
Versatile Optical Fiber Nanoprobes: From Plasmonic Biosensors to
Polarization-Sensitive Devices
Armando Ricciardi,†,‡ Marco Consales,†,‡ Giuseppe Quero,‡ Alessio Crescitelli,§ Emanuela Esposito,*,§

and Andrea Cusano*,‡

‡Optoelectronic Division, Department of Engineering, University of Sannio, I-82100, Benevento, Italy
§Istituto per la Microelettronica e Microsistemi, National Council of Research, I-80131 Napoli, Italy

ABSTRACT: We have recently proposed a valuable fabrica-
tion route for the integration and patterning of functional
materials at nanoscale onto optical fibers, posing the basis for a
new technological vision named “Lab-on-Fiber”. The vali-
dation of the proposed process has been carried out through
the realization, directly onto the fiber tip, of 2D metallo-
dielectric nanocrystals supporting localized surface plasmon
resonances. In this work, we demonstrate the effectiveness of
the proposed methodology to realize optical nanoprobes for
label-free chemical and biological sensing as well as basic
components for novel polarization sensitive photonic devices.
Specifically, we first demonstrate how it is possible to tailor the
field distribution of the plasmonic mode enabling the control on the refractive index sensitivity. With a view toward surface
sensitivity, we experimentally observe that the proposed device is able to detect the formation of nanosized overlays over very
limited active areas. Moreover, we demonstrate how to control the number and the field distribution of the excited plasmonic
resonance posing new basis for the resonance engineering. Finally, we show how to obtain polarization sensitive devices with the
same technological platform, by breaking the circular crystal symmetry at both unit cell or entire lattice level.

KEYWORDS: lab-on-fiber, nanofabrication, localized surface plasmon resonances (LSPRs), chemical and biological sensing,
polarization-sensitive devices

■ INTRODUCTION

Optical fibers technology has experienced a tremendous growth
and advancement over the past several decades, not only in
transmission systems for communications (where nowadays
totally dominate especially at the high performances level), but
also in the sensing field.1 For this reason, there is an ever
increasing need to add new functionalities and improve the
performances, through the integration on the optical fibers of
advanced functional materials providing the control and
manipulation of light at nanoscale. Both metallic and dielectric
nanostructures (in particular, photonic and plasmonic crystals)
seem to meet that need since they offer unprecedented
opportunities for subwavelength field confinement2 and
resonant field enhancement.3 These unique characteristics
have been hitherto exploited in many applications (ranging
from surface-enhanced Raman scattering4−6 to nonlinear
optics7−10 and energy harvesting11,12) and have witnessed, for
instance, the consolidation of the lab-on-chip technology. Many
prestigious research groups in the photonic community are thus
focusing their efforts to fuse together the world of nano-
technology with optical fibers, leading to the development of a
novel and intriguing technology known as “Lab-on-Fiber”.13

The integration of nanostructures within optical fibers is giving
rise to a new generation of highly functionalized all in-fiber
nanoprobes which, being easily and remotely connectable to

complex illumination systems and demodulation units, may
partially overcome the issue related to the extreme integration
of all the components required at the lab-on-chip level.13−16

In order to address the fabrication issues and adapt modern
nanotechnologies facilities to properly work on unconventional
substrates such as the case of optical fibers, different strategies,
and processes have been recently proposed.17−28 Among them,
we have demonstrated a reliable fabrication path which allows
to integrate on a standard single mode optical fiber tip both
metal and dielectric materials patterned at micro and nanoscale
by means of a direct writing approach.27 To demonstrate the
strength of our method, we fabricated and characterized a first
lab-on-fiber platform (schematically represented in Figure 1a)
based on a 2D hybrid metallo-dielectric nanostructure
supporting localized surface plasmon resonances (LSPRs).27

In this work, we demonstrate the versatility and potentialities
of the proposed platform to work as both label-free chemical
and biological sensor as well as polarization-dependent
wavelength-selective photonic nanodevice.
The paper is mainly divided into two parts. The first part

deals with the analysis of the sensitivity to the surrounding
refractive index (SRI) changes; in particular, we experimentally

Received: October 11, 2013
Published: November 29, 2013

Article

pubs.acs.org/journal/apchd5

© 2013 American Chemical Society 69 dx.doi.org/10.1021/ph400075r | ACS Photonics 2014, 1, 69−78

pubs.acs.org/journal/apchd5


study the dependence of the bulk SRI sensitivity on both
physical and geometrical parameters, including the lattice tiling
(we analyze both periodic and aperiodic patterns). Moreover,
by having in mind practical scenarios of label-free biological
sensing, we evaluate the surface sensitivity (i.e., when nanosized
overlays are deposited on the top of the device) and prove that
the sensitive area can be reduced down to 20 × 20 μm2 around
the fiber core without affecting the device performances.
The second part of the paper is devoted to the plasmonic

resonance engineering. We show how it is possible to control
both the number and the near field distribution of the excited
LSPRs opening new options for sensitivity tuning. Finally, we
experimentally explore the possibility of creating novel
polarization sensitive wavelength-selective optical fiber devices,
by breaking the circular symmetry of the crystal nanostructure
at both unit cell or entire lattice levels (in particular by
introducing elliptical holes or a period mismatch in the two
perpendicular directions). As discussed below, these two
approaches produce different effects on the spectral features
of the device useful for creating polarization mirror, filters and
modulators completely integrated into optical fibers.

