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Abstract: Fiber optic sensors (FOSs) based on the lossy mode resonance (LMR) technique have gained
substantial attention from the scientific community. The LMR technique displays several important
features over the conventional surface plasmon resonance (SPR) phenomenon, for planning extremely
sensitive FOSs. Unlike SPR, which mainly utilizes the thin film of metals, a wide range of materials
such as conducting metal oxides and polymers support LMR. The past several years have witnessed
a remarkable development in the field of LMR-based fiber optic sensors; through this review, we have
tried to summarize the overall development of LMR-based fiber optic sensors. This review article
not only provides the fundamental understanding and detailed explanation of LMR generation but
also sheds light on the setup/configuration required to excite the lossy modes. Several geometries
explored in the literature so far have also been addressed. In addition, this review includes a survey of
the different materials capable of supporting lossy modes and explores new possible LMR supporting
materials and their potential applications in sensing.

Keywords: fiber optic sensors; lossy mode resonance; surface plasmon resonance; sensitivity; thin
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1. Introduction

The exponential progress in optical fiber technology has retriggered the sensing capa-
bilities of optical fiber-based devices [1-3]. These devices have exceptionally advantageous
features such as a resistance to electromagnetic (EM) interference, a light weight, remote
sensing capability, ease of design, the possibility of wavelength multiplexing, and a high
sensitivity with wide detection range [4,5]. The collaboration of nanofilm coating and
optical fibers turns out to be an important aspect in designing fiber optic sensors (FOSs)
with widespread applications in physical, medical, and biochemical sensing [6-8]. Hence,
by making use of the advantageous features of optical fibers and certain resonance tech-
niques, especially lossy mode resonance (LMR) [9], the area of FOSs reaches a level where
miniaturized low-cost devices can be made easily achievable for fast and consistent sensing
applications. In this context, prism/optical fiber-based sensors plays a pivotal role in
utilizing many of these beneficial properties. Prism-based optical sensors need a cum-
bersome experimental setup having larger spot of detection which binds their utility for
sensing the nanosamples. On the other hand, optical sensors engaging an optical fiber
core as a substrate offer several advantages such as high sensitivity, low weight, and easy
handling, besides having high precision, flexibility, compactness, and easy transportation
and being operative in hazardous environments. Due to these valuable features, FOSs are
employed as a substitute for conventional optical sensors. The convention of these FOSs
for the detection of chemical concentration has been described in the literature since the
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1960s [10-13]. These FOSs have also found usage in environmental monitoring [14-18],
biochemical sensing [19-22], and many other applications [23-25]. Since last decade, a
lot of research has been carried out in the field of FOSs, utilizing different fabrication
techniques and sensing principles [26-30]. Out of them, FOSs based on optical resonances
(such as LMR) have drawn much attention owing to their better sensitivity and versatility.
The study of the evolution of FOSs utilizing the LMR technique, leading to better perfor-
mance parameters, is the source of motivation for the present review article. The coating of
nanofilms having a complex refractive index (RI), i.e., a lossy nanocoating on the optical
waveguides, results in the generation of several attenuation bands in the transmission
spectrum, which is described as the mode coupling of the optical waveguide modes and
the lossy modes of the thin semiconducting film [31]. These lossy modes are the guided
modes having a complex effective index, also named as the long-range mode or leaky
modes in the past [32,33]. The realization of LMRs utilizing thin absorbing films was
investigated with the EM theory [34,35]. For the designing of a LMR-based FOS, usually a
small sensing region, by detaching cladding layer from the optical fiber core, is considered.
Subsequently, a thin film of semiconductor/conducting metal oxides (CMOs)/polymer
is coated over the fiber core, for sensing the biochemical analytes. As soon as the light
launched from one end of the optical fiber reaches the sensing region, in the form of the
evanescent tail generated due to the phenomenon of total internal reflection, the sensing
layer causes a variation in some property of the incident light because of the excitation of
lossy modes and, hence, can witness a small change in the surrounding medium RI (SMRI).
The equally important technique used so far is surface plasmon resonance; however, there
are few similarities and contrasts between surface plasmon resonance (SPR) and LMR.
This has regularly created doubts and compelled researchers to become perplexed about
the two, until the first application of LMR was invented [34,36,37]. Villar et al., in 2010,
utilized indium tin oxide (ITO) to study the concept of LMR both experimentally and
theoretically [34]. Subsequently, a lot of fiber optic LMR sensors have been presented in
recent times, by depositing various CMO films, such as ITO [38], indium oxide (InpO3) [39],
titanium dioxide (TiO,) [40], aluminum-doped zinc oxide (AZO) [41], tin oxide (SnO;) [42],
zinc oxide (ZnO) [43], etc., and polymers as well [44]. These materials exhibit more viabili-
ties than the thin film of metals, due to their extraordinary structural, electronic, and surface
properties, besides a larger band gap with tunable conductivity [45,46]. The capability of
CMOs, to act as a coating/lossy material in visible and near-infrared (IR) regions, plays a
crucial role in fiber optic sensing technology. The sensing applications of LMR includes pH
sensors [47-49], antibody sensors [50-53], relative humidity sensors [54,55], liquid salinity
sensors [56], gas sensors [57], and volatile organic compound sensors [58]. It is expected
that, like SPR sensors, sensors based on the LMR technique will also gain popularity among
the scientific/industrial community.

The purpose of this review is to draw attention to the possibilities of using LMR-based
FOSs for various physical, chemical, and gas-sensing applications, as well as to provide a
comprehensive review of the promising results obtained in this field. This review includes
works where the LMR phenomena have been employed for these sensing applications as
well as other research papers that describe some fascinating sensing materials with a high
potential to be used in the development of LMR-based FOSs.

In this review article, starting from the discussion of the basic principle and characteris-
tics of LMR-based sensors, we have provided a detailed literature review of and the current
progress in making LMR-based sensors. In Section 2, we discussed in detail the basic
principle of lossy mode resonances, LMR-generation conditions, and their characteristics.
Besides, we have also discussed the similarities and differences between LMR and SPR
excitations in this section. Section 3 includes a review of the different structures of the
optical fibers, i.e., different designs that have been considered to make LMR-based sensors
so far. These structures include straight core, tapered (uniform and truncated), U-shaped,
and side-polished D-shaped optical fibers. In Sections 4 and 5, we explored the materials
that have the potential to excite the lossy modes, for sensing applications. Finally, the
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conclusions and possible future scopes are provided in the last section. The authors believe
that this review article will pave the way for people who want to begin their research work
in the speedy, developing area of lossy mode resonances for sensing applications.

2. Basic Principle and Characteristics
2.1. Fundamentals

As the light propagation in a waveguide becomes affected, when a thin layer is
deposited over it and if the RI of that coated material has a complex value, then certain
attenuation bands are produced due to the lossy nature. Depending on the type of the
material, waveguide, and sensing medium, the resonance techniques can be classified in
the categories of SPR and LMR, as shown in Table 1. For SPR to occur, the real part of the
dielectric constant of the coated film (¢},) should be negative and higher in magnitude than
its own imaginary part (¢,) as well as the permittivity of the sensing analyte (&5). On the
other hand, LMR is achieved if the real part of the dielectric constant is positive and higher
in magnitude than its own imaginary part. Moreover, if we use metallic nanoparticles
(NPs) instead of a thin metal film, the interaction of the incident light with the metallic NPs
(with a size that is comparable to the wavelength of the incident light) causes the coherent
localized oscillations of free electrons, named as localized surface plasmons. Unlike SPR, in
which coherent oscillations are confined within the metallic film, the coherent oscillations
of electron clouds are localized in the metallic NPs, in the case of localized SPR (LSPR).

Table 1. Resonance condition for thin-film-coated optical waveguides, in which ¢}, and ¢/, denote
the real and imaginary parts of coated material, respectively.

Resonance Conditions

Type of Resonance (Uf ey = !, +i €!')

e, <0

Surface plasmon resonance / "
(SPR) el > lem
|| > les|

/

Lossy mode resonance i ~ 0//
(LMR) el > lem
|| > Jes|

The phenomenon of LMR occurs due to the coupling of optical waveguide mode
and a particular lossy mode of the coated film at a finite thickness. The mode coupling
mainly depends on substantial overlapping between the mode fields and the state of phase
matching [59]. The state of phase matching is attained when the propagation constant
(only real part) of both the waveguide mode and lossy mode matches [60,61]. When lossy
modes are near the mode-cutoff condition, both the conditions are satisfied, and lossy
modes start to guide through the coated film. The cutoff condition is further characterized
by two major parameters, viz. the wavelength of the incident light and the thickness of
the coated film [34]. As a result of lossy mode excitation, sharp minima in the spectrum
of the transmitted light are generated due to the maximum transfer of energy from the
optical waveguide modes to the lossy modes, for a finite value of film thickness at several
wavelengths, as depicted in Figure 1. This shows that multiple LMRs can be generated in
the spectrum, if we increase the thickness of LMR-supported materials. In Figure 1c, the dip
in the transmission spectrum, which is at the higher side of the wavelength region, is due to
the first lossy mode excitation, called the first LMR curve. Similarly, dips on the lower side
of wavelength are due to the excitation of the second and third lossy modes and, hence, are
called the second and third LMR curves, respectively. A detailed analysis of these LMRs
reveals that at higher wavelengths, no mode is guided inside the coated material, but if
we tune to lower wavelength values, the first lossy mode is close to the cutoff condition,
and, hence, the first LMR is visible in the transmission spectrum. If we further tune to
lower wavelength values, a second lossy mode overcomes the cutoff condition and, hence,
becomes guided in the coating. The observed LMR is called a second LMR, because this
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is due to the guidance of the second lossy mode in the thin-film coating, and a similar
explanation is valid for the subsequent LMRs in the transmission spectrum. It should
be noted that once a mode becomes guided in the lossy film, it recovers its original state.
Moreover, these LMRs are strongly dependent on the coated film'’s thickness, and, hence,
the number of LMRs in the transmission spectrum can be increased just by increasing their
thicknesses, but their sensitivity will always be lower than that of the first LMR. Similar
to SPR, LMR-based sensors can function with two kinds of schemes, viz. wavelength
interrogation and angular interrogation.
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Figure 1. Transmission spectra of LMR-based FOS coated with AZO, having thicknesses of (a) 500 nm,
(b) 1000 nm, and (c) 1500 nm. Other parameters that were used: SMRI = 1.333, length of sensing
region = 0.5 cm, numerical aperture = 0.22, and core diameter = 600 um.

2.2. Resemblances and Differences between SPR and LMR

It becomes necessary to identify the similarities and differences between the two kinds
of resonances, i.e., SPR and LMR. Like SPR, LMR also depends on various parameters
such as the SMRI, thickness, and dielectric permittivity of the coated film. Further, both
techniques use the coating of thin films as a sensing layer to excite surface plasmon (SP)
modes/lossy modes, and the substances or medium to be detected are placed around that
coated film. Both these resonance techniques can work on the single sensing principle
and utilize the Kretschmann—Raether configuration. Moreover, in both techniques, it is
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possible to use additional coating layers adhering to the resonance supporting layer for
the detection of various sensing analytes [43]. Finally, the attenuation bands in the spectra
are similar in both kinds of resonances, showing a sharp dip in intensity at the resonance
parameter, and these resonance dips are highly sensitive towards any change in the SMRI.

In terms of differences, the LMR technique supports a wide range of materials includ-
ing the thin film of CMOs or polymers for the fabrication of a fiber optic sensing probe,
whereas SPR needs the thin film of metals for the excitation of SPs. The CMOs are relatively
economical, and researchers have easy access to them, which is also beneficial for the large-
scale production of LMR-based FOSs. To achieve the SPR phenomenon, only transverse
magnetic (TM)-polarized light is used, whereas in LMR both TM and transverse electric
(TE)-polarized light can be considered, which substantially simplifies the experimental
setup. In case of SPR technique, while launching light, the typical range of the incidence
angle is 40° to 75°; however, LMRs are generated by launching the light at the grazing
angle incidence, i.e., the angle approaching to 90° [62,63]. Thus, most experimental work
on LMRs utilizes an optical fiber core instead of an optical prism because, in the latter case,
it becomes very difficult to direct light at around 90° [64].

Further, a notable difference is that unlike SPR, which has only one resonance dip,
the LMR spectrum produces multiple resonance dips and can be tuned by varying the
thickness of the coated film too, without any modifications in the optical fiber geometry.
This means that when a solo parameter is measured, the accuracy of the measurement can
be guaranteed by obtaining information from multiple resonance dips, and, when multiple
parameters are measured, one can obtain a different parameter’s information from the
different resonance dips, which contribute to signal demodulation. This property makes the
LMR technique more suitable for fabricating multi-peak sensors, with a higher sensitivity
and better accuracy [64]. Apart from this, the resonance curves are broader and shallower
in LMR-based FOSs than those in SPR-based FOSs, leading to a decrease in the resolution of
the measurements and, hence, a decrease in the full width at half maximum (FWHM) and
figure of merit (FOM) values. This may be because both TE- and TM-polarized light can
generate LMR, i.e., LMRTp and LMRT). However, due to the smaller value of the imaginary
part of the thin-film RI, the LMRtg and LMRT)y; are located at different wavelengths, and
the largest gap can reach several hundred nanometers.

In addition, the resonance dips in the SPR technique are located in the visible region
of the optical spectrum in general; however, the LMR dips lie in the visible or near-infrared
(IR) regions. Currently, the information transmission of optical fibers lies in the near-IR
region, favoring LMR-based FOSs.

3. Geometrical Considerations

To enhance the performance of fiber optic LMR sensors, various geometries and
configurations of optical fibers have been realized recently, such as straight core op-
tical fibers [39,42,43,55,65-68], tapered fibers [69-75], U-shaped fibers [76], D-shaped
fibers [77-81], etc. In this section, we provided a detailed explanation of various fiber
geometries and the steps involved during their fabrication processes.

3.1. Straight Core Optical Fibers

It is now well-known that the light propagating inside the optical fiber is mainly
comprised of two components, i.e., the guided field in the fiber core and the evanescent
field in the fiber cladding. In an optical fiber, the magnitude of the evanescent field decays
to almost zero within the cladding, and, hence, the light propagating inside the fiber does
not interact with the medium surrounding the optical fiber. This is because optical fibers
were initially used for light propagation and to utilize them in sensing, it is required that
the light should interact with the surrounding medium. The easiest and most reliant way to
fabricate a fiber probe is to use straight- or uniform-core plastic-cladded-silica optical fibers,
such that the removal of the plastic cladding may lead the evanescent field to interact with
the sensing or surrounding medium and, also, raise the penetration depth [82]. For this,
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initially a small portion of cladding from the middle portion of the optical fiber is removed
gently, and then the cladding-etched fiber core is washed continuously with acetone and
distilled water to remove any ionic impurities. The schematic view of an unclad optical
fiber is shown in Figure 2a. After this, using the different thin-film-deposition techniques
such as the thermal evaporation technique, the e-beam technique, dip coating, the layer
by layer (LbL) method, sputtering, etc., a thin film of CMO is coated uniformly over it, for
its usage in LMR sensing [83]. A detailed transmission setup of a fiber optic LMR sensor
is depicted in Figure 3. Sanchez et al. fabricated an optical fiber refractometer utilizing
a thin film of SnO; on a uniform fiber optic probe [42]. They employed the sputtering
technique to coat a continuous and uniform thin film of SnO, (with thicknesses of 55 nm,
594 nm, and 700 nm) on a multimode fiber having a core diameter 200 pm, and the same
was confirmed via scanning electron microscopy (SEM) analysis of the fabricated sensing
probe. The experimental absorption spectra were obtained by using halogen light as the
excitation source launched from one face of the fiber, whereas another end of the fiber
was attached to a spectrometer. The experiment was performed for a wavelength region
of 400-1700 nm and to measure the wavelength shift of LMR absorption peaks, different
solutions of glycerol-water were prepared such that their RI values fell between 1.33-1.473.

