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1 Introduction

In the last decades, optical fiber sensors have played an important role in niche
applications because of their advantages over electronic sensors. First of all,
optical fiber makes possible the multiplexing of a large amount of sensor data over
long distances. This feature allows placing the sensing devices at kilometers from
the electronic systems used to process the information. In addition, optical fiber is
made of dielectric materials. Consequently, optical fiber sensors are not affected
by electromagnetic fields, what makes them suitable to be used in situations under
high electromagnetic fields or radiation doses [1]. Furthermore, this technology
can be also used in medical applications due to its biocompatibility and has
acquired a great importance in the development of biomedical instrumentation.
Other interesting advantages of optical fiber sensors are their small size or their
wide temperature working range [2-5].

Due to these interesting features, several optical fiber sensing architectures
have been developed in the last decades. Just to mention some examples, there are
optical fiber sensors based on fiber Bragg gratings (FBGs) [6], long period
gratings (LPGs) [7], photonic crystal fibers (PCB) [8], tapered fibers [9],
interferometers [10], electromagnetic resonances [11-15], etc...

In addition, the development of novel materials and deposition methods on the
nanometric scale has meant an important breakthrough in different fields [16, 17].
More specifically, in the field of optical fiber sensors, nanostructured coatings
allow the generation of optical effects that are not appreciable with the utilization
of thick films. Electromagnetic resonances, such as surface plasmon resonances
(SPR) or lossy mode resonances (LMR), that make possible the development of
optical fiber sensors with tunable spectral response, are a good example of these
new phenomena [18].

Among this variety of optical fiber techniques, SPR is one of the most widely
studied. Since the first sensing application of SPR was reported in 1983 [19], a lot
of structures based on this phenomenon have been developed, becoming a
standard in the design and fabrication of sensors and biosensors.

This phenomenon consists of the excitation of a surface plasmon wave at the
metal-dielectric interface. When some particular conditions of the incident and the
surface plasmon wave match, a resonance is generated and a sharp absorption
peak can be observed in the transmitted light. The resonance wavelength depends
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on the refractive index of the material in contact with the metal. In other words, a
change in this refractive index will produce a wavelength shift of the resonance
peak [14]. This fact has been applied in the design and fabrication of sensors for
different applications [20-27].

First studies about SPR used a complex optical setup (known as the
Kretschmann configuration), including a prism, to excite the surface plasmon
wave. This setup presents some important drawbacks, such as its big size and the
presence of fragile mechanical parts. The optical fiber configuration, developed by
Jorgenson and Yee [28], overcomes these disadvantages and allows the
miniaturization of these devices, adding these features to the typical advantages of
optical fiber sensors [29-32]. As a result, numerous optical fiber sensors based on
SPR have been developed in the last years [11-13,33-39].

However, SPR-based devices have some limitations. Firstly, there are just a
few stable metals that allow the generation of SPR in the visible and near-infrared
spectral regions, such as gold or silver, and they are expensive. In addition, SPR is
only visible with TM polarization of light, what makes necessary the use of a
polarizer and an optical fiber that maintains the polarization to obtain a sharp
absorption peak. Moreover, the conditions for SPR generation are very specific
and for this reason, SPR is produced in a limited spectral region that depends on
the deposited metal.

Recently, the use of metallic oxides to generate optical devices based on the
Kretschmann configuration, have allowed the opening of this technology to new
materials, such as Indium Tin Oxide (ITO) [40-43]. This fact allows overcoming
the drawback of using only metals to obtain SPRs. The initial objective of this
study was to generate electromagnetic resonances by depositing ITO coatings onto
optical fiber. When this aim was achieved, a deeper study of the bibliography
revealed that the obtained resonances were not SPRs, but Lossy Mode Resonances
(LMR). These LMRs are a type of resonances that overcomes some of the
limitations of SPRs and never had been observed before in an optical fiber
configuration. In fact, more than twenty-two publications have been devoted to
this topic in the last two years.