■ RESULTS AND DISCUSSION

Bulk Refractive Index Sensitivity. With reference to
Figure 1, we start our analysis by considering a structure made
of a ZEP 520A (methyl styrene/chloromethyl acrylate
copolymer) layer (having a thickness tZEP = 200 nm) patterned
with a square lattice (with period a = 900 nm) of circular holes
(with radius r = 225 nm) and covered with a gold film (with

thickness tAu = 20 nm) deposited on both the ridges and the
grooves. The top view SEM image of the fabricated device is
shown in Figure 1b). Details on the fabrication procedure can
be found in Methods. By illuminating our probe in out-of-plane
configuration (as the case of single mode fiber in the paraxial
propagation regime), the experimental reflectance spectrum
(shown in Figure 1c) exhibits a resonance dip (centered at
1374 nm with a Q-factor of about 23) due to the excitation of a
LSPR. In fact, Figure 1d shows the near field map in
correspondence of the resonant wavelength, numerically
evaluated in the unit cell domain by means of the commercial
software COMSOL Multiphysics.29 Details on the numerical
simulation can be also found in Methods. It is evident that the
field is highly localized both around the gold pillar (on the
bottom) and the gold slab holes (on the top), meaning that is
present a sort of interaction between two plasmonic modes.
The excitation wavelengths of LSPRs are very sensitive to

environment modifications,30 thus, any change in the SRI
around the fiber tip, causes a wavelength shift of the resonant
dip, making the device particularly suited for label-free chemical
sensing and biosensing.
From Figure 1a it can be easily noticed how the gold layer

deposited on the top of the fiber tip device shields the
plasmonic mode excited within the hybrid crystal from the
external environment, thus, limiting the device sensitivity. It is
therefore reasonable to expect that a reduction of the gold
overlay thickness would promote an enhancement of the light-
matter interaction with the surroundings and improve the SRI
sensing performances.

Figure 1. (a) Cross section schematic view of the hybrid metallo-dielectric nanostructure and (b) SEM top view image of the realized device; (c)
Measured reflectance spectrum of the hybrid fiber tip device characterized by period a = 900 nm, tZEP = 200 nm, and tAu = 20 nm; (d) near field map
in correspondence of the resonant wavelength, numerically evaluated in the unit cell domain.
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To experimentally verify this assumption, we tested three
fiber optic probes with different gold layer thickness, tAu = 20,
30, and 40 nm, keeping constant the other geometrical
parameters (a = 900 nm, r = 225 nm, and tZEP = 200 nm).
In order to avoid small discrepancies in the hole radii and in the
ZEP layer thickness that may occur from sample to sample due
to fabrication tolerances, the same fiber tip probe was used,
initially coated by a 20 nm thick gold layer, on which two
further gold depositions of ∼10 nm each have been successively
carried out.
Successively we analyzed the SRI sensitivity by immersing

the probes in liquid solutions with different RI, that is, water (n
= 1.333), ethanol (n = 1.362), and isopropyl alcohol (n =
1.378), and measured the resonant wavelength shift (Δλmin)
occurring upon immersion. We have investigated this RI range
(around that of water) in view of the potential applicability of
our probe to biological applications that will be better discussed
below. Indeed, the considered range widely includes the RI of
most biological (buffered) environments, for example,
phosphate buffer solutions at pH = 5 (RI ∼ 1.344 at λ = 589
nm) or pH = 7 (RI ∼ 1.348 at λ = 589 nm), typically used in
real scenarios.
In Figure 2a the characteristic curves (Δλmin vs SRI) of the

