
Title Strong modulations of optical reflectance in tapered core-shell
nanowires

Authors Floris, Francesco;Lucia, Fornasari;Vittorio, Bellani;Marini,
Andrea;Banfi, Francesco;Marabelli, Franco;Beltram,
Fabio;Ercolani, Daniele;Battiato, Sergio;Sorba, Lucia;Rossella,
Francesco

Publication date 2019-10-31

Original Citation Floris, F., Fornasari, L., Bellani, V., Marini, A., Banfi, F., Marabelli,
F., Beltram, F., Ercolani, D., Battiato, S., Sorba, L. and Rossella,
F. (2019) 'Strong Modulations of Optical Reflectance in Tapered
Core–Shell Nanowires', Materials, 12(21), 3572. (11pp.) doi:
10.3390/ma12213572

Type of publication Article (peer-reviewed)

Link to publisher's
version

10.3390/ma12213572

Rights © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This
article is an open access article distributed under the terms
and conditions of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). - http://
creativecommons.org/licenses/by/4.0/

Download date 2024-04-17 09:31:52

Item downloaded
from

https://hdl.handle.net/10468/9343

https://hdl.handle.net/10468/9343


materials

Article

Strong Modulations of Optical Reflectance in Tapered
Core–Shell Nanowires

Francesco Floris 1,* , Lucia Fornasari 2, Vittorio Bellani 2 , Andrea Marini 3, Francesco Banfi 4 ,
Franco Marabelli 2, Fabio Beltram 5, Daniele Ercolani 5 , Sergio Battiato 5, Lucia Sorba 5 and
Francesco Rossella 5,*

1 Tyndall National Institute, University College Cork, T12 R5CP Cork, Ireland
2 Dipartimento di Fisica, Università di Pavia and INFN, 27100 Pavia, Italy
3 Department of Physical and Chemical Sciences, University of L’Aquila, 67100 L’Aquila, Italy
4 Femto Nano Optics Group, Université de Lyon, CNRS, Université Claude Bernard Lyon 1, Institut Lumière

Matière, F-69622 Villeurbanne, France
5 NEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, 56127 Pisa, Italy
* Correspondence: francesco.floris@tyndall.ie (F.F.); francesco.rossella@sns.it (F.R.)

Received: 29 August 2019; Accepted: 28 October 2019; Published: 31 October 2019
����������
�������

Abstract: Random assemblies of vertically aligned core–shell GaAs–AlGaAs nanowires displayed an
optical response dominated by strong oscillations of the reflected light as a function of the incident
angle. In particular, angle-resolved specular reflectance measurements showed the occurrence of
periodic modulations in the polarization-resolved spectra of reflected light for a surprisingly wide
range of incident angles. Numerical simulations allowed for identifying the geometrical features
of the core–shell nanowires leading to the observed oscillatory effects in terms of core and shell
thickness as well as the tapering of the nanostructure. The present results indicate that randomly
displaced ensembles of nanoscale heterostructures made of III–V semiconductors can operate as
optical metamirrors, with potential for sensing applications.

Keywords: core–shell; nanowires; semiconductors; optical reflectance; numerical simulations

1. Introduction

Optical materials such as arrays of scattering building blocks with a subwavelength size and
periodicity provide a well-established platform for light manipulation [1,2] together with extraordinary
control over light–matter interaction at the nanoscale [3–7]. For instance, artificial calibrated
arrangements of well-aligned dielectric nanostructures offer an ideal solution for engineering photonic
bandgap materials and optoelectronic devices [8–11]. In this context, nanostructured optical reflectors
have been proven to enable the control of polarization [12] and the orbital angular momentum of
light [13], dispersive holograms [14], and spatial light modulators [15]. In addition, nanostructured
composite systems theoretically allow for the design of metamaterials tailored for specific optical
polarization properties, behaving as an almost perfect linearly dichroic system, quarter-wave plate,
or circular polarizer [16]. Besides, the polarization-controlled manipulation of light has been
demonstrated in the coupling of the whispering-gallery modes of a microresonator [17]. The quest for
novel methods to realize functional assemblies of nanostructures characterized by conveniently tailored
optical responses ceaselessly triggers the interest of scientists from many different areas: in this context,
semiconductor nanowires (NWs) are emerging as a very promising class of quasi one-dimensional
systems ideally suited for building up photonic platforms [18–21].

