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Preface

Fiber optic sensing technology is perfectly established nowadays and provides a
range of solutions for an increasing gamut of applications in the areas ranging from
structural health monitoring to biophotonic sensing, to name a few. New variety of
fibers together with the development of nanostructured materials and the scientific
advances in physics and chemistry have led us to discover new phenomenon
stimulating new sensor developments.

In this book, we will see more interdisciplinary topics, an engineering maturity
and novel technologies as even before induced by the diversity of applications. New
ideas and concepts are proposed and tested, not only for various traditional
parameters such as strain, temperature, or pressure, but also for new concepts,
applications, and phenomenon.

Among the concepts, extended infrared sensors are making its appearance, and
we have included a couple of chapters such as THz and Photonic Crystal Structures
based sensing in this regard.

Another important aspect is the resonance generated when using thin films
together with optical fibers. We are talking about surface plasmon resonances, lossy
mode resonances, long-range surface exciton polariton, etc. These new phenomena
for sensing purposes have an enormous potential.

We have tried to cover the main application subjects, such as power engineering,
chemical engineering, bioengineering, environmental measurements, etc. Almost
certainly, the application fields of optical fiber sensors will be extended and more
commercial successes will be obtained in the near future.

Taking into account the geographic representation of the selected authors, with the
underlying benefits in terms of different viewpoints, different ways of understanding,
etc, we believe this will enrich the reading much more. In any case, we hope that the
readers will find this book useful and interesting for their research works.

We would not like to finish without thanking all the authors for their effort and
brilliant contribution to this book.

Pamplona, Spain Ignacio R. Matias
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Fiber Optic Sensors Based on Nano-Films

Minghong Yang, Jiankun Peng, Gaopeng Wang and Jixiang Dai

Abstract The combination of fiber optics with sensitive nano-films offers great
potential for the realization of novel sensing concepts. Miniatured optical fiber
sensors with thin films as sensitive elements could enable new fields of optical fiber
sensor applications. Thin films work as sensitive elements and transducer to get
response and feedback from environments, while optical fibers are employed to
work as signal carrier. In this chapter fiber optic sensors based on nano-films are
reviewed.

1 Introduction

In optical engineering of sensing technology, recently the most important enabling
technologies are based on structuring of fibres, either longitudinally or transversely.
Bragg gratings are typical examples of longitudinally structuring of fibers, while
micro-structured fibres (e.g. photonic crystal fibres) are the promising enabling
technologies in terms of transversely structuring of fibers. Microstructured fibres,
provide materials with dispersion characteristics unattainable with conventional
materials, as well as otherwise unfeasible physical characteristics that can be
controlled and realized for specific sensing applications.

Integration of novel functional material with fiber optic components is one of the
new trends in the field of novel sensing technologies. The combination of fiber
optics with functional materials offers great potential for the realization of novel
sensors. Typically the in optical fibre sensing technology, fibre itself acts as sensing
elements and also transmitting elements, such as fiber Bragg grating (FBG) [1],
Brillouin or Raman Optical Time Domain Reflectometer (OTDR) [2, 3]. However
such sensing components can only detect limited physical parameters such as
temperature or strain based on its principle of characteristic wavelength drifts.
While the idea of optical fiber sensing technology with nano-films is quite different
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with the traditional technology, nano-films can be employed as sensing component,
therefore many parameters, including chemical or biological parameters, can be
detected dependant on the design of different sensing films. When compared to the
common fiber sensing technologies such as FBG and OTDR, fiber optic sensors
based on nano-films show advantages on the diversity of measurement parameters.
However, nano-films can be realized by many techniques including e-beam evap-
oration [4], magnetron sputtering [5], spin-coating [6], electro-chemical plating [7],
etc. The mechanical stability on tiny optical fibers is still problematic, which could
be a challenge for industrial applications.

Fiber optic sensors with thin films as sensing elements can be plotted in Fig. 1.
In principle by integration of sensitive thin films with many fiber structures, novel
fiber optic sensors can be developed.

Fig. 1 Fiber-optic sensors based on thin films and coatings
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The main principle can be listed as follows:

(1) Evanescent wave interaction
Evanescent wave is an oscillating electric and/or magnetic field which does not
propagate as an electromagnetic wave but whose energy is spatially concentrated in
the vicinity of the source (oscillating charges and currents). Even when there in fact
is an electromagnetic wave produced (e.g. by a transmitting antenna) one can still
identify as an evanescent field the component of the electric or magnetic field that
cannot be attributed to the propagating wave observed at a distance of many
wavelengths (such as the far field of a transmitting antenna).

When optical fiber is etched or side-polished to a certain level, and nano-metal
layer is deposited on the etched or side-polished area, evanescent wave interaction
with surrounding environment is enabled. Any change in the surrounding envi-
ronment will change the dielectric property of nano-metal film, thus the transmitted
or reflected spectrum will be influenced. Signal change in the spectrum can be
wavelength-based spectrum drift or intensity-based amplitude change. Therefore
the correlation of light signal change with surrounding environment can be corre-
lated for sensing application [8].

(2) Micro-mirror
Fiber-optic sensor with nano-film in micro-mirror style is easy to understand.
Nano-film is deposited on the polished fiber-tip, which generates a micro-mirror [9].
The reflected light is principally dependent on the refractive index of micro-mirror;
normally the micro-mirror is a kind of metal layer or dielectric layer, which is
sensitive to environmental parameter. When the refractive index of this nano-film is
varied due to the surrounding environment, such change can be recorded by the
variation of the reflected intensity. Therefore by measuring the intensity change, it
is possible to sense the environmental parameter. However such technology is a
kind of intensity measurement, which is easily suffered from instability of the
system, such as fluctuation of power intensity.

(3) Fiber Bragg grating
Fiber Bragg grating (FBG) is a type of distributed Bragg reflector constructed in a
short segment of optical fiber that reflects particular wavelengths of light and
transmits all others. This is achieved by creating a periodic variation in the re-
fractive index of the fiber core, which generates a wavelength-specific dielectric
mirror. A fiber Bragg grating can therefore be used as an inline optical filter to
block certain wavelengths, or as a wavelength-specific reflector. Fiber Bragg
gratings are created by “inscribing” or “writing” systematic (periodic or aperiodic)
variation of refractive index into the core of a special type of optical fiber using an
intense ultraviolet (UV) source such as a UV laser. Two main processes are
used: interference and masking [10, 11]. The method that is preferable depends on
the type of grating to be manufactured. Normally a germanium-doped silica fiber is
used in the manufacture of fiber Bragg gratings. The germanium-doped fiber is
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photosensitive, which means that the refractive index of the core changes with
exposure to UV light. The amount of the change depends on the intensity and
duration of the exposure as well as the photosensitivity of the fibre. To write a high
reflectivity fiber Bragg grating directly in the fiber the level of doping with ger-
manium needs to be high. However, standard fibers can be used if the photosen-
sitivity is enhanced by pre-soaking the fiber in hydrogen.

Sensitive thin films or coatings can also be integrated with fiber bragg grating
technology for sensing application [12]. In this case, sensitive thin films or coatings
act as transducers for environmental parameters, while fiber grating itself acts as
light signal carrier. The sensitive thin films or coatings can be realized by means of
e-beam evaporation, magnetron sputtering and spin-coating. Furthermore,
long-period grating and tilted fiber grating are also of great interest for sensing
application, these gratings are intrinsic sensitive to the refractive index change of
surrounding environment.

(4) Micro-structured fiber
Micro-structured fiber is also called photonic crystal fiber, photonic-crystal fiber
(PCF) is a new class of optical fiber based on the properties of photonic crystals
[13]. Because of its ability to confine light in hollow cores or with confinement
characteristics not possible in conventional optical fiber, PCF is now finding
applications in fiber lasers, fiber-optic communications, nonlinear devices,
high-power transmission, highly sensitive gas sensors, and other areas. More
specific categories of PCF include photonic-bandgap fiber (PCFs that confine light
by band gap effects), holey fiber (PCFs using air holes in their cross-
sections), hole-assisted fiber (PCFs guiding light by a conventional higher-index
core modified by the presence of air holes), and Bragg fiber (photonic-bandgap
fiber formed by concentric rings of multilayer film). Photonic crystal fibers may be
considered a subgroup of a more general class of microstructured optical fibers,
where light is guided by structural modifications, and not only by refractive index
differences. These micro-structured fibers can also be employed as sensing platform
with nano-film as sensitive element. There are many research work on this topic,
such as filling nano-film in the micro-hole of the structure for high sensitive gas or
chemical detection.