The phenomenon of LMR will be presented and analyzed in this chapter.
Theoretical basis of LMR will be explained and the differences between this novel
resonances and SPR will be demonstrated, emphasizing the advantages of LMR
over SPR.

2 Lossy Mode Resonances (LMR)

When an optical waveguide is coated by a thin-film (see Fig. 1), the propagation
of light is affected. If the refractive index of the coating has an imaginary part
different to zero, it introduces losses that can produce electromagnetic resonances.
Depending on the properties of the different materials involved in the system (the
waveguide, the coating and the external medium), three different cases of
electromagnetic resonances can be distinguished [44].
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Fig. 1. Schematic representation of the optical system used to obtain electromagnetic
resonances

The first case occurs when the real part of the thin-film permittivity is negative
and higher in magnitude than both its own imaginary part and the permittivity of
the material surrounding the thin film (i.e. the optical waveguide and the
surrounding medium in contact with the thin film). In this case, coupling occurs
between light propagating through the waveguide and a surface plasmon, which is
called Surface Plasmon Polariton (SPP). This phenomenon produces a resonance
called Surface Plasmon Resonance (SPR).

The second case occurs when the real part of the thin-film permittivity is
positive and higher in magnitude than both its own imaginary part and the
permittivity of the material surrounding the thin film. Some authors consider these
modes as long-range guided modes [44], whereas others call them lossy modes
[45, 46]. In this work, they will be called lossy modes to make a difference
between them and the rest of guided modes. These lossy modes will produce the
second type of resonances: the Lossy Mode Resonance (LMR).

Finally, the third case occurs when the real part of the thin-film permittivity is
close to zero, while the magnitude of its imaginary part is large [44]. This case,
known as long-range surface exciton polariton (LRSEP), falls beyond the scope of
this study and will no longer be studied.

The permittivity of a material can be expressed in terms of its complex
refractive index (N=n+jk) according to Eq. 1.
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Thus, having the device schematically represented in Fig. 1 and the relations from
Eq. 2, the conditions needed to obtain the different types of electromagnetic
resonance (SPR, LMR and LRSEP) can be expressed in terms of the refractive
index of the different materials involved in the system.

In Table 1 a summary of these conditions is presented, considering the case in
which n,>0 and k,<0.

Table 1. Summary of the conditions needed to obtain the different types of electromagnetic
resonances with the system represented in Fig.1.
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Although not too many studies have been published about LMR, there are some
theoretical studies devoted to light propagation through semiconductor-cladded
waveguides [47, 48]. The characteristics of these materials are adequate for
generation of lossy modes. Moreover, attenuation maxima of the light propagating
through the waveguide are obtained for specific thickness values [47]. This effect
is produced as a consequence of a coupling between a waveguide mode and a
particular lossy mode of the semiconductor thin film.

This coupling depends on two conditions: a considerable overlap between the
mode fields and the phase-matching condition is sufficiently satisfied (i.e., the real
parts of propagation constants are equal) [45]. Both conditions occur when modes
propagating through the waveguide are near the cutoff condition. This cutoff
condition sets the point in which a mode starts to be guided through the coating,
and it is conditioned by two parameters: the wavelength and the coating thickness.
Since the phenomenon occurs when the lossy mode is near cutoff, there are cutoff
thickness values that lead to attenuation maxima [47]. For a fixed wavelength, as
the thickness of the thin film on the waveguide is increased, some modes guided
in the optical waveguide become guided in the film, which causes a modal
redistribution or modal conversion [48, 49].

Previous studies have been focused on the variation of thickness. However, if
the thin-film thickness is fixed, a resonance will be visible in the electromagnetic
spectrum for those incident wavelength values where there is a mode near cut-off
in the overlay. This is of great interest because one of the basic ways of using
waveguides as sensors is by analysis of resonance wavelength shift. Hence, the
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phenomenon studied here is the generation of resonances in the electromagnetic
spectrum based on near cut-off lossy modes. The right term should be Near Cutoff
Lossy Mode Resonance (NCLMR). However, for the sake of simplicity the term
Lossy Mode Resonance (LMR) will be used, which indeed is similar to that
mentioned in [46].