Cladding Cladding

Uniform Fiber Core

Cladding — Sensing region «— Cladding

(a)

Cladding Cladding
Fiber Core Fiber Core
Cladding — Sensing region <— Cladding
(b)

Cladding Cladding

Fiber Core Fiber Core
|

Cladding Sensing region Cladding

(c)

Figure 2. Schematic view of LMR-based (a) uniform-core fiber optic probe, (b) tapered-core fiber
optic probe, and (c) uniform-core tapered fiber optic probe.
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Figure 3. A detailed view of transmission setup of fiber optic LMR sensor.

Later, Usha et al. theoretically designed a fiber optic LMR sensor on the concept of
geometrical optics [84]. The study was carried out for different thicknesses of a ZnO layer
coated over the unclad portion of a uniform fiber core, and the thicknesses were optimized
such that multiple LMRs can be achieved in the transmission spectrum. Theoretical analysis
concluded that a fiber optic LMR sensor employing a thin film of ZnO shows better
sensitivity values and, hence, can also be investigated to observe the compatibility of a
nano LMR sensor. More recently, an experimental investigation of LMR generation was
done by depositing a thin film of ZnO over a 4 cm unclad multimoded optical fiber [67]. For
this, the sputtering technique was employed to coat an AZO film of different thicknesses.
The experimentally observed absorption spectra revealed that multiple absorption peaks
of LMR were achieved with an increase in thin the film thickness, and the corresponding
second, third, and fourth LMRs were attained at wavelengths of 1090 nm, 670 nm, and
510 nm, respectively. The first LMR comes from beyond the working wavelength range
and, hence, cannot be measured. Therefore, the absorption spectra, corresponding to the
second, third, and fourth LMRs, were measured as a function of the wavelengths for the
different SMRIs. It was found that each LMR shifted to a higher wavelength value with an
increment in the SMRI, and the maximum wavelength shift is for the second LMR when
compared with the rest of the LMRs. Thus, the fabrication of fiber optic LMR sensors
utilizing these deposition techniques may lead to several new applications because of the
lower cost and the intrinsic properties of such sensors. In 2019, Wang et al. proposed a
fiber optic LMR sensor fabricated with a thin film and SnO, NPs, using the LbL deposition
technique [68]. The optical fiber, having a core diameter of 600 um, 0.37 as its numerical
aperture, and 1.5 cm as the length of its unclad region, was considered for depositing a thin
film over it. The used SnO; film possesses a thickness of 40 nm, and NPs having a particle
size from 50-70 nm further enhanced the sensitivity of the LMR sensor when compared
with the case of one without NPs. The designed LMR sensor shows good repeatability of
the sensing probes, and the theoretical /experimental sensitivity values were attained as
5334 nm/RIU and 4704 nm/RIU, respectively. Furthermore, the LbL method used was
successfully implemented for the fabrication of SnO; thin films in the design of fiber optic
LMR sensors, which also predicts the crucial sensing applications of SnO; in LMR.
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3.2. Tapered Core Optical Fibers

Tapered optical fiber is a special type of geometry that strongly exposes the exponen-
tially decaying evanescent field, to interact with the sensing analytes. Tapering the fiber
also increases the magnitude of the evanescent field and penetration depth, which leads
to the potential applications of optical fiber in the area of sensing [85-87]. The tapering
of optical fibers can be done via etching the cladding portion from the middle of the fiber
and then tapering the unclad fiber core [88]. The fabrication process for tapering the fiber
involves several methods and theories, such as electric arc discharge or heating the fiber
core with a moving burning flame. There are several geometric techniques to enhance the
evanescent field amplitude of FOSs; however, tapering the fiber core is one of the most
useful techniques to be used in LMR-based sensing applications in various laboratories
and industries. The typical view of the commonly used LMR-based tapered fiber probes is
shown in Figure 2b,c. In Figure 2b, the transition tapered region acts as a sensing region,
whereas in Figure 2c the uniform fiber core placed between two identical tapered regions
act as the sensing region. Thus, in a continuous tapered fiber, the diameter of the fiber
core decreases gradually, reaches a constant diameter waist region, and then returns to its
original position.

In 2012, Socorro et al. designed a fiber optic LMR sensor utilizing a thin polymeric film
coated over a tapered single-mode fiber, with an initial core diameter of 8.2 um [70]. The
tapering procedure was done with the help of a traveling burner that contains a tiny flame,
through which the pulling process can be controlled. After tapering, the fiber parameters
were considered to be around 2 pm for the core diameter, 10 mm for the length of the
uniform waist, and 3 mm for the length of the transition taper region. Later, a thin polymeric
film was coated over the fiber cladding, by employing the LbL electrostatic self-assembly
method. In order to observe the LMR transmission spectra, five different PBS solutions
were prepared with pH values ranging between 4.0 and 6.0. From the obtained results, it
was found that the resonance wavelength (RW) shifted to a higher value with the decrease
in pH values, and also the LMR dips lie in the near-IR region. This work presented the
various wavelength values at which the sensor stops after dipping in each pH concentration.
The work made an important conclusion: sensitivity value can be enhanced by reducing
the waist diameter of the tapered fiber core, and, hence, the designed LMR sensor can be
useful for studying the behavior of LMR-based pH sensors. Vikas et al. presented the
design considerations of LMR-based tapered FOSs utilizing ITO and AZO thin films [74].
They considered a step index multimode fiber, with a numerical aperture of 0.22 and a
core diameter of 600 um. Then, a small portion of the cladding (0.5 cm) was removed
from the middle of the optical fiber, and the unclad portion of the fiber was assumed to
be tapered. Figure 4a depicts the structural view of a used tapered-core fiber optic probe,
which only shows the tapered region; however, a complete probe will follow the mirror
image of this. Figure 4b shows the variation of the taper radius s(z), with distance z for
five taper profiles, and the graphical presentation of the sensitivity with the TR along
with the five taper profiles is shown in Figure 4c,d for the first and second LMRs of ITO,
respectively. From the obtained results, it was found that with a rise in TR, the sensitivity
enhances for both LMRs corresponding to the taper profiles. Moreover, it was noticed that
out of five different taper profiles, the maximum sensitivity values were achieved for the
exponential-linear taper profile, whereas the quadratic profile possessed the least values
due to the minimum waist diameter of the exponential-linear taper profile. The above
results concluded that the highest sensitivity value for the exponential-linear taper profile
was observed as 12,005 nm/RIU for the first LMR at a taper ratio (TR) of 1.7, and also
the first LMR showed higher sensitivity values than the second LMR. In another work, a
fiber optic LMR sensor having a uniform core positioned between two similar tapered fiber
regions was studied theoretically [75]. Here, the middle uniform core coated with ITO or
AZO acts as a sensing region; however, the tapered fiber regions were considered in order
to bring the incident angle close to the critical angle, as depicted in Figure 5. In this, a thin
film of metal oxide becomes coated over the uniform fiber core, and, subsequently, this
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layer was kept in direct contact with the sensing region. For ITO, the maximum sensitivity
values for the first and second LMRs were 18,425 nm /RIU and 825 nm/RIU, respectively,
ata TR of 1.6, and the corresponding values for AZO were 790 nm/RIU and 350 nm/RIU,
ata TR of 2.0. A further increment in the TR results in a distorted LMR spectra, and the
sensitivity cannot be calculated. This enhancement in the sensitivity can be clarified from
Figure 5: using taper region 1, the angle of the bounded rays into the optical fiber becomes
closer to the critical angle. This can be obtained by taking the least output diameter of the
taper fiber core that causes the entire bounded ray to propagate inside the sensing region.
Then, after crossing the sensing region, the ray will enter into tapered region 2, which
further converts the angle of the bounded rays to their original values, in order to get the
complete bounded ray at the output end of the optical fiber. If we choose the minimum
value of the core diameter, then no ray will escape out, and a majority of the rays will
propagate with the angle closer to the critical angle, and, hence, the evanescent wave (EW)
will penetrate with a higher penetration depth.
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Figure 4. (a) Structural view of used tapered-core fiber optic probe; (b) variation of the taper radius
s(z) with distance z for five different taper profiles. Graphical presentation of sensitivity with TR
along with five taper profiles for (c) first and (d) second LMR of ITO, respectively. Reproduced with
permission from [74], copyright IOP Publishing.
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Figure 5. Schematic diagram of proposed LMR-based fiber probe having uniform fiber core placed
between two identical tapered regions. Reproduced with permission from [75], copyright IOP
Publishing.

3.3. U-Shaped Optical Fibers

This is a special kind of geometry that is formed by the bending of the optical fibers,
which leads to an increase in the evanescent field’s amplitude, and, hence, an increase
in the penetration depth [89]. It is verified in the literature that a U-shaped fiber probe
possesses better absorption and sensing capabilities when compared with a uniform-
core fiber optic probe of identical dimensions [90]. This is because in a uniform-core
fiber optic probe, the angle of ray propagation remains constant, and, thus, the number
of reflections and absorption coefficient depends only upon the core radius; whereas,
in the case of a U-shaped probe, the angle of ray propagation is not fixed and instead
decreases. Only a few articles related to LMR sensors designed on a U-shaped probe are
available. Paliwal et al. reported the design considerations of a U-shaped LMR sensor
both theoretically and experimentally [76]. To fabricate a U-shaped probe, initially a small
cladding portion was detached from the middle portion of the optical fiber, and then the
cladding-removed portion was bent in the form of the English letter U. After, this a thin
film of a ZnO layer is coated over a U-shaped optical fiber, with various bend diameters,
to generate the LMR curves. To further simplify the model, the study neglected the effect
of the coating on the inner bend because it does not contribute much to the coupling of
the evanescent wave with the lossy modes. The wavelength interrogation scheme was
employed to measure the transmitted light at the output end of the U-shaped optical
fiber. To utilize the sensing probe as a LMR sensor, the experimentally observed sensitivity
values were calculated in terms of the LMR shift, absorbance, and FWHM, which vary in
accordance with the SMRI. If we see the effect of the bending radius on the sensitivity, it
was revealed that the sensitivity increases with a decrease in the bending radius, but after
a specific value the sensitivity values start decreasing. This is because of the overlapping
of the evanescent field, which results in a power transfer between the two arms of the
U-shaped probe, without propagating through the bent region. It was observed that the
U-shaped fiber probe modified with the deposition of a ZnO film results in a six-fold
increment in sensitivity, when comparing with the results obtained for straight-core fiber
optic LMR sensors. The designed U-shaped geometries for LMR sensors can find important
applications in biomedical sensing [91].

3.4. D-Shaped Optical Fibers

A D-shaped optical fiber coated with a nanofilm has shown better sensing capabilities
in various domain of sensors. It is achieved by side polishing the optical fiber segment
and then fabricating it with the deposition of a thin film over it, which results in the better
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interaction of the propagating light and the coating thin film [36]. Related to those of a
LMR sensor, the sensitivity values of D-shaped optical fibers coated with a nanofilm were
achieved in the range of 3000 to 8000 nm/RIU [37,77], but, in recent years, the highest
sensitivities of 15,000 nm/RIU and 300,000 nm/RIU have been achieved when surrounded
with water and a silica RI, respectively [92]. Thus, fiber optic LMR sensors designed on a
D-shaped optical fiber turn out to be a promising structure in Rl-sensing applications. In
a continuation of this, highly sensitive LMR sensors were fabricated experimentally with
the deposition of ITO film over a D-shaped optical fiber for both TM- and TE-polarized
light [77].

Figure 6a represents the experimental setup used for the fabrication process of ITO and
a schematic view of the D-shaped fiber. The used optical fiber is a single-mode D-shaped
fiber polished from one side, having a core diameter of 8 um, and a side-polished length
of 1.7 cm. Later on, a particular fiber was coated with ITO utilizing the DC sputtering
technique and then placed in direct contact with a sensing solution, having different RI
values prepared via the addition of glycerol in water. This experimental setup measures
the response of the output power at different wavelength values (1300 nm and 1500 nm),
in terms of their deposition time, with an interval of 1 s, as shown in Figure 6b. From the
obtained spectra, we noticed that two different wavelength values enable us to measure the
shift in the maximum absorption peaks for various coating thicknesses. It was also observed
that for higher-order LMRs, the separation between LMRtg and LMRry is decreased, and,
at a particular value of film thickness, LMRry approaches to LMRrg. The maximum
sensitivity corresponding to LMRty\; was 8742 nm/RIU, with the SMRI ranging from 1.365
to 1.38, which is much higher than in the case of a SPR-based FOS. In 2017, Villar et al.
reported that the FWHM of the LMR curve for a sensor based on a D-shaped optical fiber
can be minimized by optimizing the width, thickness, and refractive index (imaginary part)
of the coating [78]. Moreover, it was concluded that the need for using a polarizer can
be avoided by fabricating a device in which the resonance bands for both TE- and TM-
polarized light are located at identical wavelengths. Zubiate et al. proposed a LMR device
for the detection of a C-reactive protein (CRP) realized on a D-shaped optical fiber [53]. The
sensor uses the ITO as the LMR’s active material to be coated over the planar region of the
side-polished D-shaped fiber, in order to attain the high sensitivity and selectivity of a LMR
sensor. The sensing layer designed with ITO in that work was further used to measure the
particular interactions among CRP-aptamer and CRP. The obtained results showed that the
RW shift for each CRP concentration leads to the better stability and monotonous response
of the sensor. Moreover, a stable response of the device was noticed during immersion in
CRP and a buffer solution. The study confirmed that the shift in the resonance wavelength
was proportional to the change in the SMRI because of the better interaction of the adapter
chain and protein. The variation of the LMR shift with various concentrations of CRP, urea,
and creatinine showed that a shift in RW is insignificant when the device was dipped in
a solution of urea and creatinine, which means the designed sensor was highly selective
towards the detection of CRP only. More recently, Wang et al. numerically anticipated a
fiber optic LMR sensor employing a D-shaped optical fiber with the bilayer deposition of
TiO, and HfO, [79]. The used optical fiber had a core diameter of 15 um, a hole diameter
of 50 um, and an air holes’ thickness of 10 um, and the distance of its adjacent air holes was
taken as 2 pm. The theoretical analysis for the study of EM field distribution was done
using the finite element method in COMSOL Multiphysics software. The study reported
that a minute change in the SMRI results in a modification in the phase-matching condition
and, hence, produced different lossy spectra. Thus, a little variation in the SMRI can be
measured accurately by precisely locating the shift in peak wavelength. For the designed
D-shaped LMR sensor, the maximum sensitivity was achieved up to 140,000 nm/RIU,
with the SMRI = 1.395. In 2020, Tien et al. experimentally demonstrated a novel RI and
salinity sensor based on the LMR technique, which comprised the combined effect of the
side-polished D-shaped fiber and radio frequency sputtering techniques [81]. The sensor
utilized the thin film of a gallium-doped zinc oxide (GZO) having a thickness of 67 nm,
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which was then coated over a side-polished D-shaped optical fiber. From the obtained
results, it was summarized that a coating of GZO on D-shaped optical fibers is capable of
generating LMR absorption peaks, shifting to a higher wavelength value with an increase
in the SMRI. The maximum value of sensitivity was achieved up to 3637 nm/RIU, in the
RI ranging from 1.333 to 1.392. We studied the different geometries of LMR-based FOSs,
and it was concluded that the designed fiber optic LMR sensors with a nanofilm coating
possess higher sensitivity values and are capable of sensing several chemical species.
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Figure 6. (a) Schematic view of experimental setup for the fabrication process of ITO and D—shaped
fiber; (b) variation of output optical power with deposition time (coating thickness) at 1300 nm and
1550 nm. Reprinted with permission from [77], copyright The Optical Society.

