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ABSTRACT: We propose a novel fabrication process to
realize optical sensing probes based on metal−dielectric
crystals self-assembled on an optical fiber tip. The breath
figure methodology has been adapted to work directly on
nonconventional substrates, such as optical fibers, enabling the
formation of regular and ordered metallo-dielectric crystals on
optical fiber tips. Accurate morphological characterization was
carried out to qualify the fabrication process. The reported
results indicate that the proposed fabrication technique
provides a method for rapid and cost-effective prototyping of
photonic−plasmonic nanoprobes for sensing applications. To
achieve this goal, we develop a technological platform via the
addition of polymer−metal crystals onto the tip of a standard
single optical fiber, which is able to support surface plasmon
resonances in the near-infrared. A dedicated numerical tool was developed to study and analyze arbitrary subwavelength
structures integrated on the optical fiber tip by taking into account finite-size effects. The numerical results are in good agreement
with the observed experimental spectra and reveal that the fabricated sensing probes act as structured interferometers that are
assisted by surface plasmon excitations at the metallo-dielectric interfaces. To prove the sensing capability of the proposed
platform, refractive index measurements were carried out, revealing a sensitivity of up to 2300 nm/RIU, outperforming most
plasmonic probes synthesized on optical fiber tips. The achieved performances, obtained using very small active areas,
demonstrate the effectiveness of these self-assembled fiber-optic probes for label-free chemical and biological sensing
applications.
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In recent decades, the development of sensors based on
surface plasmon resonances (SPRs) for the detection of

chemical and biological species has received considerable
scientific attention. Several optical configurations have been
proposed to exploit the properties of surface plasmons in
different sensing applications and in more disparate sectors,
such as medical diagnostics, environmental monitoring, and
food safety.1,2

Surface plasmons are extremely sensitive to any local
refractive index change occurring at the metal−dielectric
interface. The excitation of an SPR leads to an increase in
the light absorbance at the resonance condition, which in turn
depends on the refractive index of the dielectric medium in the
proximity of the metallic surface.1,2 This dependence is
exploited in various detection schemes for chemical and
biological sensing applications, thus enabling the label-free

detection of target molecules in real time and at very low
concentrations.
To efficiently trigger the excitation of surface plasmons,

traditional coupling schemes involve the use of prism couplers
and diffraction gratings,3 which are currently outperformed by
miniaturized and integrated lab chip architectures and optical
waveguides.4

Among them, SPR sensors based on optical fibers are
particularly attractive by virtue of the intrinsic advantages
associated with the use of fiber-optic technology. The challenge
in exploiting fiber-optic SPR phenomena in optical fiber sensors
arises from the difficulty of implementing an efficient and
controlled coupling method for plasmonic excitation within the
optical fiber. Despite these complications, a large number of
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SPR fiber sensors have been demonstrated. Many excellent
reviews covering this topic can be found in recent reports that
have collected the latest and most relevant achievements.4−6

Essentially, in many optical configurations, the evanescent
field of the light guided in an optical fiber is used to excite
propagating surface plasmons in a thin metallic film covering a
well-defined portion of the optical fiber along its axis. These
optical configurations include cladding-removed optical fi-
bers,7,8 tapered fibers,9,10 and U-shaped optical fibers,11 all of
which are coated with a thin metallic layer. These sensors often
demonstrate excellent sensing performances in terms of
sensitivity to the external refractive index (thousands of
nanometers per refractive index unit (RIU)), but they typically
suffer the disadvantages of fragility and large surface area,
requiring a larger number of target molecules bonded to the
fiber surface to provide a given refractive index change.
Recently, the fragility limitations of these fibers have been
successfully addressed through the use of various types of fiber
gratings12 or specialty fibers, such as D-shaped fibers13 and
photonic crystal fibers.14,15 However, these sensors still suffer
the disadvantage of having large active areas, which in turn
limits the detection accuracy in terms of biomolecule
concentration.
An exciting method for the achievement of fiber-optic

plasmonic probes with reduced active areas involves the use of
optical fiber tips as technological substrates for the realization
of functional sensing nanoprobes with unique features in terms
of compactness, intrusiveness, and overall performances that
are suitable for use as ex vivo and in vivo biosensors.
The simplest realizations of optical fiber tip SPR are still

based on fiber tapering and cladding removal. Grunwald et al.
proposed an SPR sensing element that consisted of a single-
ended tapered optical fiber coated with a 50 nm gold layer.16

Similarly, to obtain an SPR fiber tip sensor, Suzuky et al.
removed the cladding of a multimodal optical fiber over 20 mm
long, deposited a gold layer around the core using thermal
evaporation, and deposited a silver metal layer on the end of
the fiber to form a mirror.17