Finally, it is worthy to note the differences between these two types of
resonances, LMR and SPR. The first difference is that they are generated under
different optical conditions (see Table 1). Some materials present a complex
refractive index which divides the spectrum in two regions, as it is the case of ITO
which will be explained later. Hence, these materials are able to generate both
LMR and SPR depending on the spectral region. However, other materials just
present one of the spectral regions, and for this reason, they generate either SPR or
LMR. Other remarkable question is that LMR allows the generation of multiple
resonances as the thickness of the coating is increased. However, SPR presents
only one resonance, and it disappears when the coating thickness reaches a certain
value. This property makes LMR appropriate for fabricating multi-peak sensors
with a better sensitivity and multiple- wavelength optical filters. In Table 2, a
summary of the differences between LMR and SPR is shown.

Table 2. Main differences between lossy mode resonances and surface plasmon resonances

SPR LMR
Region of the High-reflectance Low-reflectance
spectrum region region
Supporting coating Metallic Metallic or dielectric
Resonance Peaks Single Multiple

2.1 Optical Fiber Configuration

To perform this study, a new optical fiber transmission configuration was
developed in order to characterize the novel LMR-based devices. This setup is
based in an idea previously reported by Jorgenson and Yee [28] used to work with
SPR-based optical fiber sensors. This Jorgenson’s configuration is an adaptation
to optical fiber of the well known Kretschmann configuration [13, 41, 43, 50].
This adaptation overcomes some of the inconveniences of Kretschmann model,
such as the complexity of the setup and the need of an optical prism. Moreover,
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the new setup presents the general advantages related to optical fiber sensors
(immunity to electromagnetic interferences, biocompatibility, low weight, small
size, high sensitivity...).

As it can be seen in Fig. 2, light is launched into the optical fiber and it is
collected at the other end of the fiber by a spectrometer.
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Fig. 2. Optical fiber configuration used to obtain and characterize the different resonances

In the middle of the optical path, there is a region where the optical fiber core is
coated with the LMR supporting material. Cross section and longitudinal section
of this region are shown in Fig. 3.
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Fig. 3. Detail of the LMR supporting region. The cladding is chemically removed and the
LMR supporting material is directly deposited onto the optical fiber core.
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3 Optical Fiber Sensors Based on LMR

3.1 Devices Based on a Single Coating

Different devices can be designed and fabricated by following the scheme shown
in Fig. 3, where a single coating of a LMR supporting material has been deposited
directly onto the optical fiber core.

3.1.1 Optical Fiber Refractometers Based on ITO Coatings

ITO (Indium Tin Oxide) belongs to transparent conductive oxides (TCOs), which
have been widely used in many scientific areas during the last decades: fabrication
of heat shields, liquid crystal displays, flat panel displays, plasma displays, touch
panels, electronic ink, organic light-emitting diodes, solar cells, antistatic coatings or
even electromagnetic interference shields [51, 52]. This success is due to the good
qualities that these materials present (electrochemical stability and high
transmittance in the visible spectral range), if compared with other well-known
conductive materials such as gold or silver. More specifically, ITO has been also
used in many different sensing applications such as the fabrication of conductimetric
or optical sensors [53-57], by exploiting the combination of conductive and
transparency/reflectivity properties in the visible/infrared region respectively.

In fact, it is this dual behavior what makes ITO an adequate candidate for the
simultaneous generation of SPR and LMR as well [18]. In Fig. 4, the optical
properties of the ITO used in this work are shown. In the spectral region between
3-4.5 um, the imaginary part of the ITO refractive index is of the order of metals.
Consequently, this region is adequate for SPR generation. However, for the
spectral region from 0.5-2 pm, the imaginary part is lower and permits the LMR
generation, according to the conditions cited in Table 1.
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Fig. 4. Complex refractive index of ITO. Real part n (pink) and imaginary part k (blue) [18].
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Moreover, the ITO coating features can be modified by introducing simple
variations in the fabrication process. This fact allows tuning the resonance region.
In other words, the resonance can be placed in the visible or in the infrared region,
depending on the ITO characteristics.

