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Fiber Optics Sensing With Lossy Mode
Resonances: Applications and Perspectives

Francesco Chiavaioli, Member, OSA, Member SPIE, and Davide Janner

(Invited paper)

Abstract—This review focuses on the recent advances in lossy
more resonance (LMR) fiber optics sensors. LMR sensors present
many interesting feature also in comparison with surface plasmon
resonance (SPR), the most widespread resonance-based sensing
platform. Two key parameters determine LMR sensors
performance: their geometrical configuration and the material
supporting the lossy mode resonance. After reviewing those
aspects and some fundamentals of the theory the review focuses on
the sensing mechanisms, mainly based on refractometry, and their
possible applications. Many examples from the literature are
reported ranging from electric field to pressure sensors and from
gas detection to bio-sensors. Such vibrant activity on LMR sensors
confirms the potentiality of this technology making it a very
promising platform for sensor development.

Index Terms—Lossy mode resonances; surface waves;
nanometer scale films; photonic platform; fiber optic applications;
fiber sensing and biosensing

. INTRODUCTION

UIDED-WAVE optics (GWO) encompasses the

propagation and manipulation of light in thin-film
dielectric waveguides and has allowed the study of novel
physical phenomena over the years, representing an
extraordinary tool for the development of innovative and
reliable devices that provides fast, in situ or in vivo, real-time
detection of physical parameters, chemical compounds or
elements, and biomolecules[1]-[6]. Among GWO, fiber optic
devices possess great advantages over other optical technology
platforms given their peculiarities [7], [8]. In particular, they
allow the exploitation of the fascinating and peculiar light
management at unprecedented levels, which the other optical
technologies can hardly attain [9]-[11].

The integration of fiber optics with micro/nano-technology
has given the opportunity to develop highly sensitive, selective,
repeatable and reproducible photonic devices, and even to
underpin novel (bio-)sensing schemes for real applications [12].
Micro/nano-technology, like e.g. nanoparticles or nano films,
allows tailoring the optical features of the device with
outstanding spectral resolution, precision and accuracy, thus
envisaging high performance optical platforms [13], [14].
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Indeed, the interaction of light travelling within a fiber optic
device and its surrounding enviroment can generate surface
waves of different type, such as: evanescent, Bloch, surface
plasmon polariton, lossy/leaky mode or derived from guided
modes, etc. Those waves can be excited in many different ways
[15] and are sensitive to every change occurring in the medium
surrounding the fiber [16], [17] making them suitable for
sensing applications.

Among surface wave sensors, surface plasmon resonance
(SPRY) is one of the most popular and widespread and employs
metallic thin films to improve the performance of
sensing/biosensing devices [18]. However, recently, starting
from some studies on semiconductor waveguides [19], [20], the
combination of metal-oxide or polymeric nanometric thin films
with fiber optics has allowed to exploit lossy mode resonance
(LMR) for sensing [21] rising a great interest in many field of
applications. While both SPR and LMR exploits a thin material
layer for supporting their relative modes, the generation
mechanism of the lossy modes is related to the mode transition
induced by a high refractive index thin film deposited onto a
suitable substrate (e.g. optical fiber, coverslip, glass slide, etc.)
[21]. For these different natures, SPR makes use of metal
coatings (Au, Ag, etc.), whereas LMR of metal oxides or
polymers. On the one hand, metals can’t support LMR because
of both the too low real refractive index (RI) and the too high
losses. On the other hand, metal oxides present higher Rl and
low losses, especially in near-infrared region. Obviously, not all
metal oxides can be used; in fact, the material extinction
coefficient (losses) should not be neither 0 nor too large (<0.1).
Fig. 1 depicts the comparison between SPR and LMR. It should
be underlined that, differently from SPR, LMR have several
interesting features that should not be underestimated: first, the
excitationof both TE and TM light polarizations (SPR allows
just TM polarization); second, the chance of tuning the LMR
spectral wavelength by adjusting the film characteristics (very
limited with SPR); third, the use of low-cost target materials as
nanometric thin films (instead of metals); finally, the generation
of more than one resonance with the same fiber optic device,
which usually is not possible with SPR-based devices [22].
Aside these general rules for materials, a few metal oxides like
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indium tin oxide (ITO) can support both SPR and LMR in the
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Fig. 1 Working principles of LMR. a) Sensing zone constituted by a thin film coating the fiber and interacting with b) the guided modes and the external environment
(analyte). c) Comparison of SPR and LMR viewed in Kretschmann configuration as a thin film sensor. SPR sensors supports a single polarized mode that decays
abruptly close to the interfaces while LMR sensors can support multiple LMR modes which have a significant part of the field in the film and tails in the analyte.
d) Regions of the real (n) and imaginary (k) part of the refractive index that support SPR and LMR (after [22])

same device, making them ideal for combined sensing.[23]

This review is focused on LMR excited in fiber optics and is
structured as follows. Section Il provides some fundamentals
on LMR including different fiber configurations (section I1A)
and nanometric-scale materials (section 11B) that are key to
effective generation of LMRs. Section Il presents some LMR-
based applications with fiber optics in physical (section I11A),
chemical (section I11B) and biological (section 111C) sensing.
Finally, in Section IV we draw some conclusions and illustrate
future perspectives in the field.

Il. Lossy MODE RESONANCE: FUNDAMENTALS

In this section, we review the fundamentals of LMR fiber
sensors by presenting a theoretical overview, the different
configuration for the fiber and the main characteristics of
materials that are used as thin film coating in LMR sensors.

A. Theoretical overview

The easiest theoretical approach to understand LMR in fibers
comes from an extension of the mathematical treatment of SPR
in Kretschmann configuration. This approach considers a ray of
light incident to the surface of the sensing zone which can be
constituted by a single or multi-layer thin film (see Fig. 2). The
electromagnetic fields between two adjacent layers n and n-1
are connected by the following equations [24]:

o] =i [

Where the matrix M of the k-th layer can be written as:
Mlz]
M22

With the following definitions

1
cos [y —ja sin By

—J Qi sin By cos Py

Being Z, = /i—" y=[1- (—) sin? 6, and @ the angle of
0

incidence as indicated in Fig. 2. The g coefficients are different
for TE and TM waves and are specified with superscripts.