4. Materials Supporting Lossy Modes for Sensing Applications

Unlike SPR, the LMR phenomenon is supported by a wide range of LMR active mate-
rials including various metal oxides such as indium tin oxide (ITO), indium oxide (In,O3),
zinc oxide (Zn0O), tin oxide (SnOy,), titanium oxide (TiOy), etc., and polymers as well. In
recent years, the gas-sensing mechanism of metal oxides has been extensively investigated,
and it is believed that the initial process is the diffusion of the analyte gas from the sur-
rounding medium to the semiconducting metal oxide surface [93]. The second process
involves a charge-transferring interaction between the analyte gas and the metal oxide
surface. This depends on the gas adsorption, the change in charge-carrier concentration
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in propinquity to the oxide surface, and the surface reactions [94]. Lastly, the working
temperature of the sensor plays a crucial role in the formation of reactive species and the
chemisorbed reactive oxygen species’ role, either in the formation of reactive species or in
the chemisorbed reactive oxygen species/ions, per the following reactions [95,96]:

Ogads +€~ = Oj, 4, (< 100 °C)

Og,ge +€~ =207, (100 — 300 °C)

The formation of these oxygen ions results in the capture of electrons from the con-
duction band of the surface layer, determining a change in the conductivity of the metal
oxides [96]. In addition to these metal oxides, there are certain polymers, i.e., polyacrylic
acid (PAA), polyallylamine hydrochloride (PAH), and polystyrene sulfonate (PAS), which
have also been employed in LMR-based sensing in recent times. Therefore, the present
section discusses the detailed explanation of each LMR-supported coated material and
their further utilization in various sensing schemes, as found in the literature.

4.1. Indium Tin Oxide (ITO)

ITO is one of the most recognized CMOs, which has a wide range of applications
in optics and electronics [97]. It is mainly a compound of indium oxide and tin oxide,
having different composition ratios that affect their electrical and mechanical properties.
ITO films are chemically stable in nature and, hence, can simply be coated over an optical
fiber core via several deposition methods. The dispersion curve depicted in [44] confirms
that ITO satisfies the generation condition of both SPR (at a higher wavelength, from
0.4-1.3 um) and LMR (at a wavelength beyond 1.3 um), as discussed above. Moreover, its
conductivity increases further by increasing the thickness of ITO and, hence, results in a
better sensitivity for the LMR sensor, which makes ITO a promising candidate in various
sensing applications. Zamarreno et al. experimentally designed a FOS utilizing a thin film
of ITO coated over a uniform fiber core in the IR region of the optical spectrum [38]. The ITO
layer allowed the coupling of light from the optical waveguide layer to the ITO/sensing
medium as a function of the SMRI. The study showed that a maximum sensitivity of
3125 nm/RIU is achievable, with the utilization of an ITO film that quickly senses the
analyte. In another work, a LMR-based FOS was designed for the detection of thrombin,
by utilizing an aptamer receptor [98]. The designed LMR sensor consisted of a novel
aptamer—polymer structure fabricated over an ITO-coated optical fiber core employing
the LbL electrostatic self-assembly method. The variation in the RI of thrombin, which
acts as a sensing region, results in the wavelength shift of the LMR curves, and, hence, the
designed configuration detected even low (100 nM) and very high (1 uM) concentrations
of thrombin. The fabricated LMR device showed a better response time with a maximum
shift of 3 nm in the RW. Another application of ITO-coated LMR-based FOSs was reported
for the detection of relative humidity (RH) [99]. In that study, a thin coating of ITO was
studied over a cladding-etched multimoded optical fiber, with a core diameter of 200 um
to sense the relative humidity. The sensor, designed with ITO, attained a sensitivity of
0.283 nm/%RH for RH detection, and this value was further enhanced to 0.833 nm/%RH
by coating an addition layer of PAH-PAA over the ITO. In 2013, Corres et al. proposed a
LMR-based tunable filter with the multilayer deposition of ITO/PVDE/ITO over a plastic-
clad silica (PCS) multimoded optical fiber [100]. The initially used ITO layer generated
the LMRs in the spectrum and also acted as a first electrode; the PVDF layer tuned the
filter, and the second ITO layer allowed for the measurement of the variation in its RI as
a function of the applied voltage, in order to attain a high sensitivity, i.e., 0.4 nm/V. In
a similar study of electrochemical processes, an ITO layer was coated over the fiber core
and was applied as a working electrode in a cyclic voltammetry setup [101]. The results
concluded that any change in applied voltage corresponding to the ITO surface resulted in
a substantial variation in the LMR response. Additionally, a fiber optic LMR sensor coated
with ITO film can be considered as a dual-domain sensor, when operated with the optical
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and electrochemical processes [102]. Soon after this, an ITO-coated RI sensor based on
LMR was designed, employing angular and wavelength interrogation techniques [103].
The authors reported the maximum value of sensitivity as 4652 nm/RIU, by inserting an
additional low-index matching layer. In a similar study, it was shown that a particular
thickness of ITO can generate both SPR and LMR in the wavelength range of 450 to 2000 nm,
which can be further used in optical sensing [104-109]. Recently, a fiber optic LMR sensor
coated with ITO thin film was used for the detection of hydrogen (H;) gas sensing [57].
The reported work compared the performance of a designed sensor by fabricating three
different fiber optic probes, i.e., a fiber core coated with ITO film, ITO nanoparticles, and a
combined layer of ITO film/NPs. A schematic view of an experimental gas-sensing system
is depicted in Figure 7. It was observed that the corresponding values of sensitivity were
0.32, 0.58, and 0.71 nm/ppm, respectively, showing that the additional layer of NPs over
the thin film greatly enhances the sensitivity of the H, gas sensor. Moreover, an ITO-coated
fiber optic LMR sensor was utilized for the fabrication of a lubricant oil degradation sensor
at room temperature [110]. The designed sensor was capable of sensing the oil degradation,
by locating the wavelength shift in the LMR spectra as a function of the SMRI, and achieved
a maximum sensitivity of 0.15 x 1073 nm/h.

4 % Hz2 + 96 % N2 Gas
/ Vacuum gauge
Gas gauge Computer

————— Spectrometer
Al —

Source Microscope Objective

Figure 7. A schematic view of experimental gas-sensing system for designing LMR-based hydrogen
gas sensor. Reproduced with permission from [57], copyright IOP Publishing.

In the same year, Torres et al. presented a Kretschmann-configuration-based LMR/SPR
sensor coated with an ITO thin film over a fiber core [62]. It was reported that the ITO was
capable of generating LMR resonances for both TE- and TM-polarized light, with sensitivity
values of 700 and 1200 nm/RIU, respectively. On the other hand, the corresponding value
of sensitivity for SPR was 8300 nm/RIU, for a change of 1.47 in the SMRI. Recently, fiber
optic LMR sensors for real-time monitoring of ketoprofen were anticipated by fabricating
a thin ITO film over 2.5 cm long photonic crystal fiber (PCF) [111]. It was revealed that
the spectral response of an ITO-based LMR sensor is strongly dependent on the electro-
chemical modification of its surface by ketoprofen, which is effective for the real-time
monitoring of ketoprofen. The maximum sensitivity values were attained as 1400 nm /M
and 16,400 a.u./M for the RW and transmission shifts, respectively. Moreover, the working
range of the designed sensor was 0.25-250 pgmL ! for ketoprofen concentration, which can
also be used for its detection at therapeutic and toxic levels. Another important application
of an ITO-based fiber optic LMR sensor is the detection of femtomolar concentration in
human serum, which was reported by Chiavioli et al., in 2018 [112]. The experimental study
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showed that the detection limit of a designed LMR sensor was enhanced by three times,
when compared with the existing optical fiber configurations. More recently, a LMR-based
FOS was theoretically realized by depositing a 90 nm ITO film over a tapered-core fiber
optic probe using an N-layer matrix model with a wavelength interrogation scheme [74].
The thickness of the ITO film was optimized in order to attain a high RI sensitivity, and
the results were compared with a SPR-based sensor with a similar fiber configuration.
Since the first LMR is always more sensitive than the rest of the lower-order LMRs, thus,
the calculation was completed only for the first two LMRs obtained in the transmission
spectrum. Figure 8a depicts the transmission curves for a LMR-based FOS coated with
an ITO film at a taper ratio of 1.0, for two different SMRIs. It is clearly visible that the
corresponding LMR shift was higher in the case of the first LMR, with a variation of 0.002 in
the SMRI, and the sensitivity values corresponding to each LMR were calculated separately,
as shown in Figure 8b. Finally, the study concluded that the designed LMR sensor showed
up to a 2.5-times increment in sensitivity, when compared with the SPR-based fiber optic
configuration, and, hence, ITO comes out to be a better LMR-supported coating material,
with its various sensing applications. Table 2 shows the detailed summary of an ITO-coated
fiber optic LMR sensor, as discussed above.
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Figure 8. (a) Transmission curves for LMR-based FOS coated with ITO film at taper ratio 1.0, for two
different SMRIs. (b) Sensitivity evaluation for first and second LMRs with taper ratio. Reproduced
with permission from [74], copyright IOP Publishing.

Table 2. Detailed summary of fiber optic LMR sensors for a wide range of coated materials, several
geometries, and their utilization in various sensing schemes.

Con fl:igtl)ler;tion Type of Study  Coated Material Pi::rii:t%r Range of RI 2: :lei?:::; Spect(r;llnl){ange Ref.
200 um CRMOF Experimental ITO RI 1.321-1.436 3125 nm/RIU 900-1500 [38]
200 um CRMOF ~ Experimental Pfg_‘i‘,‘;‘h RH 1.32-1.40 0.833 nm/%RH 500-1700 [99]
200 um CRMOF  Experimental 1 0.4 PVDF Voltage - 04 nm/V 500-1000 [100]
400 um CRMOF Experimental ITO Voltage 1-1.4296 10 mVs ™1 400-900 [101]
600 pum CRMOF Experimental ~ ITO and ITO NPs H, gas - 0.71 nm/ppm 350-700 [57]
200 pum CRMOF Experimental IT/SnO, Turbine oil - 0.27 x 1073 nm/h 1000-1700 [110]
400 um CRMOF Experimental ITO Ketoprofen - 1400 nm/M 400-1000 [111]

Tapered Theoretical ITO/AZO RI 1.33-1.34 12,005 nm/RIU 500-2500 [74]
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Table 2. Cont.

Fiber . Sensing Maximum Spectral Range
Configuration Type of Study  Coated Material Parameter Range of RI Sensitivity (am) Ref.
200 um CRMOF Experimental In, O3 RI 1.333-1.392 4068 nm/RIU 500-1700 [113]
200 um CRMOEF Experimental In, O3 RI 1.32-1.37 4926 nm/RIU 400-1700 [39]
. In203 and o,
200 um CRMOF Experimental RH 1.32-1.40 0.935 nm/%RH 500-1700 [99]
PAH-PSS
200 pm Experimental In,O RI 1.332-1.407 5680 nm/RIU 400-1700 [114]
CRMOF P 23 Raal
600 pm . 2937
CRMOF Experimental In, O3 RI 1.33-1.39 nm/RIU 400-700 [115]
600 um . Zn0O and ZnO 1.49 )
CRMOF Experimental NPs H,S gas - nm/ppm 400-1000 [43]
600 pm . ZnO and ZnO 4.14
CRMOF Experimental nanorods H,S gas - nm/ppm 350-650 [116]
600 um . ZnO and . 12.86 nm/log
CRMOF Experimental ZnO-PPY Cortisol - 350-900 [51]
Theoretical
U-shaped and ZnO RI 1.33-1.42 900 nm/RIU 350-500 [76]
Experiment
600 pm . Urinary } 11.86 x
CRMOF Experimental ZnO and MoS, p-cresol nm/uM 300-700 [83]
CRMOF Theoretical ZnO and HfO, Pressure 1.33-1.45 2 uM/MPa 400-1000 [117]
SM-MM-SM Experimental AZO RI 1.365-1.40 1214.7 nm/RIU 400-2500 [118]
200 pum .
CRMOF Experimental AZO RI 1.33-1.45 2280 nm/RIU 450-900 [67]
200 um Theoretical
s and TiO; and PSS RI 1.33-1.43 2872.73 nm/RIU 400-1500 [40]
CRMOF R
Experiment
200 Theoretical
Hm and TiO, and PSS RI 1.321-1.421 4000 nm/RIU 400-1500 [119]
CRMOF .
Experiment
CRMOF Theoretical ITO and TiO, RI 1.331-1.436 23,000 nm/RIU 400-2000 [120]
Tapered Theoretical AZO and TiO, RI 1.34-1.45 9000 nm/RIU 400-800 [72]
200 um Experimental TiO; and PSS RH - 3.54 nm/%RH 1150-1650 [121]
CRMOF P 2 '
Tapered Experimental TiO, and NH - 10,000 nm/ppm 600-1000 [73]
p p Porphyrin 3 ! pp
D-shaped Experimental TiO, RI 1.333-1.398 4122 nm/RIU 900-1700 [122]
TiO, and HfO,
D-shaped Theoretical and Rubber RI 1.33-1.39 67,000 nm/RIU 600-2000 [123]
Polymer
Etched SMF ETheo.rY N Sn0O, RH - 1.9 nm/%RH 1300-1700 [55]
xperiment
200 um Experimental SnO RI 133-141 5390 nm/RIU 450-1650 [42]
CRMOF p 2 oo
D-shaped Experimental SnO, RI 1.441-1.449 106 nm/RIU 1150-1650 [124]
. SnO; NPs and . 1
CRMOF Experimental o-Fe@Sn CS Arsenite - 1.31 nm/ugL 350-650 [125]
MM-Creless Experimental SnO, IsG ; 0.6 mg/L 400-1600 [126]
200 pm Theory + 36.67 nm/pH,
CRMOF Experiment PAH-PAA pH ) pH=3to6 400-1000 [127]
200 pm . PAH-PAA and 67.35 nm/pH, )
CRMOF Experimental AuNPs pH - pH=4106 450-1000 [49]
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Table 2. Cont.