More interesting and compact examples of fiber-optic tip
SPR sensors involve the integration of metallic or metallic−
dielectric nanostructures supporting localized SPRs (LSPRs).
These sensing configurations are highly miniaturized, down to
the micrometer scale. They enable the engineering of light
confinement and, therefore, provide sensitivity to local optical
changes using a design that takes advantage of the many
degrees of freedom exhibited by these structures.
LSPRs are nonpropagating resonant surface plasmons that

can be excited on metal nanoparticles or around nanoholes in
metal films.2 Furthermore, LSPRs are highly sensitive to the
size, distribution, and shape of the nanoparticles and can be
used to precisely tailor devices for specific applications.18

Various metallic nanostructures, such as ordered apertures in
metallic films, metallic nanopillars, and nanorods attached to
optical fiber ends, have been proposed and experimentally
validated for compact and label-free biochemical detection.
Lin et al. reported an LSPR biochemical sensor based on the

transmission spectra of an ordered array of metallic nanodots
fabricated on an optical fiber tip using electron beam
lithography (EBL).19,20 Similarly, Dhawan et al. demonstrated
optical sensors based on SPRs and LSPRs associated with
metallic nanostructures synthesized on an optical fiber tip using
a focused ion beam (FIB).21,22 Hybrid metallo-dielectric
nanostructures supporting LSPRs have also been fabricated

directly on a single-mode fiber tip using a modified spin-coating
method combined with EBL nanotechnology.23 Sensitivities of
a few hundred nanometers per RIU are typically achieved using
LSPR-based sensing configurations.
The fabrication routes employed for the construction of

these sensing probes mainly rely on the use of well-understood
nanofabrication tools and lithographic procedures that are
commonly used for planar substrates and have been adapted
and modified to work correctly on nonconventional substrates,
such as optical fiber tips.24,25

However, these fabrication techniques require expensive
instruments, such as EBL and FIB, resulting in time-consuming
and expensive processes, which are valuable for prototype
demonstrations but unsuitable for the mass production of
functional nanoprobes.
Alternative fabrication routes often feature two distinct

phases: the first phase generates the photonic−plasmonic
crystal in a planar configuration using well-known technologies
and procedures, and the second stage aims to transfer the
crystal to the fiber tip.25 Following this type of approach, well-
arranged nanostructure arrays on fiber tips were reported by
Smythe et al.26,27 They described a transfer technique in which
various metallic patterns have been individually defined using
EBL and then moved to the optical fiber tips. Next, to increase
the production throughput, the same authors developed
another technique to create metallic nanostructures by
embedding and sectioning a metalized array of epoxy nanoposts
using an ultramicrotome.28 These transferred structures on
fiber tips have been used for all-fiber LSPRs and surface-
enhanced Raman spectroscopy (SERS)-based sensing devices.
As a drawback, all of these fabrication procedures inevitably

concentrate the procedure complexity in the transfer step,
which can be considered the crucial step that determines the
final fabrication yield and the performance of the final device.
The use of self-assembly methodologies specialized to

operate directly on optical fiber tips seems to be a promising
approach for overcoming fabrication issues, such as the use of
expensive nanotechnologies and the difficulty of realizing high
throughput.
The autonomous organization of micro- and nanostructures

in regular ensembles on optical fiber tips is the key to obtaining
ordered patterns on a large number of optical fibers
simultaneously. However, the self-assembly processes success-
fully demonstrated for large planar substrates often fail when
they are required to operate on confined substrates, such as
fiber tips. For this reason, only a few attempts, mostly based on
nanoparticle self-assembly, have been reported in the literature.
Stoddart et al. evaluated the use of a simple “dip and dry”

method for producing periodic nanoparticle arrays on the tips
of optical fibers, resulting in a combination of mono- and
multilayer zones and inhomogeneous fiber coverage.29 Yap et
al. arranged gold nanoparticle clusters on optical fiber tips using
an electrostatic self-assembly approach guided by a block
copolymer template and proposed their use for sensors based
on SERS.30 Although this method yielded ordered clusters on a
planar substrate, an attempt to reproduce the process on fibers
gave rise to close-packed but unordered gold clusters due to the
insufficient ordering of the polymer template. Andrade et al.
decorated a fiber tip with Ag nanoparticles using a layer-by-
layer approach for SERS biosensing.31 This approach, which
requires the chemical modification of the fiber tip surface, is
capable of producing 1 to 5 overlapping layers of nanoparticles
separated by an organic spacer. The lateral arrangement of the
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nanoparticles in each plane cannot be controlled. Yan et al.
etched a cavity on one fiber facet and filled this cavity with a
colloidal dispersion of nanoparticles in PMMA, yielding a
photonic crystal.32 In this study, the nanoparticle assembly is
synthesized via the slow evaporation of the solvent; therefore,
only multilayers can be obtained.
All of these studies reveal that, although the self-assembly

approach is potentially attractive for patterning optical fibers,
synthesizing metallic dielectric crystals via assembling solid
objects in a highly ordered fashion directly on a fiber tip is
complicated. Hence, alternative fabrication procedures should
be explored.
With this goal, we moved to an entirely different approach