If multiple layers are present, the matrix relating the incident
fields coming from the fiber (n1) and the field in the surrounding
medium (nn) is expressed as the product of the matrices of the

1

Where
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Fig. 2. Stack of a general N-layer fiber optics sensor.
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Where using g™ (q™)we obtain the reflectivities r™ (r™) for
the TE (TM) modes. Equation ( 1) accounts for a single surface
reflection, while in a fiber optics, more than one can take place
at the interface of the fiber with the thin film in the sensing zone.
Moreover, the ray description of light propagation in a fiber
foresees that rays arrive at all the angles comprised between the
critical angle 6. which allows for total internal reflection and
n/2 and 6. is defined as:

n .
0, = sin™! (M) =sin! [1-— <

core
To account for these charactestics, the number of multiple
reflections is obtained by simple geometrical considerations as:

N(®) =
D tan 6

where, for the sake of clarity and without loss of generality, we
neglected the contribution of the skewness since it can be
readily included in the formulas following [25]. Considering the
contribution of all the propagating rays and assuming a
distribution of incident rays of the form f(8) we can write the
field reflectivity at 1 as follows

NA )2

ncore

1 2
R =———| fO[r@O,D"Pdo
JZ f(6)as e
Where the first term integrates over the reys distribution and
normalizes R, while f(6) can take different functional forms as
exemplified in the following:

[ koncoreSinfcost  [26]
-3
N 27
fey=4 “* [ 2W? [27]
N2ype SiNO cosh (28]

(1 - ngore COSZG)Z
If we consider unpolarized light for the interrogation of LMR,
which is a typical case, the signal transmitted after the LMR
sensor can be obtained as:

IR"E)I* + [R™ @) (2

T =

From ( 2) we observe that the formalism used to deal with
LMR and SPR starts differing. Indeed, SPR can support only
TM modes while LMR can support both. However, apart from
this last point the theoretical treatment is quite similar and so its
their physical configuration, where a film on top of the fiber is
responsible for the presence of LMR or SPR. In the simplest
case of a single material film deposited on top of the fiber, the
difference between these resonances lays in the film’s refractive

index characteristics and are summarized in table 1.
TABLE |
LMR AND SPR CONDITIONS [ADAPTED FROM REF. [10]]

Conditions for generation

Resonan 2
esonance (Nrm=n4j k)

Surface Plasmon
Resonance (SPR)
Lossy Mode
Resonance (LMR)

k>(V2+1)n, k2-n2>n2e
k<(V2-1)n, k2-nZ>nZge

From Table I, it is clear that, while SPR can be generated
with only a few materials that are tipically among the precious
metals, LMR can be supported by a larger number of materials
and in particular by metal oxides/polymers which present a
good compatibility with the silica of the fiber optics and allows
different options for their deposition on the fiber. For LMR
excitation, the real part of permittivity must be positive and
higher in magnitude than its own imaginary part and the real
part of permittivity of waveguide material [10]. For these
differences in the available materials for their excitation, SPRs
are located in the visible region, while LMRs can be located in
the visible or the near infrared region depending on the
thickness of coating. The possibility of having near infrared
resonances for LMR makes them very promising for fiber
optics sensors.

Similarities between SPRs and LMRs extend to their
dependence on the surrounding refractive index, thin film
thickness, and refractive index similarly. However, we must
underline that the dependence of the resonances behavior on the
thickness is very different for SPR and LMR. Indeed, for
sensing, SPR shows an optimal thickness of the coating layer
that is mainly connected to the largest amount of field that is
present in the surrounding medium [29]. SPR supports only one
polarized mode and as the thickness grows above the optimal
value, its sensitivity decays dramatically since more and more
light is reflected and doesn’t leak in the surrounding medium.
In LMR, as the film thickness increases we observe a dramatic
shift in the resonance wavelength up to the appearance of more
than one LMR mode. Each LMR mode has its own sensitivity
and that can be exploited to obtain a better characterization of
the refractive index of the surrounding medium.
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Another key difference between LMR and SPR is related to
the typical excitation angles. In Kretschmann configuration,
SPRs are obtained typically for angles in the range 40°-70° [16],
whereas LMR typically are excited at near-grazing incidence
(6~90°) thus making them ideal to be used in fiber optics
Sensors.

Since LMR support both polarization, this leads to a
spectrally broader resonance with respect to SPR thus reducing
the resolution of measurements. To overcome this limitation,
different approaches can be employed [48] among which the
most conceptually simple is the excitation with controlled
polarized light in combination with suitable configurations.

Since the theoretical framework is well consolidated, one can
turn to consider the best configuration for sensing employing
LMR. This task moves along two lines: fiber geometries and
coating materials. Exploring and combining these two aspects,
allows to push the sensing limits for fiber LMR sensors. For
that, in the next subsections, we will focus on the different fiber
configurations (section I1A) and on the nanometric-scale
coating materials (section 11B) that are able to effectively
generate LMRs.

B. Fiber Sensing Configurations

The literature accounts for several types of fiber sensing
configurations that are used to generate LMRs and all the most
relevant configurations are detailed in Fig. 3.

The firstly proposed apporach is named cladding-removed
multimode fiber (CR-MMF). In this configuration, by
chemically/mechanically removing the fiber jacket and
cladding, the fiber core is directly exposed and thus, it can be
directly coated with the LMR-supporting material (Fig. 3a).

Afterwards, other different fiber sensing configurations
come out. By using singlemode fibers (SMFs), two distinct
configurations have been proposed in order to permit the mode
field to interact with the surrounding environment, and hence to
be able excite LMRs: side-polished (or D-shaped) SMF and
tapered SMF. The former (Fig. 3b) is surely not easy to
fabricate with home-made systems but commercial options are
available (Phoenix Photonics Ltd., UK). By customizing the
side-polished length and depth (i.e. the distance from the fiber
core to the fiber external border), it is possible to obtain highly
sensitive devices by depositing a nanolayer onto the polished
region. Typically, the polished length is around 10-20 mm,
whereas the polished depth ranges in the order of a few microns
(3-10 um). In addition, it is worth pointing out that side-
polished fibers maintain a good robustness and easy handling
for real applications.

Tapered fibers represents another valuable option for
implementing LMR-based devices. In that case, the coating
material is deposited onto the tapered region of the fiber (Fig.
3c). Clearly, every sensing platform developed with tapered
fibers suffers robustness issues in handling and might require
further packaging complicating their usage.

Very recently, the use of microstructured fibers has been also
proposed in the field of LMR-based device [30]. That option is
surely fascinating, with room to open up several opportunities
in different fields of sensing, though given its novelty it requires
a deeper investigation with accurate and precise modeling and

analysis.

For all possible configurations where the cylindrical
geometry of the fiber is kept, a key element is the uniformity of
the deposited material, aiming at the lowest possible roughness.
According to the literature, the D-shaped SMFs exhibit the
better performance for LMR in RI sensing and biosensing. This
is coherent with the stronger light-matter interaction and the
more uniform deposition of the LMR-generating material

achievable onto the flat fiber surface.
a)

—— —

I

b)

Fig. 3 Different configurations for LMR fiber sensors: (a) Cladding removed
coated fiber, (b) D-shaped fiber obtained by side polishing and (c) tapered fiber

C. Thin-film Optical Features

The two major features that determine the optical
characteristics of an LMR-based device are the thin film
material permittivity € and its thickness d.