The performance of the device as a refractometer was tested by obtaining the
transmission response of the system for several surrounding media refractive
indices: 1.321, 1.339, 1.358, 1.378, 1.400, 1.422 and 1.436, which were obtained
from different water/glycerin concentration solutions from 0% to 85%
respectively [58, 59].

Single LMR Generation

The transmission spectra obtained are represented in Fig. 5a and 5b for ITO
thickness values of 115 nm and 220 nm, respectively [18]. The plots presented in
each figure correspond to different refractive index values of the outer medium, as
indicated previously. A resonance is observed in all spectra.
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Fig. 5. Experimental results of LMR sensitivity versus surrounding medium refractive index:
transmission spectra obtained when the ITO-coated region is immersed in different refractive
index solutions for different ITO layer thickness values: a) 115 nm b) 220 nm [18]

Here, it is important to note that as the refractive index increases there is an
optical redshift of the resonance. In addition to this, as the coating thickness
increases, the sensitivity (i.e. the resonance shift depending on the surrounding
refractive index) is reduced. In other words, the thickness can be used for
controlling the sensitivity of the device, which is 2956 nm per refractive index unit
(RIU) for the sensor coated with a 115 nm film and 1826 nm per RIU for the
sensor coated with a 220 nm coatings. These values are in the range of the state of
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art SPR sensors [60]. This effect can be clearly observed in Fig. 6, where the
resonance wavelengths are shown as a function of the refractive index of the
surrounding medium.
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Fig. 6. Evolution of the theoretical (a) and experimental (b) LMR absorption peaks
observed in Fig. 9 and 10 when the refractive index of the external medium changes

Multiple LMR Generation

It was observed in Fig. 5 and 6 that when the ITO thickness is increased, the
sensitivity of an LMR to the surrounding refractive index decreases. In this
section, a second effect of the variation of the ITO thickness will be presented.
According to [47] and [49], there are attenuation maxima in the light transmitted
through a coated optical fiber as a function of the coating thickness. These
maxima coincide with a near cut-off mode in the coating. The same conclusion
should be valid for the generation of LMR in the transmission spectrum. For
specific wavelength values there are near cutoff modes in the coating. So far a
single LMR has been visualized. However, if the ITO thickness is increased there
should be more modes guided in this region. The consequence would be the
generation of multiple LMR resonances. To prove this hypothesis, in Fig. 7 the
response when the ITO thickness is 440 nm are presented.

Three different LMR can be distinguished in the transmission spectra when the
surrounding refractive index is 1.321. These results prove the multiple LMR
generation. The phenomenon can be exploited for the generation of multiple
wavelength filters and sensors with multiple points of reference.
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Fig. 7. Multiple LMR: Transmission spectrum obtained for an ITO layer thickness of 440
nm [18]

3.1.2 Optical Fiber pH Sensor Based on a PAH/PAA Thin-Film Deposited
onto the Optical Fiber Core

As it was advanced before, LMR can be generated by very different materials. In
this section, the capability of PAH/PAA (poly(allylamine hydrochloride) /
poly(acrylic acid)) polymeric films to support LMR is presented. With this aim,
100 bilayers of these materials were deposited directly onto the optical fiber core.
The LbL method was used to complete this process [61]. The evolution of the
transmission spectra obtained during the deposition is shown in Fig. 8, where the
generation of 3 different absorption peaks can be observed.