(5) Micro-machined
Micro-machined fiber means fiber is micro-treated by other techniques, these
techniques include chemical etching, side-polishing, laser micromachining. In case
of laser machining, CO2 gas laser and femto-second laser can both by employed as
heating sources, whereas femto-second micro-machining shows advantages due to
its intrinsic properties such as ultra-short pulse time and ultra-high intensity of laser
power, which is very promising especially for precise micro-structure [14].
Chemical etching [15] and side-polishing [16] process are also well-established
concerning its feasibility on fiber micro-machining, especially chemical etching can
be controlled step-by-step for precise machining. When the fiber is
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micro-machined, there exists the coupling and interaction of transmitted light with
surrounding environment. When the micro-machined area is coated with sensitive
films, such films can be regarded as transducers for specific parameter sensing.

(6) Fabry-Perot
Fabry–Perot interferometer or etalon is typically made of a transparent plate with
two reflecting surfaces, or two parallel highly reflecting mirrors. (Precisely, the
former is an etalon and the latter is an interferometer, but the terminology is often
used inconsistently.) Its transmission spectrum as a function of wavelength ex-
hibits peaks of large transmission corresponding to resonances of the etalon. The
varying transmission function of an etalon is caused by interference between the
multiple reflections of light between the two reflecting surfaces. Constructive
interference occurs if the transmitted beams are in phase, and this corresponds to a
high-transmission peak of the etalon. If the transmitted beams are out-of-phase,
destructive interference occurs and this corresponds to a transmission minimum.

Fabry–Perot structure can also be used as sensing platform in fiber-optic sensing
technology [17]. Such Fabry–Perot structure can be realized nano-film deposition
on fiber tip, when such thin film-based Fabry–Perot structure is achieved, there
exists interference fringes in the reflected spectrum. The reflected interference
fringes are very sensitive to the change of optical path deviation, which is depen-
dant on the thin films. So the sensitive thin films can therefore be regarded as
transducers.

Micro- and nano-fiber [18] is kind of fiber with diameter in tens of micro- or
nano-scale. Such fibers itself are sensitive to surrounding environment, when
nano-film is integrated with these platform, novel sensors can be expected. Also the
so-called “hybrid fiber [19]” is kind of photonic crystal fiber with some specific
holes filled with other materials, such as liquid crystal, semiconductor, metal or
dielectric material. This platform is another area for novel fiber-optic sensor
development.

The combination of fiber optics with nano-structure technologies and sensitive
thin films offers great potential for the realization of novel sensor concepts. Mini-
tured optical fiber sensors with thin films as sensitive elements could open new
fields for optical fiber sensor applications. Thin films work as sensitive elements
and transducer to get response and feedback from environments, optical fiber here
are employed to work as signal carrier. Figure 2 shows some examples of thin films
or coatings as sensitive elements for constructing novel sensor concepts. This
chapter reviews some research work on the topic of fiber-optic sensors based on
sensitive thin films, which are developed the National Engineering Laboratory for
Fiber-Optical Sensing Technology (NEL-FOST) in Wuhan University of Tech-
nology (WUT), China in recent years. In Sect. 2, Optical fiber hydrogen sensors
based on WO3-Pt thin film on fiber tip will be reported, and Sect. 3 presents the
latest development on optical fiber relative-humidity sensors with dielectric coat-
ings as sensing elements. In Sect. 4 sapphire fiber-based high-temperature sensors
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with dielectric multilayer F-P structure will be reviewed. Finally this chapter is
concluded with discussion and future outlook.

2 Optical Fiber Hydrogen Sensors Based on WO3-Pd Thin
Film on Fiber Tip

Hydrogen is a promising candidate for the next generation energy and is regarded as
the backbone of future energy systems based on renewable and sustainable
resources. Hydrogen is highly explosive in the presence of oxygen with wide
flammability range of 4–75 volume percentages in air, its timely detection and
alarming is of great importance as a safety concern. Monitoring of hydrogen
concentration is also essential to nuclear reactor and space applications, coal mine
operations, medical diagnostics, environment pollutions and many other industrial
processes. Therefore the development of reliable, sensitive and inexpensive
hydrogen sensors is very important. Conventional hydrogen sensors based on
metal-oxide electrochemical reaction are usually bulky and suffer from poor
selectivity and cross-sensitivity. The commercially-available electrochemical
hydrogen sensors operate mostly at high temperatures of 100–300 °C, due to the
possibility of generating electric sparks, these electrochemical hydrogen sensors
could be combustion sources in high hydrogen concentration, and therefore is not
intrinsic safe. New proposal of solutions for hydrogen concentration sensing and
metrology is always welcome, especially for the case of optical measurement,
which shows inherently safe nature when compared to other techniques that require
electrical contacts.

Fiber micro-
machining

Coating technology

Eletro-
chemistry 

Dip-coating 
and spinning

RF sputtering

DC 
sputtering 

Thermal 
evaporation

Sol-Gel 
coating 

Fe-C coating

PVA coating

TbDyFe
coating 

Pd thin film 

Porous film

WO3 coating

Corrosion 
sensor

Ultra-sonic 
sensor

Magnet 
sensor

H2 sensor 

RH sensor 

CO gas 
sensor 

Side-
polishing 

Fs-laser micro 
machining 

Controllable 
chem- etching 

 Typical coating  Applications 

Fig. 2 Novel sensor concepts based on thin films or coatings
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Optical fiber hydrogen sensing has attracted intensive research interests due to its
potential as next generation of hydrogen sensor. At present there are several kinds
of optical fiber hydrogen sensors, such as evanescent sensor [20], micro-mirror
sensor [21, 22], interference sensor [23], surface plasmon resonance sensor [24],
and fiber Bragg grating sensor [25, 26]. However, resolution of optical fiber
hydrogen sensor is still much lower when compared to conventional electrode
hydrogen sensor. Improvements are still required to ensure hydrogen sensitivity
down to ppm level.

Fiber Bragg grating (FBG) pair with high-low reflectivity is employed for
hydrogen sensing and measurement as shown in Fig. 3. FBG with different
reflectivity can be prepared by controlling the exposure time to excimer laser [27].
The peak intensity of high reflective FBG (FBG1), which is hardly influenced by
the hydrogen sensitive film, is used as reference. While the peak intensity of low
reflective FBG (FBG2), which is sensitive to the reflectivity of hydrogen coating
deposited on the tip of optical fiber, is employed as element for hydrogen
characterization.

WO3 film has good gasochromic effect when Pd or Pt film is employed as
catalyst layer. Pd film has good selectivity towards hydrogen and Pt has good
stability in air. In this work WO3 thin film and Pd/Pt composite films are selected as
sensitive and catalyst layer, respectively. WO3-Pd/Pt composite films were
deposited on the end-face of singe mode fiber as sensing element.

Figure 4 is the SEM image of the sensing head. There are some dusts and defects
on the edge of single mode fiber tip, which is due to improper operation during the
testing. However, the morphology of film deposited on single mode fiber core looks
uniform after hydrogen response, demonstrating the good stability of WO3-Pd-Pt
multilayer.

Fig. 3 Concept and configuration of optical fiber hydrogen sensing system

Fiber Optic Sensors Based on Nano-Films 7



Figure 5 depicts the hydrogen response of the sensor under different hydrogen
concentrations. The peak intensity of FBG2 gradually decreases when hydrogen is
flowing into gas room, which is more quickly and obviously with the increase of
hydrogen concentrations. The peak intensity of FBG1 hardly changes, which shows
a good reference element. When hydrogen concentrations are 1, 2, 3, and 4 %,
decrease of I2/I1 are 0.0072, 0.0076, 0.0065, 0.0063, respectively. The response
time of the hydrogen sensor for 1 % H2 is about 70 s, which is longer than that of
hydrogen sensor in the previous work [28]. The longer response time of hydrogen
sensor can be attributed to the thicker catalyst layer and lower ambient temperature.
As shown in Fig. 5b, the hydrogen characterization of the sensor is explored when
the optic fiber is interrupted. After bending the single mode fiber, the peak intensity
of two FBGs is nearly 1/3 of its initial value, and the hydrogen sensor shows
0.0070, 0.0073, 0.0068, and 0.0062 towards 1, 2, 3 and 4 % hydrogen, respectively.
Although the optic power in the fiber is greatly reduced, the hydrogen sensor shows
good hydrogen responsibility. Therefore, the hydrogen sensor shows good
anti-interference capability during the hydrogen response.