The complex relative permittivity of each material can be
expressed as [31]:

e=¢ +ij¢ =Re{e} +jIm{e} = (n + jk)? (3

where ¢' describes the lossless permittivity, whereas €" the lossy
permittivity. In general, the first term represents the energy
stored in the electric and magnetic fields, whereas the second
term represents the energy lost as heat and dielectric leakage. In
other words, €' is the slowing down of light in a material,
described by the RI, whereas €" is the loss of energy or
absorption of light, described by the absorption coefficient in
the Lambert Beer law. Therefore, the previous equation can be
rewritten in terms of n representing the material RI, and k
describing the extinction coefficient that refers to how strongly
a substance absorbs light at a given wavelength. These two
parameters can be evaluated by spectroscopic methods. The
gold standard is represented by ellipsometry, which is an optical
technique for investigating the dielectric properties (complex
refractive index or dielectric function) of thin films. This
technique can be used to characterize several features, such as:
composition, roughness, thickness (depth), crystalline nature,
doping concentration, electrical conductivity, etc. Although
very powerful as a tenchique, it is very complex and requires a
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strong expertise to be employed combined with a delicate data
processing to obtain the complex refractive index.

Different materials as high Rl (HRI) dielectrics can be used
in LMR. Indeed, many have been proposed[10], [32]-[34] such
as: aluminum-doped zinc oxide (AZO), zinc oxide (ZnO),
hafnium dioxide (HfOy), zirconium dioxide (ZrO,), tantalum
oxide (TaxOy), titanium dioxide (TiO.), indium oxide (In;03),
indium gallium zinc oxide (IGZO), ITO, tin oxide (SnO2.),
amorphous silicon, etc. Some HRI complex refractive indices
(n,k) are shown in Fig. 4a and Fig. 4b and reported in Table II.

(a)

R '\\ ALD: J0.048
24 ; — n_Ta‘Oy k_TaxOy
¥ n_Zro, k_Zr0, 4 0.040
234 n_HfO, k_Hfo,
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Fig. 4 (a) Dispersion characteristics in terms of n and k for HfO,, ZrO,, Ta.Oy
deposited by atomic layer deposition technique and for SixNy films deposited
by plasma-enhanced CVD. [adapted from Ref. [32]. (b) Dispersion
characteristics in terms of n and k for ITO and SnO, deposited by DC sputtering
[adapted from Ref. [10]].

From a first glance, we can state that no single material allows
attaining the best performance but it must be chosen depending
on the applications to be developed also considering the
operating wavelength of the device. It can be observed that n
scales down with the wavelength (thus implying less LMR
sensitivity according to the theory), but conversely the RI
sensitivity increases at the same time. Therefore, a careful study
and modeling of the device accounting for all the material
features are mandatory. So far, SnO, seems to guarantee the
greatest performance in terms of Rl sensitivity of LMR-based
devices for RI ranges close to a water environment.

The thickness of the thin film plays also a crucial role in
optimizing the performance of an LMR-based device. There
exists an optimized thickness for each thin film that allows
generating an LMR that possesses the best optical features in

terms of resonance bandwidth and visibility (or depth). This can
be foreseen in advance by means of modeling and simulations.
In addition, by controlling the polarization state of light (as said
in the Introduction, both TM and TE polarizatons can be
excited), the LMR resonance can be further improved. Typical
values of thin film thickness range from tens of nm to hundreds
of nm depending on the material. In general, a typical value is
around 150 — 200 nm. Furthermore, another great option that
LMR devices permit is the possibility of exciting more than one
LMR, starting from the first LMR (always the most sensitive)
up to the second, third, etc. [26]. The order of the LMR
increases with the film thickness and, simultaneously, the LMR
wavelength shifts towards longer wavelengths as well [35].
Finally, the deposition technique can also influence the device
performance. Indeed, film adhesion, uniformity and roughness
are critical parameters to pinpoint. In general, for LMR sensors
we have the possibility of monitoring the deposition process in
real time thus providing a great tool for the device optimization.

Il. Lossy MODE RESONANCE: APPLICATIONS

In this section, we present a state-of-the-art overview of the
different where LMR-based devices and applications. The
overview encompasses all the classical areas of sensing, such
as physical, chemical and biological sensing.

A. Physical Sensing

The main physical parameter that can be measured by means
of LMR-based devices is RI [32], [36]-[38] exploiting which
many other physical quantities can be measured, e.g.: humidity
[39], [40], voltage [41], electric current [42], pressure [30].

The measurement of RI using LMR-based devices is quite
common in the literature since it is the sensing mechanism used
to realize both optical refractometers underpinning volume or
bulk RI changes and chemical sensors/biosensors underpinning
surface or add-layer changes[43]. The performance of those
devices in terms of RI sensitivity depends on two main aspects:

« optical features of coating material (both real and

imaginary parts of material permittivity);

« evanescent field extension and amplitude.

Regarding the first point, it has been proved that the higher
the real part of material permittivity (refractive index n), the
better the RI sensitivity [34]. However, there are other effective
parameters that should be considered. For instance, the
imaginary part (extinction coefficient k) plays also a
fundamental role since it determines the losses and has a strong
influence on the resonance visibility (or depth) and its shape. It
cannot be neither 0, nor too big (<0.1). Moreover, the target
applications should also be considered. Indeed, in biosensing
applications, some materials (i.e. ITO, SnO..,, HfO,) present
better robustness and biocompatibility, and reduced
interference.

Regarding the second point the evanescent field extension
and amplitude depend on the selected fiber mode, on the fiber
geometry and on the optical features of the coating material. In
particular, the mode related to the first LMR, so the first mode
exhibiting a guided transition into the thin film, possesses the
inherent highest RI sensitivity [30], [31], which is completely
different from other fiber-based devices where the sensitivity
improves with the increase in the mode order [10], [10], [10].
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As far as the fiber geometry is concerned, optimized side-
polished, tapered and microstructure fiber configurations
permit to greatly improve the light-matter interaction of the

fiber mode with the surrounding medium, and hence are
preferable compared to unmodified or CR-MMFs [10] .