that does not require the use of nanoparticles. Our idea was to
exploit the self-assembly phenomenon known as breath figure
(BF) formation and to realize it directly on the fiber tip.33 The
BF method is capable of producing thin polymeric films with
micrometer cavities arranged in a hexagonal fashion with the
following benefits: (i) a single-step approach, (ii) no need for
lithographic processing, (iii) duration of a few seconds, and (iv)
the use of very simple and accessible laboratory equip-
ment.34−36 Indeed, this approach uses a templating method
in which the template consists of an ordered array of water
droplets that can be removed through simple evaporation,
which is an indisputable advantage with respect to most of the
other known templating techniques, where the templates must
be removed after the fabrication of the porous films, and in
most cases, they are not easily prepared or removed. Compared
to the nanoparticle approach, this assembly is produced at the
polymer/air interface, overcoming all of the problems related to
the interaction of the assembled objects with the substrate,
which is a critical requirement for perfectly packed nanosphere
layers.
In this paper, we present recent results on the use of the BF

approach in the synthesis of ordered metallo-dielectric
structures on optical fiber tips. In particular, we report details
of the fabrication process supported by a wide morphological
analysis and discuss the related principle of operation through

numerical and experimental analysis. Finally, the functionality
of the probes for sensing applications is demonstrated.

■ RESULTS AND DISCUSSION
Breath Figures on Optical Fiber Tips. The strategy for

the fabrication of periodic structures on optical fibers initially
involves the coating of the fiber tip with a microporous polymer
film via the BF technique. This self-assembly approach allows
for the preparation of honeycomb-like arrays on the micro-
meter scale with a high degree of order despite the simplicity of
the process. The mechanism of BF formation has been
described in detail by several authors and will be recalled
briefly here.37−39 The process relies on the precipitation of a
polymer around condensed water droplets, initiated by the
rapid evaporation of a polymer solution in a humid environ-
ment. Its salient stages are depicted in Figure 1. In the initial
stage, the endothermic evaporation of the solvent results in a
decrease of the system temperature, thus triggering water
condensation. Once a droplet of water has nucleated on the
polymer solution, it grows at the expense of the vapor in the
surrounding atmosphere. During this stage, the growing
droplets auto-organize at the polymer solution/air interface
into a close hexagonal arrangement. Once the film returns to
ambient temperature, the condensed water and residual solvent
evaporate, leaving behind a honeycomb structure. When the
process is adequately controlled and the key parameters
(polymer concentration, solvent type, evaporation rate, and
relative humidity) are accurately adjusted, the morphology of
the final film, i.e., the degree of order, distribution, and size of
the cavities, is fairly controllable.
Even though the applicability of the BF approach in the

fabrication of both metallic disk arrays and metallic meshes has
already been established,40,41 this report is the first study, to the
best of our knowledge, that makes use of BFs as a tool for
synthesizing self-assembled metallo-dielectric periodic struc-
tures on the tips of standard, single-mode optical fibers.
To achieve this goal, the standard setup, which is normally

utilized for making honeycomb films on glass or silicon

Figure 1. Schematic overview of the fabrication process.
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substrates, must be adapted to work with nonconventional
substrates, such as optical fibers. The main issue to be
addressed is the fiber tip size: 125 μm in diameter for a
standard single-mode fiber. Typically, highly regular BF arrays
are obtained by spreading a few droplets of the polymer
solution over a flat surface of 1−5 cm2. Unfortunately, the fiber
tip is too small for such an approach. To overcome this issue,
the optical fiber was embedded in a ceramic ferule with a
diameter of 2.5 mm (similar to the ferule used in standard fiber
connectors FC/PC) and then accurately polished. This
modified fiber tip offers a larger surface compared with the
bare fiber, resulting in easier handling during both the
fabrication process and the operative stage of the final device.
Although we have experimentally shown that it is possible to

prepare BF films directly on fiber tips modified in this way, the
reproducibility of this approach is rather poor due to the low
casting volume (4 μL) and, consequently, quicker evaporation
of the polymer solution. Therefore, the use of a holder that
increases the deposition surface is recommended. For this
purpose, an Al holder with dimensions of 20 × 20 × 8 mm was
designed to fit the ceramic ferule external diameter, thus
preventing any solvent leaking, so that the polymer solution can
be easily drop cast over an area of approximately 1 cm2 (see
initial sketch in Figure 1). Because the fiber is placed exactly in
the center of the holder, only the central portion of the film is
deposited on it, which also overcomes the problem of poor
pattern homogeneity that is usually encountered on the edges
of BF films.42 Moreover, this approach is, in principle, suitable
for patterning more than one fiber at the same time by simply
designing a multislot Al holder and by casting a wider film. The
Al holder was precooled by placing it on a cold stage
maintained at a temperature of +10 °C and removed

immediately before starting the film deposition. In fact, based
on the high thermal conductivity of the metal substrate
compared to glass or other typical substrates for BFs, the
evaporation-induced cooling of the polymer solution is mainly
dispersed through the Al substrate, resulting in poor water
condensation (Figure 2a). For this reason, the precooling step
is required to promote efficient water condensation on the
evaporating film and, consequently, the BF formation (Figure
2b).
Films were prepared by drop casting with a micropipette