three samples having tAu = 20, 30, and 40 nm, respectively, have
been reported. Obtained results are in line with our numerical
predictions,27 confirming that SRI sensitivity increases as a
consequence of a reduction of tAu. Indeed, as reported in Figure
2a, it increases from 36 nm/RIU to 98 nm/RIU by passing
from a gold layer thickness of 40 to 30 nm and from 98 nm/
RIU to 125 nm/RIU by passing from tAu = 30 nm to tAu = 20
nm. In the linear fitting approximation (red line in Figure 2b), a
sensitivity increase of ∼4.5 nm/RIU per nanometer of gold
layer has been estimated. As a consequence, an additional
improvement could be hypothetically obtained up to ∼170
nm/RIU with tAu = 10 nm. However, the reduction of the gold
layer thickness has already been demonstrated to produce a
red-shift of the resonant dip, combined to its bandwidth
widening and visibility reduction.27 Although with a gold layer
thickness of 20 nm, the reflectance dip in the spectrum is still
present and visible, a further reduction of the gold thickness
would produce an additional decrease in the resonance
visibility, thus, compromising the capability of detecting the
resonant wavelength shift occurring upon SRI changes.
Nevertheless, at a first comparison with respect to the state of

the art of LSPR-based fiber tip devices, our sensitivity results
are almost comparable to that demonstrated in ref 25 by fiber
optic sensor based on ordered array of gold nanodots (195 nm/
RIU) and 4-fold lower to that exhibited in ref 24 by a fiber tip-
sensor based on arrays of gold sub wavelengths apertures (500
nm/RIU). In our case, however, the resonance shows a much
higher Q factor (of about 90%) and has a significantly smaller
active area since we use single- instead of multimode optical
fibers. In light of these considerations, it is important to remark,
as it will be better discussed later, that when dealing with
sensing devices for label free biosensing, also the active area (in
addition to the sensitivity and the Q-factor for the resolution)
plays a fundamental role since for a given local RI change, a
larger amount of bound biomolecules is required for larger
active area platforms. Finally, thanks to the versatility of our
technological platform, we can act on the large set of available
parameters (e.g., ZEP layer thickness, suitable dielectric
patterns, size of the active area, etc.) to further improve the
final device characteristics.

For example, as shown in Figure 2c, a bulk SRI sensitivity of
55 nm/RIU was found for a structure having a slightly thicker
ZEP overlay (tZEP = 250 nm) with the same period (a = 900
nm), filling factor (r/a = 0.25), and gold thickness (tAu = 40
nm). Hence, an improvement of ∼40% has been obtained with
an increase of ∼50 nm in the ZEP layer thickness.

Sensitivity Enhancement with Quasicrystals. On the
basis of some recent results demonstrating the capability of
hybrid metallo-dielectric quasicrystals (QCs) to outperform
their periodic counterparts in chemical sensing applications,31,32

we also investigated the use of quasiperiodic tiling as a mean to
improve the SRI sensitivity of the proposed device. In

Figure 2. (a) Δλmin as a function of the SRI for three fiber optic probes
characterized by tAu = 20 nm (blue triangles), tAu = 30 nm (red circles),
and tAu = 40 nm (green squares); (b) Variation of the SRI sensitivity as
a function of tAu, around the water RI; (c) Δλmin as a function of the
SRI for two fiber optic probes characterized by tAu = 40 nm, a = 900
nm, r/a = 0.25, and having two different values of the ZEP overlay
thickness, 200 nm (blue triangles) and 250 nm (red circles).
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particular, here we show some preliminary results of a metallo-
dielectric QC directly realized on the fiber tip according to the
Ammann-Beenker (octagonal) tiling.33

The top view SEM image of the fabricated structure
(characterized by an equivalent period a = 900 nm, tZEP =
250 nm, and tAu = 40 nm) is shown in Figure 3a. In Figure 3b

we have reported the relative wavelength shifts of the LSPR dip
of such a structure as a function of the SRI. For comparison, the
wavelength shift obtained with a periodic sample (its periodic
counterpart) characterized by the same lattice period, ZEP, and
gold overlay thickness, as well as the same filling factor have
also been shown. It turned out that for a given filling factor,
QC-based devices are able to outperform (SRI sensitivities of
102 nm/RIU) their periodic counterpart (SRI sensitivities of 55
nm/RIU), with a sensitivity improvement of about a factor of 2.
Reported results, although still preliminary, lay the

foundations for the development of a fiber optic nanoprobes
based on aperiodic geometries, opening up different
perspectives to obtain a full resonance engineering and
control.34 As a matter of fact, by using aperiodically ordered
QC lattices, it could be possible to achieve richer resonant
phenomena (with respect to the periodic case), enabling the
selection of number and spectral localization of plasmonic
resonances, which in turn can be designed to exhibit high
quality factors, high sensitivities, and tuning efficiencies.34

Moreover QCs may provide a better control on resonant
coupling/uncoupling mechanisms by selectively breaking the
lattice mirror symmetries via a judicious introduction of point
defects.35