Fig. 4 Proposed coating of WO3-Pd-Pt multilayer on fiber tip

Fig. 5 Reflective spectrums of single mode fiber inscribed with two FBGs under different
hydrogen concentrations a before and b after the bending of the single mode fiber

8 M. Yang et al.



Figure 6a shows the hydrogen response of the hydrogen sensor under continu-
ous increase of hydrogen concentrations. When hydrogen is injected into gas room,
the reflectivity of the hydrogen sensitive film decreases quickly, resulting in the
lower peak intensity of FBG2. However, the peak intensity of FBG1 hardly changes
due to its high reflectivity. Therefore, the value of I1/I2 increases quickly with the
increase of hydrogen concentration in the gas room. The response time for
hydrogen sensor is no more than 20 s at room temperature of 25 °C. The quick
response rate of the hydrogen sensor can be attributed to the high optical power
focused on the core of single mode fiber. Ou et al. [22] reported that WO3/Pd film
had a quick response rate and better sensitivity when heating at a higher temper-
ature. By utilizing ASE as light source, the hydrogen sensitive film deposited on the
fiber core can be maintained at higher temperature. Compared to previous reported
optical heating system [28], the power of light source used in this work is much
lower, but with a higher heating efficient. Therefore, the hydrogen sensor has good
performance during hydrogen characterization. The hydrogen sensor shows better
sensitivity towards lower hydrogen concentration, which can be found from
Fig. 6b. The hydrogen sensor shows a non-linear hydrogen response, which is
similar to the reported work [22]. The reason for this phenomenon is due to the
excellent hydrogen responsibility of WO3-Pd/Pt composite film under higher
temperature.

A novel optical fiber hydròogen sensing system which can detect hydrogen as
low as 50 ppm at room temperature of 25 °C has been demonstrated. The hydrogen
sensor has a quick response during the hydrogen characterization, and the sensor
show better sensitivity towards lower hydrogen concentrations. Further improve-
ments, such as optimization of hydrogen sensitive film, utilization of more stable
ASE light source and high-low FBGs with smaller wavelength difference, can be
conducted to improve the performance of the hydrogen sensor.

Fig. 6 a Response of the hydrogen sensor under continuous increase of hydrogen concentrations
in the lower range; b several cycles under different hydrogen concentrations down to ppm level

Fiber Optic Sensors Based on Nano-Films 9



3 Optical Fiber Relative-Humidity Sensors with Dielectric
Coatings as Sensing Elements

Humidity measurement and control is of great importance in many application fields
such as meteorological services, biomedical device, food and electronic processing,
chemical gas purification. While fiber-optic sensors have many distinctive charac-
teristics such as small size, flexibility and immunity to electromagnetic interference,
there were extensively investigations on optical fiber humidity sensing techniques in
the past decades. Optical fiber humidity sensing techniques were extensively
investigated utilizing long period gratings [29], tilted fiber Bragg’s grating [30],
U-bend [31], hetero-core optical fiber [32]. The principle of these humidity sensors
rely on the use of the moisture sensitive material to generate secondary effects such
as refractive index change or strain on the sensing fiber that result in the shift of
output spectra or change in intensity. However, these sensors are expensive, low
sensitive and fragile. Therefore, there is a constant need to develop a compact optical
fiber humidity sensing system with high reliability, high sensitivity and low cost.

Fabry–Perot interferometer (FPI) is an important technique used for sensing.
Different from other fiber interferometric sensors (Match-Zehnder, Michelson and
Sagnac), the Fabry–Perot structure is stable and robust since there is no fiber
couplers and movable components. In addition, fiber Fabry–Perot interferometric
sensors are extremely sensitive to perturbations that affect the optical path differ-
ence of sensing region between two reflective mirrors [33].

The refractive index and polarization in an optical humidity sensor are generally
explained by the adsorbed water on the metal oxide surface, and also by the
capillary water condensation within the pores [34–37], both of these processes are
conducive of the existence of a porous structure. Two types of water molecules
adsorption take place: in the beginning chemisorption, followed by physisorption.

The water molecules are chemisorbed through a dissociative mechanism [38,
39]. For the case of TiO2, two surface hydroxyls per water molecule are formed: the
hydroxyl group adsorbing on a surface Ti4+ ions and the proton forming a second
hydroxyl with an adjacent surface O2− ion shown in Fig. 7a, b; for the case of SiO2,
water adsorption is similar to TiO2.
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Fig. 7 Water vapor adsorption on metal oxide coating surface
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The coordinative unsaturated metal cations, M+, and oxygen anions, O2−, at the
surface facilitate the dissociation of water vapour in the vicinity of the surface
(a) into a hydroxyl group, which binds to a metal cation site, and a proton, which
binds to an oxygen anion site (b). Once surface hydroxylation is present, water
vapour is physisorbed through double hydrogen bonds shared with two surface
hydroxyl groups (c). Upon completion of this first physisorbed layer, subsequent
layers are adsorbed via single hydrogen bonds (d). The broken lines represent
hydrogen bonds.

Thus the initial chemisorbed layer is tightly attached to the surface grains. Once
formed, it is no further affected by exposure to humidity. Desorption of the che-
misorbed layer only takes place at higher temperatures. As relative humidity
(RH) increases, an additional layer of water molecules starts to be formed on the
chemisorption one. Many more physisorption layers will be joined as humidity gets
higher [40]. With more than one layer of physisorption water molecules, water
starts to be condensed into the capillary pores. The pore is filled or unfilled
according to its radius and the thickness of the physisorption layer, which depends
on the magnitude of the relative humidity. Increasing RH, the thickness of the
physisorption layer of water gets bigger which leads to the filling of successively
higher diameter pores, according to the prediction of Kelvin equation [41]. Figure 7
illustrates the adsorption mechanism from initial surface hydroxylation through to
multi-layer physisorption.

The dielectric films deposited by e-beam evaporation have columnar and porous
structures [35, 36]. Thus the effective refractive index (RI) and porosity of porous
layer can be calculated in the framework of the Bruggeman effective medium model
[42, 43]. The Bruggeman equation for the three-component (water, cylindrical
oxide, and air) system as follows:

ð1− f Þ n2xo − n2eff
n2xo + 2n2eff

+ ðf −VÞ n2air − n2eff
n2air + 2n2eff

+V
n2H2O − n2eff
n2H2O + 2n2eff

= 0 ð1Þ

where f is the porosity of the coating. V, which is dependent on RH, means the
volume percentage of liquid water in coating as the influence of capillary con-
densation. nxo is the refractive index of the metal oxide, nair presents the refractive
index of the air, nH2O is the refractive index of the liquid water. As the TiO2 and
SiO2 porous coating absorbs (or releases) water molecules from air, V increases,
while the refractive index (neff) increases (or reduces).

The miniature optical fiber humidity sensing probe is consisted of three-layer
optical thin films deposited on a multimode fiber (MMF: 62.5 μm/125 μm) tip as
shown in Fig. 8. The first and third layers are TiO2 coatings, which are employed as
mirror layers. A thick SiO2 coating is used as main sensing layer in the Fabry-Perot
structure.

There are four reflection surfaces in the fiber sensor head, and the reflection
coefficients and transmission coefficients are r1, r2, r3, r4, and t1, t2, t3, t4, respec-
tively. Transmission loss factors in the three films are α1, α2, and α3. Lengths of
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these three physical cavities are L1, L2, and L3. The RIs of fiber, first film, second
film, third film, and air are n0, n1, n2, n3, and n4, respectively. According to Fresnel
formula, rx = (nx – nx–1)/(nx + nx–1), tx = 2nx–1/(nx + nx–1), tx’ = 2nx/(nx + nx–1),
while x = 1, 2, 3, 4. Considering the low reflection coefficients, higher-order
reflections from these surfaces can be ignored. As a result, the normalized total
reflected intensity (I) is given as follows, [44, 45].

E1 = r1E0 =A1E0

E2 = ð1− α1Þr2t1t′1 exp ð− j
4πn1L1

λ
ÞE0 =A2 exp ð− j

4πn1L1
λ

ÞE0

E3 = ð1− α1Þð1− α2Þr3t1t2t′1t′2 exp ½− j
4πðn1L1 + n2L2Þ

λ
�E0 =A3 exp ½− j

4πðn1L1 + n2L2Þ
λ

�E0

E4 = ð1− α1Þð1− α2Þð1− α3Þr4t1t2t3t′1t′2t′3 exp ½− j
4πðn1L1 + n2L2 + n3L3Þ

λ
�E0

=A4 exp ½− j
4πðn1L1 + n2L2 + n3L3Þ

λ
�E0

ð2Þ

Thus,

I =
ðE1 +E2 +E3 +E4ÞðE1 +E2 +E3 +E4Þ*

E0E*
0

=A2
1 +A2

2 +A2
3 +A2

4 + 2A1A2 cos ð4πn1L1
λ

Þ+2A1A3 cos ½4πðn1L1 + n2L2Þ
λ

�

+ 2A1A4 cos ½4πðn1L1 + n2L2 + n3L3Þ
λ

�+2A2A3 cos ð4πn2L2
λ

Þ

+ 2A2A4 cos ½4πðn2L2 + n3L3Þ
λ

�+2A3A4 cos ð4πn3L3
λ

Þ

ð3Þ

where, E0 is the original electric field coupled into the sensor. E1, E2, E3, E4 are the
reflected electric fields of the four reflection surfaces, while A1, A2, A3, A4 stand for
the complex amplitude coefficients of reflected electric fields.