Fiber . Sensing Maximum Spectral Range
Configuration Type of Study  Coated Material Parameter Range of RI Sensitivity (am) Ref.
200 pm . PAH-PAA and o
CRMOF Experimental AgNPs RH - 0.0943 nm/%RH 400-1100 [128]
200 pm . o
CRMOF Experimental PAH-PAA RH - 0.56 nm/%RH 500-800 [129]
200 um Experimental PAH-GNR@PSS RH - 11.2 nm/%RH 400-1000 [130]
CRMOF P :
D-shaped Experimental 1GZO Salinity - 0.8 nm/SU 900-1700 [56]
D-shaped Experimental 1GZO RI 1.39-1.42 12929 nm/RIU 1150-1650 [80]
200 um Experimental GO-PEI RI 1.33-1.42 12460 nm/RIU 400-900 [131]
CRMOF xperimenta . . nm 2
200 um Experimental CuO RI 1.3335-1.4075 7324 nm/RIU 400-1550 [132]
CRMOF P : : -
é?z(l)vg; Experimental 70, RI 141-143 880 nm/RIU 400-900 [133]

4.2. Indium Oxide (In,O3)

In; O3 is another CMO material that often displays transparency in the visible wave-
length regime, which is mostly utilized in batteries, solar cells, and optical coatings [134].
In the early part of the 20th century, InpO3; was reported as being used for the detection of
NO; gas, with the chemisorption process over its surface having a concentration of up to
5 ppm [135].

The real and imaginary parts of the RI of In,O3 are depicted in Figure 9, which
shows that InyOj3 satisfied the condition of LMR in the plotted wavelength region [136].
The first application of InpO3; in LMR-based optical fiber refractometers was reported by
Zamarreno et al., in 2010 [113]. The designed sensor showed a maximum RI sensitivity of
4068 nm /RIU, for a variation between 1.333-1.392 in the SMRI. In their another work, the
authors presented the design considerations of a fiber optic LMR sensor utilizing an In,O3
film for both TM- and TE-polarized light, and the corresponding sensitivity values were
4255 nm/RIU and 4926 nm/RIU, respectively [39].
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Figure 9. The variation of real and imaginary parts of RI of In,O3, with wavelength. Reproduced
with permission from [136], copyright IOP Publishing.
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The study also considered the effect of coating thickness on the sensitivity of the sensor,
and, for the same purpose, three different probes were fabricated of varied thicknesses,
i.e.,, 25 nm, 49 nm, and 86 nm, over an optical fiber core. In a study where an ITO film
was coated over an optical fiber core for the fabrication of a RH sensor, the employment of
InyO5 for a similar purpose was also discussed [99]. A thin film of InyO3 with a thickness
of 85 nm was deposited over a multimoded optical fiber, which resulted in two sharp
LMR dips in the transmission spectra. This layer was then coated with a polymeric
coating to enhance the response of the RH sensor. This resulted in a maximum sensitivity
of 0.935 nm/%RH, corresponding to the TE-polarized mode, which was higher than in
the case of an ITO-coated RH sensor (0.833 nm/%RH). Sanchez et al. demonstrated a
highly sensitive LMR-based optical fiber refractometer, by depositing an In,O3 film over
a cladding-removed fiber core via the DC sputtering technique [114]. Figure 10 depicts
the absorption peaks observed from the device having different coating thickness (70 nm,
300 nm, and 690 nm) in the visible and near-IR regions of the wavelength. For the designed
sensor, the maximum sensitivity was 5680 nm/RIU, corresponding to first LMR when
the SMRI changes from 1.332 to 1.407. Further analysis of the In,O3 coating in LMR
sensing was carried out theoretically, using modal analysis and experimental results that
showed a better agreement with the theoretical results [35]. More recently, Verma et al.
experimentally designed a LMR-based RI sensor with the deposition of InyOj3 over a fiber
core and compared the results with those obtained for SPR sensors [115]. Results confirmed
that fiber optic probes having a 100 nm In,O3; deposition possess two times better the
sensitivity than fiber probes having a silver (Ag) film.
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Figure 10. Absorption peaks observed from the device having different coating thickness ((a) 70 nm,
(b) 300 nm, and (c) 690 nm). Reprinted with permission from [114].

Finally, we concluded that the fiber optic LMR sensors based on an In,Os coating
found less utilization, when compared with ITO and other materials. This may be due to
the presence of the more significant compounds formed by the additional doping of tin,
gallium, and zinc, which possess better catalytic and electrical properties [137]. A detailed
summary of the In,O3-coated fiber optic LMR sensor and its important applications are
presented in Table 2.

4.3. Zinc Oxide (ZnO)

The next material that fulfils the generation condition of LMR is zinc oxide, or the
compounds formed via doping in it.

Zinc oxide belongs to the CMOs group, which has a better absorption band in the
ultraviolet—visible region of the optical spectrum and, hence, turns out to be a promising
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material in optical applications [138]. Apart from this, it possesses various significant
properties such as a high transparency, wide band gap, better thermal conductivity, and
higher carrier mobility, which makes it a suitable material in the field of electronics and
sensing [139,140]. The dispersion curves for ZnO are depicted in Figure 11, which confirm
that it acts as a LMR active material in the visible region and satisfies the SPR condition
in the near-IR region of the wavelength. The first LMR sensor that utilized ZnO as a
transducing material was reported by Andreev et al., who observed a sensitivity value
of 1700 nm/RIU for a variation between 1.333-1.450 in the SMRI [37]. However, the
primary experimental investigation of a fiber optic LMR sensor utilizing ZnO as a thin
LMR coating material was reported in 2015 [43]. The authors presented the fabrication
and characterization techniques of fiber optic LMR sensors for hydrogen sulphide (H;S)
gas detection. Fiber optic probes were fabricated by coating a thin film of ZnO and ZnO
nanoparticles over an unclad portion of the fiber core. The ZnO layer used reacts with H,S,
which resulted in the change of the dielectric constant of ZnO. To fabricate the fiber probe,
a PCS multimode fiber with a core diameter 600 um was used, and then a 12 nm ZnO film
was coated over a cladding-etched uniform fiber core employing a thermal-evaporation-
based vacuum coating unit. The fiber probe was then coated with ZnO nanoparticles by
dipping it into solution of ZnO NPs. To realize the fabricated fiber probe as a LMR sensor,
the experiments were performed with several concentrations (10-100 ppm) of H,S gas, and
the corresponding LMR absorption spectra were recorded. The results showed that with an
increase in H,S gas concentration, the absorbance and, hence, wavelength corresponding
to the maximum absorbance increases. This is due to the modification in both the real and
imaginary parts of permittivity, as well as the RI of ZnO when it comes in contact with H,S
gas. The corresponding variation of the peak LMR wavelength with the H,S concentration
revealed that the LMR wavelength shows a non-linear increment with an increase in the
H,S concentration. Thus, it was concluded that the designed LMR sensor for H,S gas
detection shows a better selectivity, and the same is verified by completing the experiment
with different gases.
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Figure 11. Dispersion curves for ZnO. Reprinted with permission from [84], copyright The Optical
Society.

In another work, the combination of a ZnO thin film and nanorods was used for the
fabrication of LMR-based H,S gas detection [116]. It was found that a fiber optic probe
modified with an additional layer of ZnO nanorods over a thin film turns out to be more
sensitive (4.14 nm/ppm) than a fiber probe without the ZnO nanorods (2.35 nm/ppm),
for the detection of HyS gas. Apart from gas sensing, a novel fiber optic cortisol sensor
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was designed, by utilizing the combined effect of LMR and the molecular imprinting
(MIP) of the ZnO nanocomposite layer and polypyrrole (PPY) [51]. Different solutions
of cortisol in artificial saliva were prepared, having a concentration range between 0 and
10~¢ g/mL. From the obtained results, it was concluded that a nanocomposite having a 20%
concentration of ZnO in PPY gives the maximum value of sensitivity for the detection of
cortisol. A similar kind of study was carried out for the diagnosis of urinary p-cresol, using
nanocomposite of ZnO/MoS, and a MIP polymer fabricated over a LMR-based optical fiber
core [83]. The fabricated fiber optic probes were tested for the detection of p-cresol, with a
solution that was prepared in artificial urine having a concentration range of 0-1000 uM. By
optimizing the various fabrication parameters, the maximum sensitivity was 11.86 nm/uM,
with a detection limit of 28 nM and a response time of 15 s. ZnO thin films are also utilized
for the fabrication of fiber optic LMR pressure sensors [117]. In this work, the authors
theoretically proposed the fabrication of a HfO, overlay on top of a ZnO thin film, to attain
the maximum sensitivity values. For the designed configuration, a sensitivity of 2 um/MPa
was detected when a LMR-based refractometer was inserted in a rubber block, with an RI
that was dependent on the applied pressure. It is to be noted that some coating materials
synthesized via doping in ZnO have also been studied in recent years, for the development
of fiber optic LMR sensors. As studied in the case of ITO [74,141-144], a similar calculation
was done for AZO, when coated over a tapered fiber core, for the realization of LMR-based
RI sensors. For the proposed LMR sensor, the highest sensitivity values corresponding
to the first and second LMRs were 515 nm/RIU and 235 nm/RIU, respectively. In an
experimental study, AZO films were coated over a multimoded optical fiber to investigate
the LMR effect [118]. The AZO films were coated by using a RF magneton sputtering
technique, and the corresponding optical transmission spectrum with a variation in the
SMRI was measured at the output end of the optical fiber. Figure 12 shows the variation
of the RW, with a different concentration of isopropyl alcohol/glycerine, for the proposed
fiber structure. For the designed sensor, a maximum value of RI sensitivity was observed
to be 1214.7 nm/RIU, with a thin AZO film doped with 8% aluminum, whereas the lowest
sensitivity, of 937.8 nm/RIU, was achieved for a cladding-removed multimode optical fiber
(CRMOF) with a 2% aluminum-doped AZO film. In a similar study, an AZO-coated fiber
optic LMR sensor was demonstrated experimentally to further enhance the sensitivity of
the LMR sensor, and the results demonstrated a sensitivity value of 2280 nm/RIU in the
near-IR wavelength region [67]. A detailed summary of a ZnO-coated fiber optic LMR
sensor, with its configuration and important applications, is presented in Table 2.
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4.4. Titanium Oxide (TiO,)

It was noted that when an additional layer of TiO; thin film was deposited over an
AZO-coated tapered-tip fiber, it significantly enhanced the performance of LMR-based
refractometers [72]. However, TiO is itself a unique CMO for the evolvement of fiber optic
LMR sensors because of its higher value of RI and lower value of extinction coefficient
(Figure 13), which satisfy the resonance condition to generate LMRs. Moreover, the thin-
film deposition of TiO, is easily achievable by employing several thin-film deposition
techniques such as LbL and sputtering, which further enhance the capability of TiO; in RI
and biosensing applications.
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Figure 13. Dispersion curves for TiO, /PSS. Reprinted with permission from [119], copyright The
Optical Society.

The first theoretical and experimental investigation of a TiO; thin film to be used as
a LMR active material to generate multiple resonances was reported in 2010 [40]. The
study consisted of bilayers of TiO, /PSS nanocoating over a multimoded optical fiber,
using LbL deposition technique that provided a smooth and homogenous coating, which
also leads to the generation of several resonances in a wide wavelength range, from
ultraviolet to the IR region of the optical spectrum. At the output end of the optical fiber,
the transmission spectra were measured as a function of the wavelength for the different
thicknesses of the TiO, /PSS bilayers. During this procedure, the effective bilayer thickness
was measured by dividing the coating thickness by the number of bilayers coated after
the end of the deposition process, and the maximum value of the RI sensitivity turns
out to be 2872.73 nm/RIU, with a 460 nm coating thickness. In a similar kind of study,
Zamarreno et al. presented the fabrication techniques for the TiO, /PSS bilayers when
coated over a side-polished D-shaped fiber [145]. It was reported that the number of
produced LMRs are thickness-dependent and very sensitive, so a small change in the SMRI
permits their employment as refractometers. Additionally, the results were obtained for
both TM- and TE-polarized light, which results in a LMR shift of 226 nm and 56 nm for the
first- and second-order LMRs, respectively. Later on, Villar et al. discussed the optimization
of various parameters to develop highly sensitive fiber optic LMR sensors utilizing various
nanocoatings [119]. A thin film of TiO, was also used as an additional layer, over ITO and
AZO, to theoretically enhance the performance of the designed LMR sensors [72,120]. It
was revealed that an additional layer of TiO; over ITO results in a two-fold increment in
sensitivity, when compared with a LMR sensor without TiO,, and this value can be tuned
just by varying the total bilayer thickness and the bilayer ratio of ITO/TiO,. Further, TiO,-
based LMR sensors were utilized in RH sensing by considering thin films of TiO, and PSS,
which were coated over a single-mode-multimode-single-mode optical fiber device and a
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LMR-based device, simultaneously [121]. The study performed the utilization of designed
fiber configuration in RI and RH sensing. From results it was attained that the RI and RH
sensitivities corresponding to single-mode-multimode-single-mode configuration turn out
to be 142 nm/RIU and 0.3 nm/RH%; whereas the corresponding values for a LMR-based
device were observed to be 955 nm/RIU and 3.54 nm/RH%, respectively. After this, a
highly sensitive ammonia (NH3) sensor was reported with a nanocoating of TiO, film and
porphyrin as a functional material over a tapered-core fiber optic probe [73]. It was revealed
that a change in the RI of the coated material, due to the interaction of porphyrin with NH3,
resulted in a variation in the LMR wavelength. Thus, by measuring the LMR shift in the
transmission spectrum, a low concentration of NHj3 in water (0.1 ppm) can be measured
with a response time of 30 s and a detection limit of 0.16 ppm. The sensitivity of LMR-based
optical fiber refractometers using TiO, was further enhanced to 4122 nm/RIU, for the SMRI
ranging from 1.333 to 1.398 [122]. The sensor utilized a D-shaped optical fiber with the
deposition of a TiO, film over its polished surface, with a residual thickness of 72 pm, and
then it was placed in contact with the sensing medium of a varied RI. More recently, a
novel LMR-based pressure sensor was realized theoretically on a microstructure optical
fiber [123]. The designed fiber configuration uses the deposition of a TiO, /HfO, /rubber
polymer over an exposed core PCF, and the air holes were assumed to be filled with
liquid. The maximum RI sensitivity value of the LMR sensor was 67,000 nm/RIU, in
the RI ranging from 1.33 to 1.39, and, more importantly, the pressure sensitivity for the
bilayers” TiO, /HfO, configuration comes out to be 5 pm/MPa. A thorough summary of
the TiO,-nanocoating-based fiber optic LMR sensor and its few applications are presented
in Table 2.