Surface RI Sensitivity. In practical scenarios related to
label-free chemical and biological sensing applications, the top
metal surface is functionalized with bioreceptors, chosen for
their specific affinity toward a given biomolecule to provide the
biorecognition feature. As a consequence, because of the
binding of an analyte molecules layer, the RI changes are
restricted to local modifications occurring at the sensor surface.
Sensors based on LSPR, thanks to the highly localized character
of its field distribution at the resonant wavelength, are well
suited for detecting these local environment changes.
Accordingly, in this section, we experimentally evaluate the

surface sensitivity of our optical fiber nanoprobe by depositing
on its surface nanosized overlays mimicking local RI changes.
To this aim, by using the RF sputtering deposition technique

we deposited on the top of the structure a ∼100 nm thick layer
of SiO2, whose refractive index (n ∼ 1.45) well resembles that
of most biological molecules.36,37 The sample, in this case, is
characterized by tZEP = 70 nm and tAu = 20 nm. The reflectance
spectra of a SiO2-coated and uncoated fiber tip device are
shown in Figure 4, where the experimental data have been also

compared with those obtained by a numerical analysis.27 A
significant red-shift (Δλ ∼ 35 nm) of the resonant wavelength
occurs as a consequence of the surface layer deposition on both
the ridges and the grooves of the structure.
This result reveals the promising capability of the proposed

platform for detecting molecular monolayers at nanoscale; the
resonance shift per nanometer of deposited overlay turns out
(assuming a linear relationship between the wavelength shift
and the overlay thickness) as high as 0.35 nm per nm of
deposited SiO2. This surface sensitivity is comparable to that
achieved with nanostructured metallo-dielectric crystals realized
on planar substrates, for which values up to ∼0.4 nm per nm of
deposited SiO2 have been found.31 Results here provided once
more demonstrate the great potentialities of the proposed Lab-
on-Fiber platform, which allows to move devices from planar
substrates to fiber tip (with all the related advantages) without
affecting their performances. Considering the typical sizes of
biological molecules (3.8−5.2 nm), it can be inferred that the
binding of a single biological monolayer to the sample surface is
able to generate a LSPR shift of approximately 1.3−1.8 nm,
which may be easily detected via low-cost commercial

Figure 3. (a) SEM image of the hybrid metallo-dielectric QC structure
directly realized on the fiber tip; (b) Δλmin as a function of the SRI
obtained with a quasi-periodic and periodic structure having same
filling factor (r/a = 0.25), a = 900 nm, tZEP = 250 nm, and tAu = 40 nm.

Figure 4. Numerical and experimental spectra of a hybrid
nanostructure with tZEP = 70 nm and tAu = 20 nm, before and after
the SiO2 coating deposition.
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spectrophotometer. Although a concrete demonstration of the
capability of our probe to work as a biosensor would require the
demonstration of its ability to detect the formation of an
ultrathin biomolecular layer upon its functionalized surface (via
a detectable resonant wavelength shift), nevertheless, the
achieved surface sensitivity is the first important step proving
the potentialities of our platform for biosensing applications.
Sensing Area. As previously mentioned, it is important to

remark that, when dealing with sensing platforms for label free
biosensing, the active sensing area is a very important
parameter that determines the performances of the final device.
Indeed, if the biodetection experiment features an excess (very
high concentration) of target biomolecules, then the sensing
area size (regardless its extent) is not a key-point since the
active region can be completely covered through the correct
biofunctionalization of the probe surface. However, in many
important practical cases (drug resistance recognition, early
detection of cancer pathologies, and pathogen agents, as well as
infections), there is the need for detecting a very small
concentration of target biomolecules. For these applications, a
given local refractive index change (on the sensor surface) is
provided by a smaller amount of bound biomolecules if
biosensors with reduced sensing areas are used. In other words,
reducing the active area leads to a lowering of the limit of
detection (LOD) in terms of absolute bound molecular mass.38

Moreover, one might wonder how many periods (or how
many holes) of the photonic/plasmonic structure are necessary
to achieve a strong coupling effect or equivalently a well-
defined spectral feature in the reflectance spectrum.
Based on the above considerations, in the following we

discuss the effects induced by the confinement of the ZEP
overlay on the spectral resonant feature. To this aim, we used a
UV-laser micromachining to gradually reduce (in successive
steps) the patterned area of the device (characterized by a =
850 nm, tZEP = 200 nm, and tAu = 40 nm) to 50 × 50 μm2, 20 ×
20 μm2, and 10 × 10 μm2 square region. The reflectance
spectra relative to each confinement step are shown in Figure 5.