Fig. 8 a Structure of the sensor head, and b the reflection model

12 M. Yang et al.



As the parameters L1, L2, L3, n0, n4, α1, α2, and α3 can be regarded as constants
[44], I is mainly related to n1, n2, n3 in Eq. (3), while n1, n2, n3 are related to RH in
Eq. (1). Therefore, the RH can be obtained by measuring the reflection spectrum.

In general, the sensing mechanism is based on the change of reflected inter-
ference spectrum when water molecules are absorbed in the porous oxide coating,
the absorption of water molecules in coating means the change of effective
refractive index, as result this will shift the interference fringe. Figure 9 shows the
theoretical simulation of interference fringe shift of the proposed three-layer F-P
structure when the effective refractive index have 2 and 4 % increase. The third
interference fringe dips are located at 561.5, 573 and 584.5 nm respectively in case
of original fringe, 2 and 4 % of effective refractive index increase. It means 11.5
and 23 nm of characteristic wavelength drift exist when effective refractive index
increase 2 and 4 % compared to the original fringe.

For the sensitive films preparation, multimode fiber tip was firstly rinsed in
alcohol, acetone and deionized water for three times in an ultrasonic cleaner to
remove surface contamination, and then was put into vacuum evaporation coating
machine. The three-layer FPI structure was manufactured on multimode fiber tip by
e-beam evaporation, which showed in Fig. 10. A ZZS1100-8/G Box-type vacuum
coating system (RANKUUM MACHINERY LTD) was employed for the coating
deposition. The multimode fibers were mounted inside the evaporation chamber
with their polished tips pointing down toward the source material. TiO2/SiO2/TiO2

films were deposited on the fiber tips. It is possible to control the structural and
morphological properties of the deposited thin film by optimization of deposition
process parameters [34, 46]. The optimum deposition process is proved as:
0.029 Pa, oxygen (O2) with a velocity of 160 sccm is supplied as procedure gas, the
fiber sample baking temperature is set at 120 °C. The first and third layers are
225 nm TiO2 film with deposition rate of 0.25 nm/s, while the second layer is

Fig. 9 Theoretical simulation of interference fringe shift
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1600 nm SiO2 film with deposition rate of 0.5 nm/s, and without ion-source
assistance.

Fiber tip deposited coating of TiO2/SiO2/TiO2 multilayer is showed in Fig. 11.
The morphology of film deposited on multimode fiber core looks uniform,
demonstrating the good stability of the coating.

Micro-structure of the deposited multilayer samples were investigated by
scanned scanning electron microscope (SEM) as shown in Fig. 12. It can be clearly
demonstrated that the coating are porous in micro-structure, and the pore size is
between 0.01–0.2 μ dependent on the deposition process.

The experimental set-up shown in Fig. 13 consists of a broadband light source
(HL-2000 Tungsten Halogen Light Sources from Ocean Optics, wavelength range:
360–2500 nm), miniature fiber spectrometer (S3000-VIS Micro Spectrometer made
from Seeman Technology, wavelength range: 320–1050 nm, wavelength resolu-
tion: 0.3 nm), multimode optical fiber coupler and the proposed F-P sensor probe
working in reflection mode. During sensing characterization experiments, the light

Material
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Target
Material

Water
Cooling line

Shield
Magnet

Tungsten
filament

To vacuum pump

shi el d

Fig. 10 E-beam evaporation
system used for oxide thin
film deposition on fiber tip

Fig. 11 Proposed coating of
TiO2/SiO2/TiO2 multilayer on
fiber tip
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emitted from the Tungsten Halogen broadband light source goes to the optical
coupler, one output port is connected to the fiber spectrometer for measuring and
recording the reflected optical spectrum, while the second output port is fusion
spliced with the fabricated RH sensor.

The fiber-optic humidity sensor was enclosed in an accurate humidity generator
(Model SRH-1 made by SHINYEI, Japan) with a high performance dew point
hygrometer for calibration. The relative-humidity (RH) can be varied from 1.6 %
RH up to 90 % RH with control accuracy at 0.1 % RH. To investigate the
cross-sensitivity to temperature, the fiber sample was also tested under different
temperatures.

Fig. 12 SEM image of the section of the TiO2/SiO2/TiO2 coating

Fig. 13 Experimental set-up of the moisture measuring system
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Figure 14 shows the spectra data of sample with optimum process, measured by
the miniature fiber spectrometer (time of exposure of 510 ms, time sampling
interval of 5 ms, spectrum smooth degree of 10) under different RH levels. In
Fig. 14a, four spectral dips of minimum reflectivity exist in the spectral region,
since the wavelength position of minimum reflectance will be drifted by the
effective refractive index change of coating material due to the absorption and
desorption of water molecular. Figure 14b shows the detailed view of the dip range
of 605–660 nm. It can be observed that the interference fringe shows red-shift when
the RH increases, which corresponds to an increase of effective refractive index of
the sensing films. The shift of characteristic wavelength to different RH levels are
plotted in Fig. 14c, and it can be found that the sensor shifted 42.3 nm when RH
increased from 3.3 to 63 % RH. The average humidity sensitivity of proposed
sensor is 0.7 nm/%RH approximately. Moreover, it can be concluded that the
fiber-optic humidity sensor is more sensitive at lower RH level, whereas its
wavelength shift at higher RH level is not apparent. This can be understood with the
fact the micro-pore absorbs water molecules due to capillary condensation effect,
while at higher RH level, the micro-pore is easy to be saturated.

A key issue to manufacture the fiber-optic humidity sensor is to realize and
control the porous structure in the oxide films. A series of contrast experiments
were carried out to explore the appropriate process for improving the sensing

Fig. 14 Humidity sensing properties of the probe with optimum process
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performance. SEM micrographs of the section of the films deposited in vacuum of
0.029, 0.011, and 0.007 Pa are presented in Fig. 15a, b, c respectively. All of them
exhibit quasi-reticulated porous structures, with micro-pore dimensions around 10–
200 nm. The change in the vacuum degree seems to cause a major change in
morphology: the higher air pressure (in a certain range) makes the film more voids
and the dimensions of voids bigger. As explained in the previous section, the more
porosity causes a higher sensitivity to RH, shown in Fig. 15d. Then, with the large
aperture gaps dominated in the film, the film starts to be sensitive to high humidity
(40–60 % RH), which is consistent with the exception of the sensor utilizing the
film grown at 0.04 Pa.

Similarly, the influence of base temperature on sensor sensitivity is shown in
Fig. 16. Sample 1, 2 were deposited in the base temperature of 200 °C, while
sample 3, 4 in 150 °C, sample 5, 6 in 120 °C, with the other process as 0.029 Pa,
no ion source. In the range from 100 to 200 °C, the sensitivity was reduced for
sensors using films deposited at higher based temperature.

Humidity sensitivity of the sensors when manufactured with the different
manufacture condition are show in Fig. 17. First of all, the column diagram of a
represent that the sensing layer is porous TiO2 film of 1200 nm, which is processed
with 50/0 sccm inflating volumes (0.011 Pa); Next, the (b) is the porous SiO2 film
of 1621 nm with ion-assisted deposition in 0.011 Pa; and the (c) shows the

Fig. 15 SEM micrographs of the films deposited in vacuum of a 0.029 Pa, b 0.011 Pa, and
c 0.007 Pa, and d the wavelength shift of probes
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character of porous SiO2 film of 1200 nm, deposited in 0.011 Pa; The (d) is the
same with (c) except of the thickness of the films with 2078 nm; The (e) have no
difference with (c) except the vacuum degree of 0.024 Pa. In contrast with (c), the
sensitivity of SiO2 film (a) is higher than TiO2 with the same process. Furthermore,
when comparing (b) with (c), (d), the process of ion-assisted deposition decrease
the sensitivity of probe.

Cross-sensitivity to temperature was investigated as for the proposed F-P
fiber-optic humidity sensor. Characteristic wavelength shifts of the fiber sample at
different RH levels were tested under 15, 25 and 35 °C respectively. Figure 18
shows the temperature effect to the humidity measurement. It can be concluded that
the temperature cross-sensitivity is rather low, the characteristic wavelength shift is
less than 2 nm within 20 °C of temperature change, while the change is typically
more than 20 nm when RH level changes from 20 % RH to 60 % RH.