4.5. Tin Oxide (SnO;)

Tin oxide (SnOy,), also known as stannic oxide, has been recently studied for designing
LMR-based FOSs because of its ability to generate LMRs. In the literature, it was revealed
that the nanocoating of SnO; is very sensitive to any change in the humidity condition
surrounding it; therefore, SnO; is utilized as a coating material for humidity sensors [55].
A fabricated optical fiber humidity sensor was verified in a climate chamber to detect the
response towards a percentage change in RH. It was observed that when the concentra-
tion of RH varies from 20-90%, a variation of more than 130 nm was noted in the RW,
which gives rise to a maximum sensitivity value of 1.9 nm/%RH. Apart from RH sensing,
5nO,-based LMR sensors were also utilized for NHj3 gas sensing because the interaction of
SnO, with NHj results in the variation of its RI [122,123,146]. Further, a fiber optic LMR
sensor, with the utilization of a SnO; thin film in RI-sensing applications, provides a high
sensitivity value of 5390 nm /RIU, which is much higher in comparison with the values of
other LMR sensors [42]. The reason for this higher value is because of the higher RI value of
5nO; when compared with other CMOs such as InyO3 and TiO,. In a recent investigation
of a SnO,-based LMR refractometer, by means of a D-shaped optical fiber, it exhibited a
sensitivity of more than 106 nm/RIU, as measured by a picometer resolution detector [124].
The study also considered the effect of coated film thickness and the effect of using both
TM- and TE-polarized light on the sensitivity of the designed LMR sensor. Moreover,
a fiber optic LMR sensor was fabricated for the detection of arsenic, by utilizing SnO,
thin film/NPs coated over a cladding-etched optical fiber core [125]. The experimental
results demonstrated that the highest sensitivity value, of 1.31 nm/pgL !, can be achieved
near a zero concentration of arsenic (III), which then starts decreasing with an increase
in concentration because of the presence of a finite number of active sites available on
the surface. Further, the other performance parameters of the designed sensor were also
measured such as the stability, response time of the sensor, and selectivity of the fiber optic
probes. More recently, Vicente et al. proposed a SnO,-coated LMR sensor, by utilizing a
novel optical fiber structure, and attained the RI sensitivity values of 7364.93 nm/RIU
and 708.57 nm/RIU, corresponding to the first and second LMRs, respectively [126]. The
designed sensor was further utilized for the detection of IgG concentration, with a concen-
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tration range in between 1-40 mg/L with a detection limit of 0.6 mg/L. A full summary of
the SnO,-coated fiber optic LMR sensor with its important sensing applications is presented
in Table 2.

4.6. Polymers

In the literature, it was found that apart from CMOs there are certain polymers that
satisfy the generation condition of LMR such as polyallylamine hydrochloride (PAH),
polyacrylic acid (PAA), and polystyrene sulfonate (PSS). It was reported that the LbL
deposition of PAH/PAA results in the generation of LMRs, whereas PSS was utilized in a
LbL combination with TiO;, in order to attain resonances [145,147]. The ionic conductivity
of these polymers can be varied depending upon several parameters such as the RI of the
sensing medium, the pH, and the humidity; due to these parameters, polymers have found
their usefulness in various RI, humidity, and pH sensors [128,148,149]. As a result, when a
light propagating through a waveguide interacts with a polymeric film, its conductivity
changes, hence, resulting in the excitation of the various lossy mode inside it. Here, we will
discuss some fiber optic LMR sensors that have utilized the polymer either as a LMR active
material or a recognition element. A fiber optic LMR sensor utilizing a thin polymeric
film for pH sensing was first reported by Zamarreno et al. [127]. Their designed scheme
used a thin film of PAH and PAA as a coating, with a thickness that varied in accordance
with the pH of the solution. For sensor fabrication, a cladding-etched portion of fiber was
attached to a U-shaped holder, to avoid any bending or damage to the sensing region.
After this, a thin film of polymer was coated over the fiber core using the LbL electrostatic
self-assembly method. For the designed sensor, the absorption spectra were measured
as a function of the wavelength, when the number of PAH/PAA bilayers were increased
from 1 to 100. The study concluded that the designed LMR-based pH sensor possessed
a maximum sensitivity of 0.027 pH units/nm, for pHs of 3 and 6, with an accuracy of
£0.001 pH units. Soon after this, polymeric films were utilized in the fabrication of fiber
optic LMR sensors for the detection of immunoglobulin G [147]. The study involved the
deposition of a PAH /PSS polymeric film on a cladding-etched optical fiber core using
the LbL deposition technique, and the results demonstrated that a shift of 10 nm in the
LMR wavelength is detected, while sensing the immunoglobulins with a response time
of 12 min and a concentration of 50 ug/mL. In another work, the same authors designed
a high-sensitivity fiber optic pH sensor based on the LMR technique, by utilizing a PAH
and PAA thin polymeric film coated over a tapered fiber core [70]. For the designed pH
sensor, the maximum wavelength shift reached up to 200 nm for a pH ranging from 4.0 to
6.0 with a resolution of 0.05 units of pH, and the corresponding response time reached 60 s.
Another pH sensor was reported by Rivero et al., utilizing AuNPs into a polymeric LbL
coating [49]. They reported that the designed fiber optic LMR sensor showed a dynamic
range of 134.7 nm for a pH between 4.0 and 6.0, whereas the LSPR band showed a dynamic
range of 1.50 nm only within the same pH range. Moreover, pH sensitivity corresponding
to LMR sensors was observed as 67.35 nm/pH unit, which is much higher in comparison
with the sensitivity obtained from LSPR (0.75 nm/pH unit). Another sensing application of
thin polymeric-film-based LMR sensors is the RH, which is also studied in the literature.
Rivero et al. fabricated an optical fiber RH sensor utilizing a thin polymeric film doped
with AgNPs based on the LMR and LSPR techniques [128]. It was revealed that a polymeric
coating with a combination of AgNPs is more sensitive to RH changes, when compared
to the results with a polymeric layer only. Moreover, the monitoring of human breathing
showed a high sensitivity, of 0.0943 nm/RH%, for the designed fiber optic LMR sensor. In
a similar study, the sensitivity values corresponding to the first and second LMRs were
0.56 nm/RH% and 0.3 nm/RH%, respectively, for RH sensing [147]. In 2017, Urrutia et al.
presented a polymeric-film-based LMR sensor, in which Au nanorods were embedded
in a thin polymeric film by employing the LbL self-assembly deposition technique [130].
The combined layers of polymeric film and Au nanorods, with different thicknesses, were
coated over a cladding-etched portion of the optical fiber, and the spectral response was
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monitored. The fabricated LMR sensor was tested in a chamber having a RH range between
20-90%, and it was observed that a high sensitivity of 11.2 nm/%RH can be achieved with
LMR sensing. A thorough summary of thin polymeric-film-coated fiber optic LMR sensors
with their significant sensing applications is presented in Table 2.

4.7. Other Materials

Until now, we have presented a detailed account of the most commonly employed
LMR supporting materials for the fabrication of FOSs and their utilization in various
sensing schemes. This has included several CMOs and polymeric films that possess several
important characteristics, in terms of their dispersion relation, and thin-film deposition
is also easily achievable for these materials. Apart from these materials, there are some
significant oxide materials that have gained considerable attention in the field of fiber optic
LMR sensing such as indium-gallium-zinc-oxide (IGZO), graphene oxide (GO), copper
oxide (CuO), hafnium dioxide (HfO,), zirconium dioxide (ZrO;), aluminum oxide (Al,O3),
niobium pentoxide (Nb;Os), tantalum oxide (TayOs), etc. Tien et al. reported a LMR-based
liquid salinity sensor utilizing a thin film of IGZO over a D-shaped single-mode optical
fiber [48]. An IGZO thin film with a thickness of 100 nm was coated over the side-polished
surface of a fiber via the RF magnetron sputtering technique. To measure the RW shift in
the transmission spectra, different solutions of liquid salinities were prepared and placed
around the sensing layer. For the designed liquid salinity sensor, the highest sensitivity
was 0.80 nm/SU (salinity unit). In a similar study for IGZO, a maximum sensitivity of
12,929 nm/RIU was reported for the SMRI ranging from 1.39 to 1.42 [80]. It is clearly visible
that with an increase in the thickness of the IGZO film, the RW shifted to higher wavelength
values, resulting in better sensitivity values. Another important material that has been
utilized recently in fiber optic LMR sensing is GO. A LMR-based FOS employing a thin
GO film was reported, in 2019, by Hernaez et al. [131]. In that study, thin films of GO and
polyethyleneimine (PEI) were deposited over a fiber core via the LbL deposition technique.
In addition, the study involved the fabrication and characterization of two different devices
employing 8 and 20 bilayers of thin films. The corresponding values of sensitivity with
eight bilayers were 12,247 nm/RIU and 12,460 nm/RIU, for the increased and decreased
SMRISs, respectively, with a resolution of 8 x 10~° RIU. Similarly, the equivalent values
of sensitivity for 20 bilayers were 2517 nm/RIU and 2631 nm/RIU, respectively, with a
resolution of 3.8 x 10~# RIU. In another study, a copper(Il) oxide based fiber optic LMR
sensor was proposed for Rl-sensing applications [132]. The study revealed that a CuO thin
film is capable of exciting the LMR in both the visible and near-IR wavelength regions,
which also gives rise to better sensing capabilities. After optimizing, the certain parameters’
highest sensitivity for the designed LMR sensor was 7324 nm/RIU, which means that
a CuO-fabricated LMR sensor can also be found to be useful in sensing applications.
Additionally, HfO,- and ZrO,-based fiber optic LMR sensors were fabricated over a fiber
core via the ALD technique and showed satisfactory sensing properties [133].

5. Conclusions and Future Prospects

This review article presented a comprehensive (but not critical) review of fiber optic
LMR sensors. We started with a brief introduction of the evolution of optical sensing, origin
of lossy guidance in a waveguide through a thin conducting film, and developmental
history of fiber optic LMR sensors. We discussed the characteristics of LMRs and the
setup of and configuration for designing LMR sensors and also differentiated LMR from
the well-established SPR phenomenon. We also provided a detailed explanation of the
geometry /structure of the optical fiber probes supporting LMR. Finally, we made a detailed
analysis of LMR-supported coated materials and their utilization in various physical,
chemical, and biosensing applications.

Since LMR-based FOSs are still an emerging field of research, it should be noted that a
lot of studies have been performed during the last decade. This shows that LMR sensing
has stood up as a tough competitor to well-established optical sensing technologies such



Micromachines 2022, 13, 1921 25 of 30

as SPR, LSPR, and long-period fiber gratings. As discussed in previous sections, different
configurations and geometries of optical fibers have been realized, which revealed that
an adequate choice of fiber structure permits us to attain the reduced width of the LMR
spectrum and, hence, an increased resolution of the designed sensor. However, optical
fiber structures such as tapered tip, photonic crystal fiber, hollow core fiber, and bend
fibers are still unexplored regarding experimental LMR sensing and, hence, need to be
explored more in the future because these configurations have already been studied for
SPR sensing. Out of several coated materials, ITO-based fiber optic LMR sensors produce a
better performance and also become interesting because of their dual nature of generating
resonances. However, there is a wide scope in the future to further explore the materials
that are suitable for generating LMRs and their deposition techniques over a fiber substrate,
to characterize the best-suited LMR sensor. At present, fiber optic LMR sensors are mainly
utilized in refractometer sensing because finding a decent refractometer creates the need to
design chemical sensors and biosensors. Apart from this, fiber optic LMR sensors have also
been exploited in gas, RH, and voltage sensing applications. However, LMR-based FOSs
can be better applied in biotechnology, food safety measurements, medical diagnostics,
temperature measurements, and environmental monitoring. We believe that the present
review article is worthy enough for scholars/scientists and can be useful for them in better
understanding fiber optic LMR sensors and their development status.

Author Contributions: Conceptualization, V. and R K.V.; methodology, V. and R K.V.; writing—original
draft preparation, V.; writing—review and editing, SK.M., AK.M., PS. and R.K.V,; visualization,
S.K.M. and A.K.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: The author Vikas would like to acknowledge the Department of Science and
Technology (DST), India, for funding the INSPIRE fellowship (Registration No. IF170543). In addition,
this work is partially supported by DST SERB CRG/2020/005593, India.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arregui, FJ.; Matias, L.R.; Goicoechea, J.; Villar, I.D. Optical fiber sensors based on nanostructured coatings. In Sensors Based on
Nanostructured Materials; Arregui, EJ., Ed.; Springer: Berlin, Heidelberg, 2009; pp. 275-301, ISBN 978-1-4419-4601-0.

2. Matias, LR.; Ikezawa, S.; Corres, J. Fiber Optic Sensors: Current Status and Future Possibilities, 1st ed.; Springer International
Publishing: Cham, Switzerland, 2017.

3. Wei, L,; Tjin, S.C. Special Issue “Fiber Optic Sensors and Applications: An Overview”. Sensors 2020, 20, 3400. [CrossRef] [PubMed]

4.  Lee, B; Roh, S.; Park, J. Current status of micro- and nano-structured optical fiber sensors. Opt. Fiber Technol. 2009, 15, 209-221.
[CrossRef]

5. Cusano, A.; Lpez-Higuera, ].M.; Matias, .R.; Culshaw, B. Editorial optical fiber sensor technology and applications. IEEE Sens. .
2008, 8, 1052-1054. [CrossRef]

6. Lee, B. Review of the present status of optical fiber sensors. Opt. Fiber Technol. 2003, 9, 57-79. [CrossRef]

7. Udd, E.; Spillman, W.B,, Jr. Fiber Optic Sensors: An Introduction for Engineers and Scientists; John Wiley & Sons: Hoboken, NJ,
USA, 2011.