We can observe how, in the case of 50 × 50 μm2 and 20 × 20
μm2 confinements, the reflectance spectra (red and green
curves) do not undergo any substantial modification with
respect to the original one (blue curve); in other words, the
patterned area reduction does not modify the field distribution
of the excited LSPR, which remains confined in the horizontal

plane in that area. On the contrary, when the patterned surface
over the fiber core (diameter ∼ 8 μm) is reduced down to 10 ×
10 μm2, it is possible to observe a more pronounced variation
of the corresponding reflectance spectra (black curve). From
the above analysis it can be deduced that patterned area on the
optical fiber tip can be reduced down to 20 × 20 μm2 without
any significant variations in the reflectance spectrum and
consequently on the SRI sensitivity.
With respect to other LSPR-based fiber tip-devices, our

sensing area is almost comparable (as also the bulk SRI
sensitivity is) to that of the fiber optic sensor based on ordered
array of gold nanodots25 which uses single-mode optical fibers,
whereas it is much smaller (400 μm2 vs at least 2500 μm2) than
that exhibited by the fiber tip-sensor based on arrays of gold
sub wavelengths apertures.24 In this case, even though our
device is characterized by a four time lower SRI sensitivity,
however, it has a significantly smaller sensing area that allows to
improve the biomolecules mass LOD. It is useful to point out
that, in typical label-free biological applications, the sensor
surface is chemically functionalized to support the binding of
the target analyte on the biological recognition element only
and specifically onto the active sensing area. In our device, this
functionalization involves only the photonic/plasmonic area
excluding the host material around it (i.e., the optical fiber).

Resonance Engineering. The analysis carried out so far is
based on a single resonant dip occurring in the reflection
spectra and associated to the excitation of a single LSPR. If
small perturbations of the geometrical parameters in the
metallo dielectric structure are introduced, then a slight change
of the phase matching condition (i.e., the resonant wavelength
and the coupling coefficient) for the single LSPR occurs.
Nevertheless, if larger perturbations are taken into account,
multiple LSPRs can be excited at different wavelengths, each
one characterized by a specific field distribution and thus by a
specific light matter interaction level, leading to the possibility
of tailoring and eventually improving the device performances
for the specific application.

Influence of the Slab Thickness. Here, just as an example,
a resonance engineering approach able to influence both the
number and the modal distribution of the resonances (excited
in a given wavelength range) is demonstrated by considering
ZEP overlay thicknesses higher than those previously
considered. In Figure 6 we report the results of a numerical
analysis aimed at investigating the evolution of the spectral
response of our fiber tip device when the ZEP overlay thickness
is varied between 300 and 600 nm (the other parameters are a
= 900 nm, tAu = 30 nm, r/a = 0.25). In particular, we show the
contour plot of our device reflectance versus the ZEP layer
thickness (Figure 6a) combined with the 3D views of unit cell
and electric field distributions evaluated at the reflectance dip
wavelengths for three different values of tZEP, that is, 300, 450,
and 550 nm.
Reported results demonstrate that when ZEP layer

thicknesses below ∼400 nm are considered, only one reflection
dip appears within the reflectance spectrum, corresponding to
only one resonance excited by the hybrid nanostructure,
characterized by an electric field distribution localized both on
the grating ridges and grooves (as previously shown in Figure
1d). However, when tZEP values higher than 400 nm are
considered, richer spectra can be obtained, with two distinctive
resonant dips appearing in the reflectance spectrum, corre-
sponding to the excitation of two different LSPRs (see Figure
6b): the first one, at smaller wavelengths, exhibiting (as evident

Figure 5. Reflectance spectra of the hybrid nanostructure, having a =
850 nm, tZEP = 200 nm, and tAu = 40 nm, before and after the
patterned area confinement (via UV-laser micromachining).
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from its field distribution reported in the inset of Figure 6a) an
electric field localized at the top plasmonic crystal (gold voids-
like structure), which is independent from tZEP (the resonance
is centered at λ = 1420 nm for tZEP = 450 and 550 nm, as shown
in Figure 6b); the second one, at longer wavelengths, is
characterized by a field distribution localized at the bottom
(gold pillars-like) structure (see inset of Figure 6a); the
resonant wavelength λmin in this case moves toward higher
wavelengths as the ZEP layer increases (specifically from 1495
to 1600 nm when tZEP changes from 450 to 550 nm).
Our results demonstrate that by choosing thicker enough

dielectric overlays, we are able to split the single LSPR (i.e., the
one reported in Figure 1c) into two resonances characterized
by different electric field distributions and, consequently,
different sensitivities to the SRI variations. This phenomenon
could have a practical implication also for biological sensing;
since immobilization/binding of surface bioreceptors/target
molecules can occur in different forms to specific sites on the
nanograting surface (i.e., over the grating ridges and grooves),
the excitation of different resonant modes with distinctive near
field distributions could be very useful also for gathering
information on the geometrical arrangement of bioreceptors/
target biomolecules layer. In fact, a significant wavelength shift
is expected only for that resonances whose near field
distribution strongly interact with the immobilized/bound
biolayer.
Overall, the possibility to control the electric field

distribution of the resonant mode with the ZEP thickness can
be used for achieving different degrees of sensitivity to the
external medium variation; The insensitive resonance could be

used for example as reference channel or as a compensator in
sensing applications.

