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Abstract

Recent advances in the nanofabrication and modelling of metasurfaces have shown the
potential of these systems in providing unprecedented control over light-matter-interactions at
the nanoscale, enabling immediate and tangible improvement of features and/specifications of
photonic devices that are becoming always more crucial in‘enhancing everyday life quality.
In this work, we theoretically demonstrate that metasurfaces made ofi\periodic and non-
periodic deterministic assemblies of vertically aligned semiconductor nanowires can be
engineered to display a tailored effective optical response andsprovide a suitable route to
realize advanced systems with controlled photonic properties particularly interesting for
sensing applications. The metasurfaces investigated in this paper correspond to nanowire
arrays that can be experimentally realized exploiting nanolithography and bottom-up
nanowire growth methods: the combination of'these techniques allow to finely control the
position and the physical properties of each individual nanowire in complex arrays.

By resorting to numerical simulations, we.address the near- and far-field behavior of a
nanowire ensemble and we show that the controlled design and arrangement of the nanowires
on the substrate may introduce unprecedented oscillations of light reflectance, yielding a
metasurface which displays an electromagnetic behavior with great potential for sensing.
Finite-difference time-domain numerical simulations are carried out to tailor the
nanostructure parameters and systematically/engineer the optical response in the VIS-NIR
spectral range. By exploiting our computational-methods we set-up a complete procedure to
design and test metasurfaces able to behave as functional sensors. These results are especially
encouraging in the perspective of.developing arrays of epitaxially grown semiconductor
nanowires, where the suggested design.can be easily implemented during the nanostructure
growth, opening the way. to fully engineered nanowire-based optical metamaterials.

Keywords: metamaterialsmetasurfaces, semiconductor nanowires, core-shell, optical reflectance, sensing, numerical
simulations

The control of light propagation is a central challenge in
1. Introduction several areas of physics, as it is at the core of all the systems
and technologies which use photons as signal carriers.

XXXX-XXXX/ XX/ XXXXXX 1 © xxxx IOP Publishing Ltd
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Photonics  [1,2], information and communication
technologies [3], quantum technologies [4,5], sensing [6,7]
and machine learning [8] are just a few fields where the
accurate control of light propagation and properties are
amongst the key research aspects. Metamaterials have
emerged in this context as powerful systems for light
manipulation at spatial scales typically much smaller than the
wavelength [9,10]. These are artificial media composed of
arrays of resonant subwavelength structures, which can be
designed in order to obtain effective medium properties
which go beyond those of natural materials, unleashing the
potential for an unprecedented control of light-matter
interactions at the nanoscale [11,12]. All-dielectric
metamaterials, in particular, are desirable at optical
frequencies as they are largely free of Ohmic losses and can
be realized exploiting nanostructures with geometrical
dimensions comparable to the diffraction limit resolution,
resulting in an easy integration into tiny volumes [13,14,15].
Metasurfaces, a subset of metamaterials with reduced
dimensionality, captured the interest of the scientific
community as they offer stunning opportunities for advanced
optical manipulation in many cutting-edge photonic
applications [16,17,18]. Metasurfaces in fact circumvent the
limitations of conventional optical components and open
unexplored routes to entirely new functionalities to engineer
many light properties, including amplitude [18], phase [18],
polarization [17,19], angular momentum [20], etc. Moreover,
with respect to 3D metamaterials, metasurfaces benefit from
simplified fabrication processes and easier integration with
on-chip photonic devices owing to their planar nature [21].

In this framework, artificial calibrated arrangements of
vertically aligned dielectric quasi one-dimensional structures,
shaped as nanowires (NWSs), provide ideal platforms to
control photonic bandgap materials [13-22], and more in
general are of considerable importance for building-blocks
promising for next-generation sensing devices [23]. Indeed,
arrays of vertically aligned one-dimensional, NWs  have
demonstrated great potential in photonic applications due to
their ability to tightly confine optical signals and to the
possibility to easily adjust the growth parameters in order to
tune the assemblies’ optical properties during the growth
[24]. Moreover, the growth.mechanisms of these
nanostructures allow the (realization of light emitting
nanodevices, such as single photon emitters [25] and lasers
[26], which can be easily realized<in the individual NWs
during the growth. Thanks to theprogress in nanofabrication
and growth techniques,it'is nowadays possible to engineer
nanowire arrays<by precisely controlling the nanowires
physical properties and their accurate location over the grow
substrate [27], opening the way to the realization of systems
with finely tailored ‘optical response. Optimized ordered
arrays of semiconductor nanowires with exceptional
absorption™ properties [28,29] and light management

capabilities [30] have been demonstrated in recent years.
Moreover, ordered arrays of heterostructured nanowires
implementing functional devices in each individual
nanowire, such as photovoltaic devices [31,32]; lasers [33],
and photodetectors [34] were also reported. In‘this context,
computational methods are vital to guide the, design’ of
nanowire array configurations, by properly and
simultaneously optimizing the single“NW features (e.g.
geometrical features and aspect ratio).as well‘asithe‘assembly
parameters (e.g. the NW density. and arrangement_on the
substrate). This allows to  engineer  non-trivial
electromagnetic responses tailored for specific applications.
As a consequence, a complete design procedure calibrated on
the application requirements can be envisioned, providing a
very effective design tool; preliminary to the experimental
realization and characterization”™ of the metasurface.
Applications of computational methods for supporting the
design of nanowire arrays for_specific applications such as
photovoltaics have been reported previously [35-36].