8.  Kim, S; Lee, ].; Jeon, H.; Kim, H.J. Fiber-coupled surface-emitting photonic crystal band edge laser for biochemical sensor
applications. Appl. Phys. Lett. 2009, 94, 13-133503. [CrossRef]

9.  Ogzcariz, A.; Zamarreno, C.R.; Arregui, FJ. A comprehensive review: Materials for the fabrication of optical fiber refractometers
based on lossy mode resonance. Sensors 2020, 20, 1972. [CrossRef] [PubMed]

10.  Wolfbeis, O.S. Fiber-optic chemical sensors and biosensors. Anal. Chem. 2006, 78, 3859-3874. [CrossRef]

11. Stewart, G.; Jin, W.; Culshaw, B. Prospects for fibre-optic evanescent-field gas sensors using absorption in the near-infrared. Sens.
Act. B Chem. 1997, 38, 42-47. [CrossRef]

12.  Chan, K;; Ito, H.; Inaba, H. An optical-fiber-based gas sensor for remote absorption measurement of low-level CHy gas in the
near-infrared region. Journal of Lightwave Tech. 1984, 2, 234-237. [CrossRef]

13.  Wang, X.; Wolfbeis, O.S. Fiber-optic chemical sensors and biosensors (2015-2019). Anal. Chem. 2020, 92, 397-430. [CrossRef]

14. Holst, G.; Mizaikoff, B. Chapter: Fiber optic sensors for environmental applications. In Handbook of Optical Fiber Sensing Technology,

1st ed.; John Wiley & Sons: Hoboken, NJ, USA, 2002.


http://doi.org/10.3390/s20123400
http://www.ncbi.nlm.nih.gov/pubmed/32560254
http://doi.org/10.1016/j.yofte.2009.02.006
http://doi.org/10.1109/JSEN.2008.927415
http://doi.org/10.1016/S1068-5200(02)00527-8
http://doi.org/10.1063/1.3114405
http://doi.org/10.3390/s20071972
http://www.ncbi.nlm.nih.gov/pubmed/32244678
http://doi.org/10.1021/ac060490z
http://doi.org/10.1016/S0925-4005(97)80169-4
http://doi.org/10.1109/JLT.1984.1073609
http://doi.org/10.1021/acs.analchem.9b04708

Micromachines 2022, 13, 1921 26 of 30

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dietrich, A.M.; Jensen, ].N.; da Costa, W.F. Chemical species. Water Environ. Res. 1996, 68, 391-406. [CrossRef]

Schweizer, G.; Latka, I.; Lehmann, H.; Willsch, R. Optical sensing of hydrocarbons in air or in water using UV absorption in the
evanescent field of fibers. Sens. Act. B Chem. 1997, 38, 150-153. [CrossRef]

Mizaikoff, B.; Taga, K.; Kellner, R. Infrared fiber optic gas sensor for chlorofluorohydrocarbons. Vib. Spectrosc. 1995, 8, 103-108.
[CrossRef]

Joe, H.E.; Yun, H.; Jo, S.H.; Jun, M.B.G.; Min, B.K. A review on optical fiber sensors for environmental monitoring. Int. J. Precis.
Eng. Manuf.-Green Tech. 2018, 5, 173-191. [CrossRef]

Rowe-Taitt, C.A.; Ligler, E.S. Fibre optic biosensors. In Handbook of Optical Fibre Sensing Technology; John Wiley & Sons: Hoboken,
NJ, USA, 2001.

Ferguson, J.A.; Boles, T.C.; Adams, C.P.; Walt, D.R. A fiber-optic DNA biosensor microarray for the analysis of gene expression.
Nat. Biotechnol. 1996, 14, 1681-1684. [CrossRef] [PubMed]

Healy, B.G.; Li, L.; Walt, D.R. Multianalyte biosensors on optical imaging bundles. Biosens. Bioelectron. 1997, 12, 521-529.
[CrossRef]

Barker, S.L.R.; Kopelman, R.; Meyer, T.E.; Cusanovich, M.A. Fiber-optic nitric oxide-selective biosensors and nanosensors. Anal.
Chem. 1998, 70, 971-976. [CrossRef]

Kuzubasoglu, B.A.; Bahadir, S.K. Flexible temperature sensors: A review. Sens. Act. A Phys. 2020, 315, 112282. [CrossRef]
Ascorbe, |.; Corres, ].M.; Arregui, EJ.; Matias, .R. Recent developments in fiber optics humidity sensors. Sensors 2017, 17, 893.
[CrossRef]

Tan, ].Y.; Ng, S.M.; Stoddart, PR.; Chua, H.S. Trends and Applications of U-Shaped Fiber Optic Sensors: A Review. IEEE Sens. .
2020, 21, 120-131. [CrossRef]

Goicoechea, J.; Zamarreno, C.R.; Matias, L.R.; Arregui, FJ. Utilization of white light interferometry in pH sensing applications by
mean of the fabrication of nanostructured cavities. Sens. Act. B Chem. 2009, 138, 613-618. [CrossRef]

Corres, ].M.; Matias, LR ; Villar, LD.; Arregui, FJ. Design of pH sensors in long-period fiber gratings using polymeric nanocoatings.
IEEE Sens. ]. 2007, 7, 455-463. [CrossRef]

Larrion, B.; Hernaez, M.; Arregui, FJ.; Goicoechea, J.; Bravo, J.; Matias, I.R. Photonic crystal fiber temperature sensor based on
quantum dot nanocoatings. J. Sens. 2009, 2009, 932471. [CrossRef]

Polynkin, P,; Polynkin, A.; Peyghambarian, N.; Mansuripur, M. Evanescent field-based optical fiber sensing device for measuring
the refractive index of liquids in microfluidic channels. Opt. Lett. 2005, 30, 1273-1275. [CrossRef] [PubMed]

Lee, B.H.; Kim, Y.H.; Park, K.S.; Eom, ].B.; Kim, M.].; Rho, B.S.; Choi, H.Y. Interferometric fiber optic sensors. Sensors 2012, 12,
2467-2486. [CrossRef]

Marciniak, M.; Grzegorzewski, J.; Szustakowski, M. Analysis of lossy mode cut-off conditions in planar waveguides with
semiconductor guiding layer. IEE Proc. J. (Optoelectron.) 1993, 140, 247-252. [CrossRef]

Yang, F.; Sambles, ].R. Determination of the optical permittivity and thickness of absorbing films using long range modes. .
Modern Opt. 1997, 44, 1155-1163. [CrossRef]

Batchman, T.E.; Mcwright, C.M. Mode coupling between dielectric and semiconductor planar waveguides. IEEE Trans. Microw.
Theory Tech. 1982, 30, 628-634. [CrossRef]

Villar, I.D.; Zamarrefio, C.R.; Hernaez, M.; Arregui, EJ.; Matias, .R. Lossy mode resonance generation with indium-tin-oxide-
coated optical fibers for sensing applications. J. Lightwave Technol. 2010, 28, 111-117. [CrossRef]

Corres, ].M.; Villar, I.D. Arregui, FJ.; Matias, LR. Analysis of lossy mode resonances on thin-film coated cladding removed plastic
fiber. Opt. Lett. 2015, 40, 4867-4870. [CrossRef]

Andreev, A.; Pantchev, B.; Danesh, P.; Zafirova, B.; Karakoleva, E.; Vlaikova, E.; Alipieva, E. A refractometer sensor using
index-sensitive mode resonance between single-mode fiber and thin film amorphous silicon waveguide. Sens. Act. B Chem. 2005,
106, 484-488. [CrossRef]

Andreev, A.; Zafirova, B.S.; Karakoleva, E.; Dikovska, A.O.; Atanasov, P.A. Highly sensitive refractometers based on a side-
polished single-mode fibre coupled with a metal oxide thin-film planar waveguide. . Opt. A Pure Appl. Opt. 2008, 10, 035303.
[CrossRef]

Zamarreno, C.R.; Hernaez, M.; Villar, .D.; Matias, I.R.; Arregui, FJ. ITO coated optical fiber refractometers based on resonances in
the infrared region. IEEE Sens. |. 2010, 10, 365-366. [CrossRef]

Zamarreno, C.R; Sanchez, P.; Hernaez, M.; Villar, 1.D.; Valdivielso, C.F.; Matias, I.R. Sensing properties of indium oxide coated
optical fiber devices based on lossy mode resonances. IEEE Sens. J. 2012, 12, 151-155. [CrossRef]

Hernaez, M.; Villar, I.D.; Zamarreno, C.R.; Arregui, E].; Matias, I.R. Optical fiber refractometers based on lossy mode resonances
supported by TiO; coatings. Appl. Opt. 2010, 49, 3980-3985. [CrossRef]

Paliwal, N.; John, ]J. Sensitivity enhancement of aluminium doped zinc oxide (AZO) coated lossy mode resonance (LMR) fiber
optic sensors using additional layer of oxides. In Frontiers in Optics; JTu3A-40; Optical Society of America: Tucson, AZ, USA, 2014.
[CrossRef]

Sanchez, P.; Zamarreno, C.R.; Hernaez, M.; Matias, LR.; Arregui, EJ. Optical fiber refractometers based on Lossy Mode Resonances
by means of SnO, sputtered coatings. Sens. Act. B Chem. 2014, 202, 154-159. [CrossRef]

Usha, S.P.,; Mishra, S.K.; Gupta, B.D. Fiber optic hydrogen sulfide gas sensors utilizing ZnO thin film/ZnO nanoparticles: A
comparison of surface plasmon resonance and lossy mode resonance. Sens. Act. B Chem. 2015, 218, 196-204. [CrossRef]


http://doi.org/10.2175/106143096X135254
http://doi.org/10.1016/S0925-4005(97)80185-2
http://doi.org/10.1016/0924-2031(94)00077-T
http://doi.org/10.1007/s40684-018-0017-6
http://doi.org/10.1038/nbt1296-1681
http://www.ncbi.nlm.nih.gov/pubmed/9634851
http://doi.org/10.1016/S0956-5663(97)00009-2
http://doi.org/10.1021/ac970706k
http://doi.org/10.1016/j.sna.2020.112282
http://doi.org/10.3390/s17040893
http://doi.org/10.1109/JSEN.2020.3014190
http://doi.org/10.1016/j.snb.2009.02.045
http://doi.org/10.1109/JSEN.2007.891933
http://doi.org/10.1155/2009/932471
http://doi.org/10.1364/OL.30.001273
http://www.ncbi.nlm.nih.gov/pubmed/15981504
http://doi.org/10.3390/s120302467
http://doi.org/10.1049/ip-j.1993.0040
http://doi.org/10.1080/09500349708230726
http://doi.org/10.1109/TMTT.1982.1131108
http://doi.org/10.1109/JLT.2009.2036580
http://doi.org/10.1364/OL.40.004867
http://doi.org/10.1016/j.snb.2004.09.002
http://doi.org/10.1088/1464-4258/10/3/035303
http://doi.org/10.1109/JSEN.2009.2034628
http://doi.org/10.1109/JSEN.2011.2142181
http://doi.org/10.1364/AO.49.003980
http://doi.org/10.1364/FIO.2014.JTu3A.40
http://doi.org/10.1016/j.snb.2014.05.065
http://doi.org/10.1016/j.snb.2015.04.108

Micromachines 2022, 13, 1921 27 of 30

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Paliwal, N.; John, J. Lossy mode resonance (LMR) based fiber optic sensors: A review. IEEE Sens. J. 2015, 15, 5361-5371. [CrossRef]
Korotcenkov, G. Metal oxides for solid-state gas sensors: What determine our choice. Mater. Sci. Eng. B 2007, 139, 1-23. [CrossRef]
Grundmann, M.; Frenzel, H.; Lajn, A.; Lorenz, M.; Schein, E; Wenckstern, H.V. Transparent semiconducting oxides: Materials and
devices. Phys. Status Solidi A 2010, 207, 1437-1449. [CrossRef]

Socorro, A.B,; Villar, 1.D.; Corres, ].M.; Arregui, FJ.; Matias, I.R. Lossy mode resonance-based pH sensor using a tapered single
mode optical fiber coated with a polymeric nanostructure. Sensors 2011, 238-241. [CrossRef]

Zubiate, P.; Zamarreno, C.R,; Villar, .D.; Matias, L.R.; Arregui, EJ. Tunable optical fiber pH sensors based on TE and TM Lossy
Mode Resonances (LMRs). Sens. Act. B Chem. 2016, 231, 484-490. [CrossRef]

Rivero, PJ.; Goicoechea, ].; Hernaez, M.; Socorro, A.B.; Matias, I.R.; Arregui, EJ. Optical fiber resonance-based pH sensors using
gold nanoparticles into polymeric layer-by-layer coatings. Microsystem Tech. 2016, 22, 1821-1829. [CrossRef]

Gupta, B.D.; Usha, S.P,; Shrivastav, A.M. A.M. A novel approach of LMR/MIP for optical fiber based salivary cortisol sensor. In
CLEO: Science and Innovations; JTu5A-145; Optical Society of America: San Jose, CA, USA, 2016. [CrossRef]

Usha, S.P,; Shrivastav, A.M.; Gupta, B.D. A contemporary approach for design and characterization of fiber-optic-cortisol sensor
tailoring LMR and ZnO/PPY molecularly imprinted film. Biosens. Bioelectron. 2017, 87, 178-186. [CrossRef] [PubMed]

Usha, S.P; Shrivastav, A.M.; Gupta, B.D. Silver nanoparticle noduled ZnO nanowedge fetched novel FO-LMR based H,O,
biosensor: A twin regime sensor for in-vivo applications and H,O, generation analysis from polyphenolic daily devouring
beverages. Sens. Act. B Chem. 2017, 241, 129-145. [CrossRef]

Zubiate, P.; Zamarreno, C.R.; Sanchez, P.; Matias, I.R.; Arregui, F.J. High sensitive and selective C-reactive protein detection by
means of lossy mode resonance based optical fiber devices. Biosens. Bioelectron. 2016, 93, 176-181. [CrossRef]

Ascorbe, J.; Corres, ].M.; Arregui, FJ.; Matias, LR. Optical fiber humidity sensor based on a tapered fiber asymmetrically coated
with indium tin oxide. IEEE Sens. 2014, 1916-1919. [CrossRef]

Ascorbe, J.; Corres, ].M.; Matias, LR.; Arregui, FJ. High sensitivity humidity sensor based on cladding-etched optical fiber and
lossy mode resonances. Sens. Act. B Chem. 2016, 233, 7-16. [CrossRef]

Tien, C.L.; Mao, H.S; Lin, H.Y.; Sun, W.S. Liquid salinity sensor based on D-shaped single mode fibers coated with In-Ga-Zn-O
thin film. In Proc. of SPIE; International Society for Optics and Photonics: Bellingham, WAS, USA, 2016; Volume 10150. [CrossRef]
Mishra, S.K.; Usha, S.P.; Gupta, B.D. A lossy mode resonance-based fiber optic hydrogen gas sensor for room temperature using
coatings of ITO thin film and nanoparticles. Meas. Sci. Technol. 2016, 27, 045103. [CrossRef]

Socorro, A.B.; Corres, ].M.; Villar, 1.D.; Arregui, FJ.; Matias, I.R. Inmunoglobulin G sensors by means of lossy mode resonances
induced by a nanostructured polymeric thin-film deposited on a tapered optical fiber. In Proceedings of the Trends in Nano
Technology Conference, Madrid, Spain, 10-14 September; 2012.