Polarization Sensitive Devices. The results presented so
far pertain to a polarization independent structure; as matter of
fact, the spectral response of the device does not depend on the
polarization state of the incoming light because of the rotational
symmetry of the 2D lattice placed on the optical fiber tip. It is
clear that polarization independent operation is desirable in
most cases.
However, in polarization conversion and power equalization

applications, devices providing the state of polarization control
are of primary importance. For example, the polarization
control is crucial for avoiding signal fading in fiber
interferometric sensors or for creating polarization modulators.
Our technological platform lends itself well to the polar-

ization management if the aforementioned crystal circular
rotational symmetry is broken. This can be attained by
following two different approaches (eventually combined
together): the first one concerns the crystal structure at unit
cell level through the definition of elliptical holes in such a way
that the two perpendicular polarization states can interact with
different crystal radii; the other possibility is to act at the entire
lattice level creating a period asymmetry along the two
perpendicular directions of the crystal. In the following, we
discuss about the plasmonic resonance effect relative to these
two configurations and show how they differently affect the
spectral response of the final device.

Holes Ellipticity. We have fabricated and tested a first device
(see the top-view SEM image in Figure 7a) consisting of a
square lattice of elliptical holes with lattice period a = 900 nm
and radii along the x and y axes, respectively, of rx = 225 nm
and ry = 337.5 nm (ellipticity coefficient η = 1.5). The dielectric
and metal thicknesses are tZEP = 100 nm and tAu = 20 nm.
In Figure 7b,c we report the numerical and experimental

reflectance spectra of the sample for different incident wave
polarizations, demonstrating a good agreement. When the
electric field is polarized along the x axis (POLx) the reflectance
spectrum shows one well-defined dip (red line) centered at
around 1400 nm; vice versa, the spectrum referring to POLy
(blue line) exhibits high reflectivity in the whole analyzed
wavelength range without any significant resonant effect. This
behavior can be explained by the fact that the two different
polarizations experience the same lattice period, but two
different values of the holes radius (along the two symmetry
axes); specifically, in the first case, the x-polarized incoming
light interact with the “optimized” structure (r/a = 0.25)
supporting the LSPR and guaranteeing the maximum
resonance visibility. For the POLy, since the radius is higher,
an almost uniform gold layer is created on the optical fiber tip,
thus, causing the incident light to be strongly reflected with
very small interaction with the external structure. If the incident
electric field polarization gradually moves from POLx to POLy,
the resonant phenomenon becomes weaker with a consequent
significant reduction of the resonance visibility, also accom-
panied by a slight blue wavelength shift. By changing the
polarization input light, the reflected light intensity can be
linearly tuned from ∼20 to ∼60%.
Overall, if hole ellipticity is introduced in the crystal lattice,

our device works as a polarization sensitive in-fiber mirror that
strongly reflects only one polarization component and absorbs
the other.

Period Asymmetry. We have also characterized a second
sample based on a lattice of circular holes spaced by two

Figure 6. Contour plots of fiber tip reflectance versus the ZEP layer
thickness; (inset) 3D view of unit cell and electric field distributions
evaluated at the reflectance dip wavelengths for tZEP = 550 nm; (b)
reflectance spectra extracted from the contour plot for tZEP = 300, 450,
and 550 nm.

ACS Photonics Article

dx.doi.org/10.1021/ph400075r | ACS Photonics 2014, 1, 69−7874



different distances along the two perpendicular axes, namely ax
= 920 nm and ay = 980 nm (see SEM top-view image in Figure
8a). The hole diameter is kept constant to 450 nm.
In Figure 8b,c we report the numerical and experimental

reflectance spectra for different incident wave polarizations, in
good agreement with each other. Differently from the above
case, since the two orthogonal polarization states interact with
different lattice period, the plasmonic resonance excitation
occurs at two different wavelengths. In particular, two different
LSPRs are excited at ∼1430 and ∼1510 nm for POLx to POLy,
respectively. This is in accordance with the fact that the smaller
is the period, the smaller is the wavelength at which the
resonant phenomenon takes place.
Clearly, when the incident electric field polarization gradually

moves from one polarization to the other, we observe a sort of
energy balance effect between the two resonant dips in the
reflection spectrum: they basically undergo changes in their
shape and visibility, appearing and disappearing at the two
resonant wavelengths, as a function of the polarization.
In this case, our fiber probe works as a polarization-

dependent, wavelength-selective device that could be used as a
tunable polarization filter as well as a modulator.