In this work;we propose an extended computational study
regarding the, light,scattering properties of assemblies of
vertically/ aligned, NWs disposed either in crystalline
(ordered) and quasicrystalline (disordered) arrays. Varying
the geometrical parameters either of the single NW and the
array, we show how optical modulations can be introduced
and tuned on purpose in the reflectance (R) spectrum in the
VIS-NIR spectral range. A proper parameter space, selected
in_accordance with the features that are accessible resorting
to the available fabrication techniques, is chosen to obtain
metasurfaces able to selectively enhance specific resonances
In R, engineered for bio-sensing applications. Campaigns of
three-dimensional  Finite-Different-Time-Domain  (3D-
FDTD) simulations are exploited to resolve the light
scattering process behind the crystal/quasicrystal-light
interaction. Furthermore, 3D-FDTD simulations are used to
mimic sensing measurements to highlight the sensitivity in
capturing variations in the background refractive index, and
the results are supported by electromagnetic field expansion
for a deeper comprehension.

In summary, the rationale behind our work consists in
undergoing a theoretical study of the optical response in far
field (reflectance) of semiconductor nanowire arrays,
motivated by potential applications in sensing and supported
by the possibility to effectively realize the proposed material
platforms - the systems under study are in fact physically
realizable with the state of the art of nanotechnology. The
motivation of our work is manifold:

i. exploring the possibility of tuning the reflectance
spectra by varying the geometrical features of NW
metasurfaces in order to observe optical oscillations in the
desired wavelength range;
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ii. investigating the sensitivity capabilities of the selected
metasurfaces, performing a calculation of the relative
reflectance variation;

iii. demonstrating that the engineered features of the
electromagnetic field are compatible with sensing
measurements, by performing an electromagnetic field
expansion analysis.

Focusing on the definition of a computational design
protocol, we provide a step-by-step method to engineer the
optical response taking into account the experimental
constrains of state-of-the-art growth techniques. As a matter
of fact, with this work we are establishing a roadmap to
analyze the sensing capabilities of fully engineered all-
dielectric nanowire metasurfaces, a subfield in nanoscale
photonic research that is attracting the interest of the
scientific community.

2. Materials and Methods

The metasurfaces were modelled as GaAs bulk substrates
overlaid with assemblies of vertically aligned NWs acting as
discrete scatterers. Three different NW systems were studied:
homogenous (H) NWs, made of GaAs only, core-shell (CS)
and tapered core-shell (T-CS) NWs, consisting in cylindrical
radial heterostructures, where the core and the shell are made
of GaAs and AlxGaixAs (with x=0.1), respectively. The
latter geometries were selected as the optical responses of
analogues metasurfaces have already been investigated and
successfully exploited for similar purposes [37].

The NW geometrical parameters, reported in Figure 1
panel (a) with the corresponding numerical values
summarized in Table 1 in the nanowire models table;,were
chosen in accordance with realistic feature ranges for NW
arrays grown by bottom-up techniques. Two. assemblies’
categories were considered taking into account the, periodic
and non-periodic feature of the crystal and quasicrystal
displacement: the crystal ones are square ortriangular arrays
characterized by two different degree of symmetries, wWhereas
the quasicrystal array was built mimicking the Fermat’s
spiral pattern, as reported in Figure ‘1, panel (b) with the
corresponding numerical values summarizeduin Table 1 in
the array model table. The NW density,derives from both the
NW geometrical dimensions and »the surface patterning
features, so that 5 and 10 NWs+pm-2 were taken into account.

2.1 Identifying a realistic parameter space: a bird’s eye
view on fabrication techniques and features

The metasurfaces investigated in this paper correspond to
structures that can be experimentally manufactured and are
made of ordered arrays of dielectric NWs. The investigated
parameter/ space was then selected according to the
experimentally accessible ranges of wvariation for the
metasurface features. In this section we briefly review the

main fabrication techniques of metasurfaces made of ordered
arrays of semiconductor nanowires.

The fabrication of these nanostructures benefits from the
advances in nanofabrication and growth techniques which
allows to design engineered NW patterns with a,very fine
control over the size, shape, material compaosition, location
and orientation of each individual NW. (Ordered arrays of
NWs can be fabricated by several methods, which can be
categorized into two paradigms: top-down or.-bottom-up
approaches [38]. Top-down fabrication is a subtractive
technique, which consists in carving the NWs from the bulk
materials, according to a lithographically defined pattern, by
means of anisotropic etching (dry ‘ar,wet etching). This
technique is mature and scalable and it:allows NW patterning
with high reproducibility.and accurate size control. However,
this technique requires a fine. control over the etching
process, which is a challenging task. Moreover, a significant
process complexity is introduced when the lattice mismatch
between the NWs’ materialsand the substrate is substantial
[39,40]. Top-<down approaches also pose some restraints
regarding the, NW structures, materials and properties, by
preventing the access to some material properties, which may
not be accessible in‘the bulk form [38].

