered here. This
would, however, require a significant increase in simulation
time and memory requirement. A comparison of the quasi-
3D and full-3D models for the classical mounting case showed
good agreement between the obtained transmission spectra,
justifying the use of a quasi-3D model in this study. Finite ex-
tent gratings with a grating number of 101 and y span of
1.0 pm are considered here in the quasi-3D model. Increasing
the grating number or the y span above this did not result in a
noticeable change in the transmission spectra obtained. The light
source used in the FTIR spectroscopy is an incoherent, extended
light source (e.g., globar source) with a typical measurement
resolution of 1 cm™!. The transmission spectra obtained in
FTIR spectroscopy by reducing the optical resolution to
0.5 cm™! resulted in no changes in the transmission spectra, con-
firming that the measured resonances are not limited by the res-
olution of the instrument.

Next, the evolution of the resonance characteristics under
classical and full-conical mounting conditions as a function
of increasing AOIs and the resulting quality factors of the res-
onances are discussed. Schematics of the GMR structure and
the two mounting conditions are shown in Figs. 5(a) and 5(b).
The experimental and simulated linear transmission spectra
corresponding to the classical and full-conical mounting con-
ditions are shown in Figs. 5(c)-5(f). Good overall agreement
between the experimental and simulation results is observed for
both classical and full-conical mounting cases with the latter
exhibiting minimal angle dependence. The angle insensitivity
of the resonances excited under full conical mounting is attrib-
uted to the negligible change in the diffracted order wave vec-
tor, which evanescently couples to the guided modes as a
function of increasing AOIs [27]. The resonance spectral
widths are found to be narrower in the simulations when com-
pared to the experiments. This difference is attributed to fab-
rication imperfections, especially the deposited film and
sidewall roughness, which can act as a scattering channel, low-
ering the resonance quality. Slight differences are observed in
the transmission spectra between experimental and simulated
results, especially at larger AOIs (>10°). This is attributed
to the higher-order diffraction components present in the simu-
lated case, which are typically rejected in the experiments by
the placement of the detector far from the GMR structures
in the FTIR instrument. The sharp resonance feature observed
in the 3.7 to 3.8 pm wavelength range in Fig. 1(e) due to EIT-
like resonance is absent in the experimental measurement or
Gaussian beam simulations. This is due to the large angle
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Fig. 5. Schematics showing the GMR excitation under (a) classical
mounting and (b) full-conical mounting conditions with TM polarized
Gaussian beam incidence. Experimental and simulated transmission
spectra corresponding to (c), (e) classical and (d), (f) full-conical mount-
ing, respectively. (g) Quality factor (left axis) as a function of AOI from
experimental measurements for classical (red circles) and full-conical
(blue circles) mounting. Comparison with simulations for plane wave
excitation (red solid curve) and Gaussian beam excitation under classical
(red dashed curve) and full-conical (blue dashed curve). The asymmetry
parameter, @, as a function of AOI is also shown (right axis, black solid
curve).

sensitivity of this high-quality-factor resonance, which washes
out under realistic excitation conditions.

The quality factor of the resonances obtained in the experi-
ments as a function of AOI and its comparison with simula-
tions are shown in Fig. 5(g). The quality factor is extracted
by fitting the resonance line shape to a Fano-resonance equa-
tion as given by [31]

T_(ﬂ+b)2 1;:2(1_'1”),

T 7 .

where 7" is the transmission, 2 quantifies the resonance line
shape profile (e.g., for Lorentzian line shape 2 =0), 4 is
the wavelength, 4 is the center wavelength, and y is the
full-width at half maximum (FWHM) of resonance in wave-
length. The asymmetry that transforms the BIC resonances
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to quasi-BIC for the symmetric unit-cell structures considered
here is the AOI, with the asymmetry parameter, o [4], given as
the inverse of the AOI The quality factor exhibits inverse
square dependence with a (black solid curve), which is in good
agreement with plane-wave-based classical mounting studies
(red solid curve). The ideal plane wave excitation case shows
a large discrepancy when compared to the experimental results
(red circles) and Gaussian beam excitation simulation (red
dashed curve) for smaller excitation angles (<3°) due to the
finite angular spread of the excitation. For larger AOIs, the
agreement between the plane wave and Gaussian excitation
cases is found to be better. The best quality factors achieved
based on experimental measurements and simulations are
400 and 580, respectively, for normal incidence at quasi-
BIC resonance wavelengths of 3.41 and 3.42 pm, respectively.
The difference between the experiments and simulations is
attributed to the spectral broadening of the resonances for
the fabricated ¢-GMR structures. For the case of full-conical
mounting, the experimental and simulated quality factors
are shown by blue circles and blue dashed curves, respectively,
with the quality factor remaining almost unchanged with re-
spect to the change in AOI, as is expected from the conical
mounting case and seen from the transmission spectra [shown
in Figs. 5(d) and 5(f)]. At normal incidence, the quality factor
obtained for the conical mounting case is found to be ~200,
which is lower than that of the classical mounting case. This
difference in quality factor when compared to the classical
mounting case is attributed to the difference in the measured
resonance spectral characteristics when the grating and polarizer
placed in the FTIR beam path are rotated by 90° for the full

conical mounting case due to imperfect polarizer extinction.

5. CONCLUSION

We have presented electro-magnetic design, fabrication, and
experimental demonstration of a novel a-Ge-based c-GMR
structure with a slot-mode field profile confined in the inter-
mediate low-index SiN layer sandwiched between a top a-Ge
grating layer and a bottom a-Ge uniform layer, achieving trans-
mission resonance peaks in the 3.4-3.6 pm wavelength range.
The sub-diffraction slot-mode resonance field profiles are sol-
utions to the electro-magnetic wave propagation in the cGMR
structure satisfying boundary conditions for the guided-mode
field polarized perpendicularly to the layered stack. The quasi-
BICs from the symmetric 1D a-Ge-based c-GMR structures are
observed even at normal incidence when considering a realistic
excitation beam with finite angular spread. A comparison of
classical mounting with a full-conical mounting case shows an-
gle insensitive resonance excitation for full-conical excitation.
The quality factors extracted from the experimental transmis-
sion spectra are also found to be in good agreement with the
realistic Gaussian beam excitation simulations. A maximum
quality factor of ~400 is observed for quasi-BIC resonance
at normal incidence under the classical mounting condition
for a resonance wavelength of 3.41 pm. The strong field con-
finement achieved in the low-index medium combined with
the robust angle dependent spectral characteristics achieved
under classical and conical mountings makes such quasi-BIC
c-GMR  structures unique when compared to previously

studied evanescent-field-based GMR devices [32]. The c-GMR
structures also enable simplified wave vector matched light
coupling to the low-index slot mode when compared to con-
ventional slot-waveguide devices. Such ¢-GMR structures sup-
porting slot-mode profiles can potentially be integrated with
low-index gain media [33] or suitable target media [34] for
active photonic or sensing applications, respectively. The low-
index intermediate layer can also be selectively removed to real-
ize air-suspended GMR structures, similar to suspended silicon
waveguides [35] to fill the slot region with analytes for sensing
applications.
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