Experiments on sensing repeatability and consistency were also investigated; the
sensing experiments have been repeated over 4 times in order to investigate the

Fig. 16 Wavelength
response for probes coated
with multilayer films
deposited at different base
temperature: sample 1, 2,
200 °C; sample 3, 4, 150 °C;
sample 5, 6, 120 °C

Fig. 17 Humidity sensitivity
with different processes: a,
porous TiO2 film as the
sensing layer, 1200 nm,
0.011 Pa; b, porous SiO2 film,
1621 nm, 0.011 Pa, with
ion-assisted deposition; c,
porous SiO2, 1200 nm,
0.011 Pa; d, porous SiO2,
2078 nm, 0.011 Pa; e, porous
SiO2, 1200 nm, 0.024 Pa
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measurement repeatability and long-term stability. Wavelength shifts of the pro-
posed sensor under different humidity levels in both ascending and descending
phases are shown in Fig. 19. The response time is less than 5 s and stability of the
proposed sensor was proved to be good.

The F-P fiber optic humidity sensor with porous oxide coatings as sensitive
materials is proposed and improved. The sensing elements are multilayer porous
films deposited on fiber tip by e-beam evaporation. Experimental investigation on
humidity response shows that the wavelength shift can reached 42.3 nm when RH
ranges from 3.3 to 63 % RH. The average humidity sensitivity of proposed sensor is
0.7 nm/%RH approximately. However, a series of contrast experiments about
vacuum degree, baking temperature etc. were conducted to explore the appropriate
process for improving the sensing performance. The cross-sensitivity to temperature
change is rather low. The proposed dielectric film based fiber-optic humidity sensor
is very promising for application, especially for the low and middle humidity
(0–50 % RH).

Fig. 18 Temperature effect
to the humidity measurement

Fig. 19 Repeatability of
proposed probes between
20.6 % RH and 63.1 % RH
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4 Sapphire Fiber-Based High-Temperature Sensors
with Dielectric Multilayer F-P Structure

Optical fiber high-temperature sensing have been reported by means of femtosecond
laser technique [47, 48], focused ion beam machining in single-mode fiber taper tips
[49, 50] and fiber fusion splicing technique. Fabry-Perot Interferometer structures
by fusion splicing single-mode fiber or multimode fiber to photonic crystal fiber
[51–54], sandwich a section of hollow-core photonic band-gap fiber or multimode
fiber between single-mode fiber [55, 56] were developed. Complicated fabrication
process, poor reproducibility, possible mismatch between different parts and diffi-
culty in precise control of the cavity length are disadvantages of these interfer-
ometer fabricating techniques. Therefore, compact optical fiber high-temperature
sensing system with high reliability, simplicity and low cost is desired.

Among all the schemes proposed in the past decades, Fabry-Perot Interferometer
(FPI) sensors are particularly attractive for high temperature sensing owing to their
large dynamic range, high resolution, and high accuracy. Optical fiber FPI for high
temperature sensing have been reported by means of femtosecond laser technique,
focused ion beam machining in single-mode fiber taper tips and fiber fusion splicing
technique. These interferometer fabricating techniques have some disadvantages
such as complicated fabrication process, poor reproducibility, and mismatch
between different parts. Therefore, there is a need to develop a new kind of optical
fiber high-temperature sensor with high reliability. Thin films at the end of fiber act
as an FPI for high temperature sensing were discussed [57, 58]. The application of
evaporative deposition techniques is compatible with batch processing, and the
inherent smoothness and parallelism of thin-film FPI sensor makes it ideally suited
for interferometric interrogation. FPI based on multilayer coatings by Physical
Vapor Deposition (PVD) at the end of commercial MMF for high temperature
sensing have been reported [59].

Multilayer coatings of dielectric oxide deposited on sapphire fiber tip acting as
an FPI for high temperature sensor have been proposed and experimentally
demonstrated in this work. Single-crystal sapphire was used for its high melting
point (approximately 2054 °C), superior mechanical properties, excellent chemical
resistance in corrosive environments, and high hardness [60]. The proposed sensor
has miniature size, simple physical structure, and mechanical stability.

A section of 20 cm sapphire fiber with 75 μm outer diameter was firstly double
side polished, then rinsed in alcohol, acetone and deionized water for three times in
an ultrasonic cleaner to remove surface contamination before putting into vacuum
evaporation coating machine.

A Box-type vacuum coating system showed in Fig. 10 was employed for the
coating deposition. The sapphire fibers were mounted inside the evaporation
chamber with their polished tips pointing down toward the source material. ZrO2/
Al2O3/ZrO2 (ZAZ) films were deposited on the sapphire fiber tips with ion-assisted
PVD process. The basic vacuum was set at 1.0 × 10−2 Pa with filling procedure gas
of oxygen (O2) at a flow velocity of 50 sccm. Under 200 °C baking temperature, the
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deposition rate for ZrO2 and Al2O3 was 2.5 and 3.5 Å/s respectively. The first layer
deposited at the end of the fiber was 204 nm of ZrO2, followed with 1348 nm of
Al2O3 and 204 nm of ZrO2 as the third and the last layer. Figure 20 shows the
schematic diagram of the sensing probe.

Alumina (Al2O3) and Zirconium dioxide (ZrO2) were selected as lower and
higher refractive index (RI) materials to generate the lower-higher-lower structure.
As to a pile of thin dielectric films, the parallel layer structure of the coatings form a
multiple beam FPI. Here, instead of single layer, the multilayer coating is employed
to optimize the reflected spectrum, i.e. to enhance the contrast of interference
spectrum, therefore to improve visibility of interference fringe and to adjust the
center wavelength of the reflection in the range of 550–650 nm [61].

The high temperature measurement and characterization system is schematically
shown in Fig. 21. A miniature broadband tungsten halogen lamp TLS (HL-2000,
Ocean Optics), miniature fiber optic spectrometer (Ocean Optics, USB-2000,
wavelength resolution: 0.3 nm), a 3 dB multimode optical fiber coupler are
employed to interrogate the thin film temperature sensor. The non-coating end was
spliced to a 105/125 μm MMF pigtail and connected to the optical interrogation
system.

Light from TLS illuminates the multilayer sensor through the OC, the reflected
signals from the interfaces of the ZAZ structure interfere with each other and

Fig. 20 Schematic of a thin film temperature sensor on sapphire fiber

Fig. 21 Measurement and calibration system configuration of the proposed sapphire fiber
temperature sensor with multilayer coating on tip
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generate fringes to be detected by the miniature spectrometer, which is connected to
the other arm of the optical coupler. Finally the sensing data were serially trans-
ferred to a computer for further data evaluation. The frequency of the interference
fringe is governed by the optical path difference (OPD) of the multilayer coating
dielectric film.

Variations in temperature will cause both the thickness d and refractive index of
the coatings n to change due to thermo-optic and elastic-optic effect. Supposed the
surrounding temperature changes from T0 to T, the OPD of the thin film FPI can be
described as Eq. 4.

OPDðTÞ
OPDðT0Þ=

2nðTÞdðTÞ
2nðT0ÞdðT0Þ≈1+ ðαn + αdÞΔT

OPD≡ 2nd

ΔT = T −T0

ð4Þ

Here αn and αd are the 1st order thermal coefficients for the refractive index and
the physical thickness, respectively. So the OPD change, i.e. ΔOPD of the thin film
FPI can be expressed by

ΔOPD O̸PD0≈ðan + adÞΔT ð5Þ

As can be concluded from Eq. 5, with the ambient temperature increases, the
sensor’s ΔOPD becomes larger. The responsibility of the thin film sensor is decided
by the material property of the oxide coating and is independent of the initial OPD
of thin film sensor.

The changes in OPD result in a shift of the interference spectrum.
Wavelength-tracking was used to measure OPD change [62] from the interference
spectrum. In this way correlation of temperature change with variations of the OPD
is maintained. By monitoring changes of OPD at different temperature levels,
environmental temperature under test can be extracted.

A typical reflection spectrum of the post-deposited probes is shown in Fig. 22a.
Interference spectra with high fringe visibility can be concluded. Different from the
simulation in Fig. 22b, the spectra was raised up. The background is contributed by
the reflection from the MMF and sapphire fiber junction. The thermal radiation at
high temperature will further level up the spectra. However, the background will be
filtered out during the signal processing.

The refractive indexes of the dielectric oxide layer were measured with ellip-
someter (VASE J.A. Woollam). As shown in Fig. 23, the actual refractive index of
ZrO2 and Al2O3 is about 1.83 and 1.59 respectively which is lower than 2.2 and
1.78 [63, 64]. That could be the reason that the reflection spectrum in Fig. 22a is
wider than the simulated curve in Fig. 22b.
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Sapphire fiber tip with as-deposited multilayer of ZAZ structure is show in
Fig. 24a. It can be concluded that the coating on sapphire fiber is smooth and free of
crack. Three thermal cycles from room temperature to 1000 °C with temperature
increase speed of 2 °C/min and kept at 1000 °C for 10 h were then carried out to
enhance the repeatability of temperature response. For contrast, Fig. 24b shows the
image of the annealed samples of sapphire fiber tip with multilayer coating. It can
be found that the coating is still stable even after 1000 °C baking for 3 times, also it
should be pointed out that the surface changes roughly compared to the
as-deposited sample. But this is acceptable since there is still acceptable interfer-
ence fringe even with such rough surface. Also no clear crack can be detected, only
a few contaminations can be found on the surface.