TABLEII

OPTICAL FEATURES OF MOST OF THE INVESTIGATED LMR-GENERATING MATERIALS
Material Film thickness d Fiber configuration RI range [RIU] RI sensitivity [nm/RIU] | Reference
zirconium dioxide (ZrO,) 244 nm CR-MMF 1.33-1.35 195 [32]
combined tantalum oxide 560 nm (8.9% Ta,O,
and silicon nitride thickness percentages in | CR-MMF 1.33-1.35 1077 [32]
(TaxOy/SixNy) the bilayer)
aluminum-doped zinc oxide | ¢\, CR-MMF 1.3334 - 1.4471 1153.6 [44]
(AZO)
amorphous silicon 14 — 146 nm D-shaped SMF 1.33-1.38 5300 [45]
zinc oxide (ZnO) 80 — 150 nm D-shaped SMF 1.333 -1.362 6700 [46]
indium oxide (In,0s) 25— 180 nm CR-MMF 1.32-1.37 4926 [47]
titanium dioxide (TiO,) and
poly(sodium 4- 126 nm CR-MMF 1.3335-1.375 5268 [48]
styrenesulfonate) PSS
titanium dioxide (TiOy) 84 nm D-shaped SMF 1.333-1.398 4122 [49]
indium gallium zinc oxide | 5¢ D-shaped SMF 1.37-1.385 6700 [50]
(IGZ0O)
indium tin oxide (ITO) 170 nm D-shaped SMF 1.365-1.38 7800 [51]
tin oxide (SnO,) and SnO,
nanoparticles 210 nm CR-MMF 1.33-1.38 4704 [52]
tin oxide (SnOy.) 160 nm D-shaped SMF 1.321-1.326 14500 [34]
graphene oxide (GO) 102 nm CR-MMF 1.39-1.42 12460 [53]

However, one should take into account a deterioration in
sensor robustness and handling when modified geometry of the
fiber is used, especially strong tapered fibers [54]. Therefore,
the optimization of the performance can be attained by suitable
choices but, in general, is a trade-off among the previous three
points.

In order to attain the best RI sensing performance of LMR
devices in terms of sensitivity, bandwidth and other
comparative factors (i.e. Q-factor), according also to Table II,
it seems that D-shaped fiber configuration coated with SnO,.x
or ZnO thin film could be the best option so far. In fact, this
choice can guarantee a narrower bandwidth compared to CR-
MMF and a higher sensitivity close to 1.33 RIU, so within the
RI range of interest in biochemical applications. Obviously,
nanotechnology and material science continue to go on and it is
expected that new materials and novel fiber configurations will
appear and will allow even better performances. Besides, it is
worth pointing out that the factors and parameters here

considered remain still valid for devices based on other surface
guided waves like SPR and Bloch waves.

The use of metal-oxide nanoparticles is becoming a very
promising alternative to excite high sensitive LMR. Very
recently, TiO, nanoarray-based structures have been proposed
to realize LMR-based fiber optics devices [55]. Two types of
coating structures, TiO2 nanoarrays without and with TiO,
nanofilms (Fig. 5), are proposed, with a focus on the localized
field distribution, the mode transmission characteristics and the
sensitivity to surrounding RI changes. In the first structure, a
localized electromagnetic field that can be generated by both
TE and TM modes around nanoarrays is underpinned. By
increasing the diameters of the nanoparticles and the fill factor
(i.e. by decreasing the period or distance of nanoarrays), the
LMR wavelength shifts towards longer wavelengths, thus
improving the RI sensitivity [4], [43]. In the second structure,
the localized electromagnetic field can be further improved due
to the mode coupling between the nanofilms and nanoarrays. In
this last case, a RI sensitivity of 5179 nm/RIU in the RI range
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of 1.333-1.343 has been reported, with a 2-fold improvement
compared to the structure without the TiO, nanoarrays.

Other physical parameters that can be measured with LMR-
based sensors are of great interest towards the development of
devices for real applications. The measurement of relative
humidity (RH) stems from the changes induced by both the
thickness and RI of a polymeric layer deposited around the

Intervals
1 (expressed by 6)

1 TiO, nanofilms

Fiber core

/5

00000000000000

Fig. 5 TiO, nanofilms-nanoarrays deposited along a portion of the fiber core
(3D mode, cross-section and longitudinal views). [adapted from Ref. [55]].

sensing region of the fiber. Polyallylamine hydrochloride
(PAH) and polyacrylic acid (PAA) polymers[39], also in
combination with Ag nanoparticles [40], are used as nano-films
to implement relative humidity sensors. Fig. 6 shows the device
realization, the experimental setup (Fig. 6a), and the response of
the first LMR to RH changes when 20 bilayers of PAH/PAA
(140 nm thickness) are used (Fig. 6b). The results confirm once
more that the first LMR is the most sensitive resonance, even if
the second LMR (not shown) can be made more sensitive with
an optimized thickness of the nano-film.

Voltage [41] and electric current [42] are other two physical
quantities that have been investigated with LMR-based devices
for developing tunable electro-optic wavelength filters. For
their measurement, a multilayer structure (Fig. 7a) is realized in
order to underpin the excitation of LMR and to generate the
shift of the LMR peak induced by an electro-optic material
deposited between two electrodes. The first layer is used to
generate the LMR and to work as the first electrode as well; the
second layer allows tuning the optical features of the filter;
finally, the outer layer represents the counter electrode. The first
and last layers are made up of ITO, whereas the second layer
consists of polyvinylidene difluoride (PVdF), a material which
intrinsically possess a very large electro-optic effect induced by
reversible molecular chain conformation change in relaxor
ferroelectric terpolymers PVdF co-polymers [56]. Fig. 7b
details the experimental setup for the proposed device, whereas
Fig. 7c shows a SEM image of the cross section of the
multilayer structure deposited onto the fiber and its magnified
portion (Fig. 7d). The wavelength shift of the LMR permits to
monitor electric field in current transformers in high voltage
networks. Fig. 6e,f show the evolution of the transmission
spectrum as a function of the applied voltage for the first LMR
(Fig. 7e) and the second LMR (Fig. 7).

In addition to the physical measurement presented, pressure
variations can also be monitored with LMR-based devices [30].
In this case, a theoretical model and desing have been proposed
by exciting LMR in microstructured fibers. The sensor is
manufactured with an exposed-core photonics crystal fiber
(PCF), on which a TiO2/HfO/rubber polymer trilayer is
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Fig. 6 (a) Details of the sensitive region. (b) Response of first LMR of
[PAH/PAA]20 coated sensor to RH changes. [adapted from Ref. [39]].

deposited (Fig. 8a). Strong birefringence with x-polarized and y-
polarized peaks is generated because of this asymmetry. Fig. 8b
reports the electric field distributions and dispersion relations
of core modes surrounded by a RI of 1.33, showing that the y-
polarization has a higher coupling efficiency and the sensitivity
of its peak is higher than that of the x-polarization. An
extremely high RI sensitivity of 67 000 nm/RIU can be attained
in the sensing range of 1.33-1.39, making it useful in chemical
and bio-sensing applications in aqueous solutions.