Attracted by the huge potential of NW-based systems for optical response engineering and light
manipulation, in a previous work we studied the optical reflectance properties of nonperiodic assemblies
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of InAs NWs [22], probing their capability to manipulate electromagnetic waves (e.g., trapping,
absorbing, enhancing, or bending a light beam) [23–25]. Polarization- and angle-resolved optical
microreflectivity were investigated, and a modulation of the polarization-resolved reflectance as a
function of the impinging photon energy and angle was observed. The experimental findings were
reproduced in the whole wavelength range by numerical simulations, providing an experimental
proof-of-concept that vertically aligned InAs NW arrangements represent a promising class of
nanostructured optical reflecting surfaces. The observed features, unhampered by critical dependence
on nanoscale parameters such as lattice constants, were quite robust against environmental fluctuations
and thus are very promising for sensing and photovoltaic applications.

In this work, we extend our previous analysis by taking into account random assemblies of
vertically aligned tapered core–shell (C–S) NWs. The usage of such radial heterostructures has been
dictated by the will to amplify reflectance oscillations, acting only on NW morphology and not on their
overall displacement, with the purpose of activating Fabry–Perot (F–P)-like resonances between the
core and the shell of each scatterer, i.e., each NW. In particular, we investigated both experimentally
and computationally the effect of marked geometrical anisotropies of tapered GaAs–AlGaAs C–S NW
ensembles on the optical response in near- and far-field regimes. Angle-resolved specular reflectance
measurements were performed on different samples, probing the dependence of the reflected light with
respect to the impinging photon energy and angle. Finite-difference time-domain (FDTD) numerical
simulations were carried out to support the comprehension of the collected spectra and to give an
explanation in terms of electromagnetic field expansion. Occurrences of marked and robust resonances
in the reflectance spectra are highlighted, as they precisely matched our simulation results.

2. Materials and Methods

GaAs NWs [26] and GaAs–AlGaAs core–shell NWs were grown on GaAs (111)B substrates
(~500 µm thick) through gold-assisted chemical beam epitaxy [27]. In Figure 1, we report the scanning
electron microscopy (SEM) micrographs of one of the samples grown for the present work (Figure 1a)
together with a pictorial representation of an individual core–shell GaAs–AlGaAs NW (Figure 1b).
The four samples grown for the present work were characterized using SEM (Supplementary Materials,
Figure S1), and for each sample the morphology of at least 30 individual NWs was measured.
This allowed us to identify the average outer (total) diameter, D, at the base, at the center, and at the tip
of the NWs, as well as the average NW length. The standard deviation was used as uncertainty. The
results of this morphological study are reported in Table 1. As we do in Table 1, in the next sections we
will refer to the investigated samples as follows: Sample A1 is an ensemble of nontapered homogeneous
GaAs NWs with an average outer diameter measured at the center of 52 ± 5 nm and an average length
of 1535 ± 110 nm (grown at a temperature of T = 565 ± 10 ◦C). Sample B1 consists of nontapered
core–shell GaAs–AlGaAs NWs with D = 119 ± 13 nm measured at the center of the NW, with an
average AlGaAs shell thickness of 34 nm and an average length of 1274 ± 84 nm. The core and the shell
of sample B1 were grown at the same growth temperature, T = 565 ± 10 ◦C, as sample A1. Sample A2
corresponds with nontapered homogeneous GaAs NWs with D = 54 ± 7 nm (measured at the center of
NW) and an average length of 858 ± 99 nm (grown at T = 589 ± 10 ◦C). Finally, sample B2 consists of
tapered core–shell GaAs–AlGaAs NWs, with D = 117 ± 12 nm at the NW base and D = 161 ± 14 nm at
the NW tip and an average length of 1421 ± 66 nm. The core of sample B2 was grown at the same
growth temperature as A2, while the AlGaAs shell was grown at ∆T = −100 ◦C. The difference in the
morphology of samples B1 and B2 can be ascribed to the difference in the shell growth temperature.
The geometrical feature characteristics of the four samples are represented in Figure 2. We noticed
that both C–S samples were terminated with a thin GaAs capping layer to prevent oxidation of the
AlGaAs shell. While the distribution of the NWs on the sample surface was random due to thermal
dewetting of the Au particles [27], the four samples used in the experiments were prepared using the
same protocol to achieve very similar NW densities, namely ~10 NW/µm2. Further details about the
estimate of the NW density for each sample can be found in the Supplementary Materials, Figure S1).
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 Figure 1. (a) 45◦ tilted scanning electron micrograph of a nontapered GaAs–AlGaAs core–shell
nanowire sample qualitatively similar to sample B1 (a nanowire average length of 960 nm, a diameter
of 150 nm, and a density of ~10 NW/µm2). Inset: at the top, the different contrasts along the radial
direction indicate the different materials of the core and the shell; (b) Sketch of a core–shell nanowire
(NW). The core and shell materials and the typical dimensions are indicated: an inner diameter of d
≈ 80 nm, an outer diameter of D ≈ 150 nm, and a shell thickness of t = 35 nm; (c) Schematics of the
phenomena that occurred as light shined on the lateral surface of a core–shell NW: the latter behaved as
a nanomirror, where the radial heterostructure implemented a double interface (air/shell and shell/core),
likely yielding to marked interference effects.