The ZAZ film sensor performance was calibrated by a standard B-type ther-
mocouple, which collocated with multilayer-coated sapphire fiber tip to minimize
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Fig. 22 aMeasured reflection spectrum of the temperature sensor with deposited ZAZ multilayer;
b The calculated reflection curve of the designed ZAZ multilayer based on thin film interference
theory

Fig. 23 Measured refractive index of the deposited ZrO2 layer (a) and Al2O3 layer (b)
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the temperature difference between sensor and thermocouple tip, due to the
non-uniform thermal distribution in the furnace. The experimental curve of
temperature increase was recorded as shown in Fig. 25.

OPD of the thin film interferometer on sapphire fiber tip has correlation with
temperature change can be concluded from Fig. 25. The recorded OPD during the
temperature increase up to 1000 °C is show in Fig. 26. As shown in Figs. 25 and
26, OPD curve has very similar evolution trend at different status changes including
temperature increase, holding and decrease. This has clearly demonstrated that the
proposed sensor can be suitable for high temperature measurement up to 1000 °C.

Fig. 24 a Sapphire fiber tip with as-deposited multilayer coating, b Multilayer coating on
sapphire fiber after 1000 °C annealing

Fig. 25 Experimental curve of temperature increase
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The OPD versus temperature curve is show in Fig. 27. It can be founded that the
OPD corresponds well with the temperature up to 1000 °C. The temperature res-
olution is 40.7 pm/°C. The sub graph in Fig. 27 shows the calculated OPD values
for a 100-time continuously spectra acquisition at 43.3 °C. The acquisition was

Fig. 26 Recorded experimental OPD curve during temperature increase

Fig. 27 Correlation of OPD with temperature curve during sensing experiment (a) and temporal
fluctuation of OPD signal (b)
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finished within 30 s. Thus the environment was assumed to maintain at a constant
temperature. The standard deviation σ of the OPD is 32 pm. Therefore, the tem-
perature precision around room temperature is 4σ (3.2 °C). (The precision usually
requires 4σ.)

Repeatability of sensing calibration is show in Fig. 28. It is clear that the two
curves match well with each other at temperature above 400 °C.

It should be mentioned that the connected point between MMF with sapphire
fiber (20 cm) can’t stand up to higher temperature than 1000 °C in the process of
experiment. The use of light amplification device makes it possible to increase the
length of sapphire fiber, thus the sensor is potential to be used in the higher
temperature than 1000 °C. Superior optic spectrometer (such as Ocean Optics,
USB-4000) may further improve the performance of the sensor.

Miniaturized high temperature sensor with multilayer coating on sapphire fiber
tip as sensitive element has been proposed and experimentally demonstrated. The
refractive indexes of the dielectrics by PVD were demonstrated to be lower than
their inherent refractive indexes. The proposed sensor has a resolution of
40.7 pm/°C and good linearity when temperature changes from 400 to 1000 °C.

Fig. 28 Repeated measurement of OPD with temperature increase in two thermal cycles
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5 Conclusion

Integration of novel functional material with fiber optic components is one of the
new trends in the field of novel sensing technologies. The combination of fiber
optics with functional materials offers great potential for the realization of novel
sensors. This chapter reviews recent works on the topic of fiber-optic sensing
technologies with nano thin films and coatings as sensitive elements. As examples,
sensors to detect hydrogen concentration, relative humidity and high-temperature
based on sensitive thin films have been proposed and experimentally demonstrated.
Using physical vapor deposition, thin films were deposited on the end-face or the
tip of optical fiber as sensing element. Due to the change of ambient environment,
the optical path difference of thin films increased or decreased. So properties of the
ambient environment can be measured by optical fiber sensors. The optical fiber
hydrogen sensing system can detect hydrogen as low as 50 ppm at room temper-
ature of 25 °C. The hydrogen sensor has a quick response during the hydrogen
characterization, and the sensor show better sensitivity towards lower hydrogen
concentrations. Experimental investigation of the F-P fiber optic humidity sensor
shows that the wavelength shift can reached 42.3 nm when RH ranges from 3.3 to
63 % RH. The average humidity sensitivity of proposed sensor is 0.7 nm/%RH
approximately. The proposed high-temperature sensor has a resolution of
40.7 pm/°C and good linearity when temperature changes from 400 to 1000 °C.
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Lossy Mode Resonance Based Fiber Optic
Sensors

Nidhi Paliwal and Joseph John

Abstract In the past couple of years, lossy mode resonance (LMR) phenomena has

attracted the attention of researchers with its promising benefits in the field of fiber

optic sensing. LMR based sensors have become a useful tool in sensing applications

ranging from physical sensing to biosensing in a short span of time. In addition to

sensing, LMR phenomena can also be utilized as wavelength filters for communi-

cation purposes. LMR based sensors are able to work independently of the specific

polarization of light for sensing operations. Also, unlike evanescent wave and surface

plasmon resonance (SPR) based sensors, the sensitivity of these LMR sensors does

not get affected by the geometrical parameters of fiber and primarily depends on the

thickness of thin film material. Till date, various geometries of fiber probes such as

straight, D-shaped, tapered etc., have been explored. Bending and tapering of mul-

timode fiber based LMR sensors improve the detection accuracy without affecting

their sensitivity. However, in single mode fiber based LMR sensors the side polishing

and tapering of fibers improve both the detection accuracy and sensitivity. Another

method to improve the sensitivity is by using two LMR supporting thin film lay-

ers of higher refractive index instead of one. This chapter describes the theory and

developments made in the field of LMR based fiber optic sensors for various sens-

ing applications. Finally, future scope of the LMR sensing technology and possible

research in this emerging area are suggested.

1 Introduction

Fiber optic sensing technology has been very popular in the past few decades with

its promising benefits. Use of low cost optical sources and detectors in place of con-

ventional devices for measuring various physical, chemical, and biological parame-

ters has resulted in great economical benifts. One of the important reasons for the
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Fig. 1 Schematic representation of fiber optic sensor system

increased demand for fiber optic sensors is its pure dielectric nature due to which

they can be effortlessly used in many perilous areas where conventional sensors may

not work effectively. Another adavantage, especially for remote sensing and teleme-

try applications is the fast response of fiber optic sensors which makes it possible to

send large amount of sensing information over long distances via optical fibers [1–4].

A typical fiber optic sensing system shown in Fig. 1 consists of a light source, fiber

as a sensing element and a detector. Light is transmitted from a light source and

passes through an optical fiber sensing probe, which senses change in the desired

environmental parameter. The sensor modulates one or more characteristics of light

viz, intensity, wavelength, amplitude or phase and then the modulated light is trans-

mitted from the sensor to a signal processor, which in turn converts it into a signal for

processing. In order to modulate the properties of light, optical waveguides coated

with metal and semiconductors have been very popular [5–8]. It is known that the

propagation of light in a medium depends on its properties. In optical fiber sensors,

the medium for the propagation of light rays is an optical fiber. If fiber cladding is

removed and some other thin film material is deposited over the unclad portion, it

introduces losses in the light propagation and the extent of these losses depend upon

the properties of thin film material.

2 Theory of LMR

2.1 Selection of Thin Film Material for Generation of LMR

Though LMR is similar to the other well established resonance phenomenon of SPR,

there is a basic difference between these two resonance phenomena. Thin film mate-

rial conditions for generating the surface plasmon modes and the lossy modes which

eventually leads to the phenomenon of SPR and LMR respectively, are completely

different. The permittivity of any thin film material is given by

𝜖 = 𝜖r + i𝜖i (1)
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Table 1 LMR and SPR generating conditions

Phenomenon Resonance condition Suitable thin film materials

LMR 𝜖r = +ive and |𝜖r| > 𝜖i, 𝜖s Polymers, semiconductors,

dielectrics, etc.

SPR 𝜖r = −ive and |𝜖r| > 𝜖i, 𝜖s Metals, semiconductors

where 𝜖r is the real part and 𝜖i is its imaginary part. For a given 𝜖s which is the per-

mittivity of any surrounding medium, Table 1 defines the different conditions under

which LMR and SPR can be generated. Thin film materials can be classified into two

categories depending upon the resonance phenomena as shown in Table 1. LMR is

generated when the real part of permittivity is positive and also higher in magnitude

than both the permittivity of surrounding medium and its imaginary part. On the

other hand, SPR is generated when the real part of thin film’s permittivity is negative

and also higher in magnitude than both the permittivity of surrounding medium and

its imaginary part. There are also some materials whose real part is approximately

zero and imaginary part of thin film permittivity is very large. These materials are

suitable for generating long range surface exciton polariton. However, these are not

in the scope of our studies because the choice of such materials is very limited.

