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of nanowire metamaterial films
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This Letter reports on the assembly on the tip of an optical
fibre of a metamaterial film fabricated by a self-assembly bot-
tom-up method, composed of silver nanowires embedded in
an alumina matrix. By illuminating the film through the fibre
in a reflection configuration, we observe experimentally the
optical response of the metamaterial in agreement with theo-
retical predictions and interpreted as the excitation of surface
plasmon-polaritons in the cylindrical surface of the nano-
wires. These results pave the way for low-cost optical fibre
devices that incorporate metamaterial films.

1 Introduction The coupling between light and sur-
face plasmon-polaritons (SPPs) in thin metallic films is
very sensitive to variations of the optical properties of the
surrounding medium [1, 2] and is extensively used as the
sensing principle for a wide range of detecting and meas-
uring devices, including optical fibre based sensors [3, 4].
Only light modes with electric field components perpen-
dicular to the surface of the metal can excite SPPs and
therefore most of the fibre based sensors are adaptations of
the Kretschmann configuration [5] consisting of a thin me-
tallic film deposited in a side-polished or tapered fibre [6,
7]. The challenge in developing plasmonic sensors using
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Micrographs of a nanowire metamaterial film mounted on the
tip of an optical fibre (left) and top-view of the sample in a
transmission configuration (right). The red colour results
from the absorption of the other optical wavelengths by the
plasmon modes in the metamaterial.
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metallic films deposited on the tip of a cleaved fibre is that
the electric field of the guided modes in the fibre is mostly
parallel to the surface of the metal, and therefore unable to
excite SPPs. To circumvent this difficulty, other proposals
have replaced the thin film with metallic nanostructures
with geometries capable of supporting SPPs, or rely on
other sensing principles [8]. The majority of these devices
is fabricated directly on the fibre tip, requiring complex
and expensive/high-cost techniques such as electron
beam/UV lithography and focused ion beam [9]. Such
structures include metallic metamaterials (MMs), such as
nanorods or nanostripes [10—13].
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In this Letter, we demonstrate that it is possible to fab-
ricate metallic nanowire MM films and mount them on the
tip of a fibre, preserving its original optical properties with
low-cost and high reproducibility. This means that we are
not restricted to fabricate these structures directly on the
fibre, allowing us to use standard low-cost self-assembly
approaches, such as porous anodic aluminium oxide
(AAO) templates filled with a metal. In this configuration
the wires are aligned with the optical axis of the fibre and
therefore can support SPPs along their elongated cylindri-
cal surfaces [14] and can be used to develop high sensitiv-
ity optical sensors [15]. Another important advantage of a
sensor based on this approach is that it would operate on
reflection while standard fibre-optic SPP resonance sensors
usually work on transmission, requiring the addition of a
reflective element to the fibre to bounce the signal back.
Therefore, our characterization of the MM device focuses
on the reflected signal, rather than transmission.

This Letter is organized as follows: in Section 2 we
summarize the fabrication process of the MM device, in
Section 3 we overview the theoretical model used to simu-
late it, Section 4 describes the experimental methods used
in the optical characterization, Section 5 analyses the re-
sults and, finally, Section 6 is devoted to the conclusions.

2 Fabrication The nanowire MMs were prepared fol-
lowing a standard bottom-up fabrication technique consist-
ing of Ag electrodeposition inside a nanoporous AAO
template serving as a scaffold. The AAO templates were
synthesized in a two-step anodization process with 0.3 M
oxalic acid under an applied voltage of 40 V [16, 17]. This
results in a nanoporous matrix of high aspect-ratio vertical
cylinders, ordered by self-assembly in a hexagonal lattice
with a natural porosity (defined as volume fraction of ho-
les/pores) of p ~0.10 [18]. To produce Ag/AAO compos-
ites with different fill-ratios (volume fraction of metal), we
used a controlled chemical etching process to widen the
nanopores. The Ag nanowires were then grown inside the
AAO matrix using a pulsed electrodeposition process
(PED) [10]. Because not all nanowires grown by PED have
the same height, the top surface of the MM films was sub-
sequently submitted to a physical etching process (Ar" ion
beam milling) to increase the MM regularity [19]. As
shown by the scanning electron microscopy (SEM) images
of a produced MM film in Fig. 1, the fabrication process
results in a nanowire polycrystal with a hexagonal lattice,
where not all pores are completely filled with metal. The
analysis of these images indicates that the MM has a po-
rosity of p =0.20 + 0.03, a Ag fill-ratio of f=0.14 £ 0.03,
an interpore distance (lattice parameter) of a = (96 = 9) nm,
and a membrane thickness of d = (5.6 = 0.1) um.