directly on the fiber/holder assembly, depositing 50 μL of CS2
solution (4 mg/mL) of a fluorinated fluorescent dye-terminated
linear polystyrene, which we had already described as a good
candidate for producing highly ordered BF structures.43 The
refractive index of this polymer is 1.58 (at a wavelength of 550
nm, measured using ellipsometry), which is consistent with the
tabulated data for standard polystyrenes.44 To speed up the
solvent evaporation and promote water condensation, a flux of
moist nitrogen (75% RH at 25 °C) was directed toward the
fiber. The solvent completely evaporated in a few seconds,
living an opaque film on the holder and fiber surface, which
shined in bright, iridescent colors, indicating a periodic
variation in the refractive index (air holes/polymer walls)
throughout the surface of the film (Figure 2g). Using the
fluorescence emission of the polymer, we were able to rapidly
check the quality of the patterns formed on the fiber using
fluorescence microscopy (see Figure 2a−f). Once the BF
process was complete, the fiber was carefully detached from the
holder, and its tip retained a portion of the honeycomb film.
Because all of the other external parameters (nitrogen

temperature and humidity), as well as those related to the
preparation procedure (solvent, polymer concentration, and

Figure 2. (a, b) Fluorescence microscopy images of patterned polymer film on the fiber, showing incomplete patterning due to low water
condensation (a) and full honeycomb coverage (b). The darker round area in the center of each image corresponds the fiber facet. (c) Confocal
microscopy image of a magnified portion of (b) taken near the center of the fiber (side 20 μm). (d−f) Confocal microscopy images of the patterned
fiber after Au layer deposition, showing the increase in the pore size obtained by reducing the N2 flow rate (side 30 μm). (g) Picture of the fiber-
optic prototypes, showing iridescent colors.
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casting volume), remained constant, control of the pore size
was achieved by varying the flow of the humid nitrogen
directed at the fiber tip. Because the pores are formed by
condensed water droplets, which act as the template, the size of
the droplets controls the size of pores. For example, to produce
a smaller porosity, the condensed water droplets should be
small; therefore, the solvent evaporation time should be faster,
so less time was allowed for the droplets to grow. This growth
can be controlled in two ways: regulating the thickness of the
casting solution using a blade deposition system or adjusting
the flow rate of the humid nitrogen directed at the sample.42 In
a very recent publication, Yamazaki et al. reported a theoretical
approach showing that it is possible to predict the water droplet
growth time in a BF system.45

Even though a flow rate/size dependence was not accurately
determined at this stage of the study, by varying the nitrogen
flow between 320 and 220 L/h, it was possible to regulate the
solvent evaporation time between 5 and 20 s, respectively,
which produced honeycomb arrays with external diameter
ranging from 1.0 to 2.5 μm and lattice period ranging from 1.5
to 4.0 μm, as shown in Figure 2d−f.
In Table 1 we report the pattern fabrication results obtained

by varying the casting procedure, on the basis of the resulting
lattice period (see Figure S1 in the Supporting Information).

Once the optical fiber facet was covered with the polymeric
honeycomb structure, the quality of the pattern in the center of
the fiber was checked using fluorescence microscopy, so that
well-ordered and defect-free arrays with the desired dimensions
were selected for the following step. The second fabrication
step consisted of the vacuum thermal evaporation of a thin
layer of Au over the tip. To achieve this goal, the fiber was
placed in a vacuum evaporation chamber and 30 to 40 nm of

Au was deposited on top. Using this two-step procedure,
prototypes consisting of single-mode optical fibers end-coated
with ordered, metal−dielectric crystals have been successfully
synthesized (Figure 1, final sketch).

Morphological Characterization. The complete morpho-
logical characterization of two representative samples (1 and 2)
obtained by procedures 2 and 4, respectively (see Table 1), is
reported and discussed.
Figure 3a contains a scanning electron microscope (SEM)

top view image of sample 1 in which a ceramic ferule (2.5 mm
diameter) with smoothed edges can be observed. The pattern is
poorly visible. In Figure 3b and c, we show a magnified SEM
image and an atomic force microscope (AFM) image of the
structure, respectively, allowing for accurate study of the
topography of the patterned region. By analyzing the images,
the key parameters of the periodic pattern of holes were
measured, revealing a lattice period and hole diameter of 2.67
and 0.95 μm, respectively. The relative standard deviations (%
RSD) of both geometrical parameters were estimated to be
1.3% and 3.2%, respectively. Additionally, the AFM profile
shown in Figure 3d enabled the measurement of the mean pore
depth, which was 1.78 μm (RSD of 3.5%). Finally, to
investigate the overall structure thickness and uniformity, we
first removed the polystyrene on half of the ceramic ferule using
an excimer laser (operating at a wavelength of 248 nm) and
then measured the structure height using AFM. The laser
fluence and repetition rate were selected to ablate the
polystyrene layer without damaging the ceramic surface. An
SEM top view image of the carved sample is shown in Figure
3e, where the treated region is clearly evident. In Figure 3f and
g, we show an AFM image and AFM profile of the treated
region, revealing a polystyrene height of 2.5 μm with a relative
standard deviation of 2.3%. The polystyrene thickness is higher
than the hole height, revealing the presence of a uniform
polystyrene undercoating, which is estimated to be 0.72 μm
thick.
A similar morphological characterization was performed on