Table 1. Morphological parameters of the investigated samples.

Sample Average Length (nm) Average Outer Diameter (nm)

- - Base Center Tip

A1 1535 48 52 41

B1 1274 117 119 110

A2 858 55 54 48

B2 1421 117 143 161
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Figure 2. Schematic of the geometrical features of the four types of NW samples investigated in this work:
not-tapered homogeneous GaAs NWs (samples A1 and A2), not-tapered core–shell GaAs–AlGaAs
NWs (sample B1), and tapered core–shell GaAs–AlGaAs NWs (B2). Label numbers are expressed in
nm and indicate: diameter of GaAs samples A1 and A2 (blue colored); thickness of AlGaAs shell in
samples B1 and B2 (red colored); outer diameter of samples B1 and B2 (black colored).

Variable-angle specular reflectance was measured over a spectral range from 400 to 1200 nm.
The light of a halogen lamp was collimated and then focused on the sample on a spot with an area of
about 100 × 100 µm2 and a divergence less than 2◦. A homemade microreflectometer setup associated
with a Fourier-transform spectrophotometer (a IFS66, Bruker, Billerica, Massachusetts, MA, USA)
was used to investigate the samples. For the dispersion measurements, a goniometer built in-house
allowed for varying the value of the incidence angle θ between 10◦ and 70◦, while the reflected
beam was collected at 2θ. A Glan–Taylor polarizer was used to select transverse-electric (TE, or s-)
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or transverse-magnetic (TM, orp-) polarized light (electric or magnetic field perpendicular to the
incidence plane, respectively). To measure the light reflected by the samples, a silicon photodiode
was used. This variable-angle specular reflectance measurement setup, including the homemade
microreflectometer and goniometer, was successfully exploited in previous works by some of us for
an advanced characterization of the optical response of nanostructured materials, including not only
semiconductors but also carbon nanotubes [28] and metallic nanostructures [29].

In order to explain and reproduce our experimental findings, numerical simulations were carried
out using a model based on a random arrangement of vertically aligned identical NWs with diameters,
lengths, and densities mimicking the investigated samples. As a starting point, we proved our
assumptions, resorting to, for our computations, one of the most general numerical schemes for the
solution of Maxwell equations in complex photonic media, i.e., the finite-difference time-domain
(FDTD) method. The implemented numerical code was able to manage the full-wave nature of the
electromagnetic field propagation and therefore to address the far- and near-field response of our
structure, taking into account the electromagnetic (EM) field spatial distribution. In more detail,
FDTD numerical simulations of the optical reflectance spectra and electric field distribution were
performed with the commercially available Lumerical® FDTD Solutions™ (version 8.18.1298 for x64,
Lumerical Inc., Vancouver, BC, Canada) software [30]. We used the Lumerical® material database to
define the optical characteristics of both GaAs and AlGaAs, while SEM micrographs were used to
evaluate the geometrical features of the NWs together with their density on the samples. The same code
developed in our previous work [22] was used to manage the NW disposition: using the interpenetration
of NWs placed on the substrate following the combination of five different Vogel spiral arrangements,
we were able to satisfactorily mimic the randomness of our samples, and consequently, a specific section
of the overall pattern was carefully selected to match the density requirements. An autogenerated
nonuniform mesh of level six was found to be adequate after convergence tests, and periodic boundary
conditions were chosen to recreate the entire nanostructured surface. Each simulation used to describe
the sample response took two hours to run on a computer with a liquid-cooled 16-core processor
(32 threads) and 64 GB of RAM. The electric field expansion was calculated for several horizontal
x–y planes at different distances along the z axis (as defined in Figure 1c) from the upper surface of
the substrate.