The TiOy/HfO, bilayer film dramatically increases the
pressure sensitivity of the sensor reaching a peak of 5.0
um/MPa. In addition, the performance of the sensor can be
further optimized by adjusting the type and thickness of the film.

B. Chemical Sensing

Chemical compounds or elements can be effectively detected
by LMR sensors. The most interesting examples include the
detection of gases, such as hydrogen (H2) [57] and hydrogen
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sulfide (H.S) [58], of volatile organic compounds (VOCs), such
as ethanol [53], methanol and isopropanol [59], of ammonia in
water [60], of pH [27] and of hydrogen peroxide (H.O)[61].
(a) \
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Hydrogen detection, or hazardous gases in general, finds
widespread applications in environmental monitoring for health
and safety concerns

(e)

Transmittivity (dBm)

Transmitivity (dBm)

0 550 00 650 700 750
Wavelength (nm)

Fig. 7(a) Details of the fiber optics sensor and the multilayer structure deposited onto the fiber. (b) Experimental setup used to measure the voltage changes. (c)
SEM image of the cross section of the multilayer structure and (d) of the magnified portion. Response of (e) first and (f) second LMRs for different voltages

applied. [adapted from Ref. [41]].

Thanks to reversible interaction of metal oxides with gases,
an LMR-based CR-MMFs coated with ITO nanofilm (about 20
nm thickness) and nanoparticles have been employed for the
detection of H; [57]. a shows a SEM image of ITO
nanoparticles, with an average spherical size of 60-80 nm. A
wavelength shift of the peak absorbance towards longer
wavelengths is observed as a function of the H, concentration.
Three different sensing configurations are developed, where the
coating layer consists of ITO thin film, ITO nanoparticles or
ITO thin film + nanoparticles, and the comparison of the
achieved results is detailed in b. It can be observed that the best
performance refers to the use of the combination of ITO thin
film and nanoparticles. Moreover, the proposed sensor is
studied in terms of its selectivity towards common interfering
gases (c), showing very promising results for its employment in
real applications.

Another gas that has been investigated with LMR-based fiber
devices is H2S [58]. In this case, the LMR technique has been
compared with SPR. Three types of sensors, two underpinning
LMR and one employing SPR, are fabricated using CR-MMFs
coated with ZnO in three different structures: combined thin
film and nanoparticles, only nanoparticles (SEM image in Fig.
9a) and combined thin films of Ag and ZnO. The sensing
principle is based on the measurement of wavelength shift of
the peak absorbance as a function of the H,S concentration (see
the inset of Fig. 9b). The results detailed in Fig. 9b show that
the best response to H,S gas has been obtained with the first
ZnO structure. In addition, the best sensor reveals good
selectivity towards common interfering gases (Fig. 9c¢) thus to
be used in real applications. Due to increasing pollutions all
over the world, the requirements related to VOCs emissions are
getting more stringent by the governmental legislations, and
hence new technological solutions are necessary to monitor
environmental changes. The use of LMR-based fiber optics

devices has been proposed in the literature to detect some
VOCs. One of the most interesting example employs an
organometallic coating [Au2AQ2(CeFs)a(NH3)2]n given its
optical features that present reversible changes in presence of
organic vapors [59]. Layer-by-layer (LbL) technique is
employed to deposit the sensing material onto CR-MMF for a
length of 2 cm. The final sensing layer, with several cycles
using PAH and PAA solutions, consists of a tetralayer of
[PAH/PAA/Suspension/PAA]. The repeated deposition of
tetralayers underpins the generation of several LMRSs, starting
from the first with 11-17 tetralayers. Fig. 10a represents the
theoretical realization of the proposed device where the LMRs
are studied as a function of the number
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Fig. 8 (a) Details of the fiber optics sensor and the multilayer structure
realized onto the fiber. (b) Electric field distributions and dispersion relations
of core modes when the surrounding Rl is 1.33. Insets: x -polarized core mode
atA =808 nm (top) and y-polarized core mode at L. = 827 nm (bottom). [adapted
from Ref. [30]]

of tetralayers deposited onto the fiber. Fig. 10b details a SEM
image of the cross-section of the fiber coated with 28 tetralayers
(roughly 1.107 pm). The sensor response stems from the
adsorption process of the VOCs into the sensing matrix and
from the reaction mechanism with the sensing material. Both
processes depend basically on the VOC molecular size and the
hydrophobicity. For these reasons, methanol, ethanol and
isopropanol have been used because of their characteristics.
Differently from the other examples, a spectral shift of the LMR
towards shorter wavelengths is observed when the VOC
concentration increases. This is just a consequence of the
changes in the coating material when VOCs are present. Fig.

LMR-1 probe —

A LMR-2 probe

10c accounts for the spectral evolution of the second LMR
located at around 780 nm when methanol at increasing
concentrations is purged inside the measuring chamber. A
linear relation between the LMR spectral shift and the methanol
concentration in vapor from 0 to 250 ppm (v/v) can be
extrapolated with a sensitivity of 0.131 nm ppm™. A similar
linear trend is showed for the other two VOCs, with less
sensitivity.

Graphene oxide (GO) together with SnO, have been also
used for the implementation of an LMR-based fiber optics
device to detect another VOC, i.e. ethanol [53]. A portion of
CR-MMF is firstly coated with a thin film of SnO; and then a
further coating made of 1, 2 and 4 bilayers of polyethyleneimine
(PEI) and GO is deposited by LbL onto three fiber devices.

The experimental setup and the sketch of the sensing
configurations are depicted in Fig. 12a. Fig. 12b details an
homogeneous and uniform surface of 1-bilayer PEI/GO coating
(SEM), whereas Fig. 12c shows the characteristic folds of GO
nanosheets (AFM). The sensing behavior has been
characterized and referenced with the sensor without GO by
introducing in-water ethanol solutions at concentrations of 0%,
20%, 40%, 60%, 80% and 100% v/v. The sensors with GO
report much better performance with a maximum sensitivity
improvement of 176% with respect to the sensor without GO.