2.2 Surface Plasmons and Surface Plasmon Resonance

Surface plasmons or surface plasma waves are electromagnetic modes associated

with a metal-dielectric interface. Any metal thin film coated glass substrate in contact

with a dielectric media supports charge density oscillations. These charge density

oscillations along the metal-dielectric interface are known as surface plasma oscil-

lations. The quantum of these oscillations is referred to as surface plasmon. A large

number of negatively charged free electrons exists inside a conductor (free electron

charge density is 1023 cm
−3

) with an equally charged positive ion lattice. Since pos-

itive ions have an infinitely large mass compared to these free electrons, these ions

can be replaced by a positive constant background. However, the total charge density

inside the conductor still remains zero. If the density of free electrons is perturbed

by applying an external field on the conductor, movement of free electrons may take

place and they begin to get attracted by the positive ion background. This attrac-

tion acts as a driving force for free electrons and they start moving towards positive

region and accumulate with a density higher than necessary to obtain charge neutral-

ity. This results in the Coulomb repulsion among the moving free electrons which

acts as a restoring force and produces motion in the opposite direction. The resultant

of these two forces (i.e., attractive driving force and repulsive restoring force) set up

the longitudinal oscillations among the free electrons, known as plasma oscillations.

Surface plasmons cannot be excited by direct light over a metal-dielectric interface as

their wave numbers are greater than the light wave number in the dielectric. Special
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geometries are used to excite the surface plasma waves using TM-polarized light.

When TM-polarized light is incident on the glass-metal interface within the range

of incidence angles, total internal reflection occurs. If the wave vector of the incident

light matches the electron oscillation frequency of the metal film surface, the incident

light will be coupled to the plasma surface and an electronic resonance is produced.

Therefore light energy is absorbed and the intensity of reflected light reduces, so

the resonant excitation of surface plasmons can be seen as the dip in reflected light

intensity at a certain incident angle, which is known as the resonance angle of SPR.

This resonance angle is different for various combinations of the refractive index

(RI) of the metal and dielectrics and is very sensitive to the RI changes in the vicin-

ity of a surface. Fiber optic sensors based on SPR phenomenon have been studied

extensively in the field of physical, biological and chemical sensing [9–13].

2.3 Lossy Modes and Lossy Mode Resonance

Similar to the SPR phenomenon, a substrate coated with metal oxides, such as indium

tin oxide (ITO) [14–16], titanium dioxide (TiO2) [17], indium oxide (In2O3) [18] or

polymers [15, 19] in contact with other dielectric media of higher RI, support many

number of modes called lossy modes or long range guided modes leading to the

phenomenon of LMR. These lossy modes are guided in the thin film and can be

generated with both TE and TM polarized light. Based on detailed mode analysis,

it was reported that if thin film thickness is increased, lossy modes cross the cut-

off condition and start guiding in the thin film leaving the fiber core [5, 20, 21]. In

the lossy mode resonance (LMR), coupling between a waveguide mode and a spe-

cific lossy mode of thin film takes place at a particular value of film thickness. This

coupling requires two conditions to be satisfied, one is the condition of mode fields

overlapping and the other one is the phase matching condition. In the phase match-

ing condition, real part of propagation constant of the lossy mode should be equal to

the real part of propagation constant of the waveguide mode. In order to completely

understand the LMR phenomenon, one can analyze the evolution of modal effective

index in the form of evanescent wave which is given as

neff = nssin𝜃 (2)

where ns is the RI of glass substrate and 𝜃 is the angle of incidence. Therefore, the

effective index of evanescent wave can be modified by changing either the angle of

incidence or the wavelength of incident light. At a particular angle or wavelength, the

effective index of evanescent wave matches with the effective index of lossy modes

and the coupling between evanescent wave and the lossy modes becomes maximum.

As a consequence of maximum coupling, LMR is generated at a particular value of

thin film thickness resulting in attenuation dips in the transmission spectra.
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Fig. 2 Kretschmann

configuration

2.4 Kretschmann-Reather ATR Method for LMR Generation

Kretschmann configuration which is shown in Fig. 2, is the most popular attenuated

total reflection (ATR) method for coupling of the waveguide mode and the modes

guided in the thin film coated on a prism base [22]. When a light is incident on a

prism at an angle greater than the ATR angle, an evanescent wave is generated at

the prism-film layer interface. The coupling between evanescent wave and thin film

modes takes place under certain conditions, leading to the phenomenon of LMR. If

the phase matching and mode field overlapping conditions are satisfied, the effective

coupling between thin film modes and an evanescent wave takes place which results

in the transfer of energy from waveguide modes to lossy modes leading to a dip in

the reflected light intensity. This dip in the normalized reflected power occurs at a

particular incident angle or wavelength of light due to maximum transfer of energy

from the waveguide modes to lossy modes. This specific angle and wavelength are

called resonance angle (𝜃res) and resonance wavelength (𝜆res) respectively.

2.5 LMR Sensing Principle and Performance Parameters

The principle of LMR sensing is based on either angular interrogation or wavelength

interrogation. Angular interrogation utilizes various angles of incidence for the mea-

surement of reflectance while keeping the frequency of incident light fixed. In this

method, reflectance is minimum at a particular angle of incidence which is called

the resonance angle (𝜃res). This 𝜃res is generally sensitive to the surrounding medium
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Fig. 3 Reflection spectra

obtained with two

surrounding medium

refractive indices ns and

ns + 𝛿ns

refractive index (SRI) variations. Consequently, determination of dielectric constant

of surrounding medium is possible if the dielectric constant and thickness of the thin

film layer are known. On the other hand, wavelength interrogation utilizes various

wavelengths for the reflectance measurement while keeping the angle of incidence

fixed. In this method, a broadband light source is generally used for launching the

light and minimum reflectance is measured at a particular wavelength. This specific

wavelength is called the lossy mode resonance wavelength (𝜆res). The performance

of an LMR based sensor is characterized by its sensitivity and detection accuracy. A

perfect LMR sensor has the high sensitivity and high detection accuracy. Sensitivity

of an LMR based RI sensor is given by the shift in resonance angle or the wavelength

with respect to the SRI variation. It means that, large change in the resonance angle

or wavelength shift leads to better sensitivity of the LMR sensor. The reflectance

curves for two SRIs viz., ns and ns + 𝛿ns are shown in Fig. 3. These curves can be

used to find out the 𝜆res or 𝜆res and sensitivity can be calculated from the angular or

wavelength interrogation method by the following relations

S
𝜆
=

𝛿𝜆res

𝛿ns
..........(Wavelength interrogation) (3)

S
𝜃
=

𝛿𝜃res

𝛿ns
..........(Angular interrogation) (4)

The Second performance parameter viz., detection accuracy is defined by the

ability of an LMR sensor to determine the resonance angle/wavelength accurately.

Therefore, better detection accuracy provides a precise detection of the resonance

angle/wavelength to determine the unknown SRI. Detection accuracy is inversely

proportional to the width of LMR curve and therefore narrower LMR curve pro-

vides a better detection accuracy besides the detection limitations of the measure-

ment device.
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3 Advantages of LMR over SPR

LMR based devices have the following major advantages over the SPR based devices:

1. LMR does not require specific polarization of light and can be generated with both

TE and TM polarized light while SPR can be generated only by TM polarized

light.

2. Choice of materials is unlimited as most thin film materials have real part of thin

film permittivity positive and higher in magnitude than both the imaginary part

of the permittivity and the surrounding medium. Therefore unlike SPR, specific

plasmonic materials like silver and gold are not required.

3. It is possible to generate multiple LMRs or attenuation dips in the transmittance

spectra by increasing the thickness of coating material. The advantage of this

feature is that sensitivity to the measurand can be tuned by just changing the

thickness of the thin film layer which is not possible in the case of SPR.

4 LMR Based Fiber Optic Sensors

During the last few decades a lot of research work have been reported on SPR, but

very few authors have explored the field of LMR. For the first time, Del Villar et al.

[14] proposed the LMR phenomenon for fiber optic sensing applications. Thin film

material and substrate are the main ingredients in designing a sensing probe. For the

substrate, optical fiber is considered to be a good choice due to its small size, light

weight, immunity to electromagnetic interference (EMI), capability of multiplexing,

wide operating temperature range and capability of remote sensing.

Now coming to the sensor material, ITO was the first material explored by the I.

Del villar group since it satisfies the condition of LMR generation as given in Table 1.

ITO is a transparent conducting oxide (TCO) and thin films of ITO are chemically

stable. Also, various deposition methods such as sputtering, dip coating etc. can be

used for the deposition of ITO onto the optical fiber. In addition to this, it can be

seen from the dispersion curve of ITO shown in Fig. 4 that it is a suitable material

for the generation of both LMR and SPR in two different spectral regions [14, 23].