Arregui, EJ.; Villar, 1.D.; Corres, ].M.; Goicoechea, ]J.; Zamarreno, C.R; Elosua, C.; Hernaez, M.; Rivero, PJ.; Socorro, A.B.; Urrutia,
A.; et al. Fiber-optic lossy mode resonance sensors. Procedia Eng. 2014, 87, 3-8. [CrossRef]

Golant, E.I; Golant, K.M. Fields and modes in thin film coated optical waveguides. In Proceedings of the 2019 Photonlcs &
Electromagnetics Research Symposium-Spring (PIERS-Spring), Rome, Italy, 17-20 June 2019; pp. 725-732. [CrossRef]

Golant, E.I; Pashkovskii, A.B.; Golant, K.M. Lossy mode resonance in an etched-out optical fiber taper covered by a thin ITO
layer. Appl. Opt. 2020, 59, 9254-9258. [CrossRef]

Torres, V.; Beruete, M.; Sdnchez, P; Villar, I.D. Indium tin oxide refractometer in the visible and near infrared via lossy mode and
surface plasmon resonances with Kretschmann configuration. Appl. Phys. Lett. 2016, 108, 043507. [CrossRef]

Villar, I.D.; Torres, V.; Beruete, M. Experimental demonstration of lossy mode and surface plasmon resonance generation with
Kretschmann configuration. Opt. Lett. 2015, 40, 4382-4739. [CrossRef] [PubMed]

Fuentes, O.; Villar, L.D.; Corres, ].M.; Matias, .LR. Lossy mode resonance sensors based on lateral light incidence in nanocoated
planar waveguides. Sci. Rep. 2019, 9, 8882. [CrossRef] [PubMed]

Elousa, C.; Arregui, FJ.; Zamarreno, C.R; Bariain, C.; Luquin, A.; Laguna, M.; Matias, I.R. Volatile organic compounds optical
fiber sensors based on lossy mode resonances. Sens. Act. B Chem. 2012, 173, 523-529. [CrossRef]

Elousa, C.; Vidondo, I.; Arregui, FJ.; Bariain, C.; Luquin, A.; Laguna, M.; Matias, I.R. Lossy mode resonance optical fiber sensor to
detect organic vapors. Sens. Act. B Chem. 2013, 87, 65-71. [CrossRef]

Ozcariz, A.; Azamar, D.A.P.; Zamarreno, C.R.; Dominguez, R.; Arregui, FJ. Aluminum doped zinc oxide (AZO) coated optical
fiber LMR refractometers—An experimental demonstration. Sens. Act. B Chem. 2019, 281, 698-704. [CrossRef]

Wang, Q.; Li, X.; Zhao, W.M,; Jin, S. Lossy mode resonance-based fiber optic sensor using layer-by-layer SnO, thin film and SnO,
nanoparticles. Appl. Surf. Sci. 2019, 492, 374-381. [CrossRef]

Socorro, A.B,; Villar, 1.D.; Corres, ] M.; Arregui, EJ.; Matias, I.R. Influence of waist length in lossy mode resonances generated
with coated tapered single-mode optical fibers. IEEE Photonics Tech. Lett. 2011, 23, 1579-1581. [CrossRef]

Socorro, A.B.; Villar, I.D.; Corres, ] M.; Arregui, EJ.; Matias, I.R. Tapered single mode optical fiber pH sensor based on lossy mode
resonances generated by a polymeric thin film. IEEE Sens. J. 2012, 12, 2598-2603. [CrossRef]

Zhu, S.; Pang, F; Huang, S.; Zou, F; Dong, Y.; Wang, T. High sensitivity refractive index sensor based on adiabatic tapered optical
fiber deposited with nanofilm by ALD. Opt. Express 2015, 23, 13880-13888. [CrossRef] [PubMed]

Paliwal, N.; John, J. Theoretical modeling and investigations of AZO coated LMR based fiber optic tapered tip sensor utilizing an
additional TiO, layer for sensitivity enhancement. Sens. Act. B Chem. 2017, 238, 1-8. [CrossRef]


http://doi.org/10.1109/JSEN.2015.2448123
http://doi.org/10.1016/j.mseb.2007.01.044
http://doi.org/10.1002/pssa.200983771
http://doi.org/10.1109/ICSENS.2011.6127143
http://doi.org/10.1016/j.snb.2016.03.024
http://doi.org/10.1007/s00542-016-2857-8
http://doi.org/10.1364/CLEO_AT.2016.JTu5A.145
http://doi.org/10.1016/j.bios.2016.08.040
http://www.ncbi.nlm.nih.gov/pubmed/27551998
http://doi.org/10.1016/j.snb.2016.10.067
http://doi.org/10.1016/j.bios.2016.09.020
http://doi.org/10.1109/ICSENS.2014.6985405
http://doi.org/10.1016/j.snb.2016.04.045
http://doi.org/10.1117/12.2243813
http://doi.org/10.1088/0957-0233/27/4/045103
http://doi.org/10.1016/j.proeng.2014.11.253
http://doi.org/10.1109/PIERS-Spring46901.2019.9017760
http://doi.org/10.1364/AO.401495
http://doi.org/10.1063/1.4941077
http://doi.org/10.1364/OL.40.004739
http://www.ncbi.nlm.nih.gov/pubmed/26469608
http://doi.org/10.1038/s41598-019-45285-x
http://www.ncbi.nlm.nih.gov/pubmed/31222069
http://doi.org/10.1016/j.snb.2012.07.048
http://doi.org/10.1016/j.snb.2012.09.046
http://doi.org/10.1016/j.snb.2018.10.158
http://doi.org/10.1016/j.apsusc.2019.06.168
http://doi.org/10.1109/LPT.2011.2164520
http://doi.org/10.1109/JSEN.2012.2198464
http://doi.org/10.1364/OE.23.013880
http://www.ncbi.nlm.nih.gov/pubmed/26072758
http://doi.org/10.1016/j.snb.2016.07.032

Micromachines 2022, 13, 1921 28 of 30

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

Tiwari, D.; Mullaney, K.; Korposh, S.; James, S.W.; Lee, S.W.; Tatam, R.P. An ammonia sensor based on lossy mode resonances on
a tapered optical fibre coated with porphyrin-incorporated titanium dioxide. Sens. Act. B Chem. 2017, 242, 645-652. [CrossRef]
Vikas; Verma, R K. Sensitivity enhancement of a lossy mode resonance based tapered fiber optic sensor with an optimum taper
profile. J. Phys. D Appl. Phys. 2018, 51, 415302. [CrossRef]

Vikas; Walia, K.; Verma, R.K. Lossy mode resonance-based uniform core tapered fiber optic sensor for sensitivity enhancement.
Commun. Theor. Phys. 2020, 72, 095502. [CrossRef]

Paliwal, N.; Punjabi, N.; John, J.; Mukherji, S. Design and fabrication of lossy mode resonance based U-shaped fiber optic
refractometer utilizing dual sensing phenomenon. J. Light. Tech. 2016, 34, 4187-4194. [CrossRef]

Zubiate, P.; Zamarreno, C.R.; Villar, I.D.; Matias, LR.; Arregui, EJ. High sensitive refractometers based on lossy mode resonances
(LMRs) supported by ITO coated D-shaped optical fiber. Opt. Express 2015, 23, 8045-8050. [CrossRef]

Villar, I.D.; Zubiate, P.; Zamarreno, C.R.; Arregui, FJ.; Matias, I.R. Optimization in nanocoated D-shaped optical fiber sensors.
Opt. Express 2017, 25, 10473-10756. [CrossRef]

Wang, X.Z.; Wang, Q. Theoretical analysis of a novel microstructure fiber sensor based on lossy mode resonance. Electronics 2019,
8, 484. [CrossRef]

Ozcariz, A.; Dominik, M.; Smietana, M.; Zamarreno, C.R,; Villar, ID.; Arregui, EJ. Lossy mode resonance optical sensors based on
indium-gallium-zinc oxide thin film. Sens. Act. A Phys. 2019, 290, 20-27. [CrossRef]

Tien, C.R.; Mao, T.C.; Li, C.Y. Lossy mode resonance sensors fabricated by RF magnetron sputtering GZO thin film and D-shaped
fibers. Coatings 2020, 10, 29. [CrossRef]

Pollock, C.R. Fundamentals of optoelectronics; Richard d Irwin: Homewood, IL, USA, 1995.

Usha, S.P.; Gupta, B.D. Urinary p-cresol diagnosis using nanocomposite of ZnO/MoS; and molecular imprinted polymer on
optical fiber based lossy mode resonance sensor. Biosens. Bioelect. 2018, 101, 134-145. [CrossRef] [PubMed]

Usha, S.P.; Gupta, B.D. Performance analysis of zinc oxide-implemented lossy mode resonance-based optical fiber refractive
index sensor utilizing thin film/nanostructure. Appl. Opt. 2017, 56, 5716-5725. [CrossRef]

Mignani, A.G.; Falciai, R.; Ciaccheri, L. Evanescent wave absorption spectroscopy by means of bi-tapered multimode optical
fibers. Appl. Spectros. 1998, 52, 546-551. [CrossRef]

Mackenzie, H.S.; Payne, F.P. Evanescent field amplification in a tapered single-mode optical fiber. Electron. Lett. 1990, 26, 130-132.
[CrossRef]

Guo, S.P; Albin, S. Transmission property and evanescent wave absorption of cladded multimode fiber tapers. Opt. Express 2003,
11, 215-223. [CrossRef] [PubMed]

Birks, T.A.; Li, YYW. The Shape of Fiber Tapers. |. Light. Technol. 1992, 10, 432-438. [CrossRef]

Littlejohn, D.; Lucas, D.; Han, L. Bent silica fiber evanescent absorption sensors for near infrared spectroscopy. Appl. Spectrosc.
1999, 53, 845-849. [CrossRef]

Khijwania, S.].; Gupta, B.D. Fiber optic evanescent field absorption sensor: Effect of fiber parameters and geometry of the probe.
Opt. Quantum Elect. 1999, 31, 625-636. [CrossRef]

Gupta, B.D.; Dodeja, H.; Tomar, A.K. Fiber-optic evanescent field absorption sensor based on a U-shaped probe. Opt. Quantum
Elect. 1999, 28, 1629-1639. [CrossRef]

Arregui, EJ.; Villar, LD.; Zamarreno, C.R.; Zubiate, P.; Matias, I.R. Giant sensitivity of optical fiber sensors by means of lossy
mode resonance. Sens. Act. B Chem. 2016, 232, 660-665. [CrossRef]

Shankar, P; Rayappan, J.B.B. Gas sensing applications of metal oxides—A review. Sci. Lett. ]. 2015, 4, 126.

Barsan, N.; Weimar, U. Conduction model of metal oxide gas sensor. J. Electroceramics 2001, 7, 143-167. [CrossRef]

Li, Z.; Li, H.; Wu, Z.; Wang, M.; Luo, J.; Torun, H.; Hu, P;; Yang, C.; Grundmann, M.; Liu, X,; et al. Advances in designs and
mechanisms of semiconducting metal oxide nanostructures for high-precision gas sensor operated at room temperature. Mater.
Horiz. 2018, 6, 470-506. [CrossRef]

Lin, T; Lv, X;; Hu, Z.; Xu, A.; Feng, C. Semiconductor metal oxides as chemoresistive sensors for detecting volatile organic
compounds. Sensors 2019, 19, 233. [CrossRef]

Chopra, K.L.; Das, S.R. Why thin film in solar cells? In Thin Film Solar Cells; Springer: Boston, MA, USA, 1983; pp. 1-18. [CrossRef]
Razquin, L.; Zamarreno, C.R.; Munoz, E]J.; Matias, L.R.; Arregui, EJ. Thrombin detection by means of an aptamer based sensitive
coating fabricated onto LMR-based optical fiber refractometer. Sens. IEEE 2012, 1-4. [CrossRef]

Sanchez, P.; Zamarreno, C.R.; Hernaez, M.; Villar, I.D.; Valdivielso, C.F; Matias, I.R.; Arregui, FJ. Lossy mode resonances toward
the fabrication of optical fiber humidity sensors. Meas. Sci. Tech. 2011, 23, 014002. [CrossRef]

Corres, ]. M.; Ascorbe, J.; Arregui, FJ].; Matias, L.R. Tunable electro-optic wavelength filter based on lossy-guided mode resonances.
Opt. Express 2013, 21, 31668-31677. [CrossRef]

Smietana, M.; Sobaszek, M.; Michalak, B.; Niedziatkowski, P.; Biatobrzeska, W.; Koba, M.; Sezemsky, P.; Stranak, V.; Karczewski, J.;
Ossowski, T.; et al. Optical monitoring of electrochemical processes with ITO-based lossy-mode resonance optical fiber sensor
applied as an electrode. J. Light. Tech. 2018, 36, 954-960. [CrossRef]

Niedziatkowski, P; Biatobrzeska, W.; Burnat, D.; Sezemsky, P.; Stranak, V.; Wulff, H.; Ossowski, T.; Bogdanowicz, R.; Koba, M.;
Smietana, M. Electrochemical performance of indium-tin-oxide-coated lossy-mode resonance optical fiber sensor. Sens. Act. B:
Chem. 2019, 301, 127043. [CrossRef]


http://doi.org/10.1016/j.snb.2016.11.092
http://doi.org/10.1088/1361-6463/aadb0f
http://doi.org/10.1088/1572-9494/aba240
http://doi.org/10.1109/JLT.2016.2585922
http://doi.org/10.1364/OE.23.008045
http://doi.org/10.1364/OE.25.010743
http://doi.org/10.3390/electronics8050484
http://doi.org/10.1016/j.sna.2019.03.010
http://doi.org/10.3390/coatings10010029
http://doi.org/10.1016/j.bios.2017.10.029
http://www.ncbi.nlm.nih.gov/pubmed/29055196
http://doi.org/10.1364/AO.56.005716
http://doi.org/10.1366/0003702981943851
http://doi.org/10.1049/el:19900089
http://doi.org/10.1364/OE.11.000215
http://www.ncbi.nlm.nih.gov/pubmed/19461726
http://doi.org/10.1109/50.134196
http://doi.org/10.1366/0003702991947423
http://doi.org/10.1023/A:1006956824722
http://doi.org/10.1007/BF00331053
http://doi.org/10.1016/j.snb.2016.04.015
http://doi.org/10.1023/A:1014405811371
http://doi.org/10.1039/C8MH01365A
http://doi.org/10.3390/s19020233
http://doi.org/10.1007/978-1-4899-0418-8_1
http://doi.org/10.1109/ICSENS.2012.6411186
http://doi.org/10.1088/0957-0233/23/1/014002
http://doi.org/10.1364/OE.21.031668
http://doi.org/10.1109/JLT.2018.2797083
http://doi.org/10.1016/j.snb.2019.127043

Micromachines 2022, 13, 1921 29 of 30

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Kaur, D.; Sharma, V.K.; Kapoor, A. High sensitivity lossy mode resonance sensors. Sens. Act. B Chem. 2014, 198, 366-376.
[CrossRef]

Del Villar, I.; Zamarrefio, C.R.; Hernaez, M.; Sanchez, P.; Arregui, EJ.; Matias, I.R. Generation of surface plasmon resonance and
lossy mode resonance by thermal treatment of ITO thin-films. Opt. Laser Tech. 2015, 69, 1-7. [CrossRef]

Mishra, A K.; Mishra, S.K.; Gupta, B.D. SPR based fiber optic sensor for refractive index sensing with enhanced detection accuracy
and figure of merit in visible region. Opt. Commun. 2015, 344, 86-91. [CrossRef]