This way, the generation of LMR with polymeric coatings had been
demonstrated. But the PAH/PAA structure is not only able to generate LMRs. In
addition, if the coating is dipped into liquid solutions, its thickness can be
modified as a function of the external medium pH. This effect has been named in
previous works as swelling/deswelling phenomenon [62, 63]. Taking into account
this feature, the behavior of these devices as pH sensors was tested. With this
purpose, a device consisting of 25 bilayers of PAH/PAA was fabricated. The first
LMR of this device was centered in the 400-1000 nm region.
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Fig. 8. Evolution of the transmitted spectra during the deposition of the PAH/PAA coating
[61]
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Fig. 9. Dynamical response of the sensing device when it is alternately immersed into
solutions at pH 3 and 6 [61]

In Fig. 9 the shift of the LMR absorption peak is shown when the sensitive
coating is alternately immersed into solutions at pH 3 and 6. The response is
highly stable and repetitive. The absorption peak shows a shift of 110 nm in the
tested pH range, what is equivalent to a sensitivity of 36.6 nm/pH unit. In addition,
this device presents rise and fall times of 24 and 33 seconds, respectively [61].
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Additionally, in order to observe the resonance wavelength shift for
intermediate pH values, the device was exposed to repeated cycles of pH 6, 5, 4
and 3. In Fig. 10 it is represented the resonance wavelength shift as a function of
time showing a durable and repetitive response for several pH change cycles
between pH 6 and pH 3 [61].
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Fig. 10. Dynamical response of the sensor to cycles of pH 6, 5, 4 and 3 of different duration
[61]

Here, it is observed that the sensitivity between pH 6 and pH 5 (45.45 nm/pH
unit) is of the same order than that between pH 5 and pH 4 (50 nm/pH unit).
However, the sensitivity between pH 4 and pH 3 (16.12 nm/pH unit) is about three
times lower than that of the rest, which indicated smaller coating thickness
variations.

3.2 Devices Based on Two Coatings: A LMR Supporting Coating
and a Sensitive Coating

It has been observed in section 3.1.1 that the LMR peaks shift to the red when the
refractive index of the external medium varies. If the LMR supporting layer (the
ITO layer in our case) is coated with any material whose effective refractive index
is sensitive to a certain magnitude, the LMR absorption peaks generated by the
ITO coating will shift when this external magnitude varies. This way, different
optical fiber sensors can be fabricated by just adding a coating of a sensitive
material onto the LMR supporting layer. Some examples of this procedure are
shown in the following sections.
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3.2.1 Optical Fiber Humidity Sensor Based on an Agarose Sensitive Layer
Deposited onto an ITO LMR-Supporting Layer

Agarose is the substance used to fabricate the sensitive layer of this first sensor
based on LMR. The thickness of this gel varies with the external relative humidity
(RH) [64]. In fact, the agarose layer becomes thicker when the RH rises because
the structure receives water molecules that take up the place where there was air
before. As the water refractive index (n = 1.33) is higher than the air (n = 1), the
effective refractive index of the agarose will be higher when the RH rises. [65]. A
schematic detail of the device is shown in Fig. 11.

Environmental Chamber

White Light Source

Fig. 11. Experimental setup utilized to characterize the sensor response and schematic
detail of the sensitive region [66]

The experimental transmission setup used to characterize the sensor is also
shown in Fig. 11. In order to subject the sensor to RH changes, the sensitive
section was introduced into a climatic chamber.
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Fig. 12. Spectral response and maxima absorption wavelength variations (line) at different
RH values [67]



204 M. Hernaez et al.

The final device, that includes the agarose layer onto the ITO coating, shows a
good sensitivity to changes in the external RH. This fact was tested by subjecting
the sensor to a complete cycle of RH variation between 20 and 80%, with steps of
20% each 30 minutes [67].

In Fig. 12 the shift of the LMR absorption peak to higher wavelengths when the
RH increases is shown. This figure represents the spectra collected during the
experiment. The relative humidity is shown at the top of the graph and the time in
seconds at the bottom, in the horizontal axis. The vertical axis represents the
wavelength of the spectra. The colours chosen to represent the spectra are shown
in the plot on the right. According to this palette, the red zones of the graph
correspond to the LMR absorption peak. In order to show with higher clarity the
evolution of the LMR, the maxima of these spectra have been remarked by a blue
line. These experimental results corroborate the previous hypothesis about the
variation of the agarose refractive index.