The MM-fibre devices were constructed attaching the
nanowire MM films to the tip of multimode silica optical
fibres (Thorlabs FG550LEC) with 550/600 pm core/clad-
ding diameters and numerical aperture of NA = 0.22. The
MM was carefully fixed and aligned perpendicular to the
optical axis of the fibre using an in-house positioning sys-
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Figure 1 SEM images of the fabricated metamaterial: (a) cross
section and (b) top view. Bright and dark spots correspond to
Ag-filled and empty pores, respectively.

tem specifically designed for this purpose. The adhesion
was ensured by an optical grade polymeric bonding agent
used to promote the coupling of the fibre to the MM film,
and guarantee the mechanical stability.

3 Model In this section we briefly review some of the
basic physics of nanowire MMs and describe how the opti-
cal response of the MM-fibre device was simulated. Since
not all the pores of the AAO template were filled with Ag,
we have considered that there are two types of inclusions:
Ag and air, with fill-ratios f; and f, = p — f;, respectively.
Because the unit cell is sub-wavelength in the spectral ran-
ge considered (400—1000 nm), the macroscopic optical
properties of the MM can be calculated using Maxwell-
Garnett’s homogenization theory [20, 21]. Specifically, the
effective permittivity is given by [21]

geff:8h1+772’ r-¢ &6

1-X & +ns,
where ¢, is the dielectric constant of the host medium
(ALO3), and ¢, are the electric permittivities of the two
types of inclusions with fill-ratios f; and f;, respectively.
Moreover, 7 is the screening factor which accounts for the
shape of the inclusions (7 =1 for high aspect-ratio cylin-
ders perpendicular to the electric field [22]). The values for
&1 (Ag) and ¢, (ALL,O;) were fitted from experimental data
taken from reference [23]. The (complex) effective refrac-
tive indeX 7o = Moy + iefs = (eeff)” 2 is shown in Fig. 2. No-
tice the peak around 400 nm which accounts for the strong
absorption below 600 nm and the red colour observed in
transmission in the Abstract figure.

The reflection spectrum of light on the MM-fibre de-
vice was simulated using the transfer-matrix method [24]
for stratified optical media corresponding to the interfaces
between the fibre core, the MM film and the transmission
medium (air). In this model, the MM was replaced by an
equivalent non-magnetic homogenous film (with the same
thickness and refractive index 7i.¢r) described by the charac-
teristic matrix:
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Figure 2 Effective refractive index obtained through the Max-
well-Garnett homogenization, where the real and imaginary parts
are plotted as black-solid and red-dashed lines, respectively.

In Eq. (2), ko= 2m/4 is the free-space wavenumber (4 is
the wavelength in vacuum) and normal incidence is as-
sumed (for NA =0.22 the maximum incidence angle is
8.2°, which produces an almost identical reflectivity spec-
trum). The spectral reflectance of the film is given by

2 (myy +myyn,) n; — (my, +myn,)
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where n; and n, are the refractive indices of the incidence
(silica glass) and transmission (air) media, respectively.
The results of the simulation are shown in Fig. 4(a).