The possibility to discriminate between perpendicular
polarizations of the incoming light could be also exploited in
quantum computing and quantum cryptography technologies,
where an attempt to measure information encoded in the state
of a photon results in a detectable disturbance.39 We wish to
stress and remark that the above experimental results are only
preliminary and no efforts have been made to optimize the
performances of the final device.

■ CONCLUSION
In conclusion, we have discussed the potentiality and versatility
of an optical nanoprobe constituted by a hybrid metallo
dielectric structure realized on a single mode optical fiber tip.
The device has been fabricated through a valuable fabrication
process enabling the integration onto optical fibers of
functional materials at micro- and nanoscale. We have
demonstrated how by selecting a specific dielectric and metal
layer thickness it is possible to make the fiber tip device more
or less sensitive to the external environment refractive index,
thus, tailoring its performances for the specific applications. In

Figure 7. (a) SEM image (top view, zoomed) of the PCC probe with
elliptical holes (rx = 225 nm, ry = 337.5 nm); (b) numerical and (c)
experimental reflectance spectra of sample A for different incident
wave polarizations: blue and red lines refer to POLx and POLy.

Figure 8. (a) SEM image (top view, zoomed) of the PCC probe with
period asymmetry (ax = 920 nm, ay = 980 nm); (b) numerical and (c)
experimental reflectance spectra of sample B for different incident
wave polarizations: blue and red lines refer to POLx and POLy.
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particular, by choosing a thick enough gold layer it is possible to
obtain a strong plasmonic effect with low sensitivity to the
external medium variations. Many degrees of freedom can be
further exploited to increase the sensitivity: for example, we
have preliminarily found that by exploiting a quasi-periodic
tiling it is possible to significantly increase (up to a factor 2) the
SRI bulk sensitivity with respect to the periodic case.
We have also investigated the surface sensitivity of the

proposed devices, which in turn can be considered the key
parameter when dealing with chemical and biological
applications. Experimental results have revealed the capability
to detect nanosized overlays deposited on the sensor substrate,
demonstrating the effectiveness of the proposed platform to be
used as high sensitivity label free biosensor. We have analyzed
the effect of the metallo-dielectric crystal size on the spectral
features exhibited by the integrated platform demonstrating
that the sensitive area (i.e., the patterned area on the fiber tip)
can be reduced down to only 20 × 20 μm2 without affecting the
sensor operability; this foresees improved limits of detection in
terms of number of bound biomolecules on the functionalized
sensor surface for a given local refractive index change.
Concerning the plasmonic resonance engineering, as a result

of a numerical analysis, it has been found that by acting on the
dielectric layer thickness it is possible to increase the number
and tailor the near field distributions of different plasmonic
modes excited at different wavelengths. The near field
distribution determines the sensitivity performances and
regulates the light matter interaction. We have finally shown
that the resonance engineering could be also achieved by acting
on the lattice tiling; by breaking the circular symmetry of our
device (with creating elliptical holes or different periods in the
two perpendicular directions) it is possible to obtain polar-
ization sensitive devices.
It is clear that the results discussed in this work, although

they demonstrate the great versatility of the lab on fiber
technology, reveal only a little part of what can be effectively
achieved using this technology. To give an example, in addition
to metallic structures supporting SPR, also metamaterials could
be integrated on the optical fiber tip; thus, the creation of
periodic distributions of subwavelength sized metal resonators
could potentially open the way to novel devices exhibiting the
exotic optical properties offered by metamaterials such as
superlensing and cloaking.40

One senses that the potentialities offered by this technology
have not yet been entirely exploited. Under many points of
view, we are only at the beginning, especially in the fields of
medical and biological applications. First, fiber optic nanop-
robes could be judiciously integrated with microfluidics
components to provide new lab on chip implementations,
taking advantage from the easier connection of the optical chain
to complex lighting systems as well as sophisticate interrogation
units. Moreover, the real point of strength of this technology is
certainly the property of allowing in vivo analysis; since optical
fibers can be easily inserted inside medical needles, the remote
interrogation of optical devices integrated on the fiber tip can
provide in situ, real-time monitoring of different biological
events such as molecular binding or tissues characterization.
Indeed, as demonstrated in refs 5 and 26, the incorporation of
an array of gold optical pillars onto the fiber facet can give rise
to optical probes for surface enhanced Raman scattering
(SERS) detection. Furthermore, by integrating and patterning
soft materials (with a low Young modulus), it could be possible
to realize very sensitive pressure sensors for elastometric

measurements and characterization of human tissues. As
already partially demonstrated in ref 27, the pressure wave
impinging on the fiber tip causes physical deformations of the
nanostructured layer, resulting in a resonance shift due to
changes in the phase-matching condition. This phenomenon
could be, in principle, exploited also for ultrasound detection,
leading to the creation of fiber-based ultrasonic receivers for
novel in situ ecography systems.
Lab-on-fiber technology devices could provide significant