Ammonia is regarded as a highly hazardous chemical
compound, and hence requires effective and reliable monitoring
procedures. LMR phenomenon has been explored to detect
ammonia by depositing a nanofilm of TiO,, containing
porphyrin as functional material (5,10,15,20-tetrakis(1-methyl-
4-pyridinio)porphyrin tetra(p-toluenesulfonate); TMPyP), onto
an adiabatic and non-adiabatic tapered fibers [60]. Adiabatic
and non-adiabatic tapers of 17 um and 40 um waist diameters
and of 4.5 mm long are fabricated in a boron-germanium co-
doped fiber. The TiO, coating, deposited by the liquid phase
deposition (LPD) technique, allows to generate an LMR in the
transmission spectrum. Unmodified TiO; and combined
TMPyP/TiO; nanocoatings are tested. In the first case, the non-
uniform nanofilm is not able to generate LMR.
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Fig. 9 (a) SEM image of ZnO nanoparticles. (b) Relative variation of the peak absorbance normalized to the value at 10 ppm as a function of concentration of the
H, gas for the three fiber sensors coated with Ag and ZnO thin films (squares), ZnO nanoparticles (circles) and ZnO thin film + nanoparticles (triangles). The inset
accounts for the sensing principle based on the measurement of wavelength shift of the peak absorbance as a function of the H,S concentration. (c) Selectivity test
for different gases, considering the LMR-based fiber sensor coated with ZnO thin film + nanoparticles. [adapted from Ref. [58]].
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Fig. 10(a) Theoretical representation of the LMRs generated during the deposition of tetralayers. The experimental transmission minima of each LMR are indicated
with white, blue and black symbols for the first, second and third LMR, respectively. (b) SEM image of the [PAH/PAA/Suspension/PAA],s coating deposited onto
the fiber. (c) Transmission spectra of the second LMR as a function of different methanol concentrations. [adapted from Ref. [59]].
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Fig. 11 (a) Fiber optics experimental setup and schematic structure of the three
types of sensors. (b) SEM and (c) AFM images of the superficial structure of a
1-bilayer PEI/GO coating deposited onto a glass slide. [adapted from Ref. [53]].

The quality of the film is importantly improved, when the
functional material is dissolved in the solution and it supports
the realization of a highly uniform film. The 17 pm-diameter
adiabatic taper has been finally selected to be the most suitable
for LMR generation. The interaction of the porphyrin with
ammonia induces a change in the RI of the coating, which in
turn causes a change in the central wavelength of the LMR, thus
allowing the measurement of concentrations of in-water
ammonia as low as 0.1 ppm, with a response time of less than
30 s. Porphyrin has been chosen given its high selectivity
towards target compounds and because it presents low cross-
sensitivity to non-amine compounds, such as alcohols and
carboxylic acids [60]. However, when the device is exposed
with other amine compounds, a similar phenomenon can be
foreseen, thus reducing the overall device selectivity. Fig. 12
accounts for the calibration curve when the sensor is exposed to
ammonia at various concentrations from 0.1 ppm up to the
saturation point of the sensor (10000 ppm). A detection limit of
0.16 ppm is attained.

The measurement of pH is of a huge interest in several fields,
such as environmental, chemical and medical sciences. The use
of the previously-mentioned PAH/PAA polymeric coating [39],

[40], [59] has beed also proposed as pH sensitive nanofilm [27].
The behavior of this coating material that presents a change in
the thickness as a function of pH of the surrounding solution
not only permits the realization of fiber-based pH sensors based
on the wavelength detection approach, but also allows a high
degree of tunability in the excitation of LMRs. The sensing
mechanism is based on the capability of swelling/deswelling of
the PAH/PAA polymeric coating. As previously-discussed,
several LMRs (from the first to the third) can be excited
depending on the number of PAH/PAA bilayers deposited onto

the sensing portion of the fiber.
100
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Fig. 12 sShift of LMR central wavelength as a function of ammonia
concentrations (calibration curve) from 0.1 ppm to 10000 ppm. [adapted from
Ref. [60]].

In order to compare the sensitivity of first and second LMRs
in the detection of pH, two different devices are fabricated: the
former consists of 100 bilayers [PAH/PAA].0 exciting the
second LMR, whereas the latter consists of 25 bilayers
[PAH/PAA]2s exciting the first LMR. Fig. 13a details a SEM
image of the [PAH/PAA].00 coating deposited onto the fiber
with an average thickness of about 1.2 um. Therefore, in case
of the second device with [PAH/PAA]s, the average thickness
is expected to be around 300 nm. The results of this LMR-based
fiber optics pH sensor are showed in Fig. 13b and c. The former
figure details the spectral response in terms of changes in both
the LMR wavelength and intensity for the device exciting the
first LMR, when the sensitive region is alternatively immersed
into pH 6 and pH 3 solutions at different time intervals. A
wavelength shift of roughly 110 nm is observed. The latter
figure accounts for the respective calibration curve within the
investigated pH range (3 pH — 6 pH). Overall, an accuracy of
+0.001 pH units and an average sensitivity of 0.027 pH
units/nm within the range between pH 3 and pH 6 are attained
after an adequate design.
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Fig. 13 (a) SEM image of the [PAH/PAA] 100 coating deposited onto the core of a CR-MMF. (b) Spectral response in terms of changes in both the LMR wavelength
and intensity for the device exciting the first LMR, when the sensitive region is alternatively immersed into pH 6 and pH 3 solutions at different time intervals. (c)

Calibration curve of the device exciting the first LMR within the range of 3 pH —

One of the most interesting examples of LMR-based devices
for chemical sensing reports the detection of H,0,, a very small
molecule (34 g/mol molecular weight), in a very broad range
from real samples of daily in-taking polyphenol rich beverages,
such as green tea, black tea and coffee in a pseudo-corporal
condition [61]. The fiber optic device is fabricated in two steps
using the best combination of Ag nanoparticles and ZnO
nanowedge (NWD) (Fig. 14a). A SEM image of the finalized
nanostructure grown onto the fiber is shown in Fig. 14b with
the optimized parameters. The thickness of the ZnO layer
pinpoints the number of modes supported by the film. When the
coupling of the evanescent wave with the mode supported by
the nanostructure is satisfied, the maximum energy transfer
occurs for a particular wavelength which is called in literature
as peak absorbance wavelength (PAW) in the transmission

(a)

ZnO film (12 nm)

Agnanoparticle
ZnO Nanowedge

ZnO NP

Zn©O NR

EHT = 2000 KV WD = S0 mm Signal A= SE1 Mag= B77KX Photo Ne.= 8303 Date 28 Jan 2016’

6 pH. [adapted from Ref. [27]].

spectrum. The combined structure underpins lossy modes in the
absorbing ZnO thin film/nanostructure, whereas the resonance
is excited between the evanescent wave generated due to the
total internal reflection at the fiber-ZnO thin film boundary and
the lossy modes of ZnO. The device works in two H;O-
concentration range; the first for in vivo applications covering
the range that includes adequate, enduring and toxic levels in
human body (< 300 uM) and the second for the range of H,O;
liberated by polyphenolic-daily consuming beverages (300 uM
— 1500 pM). Fig. 14c and d account for the LMR absorbance
spectra and measured PAWSs for different concentrations of
H>0; solution in the two investigated regimes, respectively. The
device shows a LOD of 82 nM, with a response time of roughly
30 s and good repeatability and reusability.
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Fig. 14(a) Sketch of the sensing device with the realized nanostructure consisting of Ag NP/ZnO NWD/ZnO thin film. (b) SEM image of the finalized device (Ag
NP (25 min)/ZnO NWD (28 h)/ZnO (12 nm)), with the details of ZnO nanowedges with nodules of silver nanoparticles grown over the nanowedges. (c) LMR
absorbance spectra and (d) peak absorbance wavelength (PAW) for different concentrations of H,O, solution in two operating regimes. [adapted from Ref. [61]].