sample 2. Figure 4a and b show the AFM topography and
vertical profile of the patterned region, respectively. The lattice
period, hole diameter, and hole depth were measured and
found to be 3.76, 1.71, and 3.41 μm, respectively.
The reported results demonstrate the ability of the proposed

method to synthesize regular and ordered polymeric templates

Table 1. Variation of Lattice Period with Casting Procedure
for Different Patterns Prepared on the Optical Fiber

procedure
moist N2 flow
rate [L/h]

average lattice
period [μm]

standard deviation (n
of samples)

1 320 1.7 0.14 (9)
2 300 2.6 0.16 (10)
3 250 3.2 0.18 (3)
4 220 3.9 0.11 (4)

Figure 3. Morphological characterization of sample 1: (a) SEM top view; (b) magnified SEM image; (c) AFM topography; (d) z profile vs S line in
(c); (e) SEM top view after half of the laser removal; (f) AFM topography of the laser-treated-region edge; and (g) z profile vs S line in (f).
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on the tips of standard, single-mode optical fibers, providing a
method for the simple production of fiber-optic probes for
specific applications via the judicious integration of functional
overlays onto the self-assembled pattern.
We evaluated the packing of pores on the fiber tip by

applying Voronoi tessellation to the microscopy images,
obtaining a value for the entropy of conformation (S) of 0.15
(see Supporting Information).46 Considering that for perfect
hexagonal packing S = 0 and for random packing S = 1.71, we
can conclude that our patterns are very close to perfect
hexagonal packing with a small number of defects.
Numerical and Experimental Spectral Analysis.

Spectral reflectance measurements were carried out via a
common measurement setup involving a 3 dB 1 × 2 coupler

connected to a broadband light source (covering the wave-
length range 1250−1650 nm), the fiber probe, and an optical
spectrum analyzer. In Figure 5a, we show the experimental
reflectance spectrum (black line) of sample 1, revealing a
broadband peak centered at approximately 1400 nm.
To investigate the physics underlying the observed spectrum,

we performed a numerical analysis using the geometrical
features obtained from the morphological characterization
reported in the previous section. The structure realized is
numerically reconstructed in the form of a thin polystyrene
uniform layer beneath the BF pattern, as schematized in Figure
5b. The entire structure is assumed to be covered by a
conformal thin film of gold.
To numerically retrieve the reflectance of the photonic

crystals, a common approach requires the calculation of the
scattering parameters of a slab that consists of the unit cell with
periodic boundary conditions.47−49 Nevertheless, this approach
does not yield a faithful representation of the photonic
structure under investigation (see the numerical section in
the Supporting Information). To improve the predictive
capability of our analysis, we developed a novel numerical
model that considers a Gaussian-like mode as the input light
and takes into account the finite size of the periodic structure,
including a limited number of unit cells.

Figure 4. Morphological characterization of sample 2: (a) AFM
topography and (b) z profile vs S line in (a).

Figure 5. (a) Numerical reflectance retrieved by the optical fiber based model in comparison with the experimental reflectance of the sample 1. (b)
Schematic top view of the hybrid metallo-dielectric structures. (c) Computational domain for the optical fiber based model. (d) Normalized electric
field distribution of the input light source superimposed on the periodic pattern of the optical fiber. (e) Lateral view of the normalized electric field
distribution at 1400 nm. (f) Normalized electric field distribution at 1400 nm along two orthogonal slices in the xy and yz planes. (g) Top view of
the normalized electric field distribution at 1400 nm in a slice at the bottom (gold disks), in the middle, and at the top (holes in metal film) of the
metal−dielectric structure.
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The corresponding computational domain, shown in Figure
5c, involves a thin slice of optical fiber composed of a core with
a diameter of 9 μm and a reduced cladding with a diameter of
16 μm radially terminated by a perfect electric conductor. The
physical and geometrical features of this modified optical fiber
have been chosen to ensure single-mode propagation with a
Gaussian-like mode distribution (see the Methods section for
further details). The metallo-dielectric structure to be simulated
is drawn on the optical fiber tip and followed by a layer of air,
which represents the surrounding medium. The dimensional
parameters used for the simulation are hole diameters of 0.95
μm, pitch of 2.67 μm, hole depths of 1.78 μm, base layer height
of 0.72 μm, and gold thickness of 33 nm. Figure 5d shows the
resulting input mode field distribution superimposed on the
computational domain.
In Figure 5a, we show the numerical reflectance spectrum