Thepbottom-up approaches are the most widely used
techniques  forg the realization of ordered arrays of
semiconductor NWs. They consist in self-assembly processes
whichmainly rely on two prominent techniques: vapor phase
growth “(vapor-liquid-solid or VLS method), which is at
present the most commonly used technique for NW growth
[41], and selective area epitaxy. Both the techniques enable
the realization of engineered NW arrays, by exploiting
lithographically prepatterned substrates, which are employed
as templates to control the NW location and size.

VLS [42] is a metal catalyzed process, which exploits the
reaction between a metal catalyst, in the form of a metal
nanoparticle, and the semiconductors precursor gases to give
rise to NW growth. By using this approach, the NWs
composing an array can be individually seeded in a
controlled fashion, in order to obtain highly ordered patterns.
In fact, the metal nanoparticle size, shape and location,
together with optimized growth parameters, determine the
NW diameters, lengths, location, shape, crystal structure and
other properties [43,44,45].

Selective area epitaxy, which includes catalyst-free and
self-catalyzed growth, rely on the use of dielectric mask
templates to grow position controlled NWs without the aid of
metal droplets [46, 47]. In this case, an array of holes in a
dielectric thin film act as nucleation point for the growth of
NWs at determined locations. Also in selective area epitaxy,
the NW size, location and properties can be tuned by
properly optimizing the hole pattern in the oxide template
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Figure 1: (a) A schematic representation of the three nanowire, morpholagies, and (b) a schematic representation of the three array
models, together with an indication of the relevant parameters withstheir numerical values reported in Table 1. (c) Scanning electron
micrograph of a bottom-up grown nanowire square array (reprinted with,permission of Ref [52]). (d) Pictorial view of the ideal set-up
and coordinate system for measuring the reflectance R simulated in this work, with S-polarized incident beam and two considered
incident angles (0=0° and 6=40°); the k wavevectorralong the x and z directions on the plane of incidence for the two
incidence angles are shown.

Nanowire D L ST Array _ _
models (nm) (nm) (nm) models N=5 N=10
50 750, -
Homogeneous 100, 1000, - Square a=s=447nm a=s=315nm
(H) 150 1250, - - (S)
1500 -
Core-Shell ¥ 15 Triangular | Pr-u=400nm - bi=t=400nm
©9) 100, 150 30, (T% bz=540nm b,=320nm
' 45 1,=1000nm 1,=500nm
1500
750, | ST (at base): 15,
Tapered Core-Shell 1000, 30,45 non-Periodic _ _
(T-CS) 100 1250, ST (at tip): (nP) nPs=1000nm nP1,=1000nm
1500 ST+30

Table 1: “Nanowire models” table: for the three nanowire models considered in the work (homogeneous nanowires (H), core-shell
nanowire (CS) and tapered core-shell nanowires (T-CS), the investigated values of the main geometrical nanowire parameters are reported
(i.e. nanowire diameter (D), corresponding to the nanowire core diameter in the core-shell cases, shell thickness (ST) and, for the tapered
case (T-CS), shell thickness at the nanowire’s tip (ST’), ST being in this case the shell thickness at the base). “Array models” table: for the
two explored nanowire densities (N=5 nanowire per um2 and N=10 nanowire per pm-2) and for the three considered arrays (S-square, T-
triangular and nP-non-Periodic), absolute values of the primitive vectors of the periodic arrays (a, b1, b2) and sizes of the FDTD cells (s, ts,
t2, NPs, nP1g) used for calculations.
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and the growth parameters [48]. In both these methods,
electron beam lithography and nanoimprint lithography are
the most used techniques for the pattern definition, as they
ensure the best precision for the realization of the seed array
[43,44,49].

Bottom-up fabrication approaches are nowadays well
established techniques to realize very high crystal quality
NWs, with almost defect-free structures, even in the case of
high lattice mismatching between the NW material and the
substrate [41,50], as it is the case for I11-V semiconductor
NWs integrated on silicon platforms. Moreover, these
techniques have also been demonstrated to be very suitable
to realize sophisticated NW semiconductor heterostructures
with atomically sharp interfaces. Bottom-up growth, in fact,
allows a fine control on the chemical composition along the
NW axis and in the radial direction, allowing to tailor the
NW composition in different directions by changing the
growth conditions during synthesis. NW solar cells [51],
hard wall quantum dots [52,53,54] and core-shell [55,56]
with atomically sharp interfaces have been realized.
Moreover, the control of the growth parameters allows to
obtain a straight control over the individual NW geometry.
Figure 1 panel (c) shows a scanning electron micrograph of a
bottom-up grown nanowire square array. A geometric NW
feature which was confirmed as a relevant parameter to
affect NW arrays optical properties [37,57,58], is tapering,
which is one of the parameters considered in the present
paper. Tapering is the systematic variation of the NW
diameter along the axis, which results in NW with inclined
sidewalls (both positive and negative). Tapering, can be
controlled during the growth by controlling some ‘interacting
growth parameters, namely the droplet contact angle ‘and
volume, the temperature and the precursors gas flows
[40,59].