Gaur, D.S.; Purohit, A.; Mishra, S.K.; Mishra, A K. An Interplay between Lossy Mode Resonance and Surface Plasmon Resonance
and Their Sensing Applications. Biosensors 2022, 12, 721. [CrossRef] [PubMed]

Satyendra, K.; Mishra Durgesh, C.; Tripathi Akhilesh, K. Mishra, Metallic Grating-Assisted Fiber Optic SPR Sensor with Extreme
Sensitivity in IR Region. Plasmonics 2022, 17, 575-579. [CrossRef]

Mishra, S.K.; Mishra, A K. ITO/Polymer matrix assisted surface plasmon resonance based fiber optic sensor. Results Opt. 2021,
5,100173. [CrossRef]

Mishra, S.K.; Verma, R.K.; Mishra, A K. Versatile Sensing Structure: GaP/Au/Graphene/Silicon. Photonics 2021, 58, 547.
[CrossRef]

Sanchez, P.; Zamarreno, C.R.; Arregui, FJ.; Matias, .R. LMR-based optical fiber refractometers for oil degradation sensing
applications in synthetic lubricant oils. J. Light. Tech. 2016, 34, 4537-4542. [CrossRef]

Bogdanowicz, R.; Niedziatkowski, P.; Sobaszek, M.; Burnat, D.; Bialobrzeska, W.; Cebula, Z.; Sezemsky, P.; Koba, M.; Stranak, V.;
Ossowski, T.; et al. Optical detection of ketoprofen by its electropolymerization on an indium tin oxide-coated optical fiber probe.
Sensors 2018, 18, 1361. [CrossRef]

Chiavaioli, F.; Zubiate, P; Villar, LD.; Zamarreniio, C.R.; Giannetti, A.; Tombelli, S.; Trono, C.; Arregui, FJ.; Matias, LR.; Baldini, F.
Femtomolar detection by nanocoated fiber label-free biosensors. ACS Sens. 2018, 3, 936-943. [CrossRef]

Zamarrefio, C.R.; Sanchez, P.; Hernaez, M.; Villar, I.D.; Valdivielso, C.F; Matias, L.R.; Arregui, F.J. Dual-peak resonance-based
optical fiber refractometers. IEEE Photonics Tech. Lett. 2010, 22, 1778-1780. [CrossRef]

Sanchez, P.; Gonzalez, K.; Zamarrefio, C.R.; Hernaez, M.; Matias, I.R.; Arregui, F.J. High-sensitive lossy mode resonance-based
optical fiber refractometers by means of sputtered indium oxide thin-films. In Smart Sensors, Actuators, and MEMS VII; and Cyber
Physical Systems; International Society for Optics and Photonics: Washington, DC, USA, 2015; Volume 9517, p. 95171V. [CrossRef]
Verma, R.K.; Joy, A.; Sharma, N.; Vikas. Performance study of surface plasmon resonance and lossy mode resonance based
fiber optic sensors utilizing silver and indium oxide layers: An experimental investigation. Opt. Laser Techn. 2019, 112, 420-425.
[CrossRef]

Usha, S.P.; Mishra, S.K.; Gupta, B.D. Zinc oxide thin film /nanorods based lossy mode resonance hydrogen sulphide gas sensor.
Mater. Res. Exp. 2015, 2, 095003. [CrossRef]

Paliwal, N.; John, J. Design and modeling of highly sensitive lossy mode resonance-based fiber-optic pressure sensor. IEEE Sens. ].
2017, 18, 209-215. [CrossRef]

Cortés, P.P; Tamayo, RI.A.; Méndez, M.G.; Sdnchez, M.D. Lossy mode resonance generation on sputtered aluminum-doped
zinc oxide thin films deposited on multimode optical fiber structures for sensing applications in the 1.55 um wavelength range.
Sensors 2019, 19, 4189. [CrossRef]

Villar, I.D.; Hernaez, M.; Zamarrefio, C.R.; Sanchez, P.; Valdivielso, C.F.; Arregui, FJ.; Matias, .R. Design rules for lossy mode
resonance based sensors. Appl. Opt. 2012, 51, 4298-4307. [CrossRef]

Paliwal, N.; John, J. Theoretical modeling of lossy mode resonance based refractive index sensors with ITO/TiO; bilayers. Appl.
Opt. 2014, 53, 3241-3246. [CrossRef]

Socorro, A.B.; Hernaez, M.; Villar, I.D.; Corres, J.; Arregui, EJ.; Matias, LR. Single-mode—Multimode—Single-mode and lossy
mode resonance-based devices: A comparative study for sensing applications. Microsyst. Technol. 2016, 22, 1633-1638. [CrossRef]
Tien, C.L.; Lin, H.L.; Su, S.H. High sensitivity refractive index sensor by D-shaped fibers and titanium dioxide nanofilm. Soft
Matter Photon. 2018, 2018, 2303740. [CrossRef]

Wang, X.; Wang, Q.; Song, Z.; Qi, K. Simulation of a microstructure fiber pressure sensor based on lossy mode resonance. AIP
Adv. 2019, 9, 095005. [CrossRef]

Ozcariz, A.; Zamarretio, C.R.; Zubiate, P.; Arregui, EJ. Is there a frontier in sensitivity with Lossy mode resonance (LMR) based
refractometers? Sci. Rep. 2017, 7, 10280. [CrossRef]

Sharma, S.; Gupta, B.D. Lossy Mode Resonance-Based Fiber Optic Sensor for the Detection of As (III) using «-Fe;O3/SnO,
Core-Shell Nanostructures. IEEE Sens. |. 2018, 18, 7077-7084. [CrossRef]

Vicente, A.; Santano, D.; Zubiate, P.; Urrutia, A.; Villar, L.D.; Zamarrefio, C.R. Lossy mode resonance sensors based on nanocoated
multimode-coreless-multimode fibre. Sens. Act. B Chem. 2020, 304, 126955. [CrossRef]

Zamarrefio, C.R.; Herndez, M.; Villar, L.D.; Matias, I.R.; Arregui, EJ. Optical fiber pH sensor based on lossy-mode resonances by
means of thin polymeric coatings. Sens. Act. B Chem. 2011, 155, 290-297. [CrossRef]

Rivero, PJ.; Urrutia, A.; Goicoechea], J.; Arregui, EJ. Optical fiber humidity sensors based on Localized Surface Plasmon Resonance
(LSPR) and Lossy-mode resonance (LMR) in overlays loaded with silver nanoparticles. Sens. Act. B Chem. 2012, 173, 244-249.
[CrossRef]

Sanchez, P.; Zamarreno, C.R.; Hernaez, M.; Villar, I.D.; Matias, L.R.; Arregui, EJ. Considerations for lossy-mode resonance-based
optical fiber sensor. IEEE Sens. J. 2013, 13, 1167-1171. [CrossRef]


http://doi.org/10.1016/j.snb.2014.03.058
http://doi.org/10.1016/j.optlastec.2014.12.012
http://doi.org/10.1016/j.optcom.2015.01.043
http://doi.org/10.3390/bios12090721
http://www.ncbi.nlm.nih.gov/pubmed/36140106
http://doi.org/10.1007/s11468-021-01549-9
http://doi.org/10.1016/j.rio.2021.100173
http://doi.org/10.3390/photonics8120547
http://doi.org/10.1109/JLT.2016.2562701
http://doi.org/10.3390/s18051361
http://doi.org/10.1021/acssensors.7b00918
http://doi.org/10.1109/LPT.2010.2082517
http://doi.org/10.1117/12.2179751
http://doi.org/10.1016/j.optlastec.2018.11.041
http://doi.org/10.1088/2053-1591/2/9/095003
http://doi.org/10.1109/JSEN.2017.2771313
http://doi.org/10.3390/s19194189
http://doi.org/10.1364/AO.51.004298
http://doi.org/10.1364/AO.53.003241
http://doi.org/10.1007/s00542-015-2793-z
http://doi.org/10.1155/2018/2303740
http://doi.org/10.1063/1.5112090
http://doi.org/10.1038/s41598-017-11145-9
http://doi.org/10.1109/JSEN.2018.2851610
http://doi.org/10.1016/j.snb.2019.126955
http://doi.org/10.1016/j.snb.2010.12.037
http://doi.org/10.1016/j.snb.2012.07.010
http://doi.org/10.1109/JSEN.2012.2227717

Micromachines 2022, 13, 1921 30 of 30

130.

131.

132.

133.

134.

135.

136.

137.
138.
139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Urrutia, A.; Goicoechea, ].; Rivero, PJ.; Pildain, A.; Arregui, FJ. Optical fiber sensors based on gold nanorods embedded in
polymeric thin films. Sens. Act. B Chem. 2018, 255, 2105-2112. [CrossRef]

Hernaez, M.; Mayes, A.G.; Espina, S.M. Lossy mode resonance generation by graphene oxide coatings onto cladding-removed
multimode optical Fiber. IEEE Sens. J. 2019, 19, 6187-6192. [CrossRef]

Ozcariz, A. Development of copper oxide thin film for lossy mode resonance-based optical fiber sensor. In Multidiscip. Digit. Publ.
Inst. Proc. 2018, 2, 893. [CrossRef]

Kosiel, K.; Koba, M.; Masiewicz, M.; Smietana, M. Tailoring properties of lossy-mode resonance optical fiber sensors with atomic
layer deposition technique. Opt. Laser Tech. 2018, 102, 213-221. [CrossRef]

Zhang, D.; Li, C,; Liu, X,; Han, S.; Tang, T.; Zhou, C. Doping dependent NHj3 sensing of indium oxide nanowires. Appl. Phys. Lett.
2003, 83, 1845-1847. [CrossRef]

Liess, M. Electric-field-induced migration of chemisorbed gas molecules on a sensitive film-a new chemical sensor. Thin Solid
Film. 2002, 410, 183-187. [CrossRef]

Villar, I.D.; Zamarrefio, C.R.; Sanchez, P.; Hernaez, M.; Valdivielso, C.E; Arregui, EJ.; Matias, I.R. Generation of lossy mode
resonances by deposition of high-refractive-index coatings on uncladded multimode optical fibers. J. Opt. 2010, 12, 095503.
[CrossRef]

Buchholz, D.B.; Zeng, L.; Bedzyk, M.].; Chang, R.P.H. Differences between amorphous indium oxide thin films. Prog. Nat. Sci.
Mater. Int. 2013, 23, 475-480. [CrossRef]

Rodnyi, P.A.; Khodyuk, I.V. Optical and luminescence properties of zinc oxide. Opt. Spect. 2011, 111, 776-785. [CrossRef]
Wang, Z.L. Zinc oxide nanostructures: Growth, properties and applications. J. Phys. Condens. Matter 2004, 16, R829. [CrossRef]
Usha, S.P.; Gupta, B.D. Semiconductor metal oxide/polymer based fiber optic lossy mode resonance sensors: A contemporary
study. Opt. Fiber Tech. 2018, 45, 146-166. [CrossRef]

Mishra, S.K,; Tripathi, S.N.; Choudhary, V.; Gupta, B.D. Gupta, Surface Plasmon Resonance-Based Fiber Optic Methane Gas Sensor
Utilizing Graphene-Carbon Nanotubes-Poly(Methyl Methacrylate) Hybrid Nanocomposite. Plasmonics 2015, 10, 1147-1157.
[CrossRef]

Mishra, S.K.; Kumari, D.; Gupta, B.D. Surface plasmon resonance based fiber optic ammonia gas sensor using ITO and polyaniline.
Sens. Act. B 2012, 171-172,976-983. [CrossRef]

Mishra, A K.; Mishra, S.K. Infrared SPR sensitivity enhancement using ITO/TiO, /silicon overlays. Euro Phys. Lett. 2015, 112, 1001.
[CrossRef]

Mishra, A K.; Mishra, S.K.; Gupta, B.D. Gas-Clad Two-Way Fiber Optic SPR Sensor: A Novel Approach for Refractive Index
Sensing. Plasmonics 2015, 10, 1071-1076. [CrossRef]

Zamarreno, C.R.; Zubiate, P.; Sagties, M.; Matias, LR.; Arregui, FJ. Experimental demonstration of lossy mode resonance
generation for transverse-magnetic and transverse-electric polarizations. Opt. Lett. 2013, 38, 2481-2483. [CrossRef]

Shao, F.; Hoffmann, M.W.G; Prades, ].D.; Morante, J.R.; Lopez, N.; Ramirez, FH. Interaction mechanisms of ammonia and tin
oxide: A combined analysis using single nanowire devices and DFT calculations. . Phys. Chem. C 2013, 117, 3520-3526. [CrossRef]
Socorro, A.B.; Corres, ].M.; Villar, 1.D.; Arregui, EJ.; Matias, I.R. Fiber-optic biosensor based on lossy mode resonances. Sens. Act.
B Chem. 2012, 174, 263-269. [CrossRef]

Watanabe, M.; Sanui, K.; Ogata, N.; Kobayashi, T.; Ohtaki, Z. Ionic conductivity and mobility in network polymers from poly
(propylene oxide) containing lithium perchlorate. J. App. Phys. 1985, 57, 123-128. [CrossRef]

Sadaoka, Y.; Sakai, Y.; Akiyama, H. A humidity sensor using alkali salt—Poly (ethylene oxdide) hybrid films. J. Mater. Sci. 1986,
21, 235-240. [CrossRef]


http://doi.org/10.1016/j.snb.2017.09.006
http://doi.org/10.1109/JSEN.2019.2906010
http://doi.org/10.3390/proceedings2130893
http://doi.org/10.1016/j.optlastec.2018.01.002
http://doi.org/10.1063/1.1604194
http://doi.org/10.1016/S0040-6090(02)00209-2
http://doi.org/10.1088/2040-8978/12/9/095503
http://doi.org/10.1016/j.pnsc.2013.08.004
http://doi.org/10.1134/S0030400X11120216
http://doi.org/10.1088/0953-8984/16/25/R01
http://doi.org/10.1016/j.yofte.2018.07.003
http://doi.org/10.1007/s11468-015-9914-5
http://doi.org/10.1016/j.snb.2012.06.013
http://doi.org/10.1209/0295-5075/112/10001
http://doi.org/10.1007/s11468-015-9897-2
http://doi.org/10.1364/OL.38.002481
http://doi.org/10.1021/jp3085342
http://doi.org/10.1016/j.snb.2012.07.039
http://doi.org/10.1063/1.335386
http://doi.org/10.1007/BF01144726

	Introduction 
	Basic Principle and Characteristics 
	Fundamentals 
	Resemblances and Differences between SPR and LMR 

	Geometrical Considerations 
	Straight Core Optical Fibers 
	Tapered Core Optical Fibers 
	U-Shaped Optical Fibers 
	D-Shaped Optical Fibers 

	Materials Supporting Lossy Modes for Sensing Applications 
	Indium Tin Oxide (ITO) 
	Indium Oxide (In2O3) 
	Zinc Oxide (ZnO) 
	Titanium Oxide (TiO2) 
	Tin Oxide (SnO2) 
	Polymers 
	Other Materials 

	Conclusions and Future Prospects 
	References