3. Results

In Figure 3, we report the angle-resolved specular reflectance (R) of homogenous GaAs NWs
and core–shell GaAs–AlGaAs NWs characterized by different dimensions and morphology. R was
measured for TE-polarized incident light covering the visible and near-infrared range as a function of
the incident angle θ, which varied from 10◦ to 70◦. Strong reflectance oscillations were immediately
evident for the tapered radial heterostructures (panel d) with respect to the case of the nontapered one
(panel b), and even more were evident with respect to the samples based on the homogeneous GaAs
NWs (panels a and c). For the sake of completeness, a TM response was also collected, but no evidence
of any relevant oscillating features was detected: this can be tentatively ascribed to the small scattering
cross-section of the outer shell of a TM-polarized light beam.

In the assembly of homogenous GaAs NWs (Figure 3a,c) we observed that the reflectance spectra
were mainly featureless, and only a weak shoulder at about 850 nm was (barely) evident. The shoulder
is ascribable to the bulk GaAs response, and it slightly red-shifted as the incidence angle increased
from 10◦ to 70◦. The reflectance R showed a significantly different pattern for both GaAs–AlGaAs
C–S NWs (Figure 3b,d). For small incident angles, the mean signal amplitude was, on average,
lower with respect to the equivalent homogenous sample. The nontapered sample showed an overall
decreasing trend by decreasing the wavelength, yielding an almost null value of R around 500 nm.
When the incident angle was augmented, an R oscillation appeared. We ascribe the oscillations to
interference effects rising from the presence of a double interface, namely the air–shell interface and
the core–shell one. Extremely marked oscillations occurred in the reflectance spectra of the tapered
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sample (Figure 3d), which were very evident for every incidence angle. It is worthwhile noting that in
this sample, R had a nonvanishing value at low wavelengths as well, and up to 40% of the incident
light could be reflected. The extent and energy positions of peaks and dips evolved monotonically
upon changes in the incidence angle.Materials 2019, 12, x FOR PEER REVIEW 5 of 11 
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reflectance measured in (a,c) homogeneous GaAs NWs (samples A1 and A2); (b) nontapered
GaAs–AlGaAs core–shell (C–S) NWs (sample B1); and (d) tapered GaAs–AlGaAs C–S NWs (sample B2).

In Figure 4, we report R calculated for the nontapered and tapered C–S NWs for three
different incident angles θ (namely 10◦, 40◦, and 70◦), as well as the corresponding experimental
spectra: the agreement was evidently outstanding. In the specific case of the tapered C–S system,
which experimentally allowed for achieving marked oscillations at every angle, we assumed that the
tapered morphology promoted interference effects on the light scattered by the double surface of every
NW. Since (i) the single NW geometrical dimensions were smaller or comparable to the wavelength of
the incident light and (ii) the interdistance between adjacent NWs was in the order of the wavelengths,
the far-field response of our systems was best addressed with a complete solution of the scattering
processes, evaluating the diffraction pattern arising from the generalized Snell law [31].

In order to rationalize the experimental findings and rigorously substantiate our ansatz,
we investigated the electric field (EF) spatial distribution around the NWs, as reported in Figure 5.
The EF was mainly thickened in the shell layer and at the shell–air interface, and thus the corresponding
expansion displayed maxima and minima around these two portions of the scatterers. In addition,
the EF spot shifted consistently along the NW toward the substrate (lower z values) by increasing the
incidence angle θ both for the untampered and tapered samples. The spot shape and localization,
however, strongly differed for the nontapered (Figure 5a,c,e) and tapered (Figure 5b,d,f) C–S NWs.
For the nontapered heterostructure, the EF remained confined in the proximity of the scatterers without
any substantial intra-NW or substrate–NW interaction. Regarding the tapered C–S heterostructures,
a quite important fraction of the EF was instead spread outside the scatterers, potentially enabling
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intra-NW coupling, and, for the higher incidence angle of θ = 70◦, a further substrate–NW interaction
could be established thanks to the tapered shape that reduced the angle between the air–shell external
interface of the NWs and the substrate upper surface.Materials 2019, 12, x FOR PEER REVIEW 6 of 11 
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Figure 5. Longitudinal electric field intensity distribution around a NW with respect to the angle of
incidence θ. Near-field normalized electric field expansion for the nontapered C–S geometry, (a) at an
incident angle θ = 0◦ and a wavelength of 925 nm; (c) at an incident angle θ = 40◦ and a wavelength of
800 nm and (e) at an incident angle θ = 70◦ and a wavelength of 735 nm. Near-field normalized electric
field expansion for the tapered C–S geometry, (b) at an incident angle of θ = 0◦ and a wavelength of
925 nm, (d) at an incident angle of θ = 40◦ and a wavelength of 820 nm and (f) at an incident angle
θ = 70◦ and a wavelength of 690 nm.