(blue line) retrieved using the “optical fiber based model”
compared with the experimental results (black line), demon-
strating that numerical and experimental data agree well. The
only appreciable difference is in the maximum reflectance
values, 25% and 50% for the experimental and numerical data,
respectively. This mismatch can be explained considering the
unavoidable fabrication defects with respect to the ideal
structure considered in the numerical analysis.
In Figure 5e, we show the electric field distribution at 1400

nm, which is representative of the entire investigated spectral
range. At first glance, the normalized electric field appears quite
similar to that observed in a two-beam interferometric
structure, featuring sinusoidal behavior along the propagation
direction. However, due to the structured and inhomogeneous
nature of the optical cavity, remarkable differences are evident
in the patterned holes of the self-assembled crystal, where
significant field localization can be clearly observed (see Figure
5f) at the interfaces between the thin layer of gold and the
surrounding dielectric. To better evaluate the nature of this
field localization, we show top views of traversal slices from the

bottom, middle, and top of the patterned region in Figure 5f. As
can be observed, the enhancement of the electric field around
the holes resembles the typical dipolar field distribution
associated with the excitation of an LSPR in a gold disk (or
ring).50

Moreover, this behavior can be observed in the gold disks at
the bottom of the metal−dielectric structure, around the gold
rings in the middle of the polystyrene substrate, and on the
rims of the holes in the upper part of the gold layer (see Figure
5g). In addition, the field enhancement extends along the
vertical metallic sides of the holes, revealing the presence of
surface plasmon waves that “propagate” along the fiber axis in
the metallo-dielectric structure, similar to the behavior observed
by Nuzzo et al.51

These considerations lead us to envision a complex interplay
occurring between the classical optical interference mechanism
and the plasmonic excitation occurring at the metallic
interfaces. Nonetheless, although the electric field distributions
indicate the presence of propagating and localized plasmons,
the numerical and experimental spectral characteristics do not
contain spectral lines clearly attributable to plasmonic effects,
most likely due to finite size effects. With the exception of small
bumps on the experimental spectrum, the shape of the
reflectance can be considered dominated by two-beam
interference; the spectral separation of the minima is consistent
with the size of the structured cavity.
A similar analysis was carried out for sample 2, whose

experimental reflectance is shown in Figure 6a. The hole
diameters, pitches, and depths are assumed equal to their
respective mean values that were determined from the
morphological characterization (1.71, 3.76, and 3.41 μm), and
the gold thickness is 40 nm, whereas for the polystyrene
undercoating, due to the lack of a measurement, we used the
same height of 0.72 μm that was measured in sample 1. It
should be emphasized that the spectrum is minimally affected

Figure 6. (a) Numerical and experimental spectra of the sample 2. (b) Lateral view of the normalized electric field distribution at 1550 nm. (c)
Normalized electric field distribution at 1550 nm along two orthogonal slices in the xy and yz planes. (d) Top view of the normalized electric field
distribution at 1550 nm in a slice at the bottom (gold disks), in the middle, and at the top (holes in metal film) of the metal−dielectric structure.
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by the base layer thickness because of the low refractive index
contrast between silica and polystyrene.
The numerical and experimental reflectances are shown in

Figure 6a, where good agreement can be observed. Moreover,
the analysis of the electric field distribution confirms our
conjecture of a plasmonic-assisted optical interferometer. In
Figure 6b and c, the normalized electric field distributions are
shown at 1550 nm, which is representative of the investigated
wavelength range, both from a lateral view and along two
orthogonal slices in the xy and yz planes, respectively. From the
lateral view in Figure 6c, the sinusoidal behavior of the electric
field intensity along the fiber axis can be observed, while the
slices in Figure 6d (orthogonal to the fiber axis) have been
selected at the bottom (gold disks), in the middle (gold rings),
and at the top (holes in metal film) of the metal dielectric
structure to better highlight the electric field enhancement
around the conformal gold layer. Additionally, the optical
interferometric interaction in the structured cavity can be
considered the dominant feature of the observed reflectance
spectra.
Sensing Features: Refractive Index Sensitivity. Because

the physical mechanism of the probes relies on the interplay
between interferometric and plasmonic effects, significant
refractive index sensitivity could be expected, especially based
on the field enhancement occurring at the metal interface.
To assess the sensitivity of the fabricated samples to the

surrounding refractive index (SRI), the optical fiber probes
were immersed in different liquids with known refractive
indexes, and the corresponding reflectance spectra were
measured. In Figure 7a, the spectra of sample 1 for different

SRIs are shown. The main effect is a significant red-shift of the
overall spectrum combined with a modification of the
reflectance amplitude and fringe visibility. By evaluating the
wavelength shift associated with the reflectance minima as a
function of the SRI, an impressive sensitivity of 2300 nm/RIU
can be inferred over the refractive index range of 1.33−1.378.
The same procedure was also carried out for sample 2. The

reflectance spectra as a function of the bulk SRIs are shown in
Figure 7b. The spectra still red-shift with increasing SRIs, but a
decrease in the reflectance values can be observed. The
resulting sensitivity is 1738.3 nm/RIU in the refractive index
range of 1.33−1.36.
For both samples, the SRI sensitivity results decrease when

air is used as the surrounding medium, while it significantly
increases for higher refractive indexes.
This behavior matches the sensitivity curves exhibited by

most SPR devices,3,52 whereas a two-beam interferometer
would have a linear sensitivity to the SRI53 (supposing that the
change in the refractive index of the holes leads to a linear
variation in the optical cavity path under the effective medium
approximation in a dielectric mixture).54 Nonetheless, the
intensity changes observed in Figure 7a and b are consistent
with the amplitude changes observed in LSPR-based devices.52