C. Biological Sensing

Given the very promising and remarkable results attained,
LMR-based fiber optics sensing configurations have been
recently proposed in the literature for the detection of different
target biomolecules, with some examples regarding molecules
of diagnostic interest. The most fascinating examples from the
literature account for the detection of immunoglobulin G (1gG)
[10], biotin/avidin complex [62], cortisol [63], C-reactive
protein (CRP) [64], and D-dimer [34].

1gG representing approximately 75% of serum antibodies in
humans, is the most common type of antibody. By binding
many types of pathogens, such as viruses, bacteria, and fungi,
IgG protects the body from infections. The detection of IgG
(=150k g/mol) is considered as one of the gold standard to
assess the performance of a biosensor [17], [65] given the
standard assay protocol to be implemented and the type of
biomolecule. [10] reports the generation of LMRs by the
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deposition of nanometer-thick metal oxide films on optical
fibers and the detection of IgG in real samples of human serum.
The performance has been evaluated by considering two metal
oxides, i.e. ITO and SnO,, and two types of fibers, i.e. CR-
MMF and side-polished (D-shaped) fiber. Fig. 15a and b detail
the two fiber configurations coated with thin films of 1TO or
Sn0,, together with the related experimental setups. From the
comparison of the calibration curves (Fig. 15c), it is possible to
observe that, given the better optical features of SnO- (higher n,
real part of permittivity; lower k, imaginary part of permittivity)
than ITO, the best performance is attained with D-shaped fibers.
Therefore, SnO,-coated (<160 nm) D-shaped fiber LMR
biosensors have been deeeply characterized with repeated
experiments (calibration curve shown in Fig. 15d). Witha LOD
of 150 pg/L (1 fM), the proposed device represents one of the
best-performance biosensing platform in the literature so far.
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Fig. 15 (a) SEM image and sketch of the sensing device consisting of CR-MMF coated with ITO or SnO,, together with the experimental setup. (b) SEM image
and sketch of the sensing device consisting of D-shaped single-mode fiber coated with SnO,, together with the experimental setup. (c) Comparison of the calibration
curves achieved with three LMR sensors: the ITO- (green triangles) and SnO,-coated (red circles) CR-MMF biosensors, and the SnO,-coated D-shaped single-
mode fiber biosensor (sky blue rhombuses). (d) Calibration curve of the SnO,-coated D-shaped biosensor repeated several times and displayed together with the

sigmoidal fit of the experimental points. [adapted from Ref. [10]].

Another biological complex that is routinely used to assess
the performance of a biosensor consists of avitin/biotin. [62]
reports a direct electrochemical functionalization of an ITO-
coated LMR fiber biosensor for the detection of avidin.
Electropolymerized biotin hydrazide (BH) at 10 mM is used to
functionalize the fiber sensing surface by cyclic voltammetry

(CV). Fig. 16a details the steps of the entire biosensing protocol:
surface functionalization, receptor grafting and analyte
detection. The effectiveness of the functionalization method is
evaluated in terms of wavelength shift and intensity change of
the LMR. All stages of the experiment are verified with optical
(LMR monitoring) and electrochemical (cyclic voltammetry)
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techniques simultaneously. The results achieved with CV are
shown in Fig. 16b. With the dual-domain detection technique,
the feasibility of the proposed label-free biosensor is
demonstrated by assessing 0.01 and 0.1 mg/mL of avidin
concentrations.

\/\/U\ NH; AVIDIN

N
BIOTIN ] H >

H s %3

(a) OYNH H o

SOLUTION

\ ELECTROPOLYMERIZATION f DETECTION
10 mM of BH In 0.1 M KCI By —a—

OF AVIDIN
¥z i
> =

” o
40 = bare ITO-LMR
= poly-biotin
30 +— 1%BSA
| Avidin 0.01 mg/mL

Avidin 0.1 mg/mL
204

10

1[uA]

-10 4

-20 4

T T T T

-0.6 -04 -0.2 070 072 04 0.6 0.8
E[V] vs. Ag/AgCl

Fig. 16 (a) Schematic representation of the BH electropolymerization process

and of binding of avidin to the biotinylated ITO-LMR surface. (b) CVs after

each step of the assay protocol from the surface functionalization up to the

avidin detection. [adapted from Ref. [62]].

Cortisol, also named as hydrocortisone, is a steroid hormone
released by the chain operation of hypothalamus, pituitary and
adrenal glands in response to a circumstantial trigger to human
body. Cortisol plays an important role in maintaining the human
homeostasis. Substantial change in its range is due to human
exposure to psychological/environmental/emotional stress, and
hence cortisol has been considered as the major stress hormone.
Analysis of cortisol level in human body can be performed from
samples of blood, sweat, hair, urine, interstitial fluids and saliva
[66]. A fiber optic biosensor exploiting LMR together with
molecular imprinting of nanocomposites of ZnO and
polypyrrole (PPY) is presented for the detection of salivary
cortisol in the concentration range of 102>-10 g/mL to cover

the changing levels of salivary cortisol due to various
environmental and bodily conditions [63]. Fig. 17a depicts the
stages of the molecular imprinting polymer (MIP) technique,
including the formation of non-imprinted layer, removal of
template and interaction of analyte. Fig. 17b shows a SEM
image of the optimized MIP-based ZnO/(20%ZnO/PPY)
nanocomposite. Fig. 17¢ accounts for the spectral response in
terms of absorbance changes in both the LMR wavelength and
intensity for the detection of cortisol concentrations of 10-12-10-
6 g/mL. The biosensor showed the capability of detecting
cortisol concentration in the range of fg/mL. Furthermore, the
device possesses a high degree of stability and reusability, with
a response time of around 20s.