Calibrating the NW densities, we obtained a disordered series of localized resonators that were
roughly circularly shaped and close enough to establish reciprocal coupling, as proven by the horizontal
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EF expansion shown in Figure 6. In this way, the impinging electromagnetic field was then mostly
confined in the volume around the NWs and may have been rationalized as a combination of localized
oscillations around the NWs coupled with traveling waves among the NWs themselves. This is crucial,
since it shows that, at particular angles, the light reflected from the nanostructured surface could
display marked broadband oscillations and provide a predictive tool to engineer them. In general,
the near-field distribution was qualitatively almost identical for the nontapered and tapered cases,
but the normalized intensity was stronger for wavelengths that gave constructive interference effects.
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4. Discussion

Generally, the electromagnetic (EM) response of an assembly of nanostructures is dictated by the
superposition of the individual scatterer responses and by the scatterer spatial distribution. As for
the latter, while in ordered arrays the response to an impinging EM field is best expressed in the
form of a plane-wave multiplied by a periodic function (Bloch function), in our case the random
arrangement of the NWs forbade the applicability of the Bloch theorem. Notwithstanding the lack
of a lattice superstructure dominating the electromagnetic response, we could shape the EM field
distribution, addressing the individual scatterer response. As a matter of fact, the oscillating behavior
in the optical response of our sample was achieved by acting on the NW morphology: we resorted to a
multilayered radial structure to implement a multiple refractive index contrast, and we tailored the
nanostructure profile along the longitudinal direction to introduce a preferential directionality of the
reflected light toward the substrate. The combination of these two aspects activated and boosted the
reported interference effects that, sustained by the entire ensemble of NWs, gave rise to exceptionally
large oscillations in the reflectance. Our scatterers can likely be regarded as distributed Bragg refractors
with cylindrical symmetry, exploiting the refractive index contrast between three different media, i.e.,
the air, the AlGaAs shell, and the GaAs core. Consistently, the reported phenomenology was similar to
the one usually observed in planar layer-by-layer systems and can be accounted for in terms of wave
propagation in cylindrical symmetry geometry.

Noticeably, the distributed EM network showed by the FDTD simulations, which was correlated
with the NW average density but independent of the specific surface arrangement, could provide
enhanced sensitivity to changes in the surrounding refractive index and a consequent pronounced shift



Materials 2019, 12, 3572 8 of 11

of the interference fringes, making these assemblies of semiconductor nanostructures very promising
and robust for sensing applications. Sharing the potential for and perspectives on sensing applications
with similar systems of disordered semiconductor nanowires [22], the present system allows for
controlling additional degrees of freedom, namely the radial heterostructure and tapering, that can be
exploited to “fine-tune” the process of engineering an optical response. In more detail, the potential
interest in the results presented in this work for the development of innovative sensors is manifold.
First of all, the large surface-to-volume ratio of NWs and NW-based systems have great potential for
sensing applications at large, as has been demonstrated in the exploitation of different platforms and
approaches and in envisioning electronic transport experiments as well as an all-optical paradigm.
On the one hand, semiconductor nanowire field-effect sensor devices have been proposed as detection
systems for biological or chemical species in solution [32], while conductometric sensors developed to
exploit single InAs NWs have been recently demonstrated [33]. On the other hand, all-optical sensing
schemes compatible with microfluidic technologies have been recently proposed for the case of InAs
NWs [22]. In this context, the optical response of the NW assembly can be analytically estimated
for different filling media (i.e., different refractive indexes in the space surrounding the NWs) in the
frame of an effective model [34,35], and the fact that the reflectance modulations reported in our
samples were not strictly dependent on the geometry of the arrangement yielded a quite robust and
stable optical response and protected it from fluctuations of the NW-to-NW distance. Following this
approach, all-optical NW-based sensing platforms compatible with microfluidic integration [36,37] can
be envisioned, where the sensing area of the chip is made of NWs, light is focused at a fixed incidence
angle, and the reflectance versus wavelength is probed. Specifically, a small quantity of fluid has to
be driven within a microfluidic circuit into the NW-based reflector, so that when the liquid fills the
gaps around the NWs, a net change of the reflectance spectrum is observed. This platform can be
used to measure the refractive index of the liquid by comparing the experimental curve against a
calibration library, or, more interestingly, it could enable the detection of a specific biological complex
formation [38,39] upon the functionalization of NW surfaces with biorecognition elements.