A clear understanding of the interplay between the different
optical effects arising in the structured cavity is currently
ongoing and needed to provide useful insight into the physical
mechanisms involved, as well as the design criteria for specific
applications.
Although a complete understanding has not yet been

attained, basic considerations of the experimental data indicate

Figure 7. (a) Experimental reflectance spectra of sample 1 as a function of the SRI (inset shows the wavelengths of the reflection dip vs SRI) and (b)
experimental reflectance spectra of sample 2 as a function of the SRI (inset shows the wavelengths of the reflection dip vs SRI).
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that the interplay between the different effects provides
sensitivity values typically observed in SPR devices involving
large metallic areas.4 In our case, these extremely high
sensitivity values are achieved with active regions (fiber tip
area 0.012 mm2) typically used for LPSR devices that have
sensitivity values that do not exceed a few hundred nm/RIU.2,4

The achieved sensitivity results are significant when
compared with previous LSPR-based fiber tip probes.19−23

Indeed, in our sensing probes, in spite of the low Q-factor at the
reflection dip (lower than 15 for both samples), the obtained
sensitivities to the SRIs are very high, especially if we take into
account the small active area involved. For instance, the hybrid,
metallo-dielectric nanostructures on a single-mode fiber tip give
rise to LSPR devices with an SRI sensitivity of 125 nm/RIU.23

In the same way, an ordered array of gold nanodots on a single-
mode fiber tip proposed by Lin et al.20 demonstrated an SRI
sensitivity of 195.72 nm/RIU. A slightly higher sensitivity (533
nm/RIU) was demonstrated by Dhawan et al. by exploiting an
array of subwavelength apertures on the tip of gold-coated
multimode fibers.21

The comparison of our sensing performances with non-
localized SPR-based sensors is also indicative. To achieve this
goal, we consider the performances of SPR sensors recently
reviewed by B. Lee et al.5 and found that several SPR optical
configurations that exhibit high sensitivities (ranging from 1600
up to 3000 nm/RIU) are based on optical fiber cladding
removal and the subsequent deposition of single or multiple
layers of metal coatings. In all of these configurations, the
involved active areas range from approximately 6 up to 45 mm2.
Additionally, SPR sensors based on fiber gratings12 or specialty
fibers13−15 exhibit large active areas, and the sensitivities are
typically lower than 1000 nm/RIU.4,5 Similarly, by examining
the table containing the performances of SPR-based sensors
reviewed by S. Roh et al.,4 it is possible to notice the impressive
sensitivity of 30 000 nm/RIU obtained using a nanostructured
sensor in a Kretschmann configuration with a sensing area up
to 2 cm2.
It is useful to note that, when dealing with sensing platforms

for label-free biosensing, the active sensing area is a very
important parameter because it determines the performances of
the final device in terms of the limit of detection. In many
biorecognition applications (i.e., drug resistance recognition
and early detection of cancer pathologies, pathogen agents, and
infections), very low concentrations of the target biomolecules
must be detected. For these applications, a given local refractive
index change (on the sensor surface) is provided by a smaller
number of bound biomolecules if biosensors with reduced
sensing areas are used.55

Another remarkable advantage of the proposed sensing
probes is represented by their low-temperature cross-sensitivity,
as demonstrated by experimental measurements (also reported
in the Supporting Information) carried out by changing the
temperature of the surrounding air from 20 °C to 40 °C. As a
result, a very small spectrum shift of approximately 1.4 nm for a
temperature variation of 20 °C was obtained.
Definitively, we would like to emphasize that our fabricated

sensing probes offer valuable sensing features exploitable for
label-free chemical and biological sensing applications. Never-
theless, improvements of the sensing properties of the
fabricated sensing probes are still desirable, especially in
terms of shape and width of the obtained spectral features. A
low Q-factor in fact limits the accuracy of the wavelength shift
measurements, and the scarcely regular shape of the spectra

may lead to a lack of resolution for sensing small refractive
index changes.
We note that, at this stage, no attempts have been made to

optimize the platform in terms of sensing performance, but it
could be expected that, by exploiting the high number of
parameters ruling the spectral response of the composite
metallo-dielectric structures, further optimization routes exist
(see the section “Trends for device design” in the Supporting
Information).