C-reactive protein (CRP) is a homopentameric protein
composed by five-polypeptide subunits (=23k g/mol each) non-
covalently associated in a ring configuration. The level of CRP
in serum in healthy Caucasian people is estimated to be around
0.8 ug/mL [67]. CRP is currently considered a serum biomarker
for infection or inflammation during which its concentration
can rise up to 1000-fold as a consequence of some bacterial
infections [67]-[69]. Very recently, it has been demonstrated
that CRP levels could reflect COVID-19 disease severity and
could be used as a key indicator for the monitoring of such
disease [70]. Therefore, the importance of having a reliable, not
S0 expensive, and sensitive optical technology platform for
CRP quantification becomes evident. [64] reports the
development of high sensitive, selective, fast response and
reusable CRP aptasensors. The presented approach takes the
advantages of the peculiarities of LMRs generated by ITO thin
films deposited onto the flat region of D-shaped optical fibers.
Fig. 18a accounts for the cross-section of the fiber optic
biosensor with the details of the deposited thin films and of the
implemented assay. The sensing mechanism relies on the LMR
wavelength shifts originated by surface RI variations of the
aptamer chain in presence of the target molecule [43]. Fig. 18b
shows the calibration curve of the device when the detection of
CRP concentrations of 0.0625-1 pg/mL is carried out.
Additionally, the proposed device shows also high selectivity
to CRP when compared to other biomolecules, such as urea or
creatinine (Fig. 18c), while maintaining a low LOD (0.0625
pg/mL) and fast response time (61s).
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D-dimer antigen, the smallest product originated from cross-
linked fibrin degradation, is used, above a cutoff value (0.5
pg/mL), as a biomarker for deep vein thrombosis or pulmonary
embolism, collectively referred to as venous thromboembolism
(VTE) [71]. About 10 million cases of VTE occur every year,
thus representing the third leading vascular disease after acute
myocardial infarction and stroke [72]. However, despite the
importance of D-dimer monitoring by the physicians, D-dimer
assays are highly variable, depending on the method of capture
and on the instrumentation used. Therefore, the ability to detect
in real-time the amount of D-dimer with a fast and reliable
approach is a key step to anticipate the appearance of these
diseases. [34] reports the results of a highly specific and
sensitive biosensor for the detection of D-dimer based on LMR

implemented by coating D-shaped fibers with SnO, thin films.
The sensing principle is simply based on the measurement of
LMR wavelength shift related to surface RI changes occurring
when a binding interaction takes place onto the functionalized
fiber portion. The device is able to detect D-dimer in human
serum with a LOD of 100 ng/mL in repeated indepented
experiments (n=4), a value 5-fold below the clinical cutoff
value. Fig. 19a accounts for the calibration curves obtained by
spiking D-dimer in human serum samples (diluted serum, blue
symbols; undiluted serum, green symbols). It is clear that a
LOD even lower of 10 ng/mL has been achieved in PBS,
whereas a higher LOD of 320 ng/mL has been attained in
undiluted serum given the highest matrix complexity.
Furthermore, a technical workflow based on the separation by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and the
detaction by Western-blotting (W-b) has been implemented to
verify the binding of D-dimer onto the functionalized fiber
surface (Fig. 19b) [34]. Fig. 19¢ details the experimental results of
the implemented workflow. The black arrows (left) indicate the
multiple bands corresponding to D-dimer protein with a
specific band placed between 25 and 35 kDa (vertical black
arrow). Therefore, by comparing the results achieved with
mass-spectrometry-based proteomics, it is demonstrated the
ability of the proposed optical technology platform to
specifically (>90%) recognize D-dimer. The device potentially
represents a paradigm shift in the development of a simple,
high-specificity and label-free biosensing platform able to
speed up diagnostic healthcare processes of VTE toward an
early diagnostic and personalized treatment system.
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IVV. CONCLUSIONS AND FUTURE PERSPECTIVES

In summary, we have reported on the state-of-the-art of lossy
mode resonance (LMR) devices that can be implemented on
both flat surfaces (prism configuration, glass slide, coverslip,
etc.) and cylindrical surfaces (glassy fiber, plastic fiber,
photonic crystal fiber, etc.). Our analysis focused on optical
fibers given their great potential in sensors stemming from
features like: guiding properties, reduced footprint, ease of
handling and the possibility to integrate them in high
technological fluidic microsystems.

Two key elements are critical for LMR sensors: the
geometrical configuration and the material supporting the lossy
mode. Different geometries have been reviewed ranging from
CMRR to tapered fibers coated with a thin film. Besides, in
constrast to SPR sensor, the choice of thin film material to be
deposited and that supports the LMR is vast and intese efforts
are devoted to select the best material for the target applications.

Applications where LMR provided interesting results and
that have been reported, can be roughly divided into three
categories: physical, chemical and biological sensing. Among
these, it’s worth mentioning breakthrough applications that e.g.
achieved detection of femtomolar (fM) concentrations with the
analyte spiked in real samples of human serum, thus
representing a paradigm shift towards the achievement of ultra-

low detection limits with fiber-optics, with applications in early
diagnostics and personalized medicine.

In the future perspectives of such a vibrant field, we envisage
distinct pathways to improve the performance of LMR-based
fiber-optic devices by increasing the field interaction with the
analyte. Interesing routes can be summarized as follows:

» patterning of the nanometer-scale thin film deposited

onto the sensitive portion of the fiber;

« implementation of a stack consisting of multi-layers of

metal-oxides and composite materials;

+ deposition of the nanometer-scale thin film onto the

sensitive portion of the fiber with different thicknesses.

In the first case, 2D array of micro-/nano-patterns can be
realized by means of e.g. focused ion beam systems (FIB/FIB-
SEM) providing a light control of the lossy mode. In the second
case, through an accurate modeling and controlled deposition
techniques for the suitable materials an enhanced in the overlap
of the lossy mode with the analyte could be realized. In last case,
the deposition of the same coating material along the sensing
portion of the fiber with increasing thickness can allow the
excitation of multiple spectrally close LMRs. That could allow,
for the very first time in fiber optic sensing, the detection of
multiple parameters or biomolecules in a single sensing
configuration just by tailoring the thickness of thin films, a
something impossible for the state-of-the-art SPR.

LMR-based devices surely possess one of the highest RI
sensitivity among fiber optic sensors. However, their resonance
linewidth is at least one order of magnitude larger than other
fiber optic sensors, e.g. tilted fiber gratings, and hence the
device resolution and Q-factor should be improved in view of
better performance. The above-mentioned approaches, together
with specialty optical fibers or novel fiber geometries (e.g.
microstructured), could lead to a further boost in LMR
performances.Finally, it is also worth pointing out that the
polarization-dependent sensing performance of LMR has not
been exploited yet making fiber optic LMR sensor even more
attractive and promising as a platform for sensor development.
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