Finally, in support of the experimental as well as theoretical findings reported and discussed
above, we also carried out additional simulations in order to widen the parameter space covered by our
investigation. In particular, we explored the following four cases: (i) NWs with the same geometrical
shapes and material compositions of the measured ones, but with a total length that was half of the
actual investigated structures; (ii) homogeneous GaAs NWs with C–S geometry; (iii) C–S NWs with
half of the radius of the shell; and (iv) C–S NWs with a doubled radius of the core. The results of these
simulations, which are reported in detail in the Supplementary Materials, Figure S2–S5, confirmed that
the main underlying mechanism of the observed reflectance oscillations was the coexistence of two key
features, namely (1) the Fabry–Pérot interference effects arising in the properly tuned volume of the
shell of every NW coupled with (2) the interference effects established between the external surface of
the NWs and the substrate, which were promoted by a tapered shape that gave rise to a favorable
angle so that the light was reflected multiple times in the volume between the NWs, creating a net
enhancement of the oscillation intensity.

5. Conclusions

In conclusion, we exploited bottom-up semiconductor nanowire technology to demonstrate a
novel class of optical materials based on random assemblies of vertically aligned tapered core–shell
GaAs–AlGaAs nanowires. Our assemblies of semiconductor nanostructures acted as optical reflectors,
where the intensity of the reflectance could be engineered starting from a suitable choice of materials,
average nanostructure dimensions, and morphology. We highlight that the response of our system
was mainly driven by the refractive index contrast occurring in the materials. This was particularly
evident in the case of core–shell NWs, where the presence of the two interfaces together with a
proper tailored shape promoted interference phenomena, yielding to exceptionally marked and robust
broadband oscillations.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/21/3572/s1,
Figure S1. SEM micrographs of the four NW samples investigated in this work, Figure S2. Simulated specular
reflectance results for a 40 degree TE polarized incident light, Figure S3. Simulated specular reflectance results for a
40 degree TE polarized incident light, Figure S4. Simulated specular reflectance results for a 40 degree TE polarized
incident light, Figure S5. Simulated specular reflectance results for a 40 degree TE polarized incident light.

Author Contributions: Conceptualization, F.R. and V.B.; methodology, F.F., F.R. and A.M.; software, F.F.; validation,
L.F. and F.F.; formal analysis, F.F.; investigation, L.F., F.F., V.B., D.E., S.B., L.S.; data curation, L.F., F.F. and F.R.;
writing—original draft preparation, F.F.; writing—review and editing, F.F., L.F., V.B., A.M., F.B. (Francesco Banfi),
F.M., F.B. (Fabio Beltram), D.E., S.B., L.S. and F.R.; supervision, F.F. and F.B. (Fabio Beltram); funding acquisition,
F.R., V.B., F.B. (Francesco Banfi).

Funding: This research was funded by Université de Lyon, IDEXLYON project Programme Investissements
d’Avenir (ANR-16-IDEX-0005), by Université Claude Bernard Lyon 1, BQR Accueil EC 2019 grant, by Spanish
Ministry of Economy and Competitiveness, project MAT2016-75955-C2-2-R, by Italian Ministry for University and
Research (MIUR), program “Fondo per gli Investimenti della Ricerca di Base (FIRB)—Futuro in Ricerca 2013”,
Grant No. RBFR13NEA4, by MIUR-PRIN 2017, project title “Photonic Extreme Learning Machine”.

Acknowledgments: F.R. and F.Banfi acknowledge the support by the MIUR through the program “Fondo per
gli Investimenti della Ricerca di Base (FIRB)—Futuro in Ricerca 2013. F.R. acknowledges the support by the
MIUR through the program PRIN2017. V.B.acknowledges the support of the Spanish Ministry of Economy and
Competitiveness. F. Banfi acknowledges financial support from Université de Lyon in the frame of the IDEXLYON
project Programme Investissements d’Avenir (ANR-16-IDEX-0005) and from Université Claude Bernard Lyon 1
through the BQR Accueil EC 2019 grant.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lemoult, F.; Kaina, N.; Fink, M.; Lerosey, G. Wave propagation control at the deep subwavelength scale in
metamaterials. Nat. Phys. 2013, 9, 55–60. [CrossRef]

2. Yao, J.; Liu, Z.; Liu, Y.; Wang, Y.; Sun, C.; Bartal, G.; Stacy, A.M.; Zhang, X. Optical negative refraction in bulk
metamaterials of nanowires. Science 2008, 321, 930. [CrossRef] [PubMed]