The dynamical response of the LMR maxima is shown with higher detail in
figure 13. It can be observed here the shift of the LMR (blue line) with the
changes in the RH (pink line). The sensor shows a dynamical range of 45 nm
when the RH varies between 20 and 80%, what corresponds to a sensitivity of
0.75 nm/RH%.
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Fig. 13. Wavelength resonance when the sensor is subjected to RH changes [67]

3.2.2 Optical Fiber Humidity Sensor Based on a PAH/PAA Thin Film
Deposited onto an ITO LMR-Supporting Coating

The agarose sensor presented in the previous paragraph shows a good response to
humidity changes. However, the method applied to deposit the agarose onto the
ITO layer makes difficult to control the thickness of the film. For this reason, it is
only possible to select the sensor sensitivity and operation wavelength by
changing the parameters of the ITO coating.
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Another possibility is to find a different material to create the sensitive layer
onto the ITO coating. The structure PAH/PAA presented in section 3.1.2 shows
hydrophilic features and is sensitive to changes in the relative humidity. [6, 10,
68]. As the agarose gel, the PAH/PAA structure changes air by water when the RI
rises, making higher its effective refractive index. But maybe the most important
advantage of this structure is that the thickness of the deposited coating can be
controlled with high accuracy.

To fabricate this humidity sensor, the refractometer based on an ITO coating
with a thickness of 115 nm was used again. Two different sensors were fabricated
by depositing onto the ITO coating two PAH/PAA coatings with different
thickness values (sensor A with 20 bilayers of PAH/PAA and sensor B with 100
bilayers) [66].

Both sensors were tested for RH changes between 20% and 90% for several
cycles using the experimental setup of Fig. 11. In both cases the resonance
wavelength shift as a function of the RH follows perfectly the RH measurements
obtained from the electronic sensor located in the climatic chamber. In addition to
this, the sensor exhibits a fast response to changes in RH as it is shown in Fig. 14.
Sensor A shows a variation of the resonance wavelength in the range studied of 13
nm, which corresponds to a sensitivity of 0.185 nm/RH%.
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Fig. 14. Dynamical response of the sensors to changes in the RH of the external medium: a)
sensor A (20 PAH/PAA bilayers) and b) sensor B (100 PAH/PAA bilayers) [66]
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Similarly, in Fig. 14b, the dynamic response of sensor B to changes in RH from
20% to 90% is shown. As it can be seen, the dynamic range of this sensor in the
studied range is 58 nm, which corresponds to a sensitivity of 0.83 nm/RH%.

This way, sensor B improves the characteristics of sensor A more than four
times enabling the fabrication of OFHS suitable to be used in practical RH
monitoring applications.

4 Conclusions

In this chapter, the theoretical basis of electromagnetic resonances produced when
an optical waveguide is coated by a thin-film has been explained and the
conditions needed to obtain the different types of resonance have been described.
In particular, the phenomenon of Lossy Mode Resonance using an optical fiber
configuration has been presented for the first time in the literature.

In order to distinguish this effect from the Surface Plasmon Resonance, their
properties have been demonstrated.

In addition, the behavior of the different devices based on LMR as
refractometers has been experimentally tested. It was observed that the
wavelength of the LMR is sensitive to the refractive index of the external medium.
In other words, the LMR peaks shift to higher wavelengths when the refractive
index is increased. In addition, the sensitivity of this shift is higher when the
thickness of the coating is lower.

This sensitivity to the refractive index of the external medium opens the door to
a wide range of applications in the optical fiber sensors field. Any of these
refractometers can be coated with a material whose refractive index is sensitive to
a certain magnitude or substance. This way, a variation of this magnitude will
produce a change in the refractive index of the sensitive material and, as a
consequence, a shift in the LMR obtained. Some examples of sensors based on
this technique have been presented and analyzed here in order to demonstrate this
fact. In particular, different optical fiber humidity and pH sensors based on LMR
have been characterized.

To summarize, a new kind of optical fiber sensors have been presented in this
work. Taking into account the success of optical fiber sensors based on SPR, and
due to the fact that some of their limitations are overcome by LMR sensors, this new
phenomenon could be applied in a wide range of applications in the next years.
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