2.2 Computational Methods

FDTD numerical simulations of the optical.specular
reflectance spectrum (R) and the [related electric field
distributions were performed using »4umerical FDTD
Solutions software [60]. We “used the software built-in
material database to define the optical parameters of both
GaAs and AlGaAs.

The square (S) and triangular (T) FDTD arrays were built
resorting to a customize_external script where the only
primitive vectors of the array base were specified, i.e. a for
the S array and by, by for the T array-as,reported in figure 1
panel (b); while_.the non-periodic (nP) ensemble was
generated through a custom script to display the NWs
positions following a polar coordinate representation (r,0) of
the Fermat’si§piral givenby r = cv/n and 8 = ne, where r is
the distance from the center, q is the angle, n is the NW
index, c is the scaling factor, and ¢ is the golden angle. In
our code, we used-Bloch boundary conditions to calculate the

response of the entire NWSs assembly by simulating an
opportune simulation box specific for each array models, as
in figure 1 panel (b). In addition, the NW density was
controlled selecting the geometrical dimensions for each
simulation box, as reported in the array models table of table
1. A plane-wave source, which mimics a realistic.light:beam
used for reflectance measurements, was (used to inject the
light into the simulation box in order to calculate the specular
reflectance spectra with a background refractive index
Nbg=Nair=1. The polarization state was chosen tobe.S as the
oscillation direction of the electric field is perpendicular to
the plane of incidence and “thus independent of the
propagation direction, as depicted in figure 1 panel (d). Two
values related to the angle of incidence 6 of 0° and 40° were
considered in order to obtain two different projections of the
k wavevector along the x andsz directions on the plane of
incidence.

A customized mesh with a resolution of 5nm was selected
exploiting a mesh override around the NW region after
performing appropriate convergence tests: not only the step
size was reduced down to 3nm, but also a different sampling
strategy was exploited using an auto-non uniform mesh of
level 6.

Anraveraged time of roughly one hour for the square and
triangular arraysand approximately five hours for the non-
periedic nanowire assembly is needed to complete the
simulation .on a computer with a liquid-cooled 16-core
processor (32 threads) and 64 GB of RAM. A campaign of
about, 900 simulations were run resulting in slightly more
than two thousand machine time hours.

3. Results and Discussion

We apply our computational approach to identify realistic
arrays of semiconductor NWs capable of unprecedented
sensing performance in the VIS-NIR spectral range. The
starting point is the selection of a substrate that exhibits a flat
response in reflection across the (400+1200) nm interval,
compatible with the targeted application spectral range.
Thus, the first step is the suppression of the substrate R
spectrum in the targeted spectral range ensuring an initial
condition exploitable for the introduction of localized optical
oscillations. From the metastructure perspective, this can be
obtained using a GaAs substrate and growing on top of it
vertically aligned assemblies of H-NWs, in order to create a
metasurface that displays the required optical-features, as
similarly done in [61]. Then, to gain control on these optical
modes and made them suitable for feasible measurements, it
is necessary to introduce a resonator aiming at selecting
specific wavelengths in the reflectance spectrum. This can be
done by resorting to Fabry-Perot oscillations and
consequently implementing a strategy to enhance their
amplitude. This has been already proofed in [37], thus a core-
shell NW made of a GaAs core surrounded by an AlGaAs
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Figure 2: Selected reflectance spectra (R) calculated for different metasurfaces'made of ‘homogeneous nanowires having all the same
height equal to 750nm: R spectra for a metasurface with a density of (a) 5 nanawires per um2 and (b) 10 nanowires per um2, and for
incidence angle of 0=0°; (c) R spectra for a metasurface with a density of 5 nanowires,per um=2 and (d) 10 nanowires per um2, and for
incidence angle of 6=40°. Each panel displays 7 curves: a black curve for/the bafe GaAs®substrate, three curves for nanowires with 50nm
diameter (one curve for each array model: light green dashed line for the square array, light purple dashed line for the triangular array and
orange dotted line for the non-periodic array) and three curves for nanowires with 150nm diameter (dark green dashed line for the square
array, dark purple dashed line for the triangular array and red dotted line for the non-periodic array). The R curves for the 50nm nanowire
metasurface are very similar amongst each other and to the bare substrate curve.

shell was chosen, with the proper tapering. However, a
precise tuning of the optical oscillations is not trivial due to
the lack of determinism in such structures. Starting fromthe
previous findings, we were interested in ©vercoming such
limitation by tuning the optical oscillations-innthe NIR
spectral region between (700+1200)nmy which" is, of
particular interest for bio-sensing applications. Therefore, it
became necessary to exploit simultanedusly. both.the array
and the single NW geometrical-features. The goalfis to detect
a variation in the background refractive index through a shift
in the wavelength positions. of the “aforementioned
oscillations by analyzing the R _spectra for, the engineered
metasurfaces.