3. Krishnamoorthy, H.N.S.; Jacob, Z.; Narimanov, E.; Kretzschmar, I.; Menon, V.M. Active hyperbolic
metamaterials: Enhanced spontaneous emission and light extraction. Science 2012, 336, 205–209. [CrossRef]
[PubMed]

4. Noginov, M.A.; Li, H.; Barnakov, Y.A.; Dryden, D.; Nataraj, G.; Zhu, G.; Bonner, C.E.; Mayy, M.; Jacob, Z.;
Narimanov, E.E. Controlling spontaneous emission with metamaterials. Opt. Lett. 2010, 35, 1863–1865.
[CrossRef] [PubMed]

5. Giannetti, C.; Banfi, F.; Nardi, D.; Ferrini, G.; Parmigiani, F. Ultrafast Laser Pulses to Detect and Generate
Fast Thermomechanical Transients in Matter. Photonics J. IEEE 2009, 1, 21–32. [CrossRef]

6. Jacob, Z.; Kim, J.Y.; Naik, G.V.; Boltasseva, A.; Narimanov, E.E.; Shalaev, V.M. Engineering photonic density
of states using metamaterials. Appl. Phys. B Laser Opt. 2010, 100, 215–218. [CrossRef]

7. Kauranen, M.; Zayats, A.V. Nonlinear plasmonics. Nat. Photonics 2012, 6, 737–748. [CrossRef]
8. Yan, R.; Gargas, D.; Yang, P. Nanowire photonics. Nat. Photonics 2009, 3, 569–576. [CrossRef]
9. Garnett, E.; Yang, P. Light Trapping in Silicon Nanowire Solar Cells. Nano Lett. 2010, 10, 1082–1087. [CrossRef]
10. Cao, L.; White, J.S.; Park, J.-S.; Schuller, J.A.; Clemens, B.M.; Brongersma, M.L. Engineering light absorption

in semiconductor nanowire devices. Nat. Mater. 2009, 8, 643–647. [CrossRef]
11. Wallentin, J.; Anttu, N.; Asoli, D.; Huffman, M.; Aberg, I.; Magnusson, M.; Siefer, G.; Fuss-Kailuweit, P.;

Dimroth, F.; Witzigmann, B.; et al. InP Nanowire Array Solar Cells Achieving 13.8% Efficiency by Exceeding
the Ray Optics Limit. Science 2013, 339, 1057–1060. [CrossRef] [PubMed]

12. Zhao, Y.; Alù, A. Manipulating light polarization with ultrathin plasmonic metasurfaces. Phys. Rev. B
2011, 84, 205428. [CrossRef]

13. Karimi, E.; Schulz, S.A.; De Leon, I.; Qassim, H.; Upham, J.; Boyd, R.W. Generating optical orbital angular
momentum at visible wavelengths using a plasmonic metasurface. Light. Sci. Appl. 2014, 3, e167. [CrossRef]

14. Wang, B.; Dong, F.; Li, Q.-T.; Yang, D.; Sun, C.; Chen, J.; Song, Z.; Xu, L.; Chu, W.; Xiao, Y.-F.;
et al. Visible-Frequency Dielectric Metasurfaces for Multiwavelength Achromatic and Highly Dispersive
Holograms. Nano Lett. 2016, 16, 5235–5240. [CrossRef] [PubMed]

15. Huang, Y.-W.; Lee, H.W.H.; Sokhoyan, R.; Pala, R.A.; Thyagarajan, K.; Han, S.; Tsai, D.P.; Atwater, H.A.
Gate-Tunable Conducting Oxide Metasurfaces. Nano Lett. 2016, 16, 5319–5325. [CrossRef] [PubMed]

http://www.mdpi.com/1996-1944/12/21/3572/s1
http://dx.doi.org/10.1038/nphys2480
http://dx.doi.org/10.1126/science.1157566
http://www.ncbi.nlm.nih.gov/pubmed/18703734
http://dx.doi.org/10.1126/science.1219171
http://www.ncbi.nlm.nih.gov/pubmed/22499943
http://dx.doi.org/10.1364/OL.35.001863
http://www.ncbi.nlm.nih.gov/pubmed/20517443
http://dx.doi.org/10.1109/JPHOT.2009.2025050
http://dx.doi.org/10.1007/s00340-010-4096-5
http://dx.doi.org/10.1038/nphoton.2012.244
http://dx.doi.org/10.1038/nphoton.2009.184
http://dx.doi.org/10.1021/nl100161z
http://dx.doi.org/10.1038/nmat2477
http://dx.doi.org/10.1126/science.1230969
http://www.ncbi.nlm.nih.gov/pubmed/23328392
http://dx.doi.org/10.1103/PhysRevB.84.205428
http://dx.doi.org/10.1038/lsa.2014.48
http://dx.doi.org/10.1021/acs.nanolett.6b02326
http://www.ncbi.nlm.nih.gov/pubmed/27398793
http://dx.doi.org/10.1021/acs.nanolett.6b00555
http://www.ncbi.nlm.nih.gov/pubmed/27564012