improvements also in the field of in vivo optical imaging
techniques.41 Nanoscale slit or holes arrays in a metallic film
integrated on the optical fiber tip could be used as planar lenses
whose focusing effect could further improve the imaging
resolution.42 Anyway, also in this latter case, differently from
free space approaches, fiber-based devices (as those discussed in
this work) and interrogation setups strongly facilitate in vivo
applications. On the same line of argument, concerning
noninvasive optical imaging method, polarization sensitive
fiber-based devices could be effectively used in polarization
sensitive optical coherence tomography (PS-OCT), which
extends the concept of OCT providing cross-sectional images
of tissue structure in real time. The change in polarization state
of backscattered light (with respect to the polarization state of
incident light) provides additional information about the
properties of tissues and image contrast enhancement.43 In
order to fully take advantage of the filtering properties,
however, it could be necessary to introduce electrical contacts
in such a way to realize active device guaranteeing a better
polarization control.
To conclude, although further investigations lie ahead and

there is still so much to prove, it is fair to predict that the
development of the lab on fiber technology (including all the
related fabrication methods) is pointing to a novel class of
multifunctional nanoprobes, with unique properties in terms of
functionality, performances, and miniaturization.

■ METHODS
Sample Fabrication. Our fabrication process essentially

consists of three main technological steps: (i) spin coating
deposition of electron beam resist (and in particular electron
beam resist like ZEP 520-A) with accurate thickness control
and flat surface over the fiber core region; (ii) EBL
nanopatterning of the deposited resist; and (iii) superstrate
deposition of different functional materials, either metallic or
nonmetallic, by using standard coating techniques (e.g.,
sputtering, thermal evaporation, etc). One of the main
peculiarities of this approach relies on the capability to deposit
dielectric layers on the cleaved end of optical fibers with
controllable thickness and flat surface over an area of about 50
μm in diameter in correspondence of the fiber core. In order to
adapt well-assessed nanoscale deposition and patterning
techniques (typically used for planar devices) to directly
operate on the fiber tip, we realized a customized chuck27 to
host the fiber for the spin coating process and a set of metallic
holders enabling a suitable (perpendicular) fixing of the fiber
facet for the overlay patterning and superstrate deposition. In
particular, in order to deposit the e-beam resist onto the fiber
tip, the latter one was inserted in the straight upward position,
inside the customized chuck, keeping the fiber tip outside the
plate. Successively, e-beam resist overlays, with different
thicknesses, were obtained by using different rotating speed
(in the range 2000−6000 round per minute) and deposition
cycles. The spin coating process is then concluded by baking
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the ZEP 520-A at 180 °C. Once the fiber has been properly
lodged on a metallic holder, the pattern was written by the EBL
system (Raith 150) on the deposited resist. The acceleration
voltage was 20 kV and the dose ranges from 50 to 60 μC/cm2.
After the ZEP developing, the realized structure was coated by
a gold layer via DC magnetron sputtering in a vacuum system
at a base pressure of 8 × 10−5 Torr. In order to evaluate the RI
surface sensitivity, the thin SiO2 superstrate was deposited onto
the fiber tip device by means of an ultravacuum RF sputtering
at a pressure of 3 mTorr with a rate of 3.5 Å/s.
Optical Characterization. In order to characterize the

resonant behavior of the fabricated devices, we performed
spectral reflectance measurements by illuminating the fiber tip
with a broadband optical source (covering the wavelength
range 1200−1700 nm) and redirecting the reflected light (via a
2 × 1 directional coupler) to an optical spectrum analyzer
(Ando AQ6317C). In addition, to avoid any influence of the
spectral features of the light source, as well as of the losses
introduced by the optical chain, the sample reflectance was
normalized by that of a fiber optic reference mirror, fabricated
by depositing a 160 nm thick gold film on the facet of a
standard single-mode fiber. Moreover, a fiber optic polarization
controller was used for the characterization of the polarization
sensitive devices.
Simulations. Our numerical studies are based on full-wave

simulations (via the finite-element-based commercial software
package COMSOL Multiphysics29 (RF module) and dispersive
lossy model for the gold refractive index.44 Refractive indexes of
SiO2 and ZEP are 1.45 and 1.54, respectively. Periodic
boundary conditions and port conditions are applied on the
vertical and horizontal walls of the unit cell (see Figure 1d),
respectively. Note that, in view of the mirror symmetries
involved, the computational domain (i.e., the unit cell) can be
further reduced to one-quarter of the unit cell with perfectly
electric-conducting (PEC) and perfectly magnetic-conducting
(PMC) in-plane terminations, compatible with normal-
incidence illumination (any further details on the simulation
method can be found in ref 27).
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