3.1 Setting-up the NanowiresMetasurface

The suppression of/the substrate R spectrum in the desired
wavelength range is achieved starting from the evaluation of
the far-field optical responseyit€. the R spectrum, in the VIS-
NIR for the bare GaAs substrate. As shown in Figure 2, the
substrate R __for weither / 6=0° and 6=40° displays an
approximately ~ flat “behavior across the (400+1200)nm
interval, ‘which represents the initial requirement. Two
different values of @ are investigated in order to be able to

modify the interaction cross-section between the plane wave
and the structures by changing the effective lattice constant
seen by the incoming light, and as expected the interaction is
higher at incident angle 6=40°, with respect to 6=0°. The
substrate optical response is then modified, yielding to a
desired effective refractive index, exploiting arrays of
vertically aligned H-NWs to create a new material, i.e. a
metasurface. The R spectrum of such H-NW metasurfaces
constitutes the benchmark used to tailor the optical
oscillations. The R spectra for these metasurfaces for
different values of NW diameters (D), and heights (L) (all
the investigated values are reported in table 1) were
calculated for the square (S), triangular (T), and non-periodic
(nP) arrays for both the NW densities and incident angles
under investigation, in order to detect the required
geometrical features of the NWSs able to achieve the
suppression of the R. A total of 288 specular spectra were
calculated and figure 2 shows the R for two significant types
of H-NW with D values of 50nm and 150nm, respectively,
and the same L of 750nm useful to understand how these
structures operate. In details, the R spectra of the
metasurfaces composed by H-NWs with D=50nm do not
show any sign of R suppression for all the array models at
6=0° and qualitatively their optical responses maintain a flat

Page 6 of 13
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Figure 3: Selected reflectance spectra (R) calculated for fixed incidence anglerof 6=40°, for metasurfaces made of: (a) and (b) core-shell
(CS) nanowires with 50 nm diameter, 45 nm shell thickness (ST) and 1250nm height,(L);/(c) and (d) tapered core-shell (T-CS) nanowires
with 50 nm diameter, 30 nm shell thickness at the base (ST), thus implying,a shell thickness at the tip ST’=ST+30nm=60nm, and 1000nm
height (L). (a) and (c) were calculated for a nanowire density ofs5 nanowires per um=2, while (b) and (d) were calculated for a nanowire
density of 10 nanowires per um=2. Each panel displays three curves, one for each'investigated array model (light-green/green curve for the
square array, pink/purple curve for the triangular array and orange/red curve for the non-periodic array).

trend across the wavelength range similar to the one.of the
GaAs substrate, as shown in panels (a) and (b), meaning that
no significant variations of the refractive index  are
introduced due to the dimensions of the scatterers under the
diffraction limit. Also at 6=40°, panels (c) and (d), the
response maintains a similar trend, even though the
interaction cross-section is higher. Only, between the
wavelength interval (400+450)nm, where thesdimensions of
the scatterer become comparable to the effective wavelength,
the R spectra show a tiny deep, sign of/ variation in the
refractive index introduced by the:metasurface:

To overcome the diffraction limit, the suppression of R in
specific intervals of the VIS=NIR s achieved thanks to a
larger dimension of the scatterer, i.e. D=150nm. In particular,
for the density of 5NWs.pm2 a R /suppression localized
between (600+900)nmyis visible from figure 2, panels (a) and
(c), while, for TONWSssum?, the R ‘spectra are suppressed
over a wider wavelength interval, i.e. (400+1000)nm, panels
(b) and (d). In addition, regardless of the angle, the overall R
spectra shape remain similar fixed the NW density. In this
case, the refractive vindex of the bare GaAs substrate is
dramatically changed by the presence of NW assemblies
modifying. drastically the optical responses. Furthermore,
because now therincoming plane wave interacts with the

Scatterer arrays, a significant difference between the R
spectra for the two NW densities can be also appreciated. In
fact, the optical response depends on the diffraction process
between the incoming wave and the assemblies of NWs, thus
it is also strongly dependent from the distances between the
scatterers. For all these metasurfaces, a shoulder in the R
spectra is present around 850nm; after, the optical response
returns to display a flat trend, due to the diffraction limit. On
the other hand, the spectral position of the left shoulder is
controlled through the density of the NW arrays enabling to
blue shift it over the left limit of the VIS-NIR interval for
10NWSsepm,

Now, localized optical oscillations can be sustained in this
region due to interference effects coming from either
multiple scattering within the NWs and due to the all
effective optical response of the metasurface that affects the
far-field response. In particular, for 10NWseum, multiple
peaks with an amplitude between 10% and 20%, can be
appreciated between (400+1000)nm. Here, the exploitable
interval is way wider than the averaged width of the
oscillations enabling to resolve the peaks; while for
5NWseum?, the suppressed wavelength interval is too
narrow and no optical oscillations can be appreciated.
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3.2 Tuning the Nanowire Metasurface

The optical oscillations in the VIS-NIR interval are
intentionally tuned by adding an AlGaAs shell to the H-
NWs, creating a core-shell heterostructure, exploiting the
refractive index contrast between the core-shell and shell-air
interfaces acting as a resonator, i.e. Fabry-Perot cavity.