■ CONCLUSION
In this work, we demonstrated a fabrication process that
enables the integration of metallo-dielectric crystals directly
onto optical fiber tips using a self-assembly approach. The
fabrication technique relies on the use of the BF method
operating directly on optical fiber tips by adopting a
modification of the procedure. Regular and ordered, self-
assembled polymeric patterns can be easily integrated on the
tips of standard, single-mode optical fibers, which act as a
template for successive depositions of functional materials that
are able to confer advanced functionalities to the final device.
The effectiveness of the proposed process has been

confirmed through the realization of specific optical fiber
platforms based on the integration of hybrid metallo-dielectric
crystals onto optical fiber tips. The miniaturized fiber tip
devices were composed of a thin self-assembled polystyrene
layer patterned with a hexagonal lattice of holes. The polymeric
template was also covered by a conformal nanolayer of gold.
Specifically, we selected gold as a functional material to confer
plasmonic features and to exploit them for sensing applications.
A deep morphological analysis, carried out via SEM and

AFM, confirmed the ability of the self-assembly process to
create well-ordered, self-assembled lattice structures directly on
the optical fiber tips. These structures were characterized by an
entropy of conformation as low as 0.15, indicating that the
organization is very close to perfect hexagonal packing. The
quality of the order reached by this approach is comparable to
that obtainable by lithographic nanofabrication and exceeds
every pattern realized so far on optical fiber tips through self-
assembly techniques.29−32 The developed method provides a
simple and cost-effective fabrication tool that is able to
synthesize multifunctional fiber-optic tip devices with poten-
tially high throughput capability, especially if suitable strategies
are devised to efficiently parallelize the self-assembling stage.
To analyze the physics underlying the fabricated sensing

probes, we developed a numerical tool that is able to study
arbitrary structures on optical fiber tips by taking into account
both the field distribution of the fundamental mode in a single-
mode optical fiber and the finite size of the crystal structure
illuminated though the fiber tip. The results of the full-wave
numerical analysis have been found to be in good agreement
with the experimental data and revealed that the fabricated
sensing probes act as structured two-beam interferometers
where a complex interplay occurs between the classical optical
interference mechanism and the plasmonic excitation occurring
at the metallic interfaces. To show the functionalities of the
realized optical probes, we investigated the sensing perform-
ances in terms of sensitivity to the SRI. The fabricated sensing
probes revealed impressive performances with sensitivities as
high as 2000 nm/RIU
Although complete understanding has not yet been achieved,

basic considerations of the experimental data indicate that the
interplay between the different effects provides sensitivity
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values typically observed in SPR devices with larger metallic
areas.4 In our case, these extremely high sensitivity values are
achieved with active regions (fiber tip area 0.012 mm2) that are
typically used for LPSR devices with sensitivity values that do
not exceed a few hundred nm/RIU.2,4

The experimental results demonstrate the feasibility of the
proposed technological approach to attain advanced mini-
aturized sensors by exploiting an easy and low-cost fabrication
process, which is suitable for rapid prototyping and mass
production.

■ METHODS

Numerical Section. Details of the Optical-Fiber-Based
Model. The simulations were carried out via FEM using the
commercial modeling tool COMSOL Multiphysics - RF
Module (COMSOL Inc., Burlington, MA, USA).
To determine the reflectance of arbitrary metal−dielectric

structures on the tip of a single-mode optical fiber, we
calculated the scattering parameters of the structure under
investigation by properly defining the computation domain and
the boundary conditions.
The computational domain is composed of a modified

optical fiber, containing a core with a diameter of 9 μm and a
reduced cladding with a diameter of 16 μm and terminated with
a perfect electric conductor (PEC). The core and cladding
refractive indexes are 1.46 and 1.455, respectively. The physical
and geometrical features of this modified optical fiber have been
chosen to make the optical fiber “single-mode” with a Gaussian-
like mode, then used as a source to keep the computational
domain as small as possible. The metallo-dielectric structure to
be simulated is drawn on the optical fiber tip, followed by a
layer of air, which represents the surrounding medium. The
refractive index of polystyrene is 1.58 over the entire spectral
range. Both losses and the dispersion of gold have been taken
into account.23

To reduce the computational burden, the entire structure is
reduced to one-quarter of its original size by applying PEC and
perfectly magnetic-conducting boundary conditions. This
further reduction of the computational domain implies that
the structure under investigation must have mirror symmetry.
On the curved boundary surface, we assumed a scattering

boundary condition to make the boundary transparent to
scattered waves. The bottom and top boundaries are the input
and output ports for the S-parameter calculations. At the input,
a Gaussian-like source is set to 1 W.
The simulations were performed on a workstation with an i7

CPU 3.47 GHz and 24 GB RAM.
Experimental Section. Spectral Characterizations. The

spectral reflectance measurements were carried out by
illuminating the fiber tip with a broadband optical source
(covering the wavelength range 1250−1650 nm) and
redirecting the reflected light (via a 2 × 1 directional coupler)
to an optical spectrum analyzer (Ando AQ6317C). In addition,
to compensate for intensity fluctuations of the source versus
wavelength, the sample reflectance was normalized using a
fiber-optic reference mirror fabricated by depositing a 160 nm
thick gold film on the tip of a standard single-mode fiber. The
schematic of the characterization setup is reported in Figure S8
in the Supporting Information.
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