Materials 2019, 12, 3572 10 of 11

16. Mendoza, B.S.; Mochán, W.L. Tailored optical polarization in nanostructured metamaterials. Phys. Rev. B
2016, 94, 195137. [CrossRef]

17. Rosenberger, A.T.; Dale, E.B.; Bui, K.V.; Gonzales, E.K.; Ganta, D.; Ke, L.; Rajagopal, S.R. Cross-polarization
coupling of whispering-gallery modes due to the spin-orbit interaction of light. Opt. Lett. 2019, 44, 4163–4166.
[CrossRef]

18. Muskens, O.L.; Diedenhofen, S.L.; Van Weert, M.H.M.; Borgström, M.T.; Bakkers, E.P.A.M.; Rivas, J.G.
Epitaxial Growth of Aligned Semiconductor Nanowire Metamaterials for Photonic Applications. Adv. Funct.
Mater. 2008, 18, 1039–1046. [CrossRef]

19. Muskens, O.L.; Rivas, J.G.; Algra, R.E.; Bakkers, E.P.; Lagendijk, A. Design of Light Scattering in Nanowire
Materials for Photovoltaic Applications. Nano Lett. 2008, 8, 2639–2642. [CrossRef]

20. Muskens, O.L.; Borgström, M.T.; Bakkers, E.P.A.M.; Rivas, J.G. Giant optical birefringence in ensembles of
semiconductor nanowires. Appl. Phys. Lett. 2006, 89, 233117. [CrossRef]

21. Strudley, T.; Zehender, T.; Blejean, C.; Bakkers, E.P.A.M.; Muskens, O.L. Mesoscopic light transport by very
strong collective multiple scattering in nanowire mats. Nat. Photonics 2013, 7, 413–418. [CrossRef]

22. Floris, F.; Fornasari, L.; Marini, A.; Bellani, V.; Banfi, F.; Roddaro, S.; Ercolani, D.; Rocci, M.; Beltram, F.;
Cecchini, M.; et al. Self-Assembled InAs Nanowires as Optical Reflectors. Nanomaterials 2017, 7, 400.
[CrossRef] [PubMed]

23. Dragoman, D.; Dragoman, M. Electromagnetic wave propagation in dense carbon nanotube arrays. J. Appl.
Phys. 2006, 99, 76106. [CrossRef]

24. Arcos, T.D.L.; Oelhafen, P.; Mathys, D. Optical characterization of alignment and effective refractive index in
carbon nanotube films. Nanotechnology 2007, 18, 265706. [CrossRef]

25. Dale, E.B.; Ganta, D.; Yu, D.-J.; Flanders, B.N.; Wicksted, J.P.; Rosenberger, A.T. Spatially Localized
Enhancement of Evanescent Coupling to Whispering-Gallery Modes at 1550 nm Due to Surface Plasmon
Resonances of Au Nanowires. IEEE J. Sel. Top. Quantum Electron. 2010, 17, 979–984. [CrossRef]

26. David, J.; Rossella, F.; Rocci, M.; Ercolani, D.; Sorba, L.; Beltram, F.; Gemmi, M.; Roddaro, S. Crystal Phases in
Hybrid Metal–Semiconductor Nanowire Devices. Nano Lett. 2017, 17, 2336–2341. [CrossRef]

27. Zannier, V.; Ercolani, D.; Gomes, U.P.; David, J.; Gemmi, M.; Dubrovskii, V.G.; Sorba, L. Catalyst composition
tuning: The key for the growth of straight axial nanowire heterostructures with group III interchange. Nano
Lett. 2016, 16, 7183–7190. [CrossRef]

28. Soldano, C.; Rossella, F.; Bellani, V.; Giudicatti, S.; Kar, S. Cobalt nanocluster-filled carbon nanotube arrays:
Engineered photonic bandgap and optical reflectivity. ACS Nano 2010, 4, 6573–6578. [CrossRef]

29. Caridad, J.M.; McCloskey, D.; Rossella, F.; Bellani, V.; Donegan, J.F.; Krstić, V. Effective Wavelength Scaling of
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