The optical oscillations derive from the selection
performed by the Fabry-Perot cavities that store energies at
specific wavelengths, which results in a lack of signal in the
R spectrum, i.e. oscillation minima affecting consequently
the far-field response. A series of 288 FDTD-simulations
were performed to collect the R spectra for Core-Shell (CS)
metasurfaces for all the array models and the incident angles,
with a L, spanning from 750nm to 1500nm, a CS width
values, called ST, varying between 15nm and 45nm and a D
value of 100nm. This specific D was chosen taking into
account the diffraction limit ensuring that, also for
10NWSssum?, there was no overlap between the shells of
adjacent CS-NWs. The values and a sketch of the CS-NW
geometry is reported in figure 1. Figure 3 panel (a) and (b)
show the R spectra for the S-, T-, and nP-arrays for both the
densities and 6=40° with a ST value of 45nm and
L=1250nm. The R spectrum of this particular metasurface
was selected as the best overall results in terms of the optical
oscillations for both the NW densities. As previously
mentioned, the 6=40° incident angle allows for higher
interaction cross-section between the plane wave and the CS-
NWs, resulting in effective lattice constant compatible with
optical oscillations in the desired (700+1200)nm_interval,
exploitable for sensing applications. A total of three and five
distinct major peaks arise between (800+1200)nm for 5rand
10NWseum2, respectively, with the rightshoulder shifted
further than 1050nm, for the S-, and T-arrays. For these
arrays, the available optical modes of theccavity interact
coherently throughout the periodic structure enabling a
constructive interference process supportinq the _optical
oscillations. Equivalently, this can be seen in terms of a
Bloch wave that propagates across the /array enabling a
coherent cross-talk between ‘djacent CS-NWSs. On the
contrary, the nP-arrays display a 'more “noisy” far-field
response, with barely appreciablenoptical. oscillations. This
behavior is related to the (lack of a, periodicity in these
structures, which generateés a R spectrum dominated by a
non-coherent interference processsresulting in an averaged
ensemble response dependent on<the NW density. A greater
number of optical oscillations can be seen at 10NWseum™
density where, as shown in'the previous section, a wider
reflectance  suppression | region was demonstrated.
Furthermore, it can be/ noticed that the same optical
oscillations are present for all the array models as a
consequence of the excitation of optical modes proper of the
Fabry-Perot cavityof the scatterer; on the other hand, the

wavelength shift of the peaks is a consequence of the
scatterer disposition in the array affecting their cross-talk and
consequently the constructive interference process. Finally,
in the spectral region below 800nm, the R spéctra show little
optical modulations as the confinement process of. the light
derived from the mutual effect of the Fabry=Perot cavities of
the single resonator and the interaction of these, optical
modes across the array is less efficient in‘this spectral region.

In order to make these optical oscillations,suitable for
sensing, their intensities can be_increased enhancing the
number of reflections that the light undergoes between the
CS-NWs and the substrate, increasing the overall reflectivity
of the scatterers. In this framework, an inverse tapering of the
AlGaAs shell can be used to improve'the confinement of the
optical cavity modes in_astinier geometrical space. Again, a
series of 288 simulations was-performed for tapered core-
shell (T-CS) NW metasurfaces, for all the array models and 6
values, with D=100nm, L spanning from 750nm to 1500nm,
a tapered shell with a bottom width, called ST, varying
between 15nm»and 45nm, and a higher top shell width,
indicated aspST’, equal/to ST’=ST+30nm. This ensures a
single tapering angle across the T-CS NW height. All the
previous:D, L, ST, and ST’ values as well as a sketch of the
T-CS«NW are_reported in figure 1. The D dimension was
maintained equal to the CS-NW metasurface for the same
aforementioned reason. Figure 3 panel (c) and (d) show the R
spectra for the S-, T-, and nP-arrays for both the densities
and 6=40°with a ST value of 30nm and L=1000nm.

The R spectra of these six specific metasurfaces display the
strongest enhancement of the optical oscillations, i.e. the highest
peak-to-valley ratio, amongst all other T-CS NW metasurfaces for
either the 5 NWsepum-2 and 10 NWsepum-2, when illuminating the
structures at 8 =40°. Multiple main optical oscillations can be
noticed for both densities for all the array models with an
increased intensity of the oscillation up to roughly 80% for
5NWseum and 50% for 10NWsepm in the spectral region
(800+1200)nm. Here, the simultaneous effect of constructive
interference process established in the shells of each NW -
the Fabry-Perot cavities - and the ones arising from the
multiple reflection between the tapered-shell and the
substrate improve the trapping of the light and, consequently,
the selection of specific optical frequencies performed by the
Fabry-Perot cavities. Thus, the specular R spectra of the
metasurfaces display improved optical features resulting in
more intense optical oscillations. Also in this case, the
oscillations are related to the optical modes proper of the
resonators, so the R modulations are equal for all the array
models. In particular, the optical oscillations can be also seen
for the nP-arrays, even though the non-coherent interference
processes between the T-CS NWs affect their amplitudes
with a less sharp and intense modulations.