4 Experimental methods The MM was character-
ized using reflection measurements before and after being
mounted on the fibre using the experimental setups sche-
matically depicted in Fig. 3(a) and (b), respectively. In the
first setup [Fig. 3(a)] a fibre optic reflection probe (Avan-
tes Reflection Probe) composed of six illumination fibres
surrounding one collection fibre (each with 400 um core
diameter and numerical aperture 0.22) was used to simul-
taneously obtain a uniform illumination and collection of
the light scattered from the sample, under nearly normal
incidence. We used a silver mirror as a reference to cali-
brate the reflection spectrum of the MMs and both a tung-
sten—halogen lamp (Avantes AvaLight-HAL) and a light-
emitting diode (LED) as a light source covering a broad
spectrum from 400 nm (where the LED is more stable than
the lamp) to 2000 nm. However, our measurements were
limited by the working bandwidth of the spectrometer
(Ocean Optics USB4000-VIS-NIR) spanning from 345-—
1050 nm. In the second setup [Fig. 3(b)] we have replaced
the reflection probe with a bifurcated optical fibre (Scansci
ABF6020) connected to the MM-fibre device. In this case,
we used as a reference the reflection signal from the co-
re/air interface of a cleaved fibre. Figure 4(b) and (c) are
obtained as the ratio between the reflection spectrum of the
MM sample (b) or MM-fibre (c) and the reflection spec-
trum obtained from the corresponding reference, thus al-
lowing to cancel out the intensity profile of the sources.

5 Results and discussion The experimental and sim-
ulated reflection signals for the exact same MM film are
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Figure 3 Schematic of the experimental setup used in the optical
characterization of the (a) MM samples and the (b) MM-fibre de-
vices. Insets: schematic of the cross section of the (a) optical fibre
reflection probe and the (b) optical fibre coupler.

shown in Fig. 4 and are qualitatively similar. In particular,
there is a very close match between the results from the
MM sample [Fig. 4(b)] and the MM-fibre [Fig. 4(c)], indi-
cating that the procedure used to fabricate the optical
MM-fibre devices does not affect the optical properties of
the MM. This means that the device can successfully ex-
cite the SPP modes in the metallic nanowires.

There is a red shift of the peak observed in Fig. 4(b)
and (c) around 500 nm relative to the prediction of
the Maxwell-Garnett model shown in Fig. 4(a), around
400 nm, which considers an isolated wire. This type of
shift has been attributed to the excitation and mutual inter-
action of the SPPs in the metallic nanostructures of the
film, and has been confirmed by experiments [25] and sim-
ulations [26]. In our case, it is impossible to confirm the
existence of SPP by rotating the polarization of the inci-
dent light because of the rotation symmetry of the system
around the optical axis of the fibre. However, there is a
qualitative consistency between the redshift observed in
Fig. 4 and the demonstration in similar MM films with na-
nowires [25]. For wavelengths above 750 nm we can ob-
serve a modulation in all the reflection spectra, which is
consistent with a Fabry—Pérot cavity formed by the upper
and lower surfaces of the MM film. Below this wavelength,
the imaginary refractive index of the MM is high and ac-
counts for a large absorption (see Fig. 2) that prevents the
interference of the multiple reflections. Furthermore, the
separation A4 between consecutive peaks in the experi-
mental data is in good agreement with the simulated results
[Fig. 4(a)]: AA~33nm and AA~34nm, respectively,
around the central wavelength 4o= 900 nm. This is related
to the refractive index » and thickness d of the film through
[24]
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Figure 4 (a) Simulated reflection spectrum using the transfer-
matrix model. Experimental reflection spectra for the (b) MM
sample and (c) MM-fibre device. Inset: measurements performed
with an LED source.

Using Eq. (4) and d = 5.6 pm we estimate an experimental
value of ner~2.1 at 4o =900 nm, which is comparable to
nere = 2.01 from the Maxwell-Garnett model (Fig. 2).

6 Conclusions In this Letter, we have demonstrated
that it is possible to fabricate nanowire MMs using low-
cost bottom-up techniques and then mount them on optical
fibre tips, while preserving their optical properties. Our re-
sults are compatible with the excitation of SPP in the na-
nowires. This would allow going beyond the traditional de-
signs for SPR sensors in optical fibres, where the metallic
films are placed on the tapered or side-polished fibre secti-
ons. As a consequence, the sensors with MM in the fibre
tip will be inherently reflective. The technique demonstra-
ted here is not limited to this specific nanowire MM. In-
stead, the optical properties of the MM can be customized
by changing the metal and the geometries of the wires, or
even choosing another membrane with completely differ-
ent nanostructure. This opens the possibility of developing
many different types of devices that make use of the myri-
ad of exotic optical properties allowed by MMs. Both the
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fabrication and assembling techniques used are relatively
simple, inexpensive, and reproducible, paving the way to
industrial and large-scale production of photonic devices,
such as sensors based on the integration of MMs in fibre-
optic platforms.
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