Now, six different metasurfaces for either the SNWsepm

and 10NWssum densities made resorting to T-CS NWs

Page 8 of 13
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Figure 4: Relative reflectance variation (AR/Rref) induced by a 1% perturbation in the background refractive index, with respect to air, for:
(@) and (b) square array, (c) and (d) triangular array, (e) and (f) non-periodiciarray, of tapered core-shell (T-CS) nanowires. All the
calculations were performed considering the same individual T-CS nanowire/gcometry (D=50nm, ST= 30nm, ST’=60 nm and length
L=1000nm), a fixed incidence angle of 0=40° and: (a), (c) and (€) density.of 5 nanowires per pm?; (b), (d) and (f) nanowire density of 10

nanowires per um=.

with L=1000nm, and ST=30nm have been identified as
potentially interesting for bio-sensing applications. In fact,
these metasurfaces meet the sensing requirements of having,a
R spectrum in the VIS-NIR characterized by extended
amplitudes of the optical oscillations, and sharp minima;
with an intensity as closer as possible to 0%, at specific
wavelengths. However, it is not straightforward-to derive the
sensing performances just exploiting the R/spectra, but,this
needs a separate evaluation. N

3.3 Sensing applications

The R spectra of figure 3 display optical escillations tuned
in air, i.e. background refractive index nNpg=nair=1.00. In
particular, the R spectrum is”a function<of the effective
refractive index of the metasurface, which in turn depends
also on the ny. A small“perturbation of the npy can be
exploited to change slightly the features of the R spectrum,
such as the amplitudes of the optical escillations avoiding a
drastically change of‘the’ effective refractive index with a
consequence detuning of theroptical oscillations. These small
variations in the R spectrum can be used for sensing
applications, __after  specific  tuning and  proper
functionalization depending on the application, with the aim
of detecting, for instance, a temperature variation, or a
change in the:concentration of a targeted substance etc.

Asnno benchmark for these all-dielectric metasurfaces for
sensingrapplications has been reported so far, a variation of
1% of the npg, from nrer= Npg=nair=1.00 t0 NKg=n,=1.01, was
found adequate to perturb the R spectrum without drastically
modifying the effective refractive index of the metasurface to
introduce a radically change of the metamaterial itself.

The ability in reacting to this external change can be
studied exploiting the relative variation of the reflectance,
also called dispersive signal in analogy with plasmonic
sensing measurements of the relative reflectance [63],

AR _ Rp(np) - Rref(nref)
Ryef(Nref) Rref(Nref)

where Ryef is the reference R spectrum calculated in air, and
Rp is the R spectrum calculated with a n, value of 1.01.

Twelve FDTD simulations were run to evaluate the R
spectra between (400+1200)nm for the selected metasurfaces
with an impinging angle 6 of 40°, in accordance with the
simulation results proposed in the previous section. Thus,
taking advantage of the spectra reported in figure 3 panel (c)
and (d) used as references, the relative variation of the
reflectance was evaluated and the corresponding results are
reported in Figure 4. Different spikes can be detected in
figure 4 indicating where optical oscillations in the Rpes
undergo a variation in Ry. If the variation affects a minimum,
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this spike might be associated to a spatially confined Fabry-
Perot mode potentially suitable for sensing. Moreover, the
electric field proper of this spatially gonfined Fabry-Perot
mode needs to be mainly TM-polarized, i.€. along z
direction. This condition guarantees ‘a‘dipolar expansion
shape for the electric field with an oscillation-orientation that
is orthogonal to the metasurface resulting, in an in-plane
emission giving a suppression of the reflectance.

Two spikes P1 and Rz were selected to analyze the
corresponding electromagnetic expansion. P; was selected as
the first peak moving from higher to-lower wavelengths. The
peak positions for the three different array models are close
enough to supposestosbe generated by an equivalent spatially
confined Fabry-Perot mode. Thus, its electric field expansion
is expected to be similar giving rise to a common response to
a variation of the ‘background refractive index resulting in a
minimum/in the reflectance spectra if TM-polarized. P, was
chosen due, to its/ high intensity, up to two order of
magnitudes “greater respect to P;. Reasonably, the

10

X(nm)
Figure 5: E; component and absolute value of the electric field calculated in the region around one individual tapered core-
shell nanowire, at incidence angle 6=40°, for metasurfaces with nanowire density of 10 nanowires per um?2 and three
different array models: square: (a), (b), (c); triangular: (d); (e); (f) and non-periodic: (g), (h), (i). For the three arrays, the
simulation wavelengths correspond to the spike positions ef P1 in figure 4. (a), (d) and (g) transversal cross sections; (b), (e),
(h) top-view of the E, component evaluatedsat Z=1000nm; (c);.(f) and (i) top-view of the absolute value of the electric field
evaluated at Z=1000nm. The X, y, z directions areiin accordance with reference system of figure 1 panel (d).

X(nm)

combination of the ability of the single NW in supporting the
proper Fabry-Perot modes as well as an optimized spatial
coherency due to the highest symmetry proper of the S-array
is able to overcome the impact of the reduced interaction
cross section proper of the lower NW density.

Four FDTD simulations were run to calculate the
electromagnetic field for the aforementioned arrays at the
wavelengths proper of P; and P, (three for 10NWsepum2 and
one for 5SNWseum-2). Regarding 10NWseum2, the E, scalar
component, which is the main one related to the TM-
polarized modes, is reported in panels (a), (b), (d), (e), (9),
(h) of Figure 5 for all the different array models. It can be
noticed that the light interacting with the metasurface can be
scattered in plane thanks to the effect in rotating the
polarization state of the impinging light given by the shell
acting as a Fabry-Perot resonator. Thus, the entire
metasurfaces can be described as coupled resonators
resulting in an overall planar grating structure.
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Figure 6: Ez component and absolute value of the electric field calculated in the region around one individual tapered core-shell (T-CS)
nanowire, at incidence angle 0=40°, for a square nanowire array metasurface with nanowire density of 5snanowires per um=2 and
wavelength corresponding to the spike position P2 in figure 4: (a) transversal cross-section; (b) top view of the Ez component evaluated at
Z=200nm; (c) top view of the absolute value of the electric field evaluated at Z=200nm. TheX,y, z (@ections are in accordance with

reference system of figure 1 panel (d).

Consequently, a portion of the energy carried by the
incoming light is stored by the shell lacking in the reflectance
spectrum. The mode expansion of the two periodic arrays
show an ordered E; spatial distribution inside the shell with a
clear pattern for the maxima and minima. The field is well
confined inside the shell with an exponential intensity decay
in the background at the lateral interface. The overall features
are essential requirements to achieve sensing capabilities for
a metasurface. From panels (b) and (e), it can be noticed that
the E; expansion presents a ring shape typical of a dipolar
mode. Panel (c) and (f) show the absolute value of the
electric field and they can be used to understand the spatial
distribution of the energy density. The latter display,a pattern
in accordance with the coherent cross-talk along. the 'y
direction for the S-array and along the diagonal directions:for
the T-array with the energy spread in the background. This'is
another requirement essential from the sensing»prospective
because is necessary to have as much electric field as
possible in the active sensing region.

A different situation is found for the nP—array,Qs displayed in
panels (g), (h), and (i). The E; spatial distribution inside the
NW is not symmetric anymore, panel (g), as no coherent
cross-talk can be established between adjacent NWs reducing
drastically the excitation of the Fabry-Perot modes, panel (h).
No homogeneous electric field and energy’ density spatial
distributions can be detected resultinghin a non-coherent in-
plane distribution. Nevertheless, the density energy is
distributed mainly in the backgroundsatisfying the essential
requirement related to the spread:of the electric field giving
anyway the chance to'react to a background refractive index
variation also for.his non-periodic array.

Figure 6 shows the{electromagnetic field expansion
related to the ‘spike P, /displayed by the S-array for 5
NWseum% The maxima and minima of the Fabry-Perot
modes do not have the same intensity across the shell, as
shown in panel (a), displaying an enhancement responsible

11

for the huge P spike.in panel{a) of figure 4 and the wide
oscillation in the reflectance spectrum in panel (c) of figure
3. Now, the energy density distribution displays a pattern in
accordance.with a coherent cross-talk with components along
both the/ x and»,y directions. Eventually, this specific
combination of features allows for a better sensitivity in
detecting. variation of the background refractive index
resulting: innthegymost promising metasurface for sensing,
amongst all those considered.

4. Conclusions

Resorting to a systematic exploitation of 3D-FDTD
simulations, in this work we have identified and theoretically
investigated optical metasurfaces based on all-dielectric
tapered core-shell nanowires NWs, made of a GaAs core and
a AlGaAs shell, for bio-sensing applications. The reflectance
spectra of these metasurfaces were engineered in the VIS-
NIR step-by-step introducing and enhancing specific Fabry-
Perot oscillations resorting to a tapered outer shell of the
NWs with intensities up to 80%. Exploiting these optical
oscillation, the relative variation of the reflectance was
evaluated for different metasurfaces perturbing the
corresponding R spectra introducing a variation of 1% in the
background refractive index. The appearance of multiple
spikes at specific wavelengths was demonstrated, mimicking
the response of a functional sensor. Two spikes, i.e. P; and
P,, were selected to perform an electromagnetic field
expansion demonstrating their association with a spatially
confined Fabry-Perot mode suitable for sensing. The
electromagnetic field expansion confirmed, for all the
10NWseum-2 array models, the equal origin of P from the
same spatially confined Fabry-Perot mode, which displayed
a TM-polarization with E; as the main scalar component of
the electric field with a dipolar expansion shape. The E,
spatial distribution of the periodic arrays was found ordered,
with a clear pattern of the maxima and minima, as well as a
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coherent cross-talk sustained between adjacent NWs; on the
contrary, the non-periodic array lacked of the previous
features resulting in a less intense P1 spike respect to the one
of the periodic arrays. In all the array models, the energy
density showed a spatial distribution spread mainly in the
background, essential requirement to react to a background
refractive index variation. The same features of E, were
found for spatially confined Fabry-Perot mode of the spike
P,, observed for the 10NWseum-2 periodic arrays.
Additionally, a peculiar enhancement of the intensity of the
maxima and minima at the bottom of the NW, responsible
for both the huge P, spike and the wide oscillations in the
reflectance spectrum, was detected, resulting in being the
most promising metasurface amongst those investigated. We
believe that these results offer an insight regarding the
physical mechanisms involved in the light propagation in this
type of metasurfaces as well as detailed guidance on the
effective tuning of the optical properties, therefore opening
new perspectives in their potential for sensing applications.
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