Fiber optic SPR sensors fabricated with ITO coating have also been utilized in mid-

IR spectral region sensing. However, these are very expensive due to the high cost of

IR-light sources and detectors. On the contrary, VIS-NIR light sources and detectors

are of lower cost and are easily available. Additionally, LMR based humidity sensors

[15] and pH sensors [19] show comparable sensitivity to the SPR sensors. In view of

the above factors ITO coated LMR fiber optic sensors have been explored for various

kinds of sensing applications.

Mostly, wavelength interrogation method is used in LMR fiber optic sensors

because multiple reflections take place from the core of an optical fiber due to launch-

ing of all the guided modes into the fiber. All those light rays whose incident angle

are greater than the critical angle undergo TIR at the fiber-cladding interface. Criti-
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Fig. 4 Dispersion curve of ITO

cal angle is determined by the light acceptance angle or numerical aperture (NA) of

the fiber and the wavelength of light. This results in the generation of an evanescent

wave, which eventually couple to thin film modes under certain conditions.

Previously in some studies [6], thin film thickness was utilized to satisfy the mode

cut-off condition that eventually leads to attenuation maxima of lossy modes, result-

ing to the LMR. However, LMR generation is also possible by launching broadband

spectra into the fiber and observing the mode-cut off at a specific wavelength of

spectra keeping the thin film thickness conthstant. Generally, light from a broad-

band source is incident at one end of the thin film coated fiber optic LMR sensing

probe, and detected at the other end. Due to the LMR phenomenon attenuation dip

occurs at a specific wavelength, called the resonance wavelength (𝜆res). This 𝜆res is

sensitive to the SRI variations and therefore this LMR phenomena can be utilized

in RI sensors by just analyzing the 𝜆res shift in the LMR transmission spectrum.

The plot of resonance wavelengths vs refractive indices of the surrounding media,

provides the calibration curve for LMR fiber optic RI sensors as shown in Fig. 5.

Further, in order to completely understand the separate contribution of TE, TM

and TE+TM modes in generating SPR and LMR phenomena, transmission curves

have been plotted using ITO as a thin film material. As seen in Fig. 6a TE polar-

ized light contributes only a single transmission dip appearing in the LMR’s spectral

region. However, TM polarized light contributes two dips appearing in two different

spectral regions as shown in Fig. 6b. Among these two transmission dips, the first dip

appears in LMR spectral region and the second dip in SPR region. In addition to this,

the combined effect of both TE and TM modes or the unpolarized (TE+TM) light on

the transmission spectra is shown in Fig. 6c. From these observations, it can be con-

cluded that contribution of both TE and TM modes leads to the generation of LMR,

whereas only TM modes contributes towards the generation of SPR as depicted in

Fig. 6b. Another special feature of LMR is its ability to generate multiple LMRs with
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Fig. 5 Calibration curve for

LMR fiber optic RI sensor

increasing thicknesses of the thin film as shown in Fig. 7a, b. This is due to the fact

that on increasing the thin film thickness, multiple modes are guided in the sensing

region [14] leading to the generation of multiple LMR without any modification in

the fiber geometry.

5 Theoretical Model for Lossy Mode Resonance Based
Fiber-Optic Sensors

This section describes a simulation model for LMR based fiber optic RI sensors

with Indium tin oxide (ITO) as an LMR generating layer. Attenuated total reflection

(ATR) method in combination with the well known Kretschmann configuration was

used for the MATLAB simulations. Fiber parameters considered for the theoretical

studies were: core diameter = 200µm, sensing region length = 30 mm and numerical

aperture (NA) = 0.22. The optical power (dP) transmitted from the fiber-end is given

by [14]

dP ∝ n21 sin 𝜃 cos 𝜃d𝜃 (5)

We have considered launching of all guided rays into the fiber structure. Due to

the cylindrical geometry of fiber, for the exact analysis of modes the effect of skew

rays along with the meridional rays has also been taken into account. Hence, the

normalized transmitted power Pt, can be written as [14]
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Fig. 6 (Colour Online) Theoretical transmission spectra with light of a TE polarization, b TM

polarization, c TE+TM polarization. Other parameters are: sensing region length = 3 cm, core

diameter = 200 µm, NA = 0.22, ITO layer thickness d = 100 nm and SRI = 1.33

Pt =

𝛿max

∫
0

𝜋∕2

∫
𝜃cr

RNref (𝜃,𝛿)k20n21 sin 𝜃 cos 𝜃d𝜃d𝛿

𝛿max

∫
0

𝜋∕2

∫
𝜃cr

k20n21 sin 𝜃 cos 𝜃d𝜃d𝛿

(6)

where 𝜃cr = sin−1
(

ncl

n1

)

is the critical angle of the fiber with ncl and n1 as the refrac-

tive indices of cladding and core respectively. RNref (𝜃,𝛿)(𝜃, 𝜆) is the reflected power

for unpolarized light given by the expression
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Fig. 7 (Colour Online) Theoretical multiple LMR generation by unpolarized light with ITO layer

thickness of a d = 400 nm, b d = 1200 nm. Other parameters are: sensing region length = 3 cm,

core diameter = 200 µm, NA = 0.22 and SRI = 1.33

RN(𝜃,𝛿)(𝜃, 𝜆) =
RN(𝜃,𝛿)

TE (𝜃, 𝜆) + RN(𝜃,𝛿)
TM (𝜃, 𝜆)

2
(7)

and Nref (𝜃, 𝛿) is the number of reflections at the core- thin film interface expressed

by the equation given below

Nref (𝜃, 𝛿) =
L

D tan 𝜃 cos 𝛿
(8)

Here, D is the core diameter of fiber, L is the length of sensing region, 𝜃 is the

angle of incident ray with respect to the normal to core-thin film interface and 𝛿 is

the skewness angle. In order to calculate the reflection intensity coefficient R(𝜃, 𝜆)

for unpolarized light beam, N-layer (transfer matrix) method is used [24].

5.1 Transfer Matrix Method for a Multilayer System

This method assumes that all thin film layers are uniform, isotropic, non-magnetic

and stacked along the z-axis as shown in Fig. 8. These layers are characterized by

the dielectric constant 𝜖n, permeability 𝜇n and thickness dn. The tangential fields at

the boundaries Z = Z1 = 0 and Z = ZN−1 are related by the relation [24].

[
E1
H1

]

= M
[

EN−1
HN−1

]

(9)

where E1, H1 and EN−1, HN−1 are the tangential components of electric and magnetic

fields at the first layer’s boundary and the Nth layer’s boundary respectively. Here,
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Fig. 8 N-Layers method for the calculation of reflected light intensity

M is the characteristic matrix for the multilayer structure and is given by

M =
N−1∏

n=2
Mn (10)

where

Mn =

[
cos 𝛽n − i

qn
sin 𝛽n

−iqn sin 𝛽n cos 𝛽n

]

(11)

and

qn =

√

𝜖n − n21 sin𝜙2

𝜖n
..........(TM modes) (12)

qn =
√

𝜖n − n21 sin𝜙2
..........(TE modes) (13)

𝛽n =
2𝜋dn

𝜆

√

𝜖n − n21 sin𝜙2 (14)

The reflection amplitude for unpolarized incident light is calculated by

r =
(M11 + M12qN)q1 − (M21 + M22qN)
(M11 + M12qN)q1 + (M21 + M22qN)

(15)

Therefore, reflection intensity for unpolarized light containing TE and TM modes

is given by

R =
∣ rTE ∣2 + ∣ rTM ∣2

2
(16)



Lossy Mode Resonance Based Fiber Optic Sensors 43

In order to calculate the refractive indices of various layers the following disper-

sion models were used:

5.2 Dispersion Relation of ITO Layer

The following Drude and Lorentz oscillator dispersion model was used to describe

the dispersion relation of ITO.

𝜖(𝜔) = 𝜖∞ −
𝜔
2
p

𝜔
2 + i𝜔

𝜏

+
s0𝜔2

0

𝜔
2
0 − 𝜔

2 + i𝛾𝜔
(17)

where 𝜖∞ = 3.5 is the high frequency dielectric constant, 𝜔p = 4.557 × 1015 rad/s

is the plasma frequency, s0 = 1 is the oscillator strength, 𝜔0 = 8.27 × 1015 rad/s is

the oscillator resonance frequency, 𝛾 = 1.321 × 1014 rad/s is the damping constant

and 𝜏 = 1.324 × 10−14 s/rad is the electronic scattering time.

5.3 Dispersion Relation of Silica

In our theoretical studies we assume that the core of the fiber is made of fused silica.

The expression for the wavelength dependent refractive index of fused silica is given

by the Sellmeier relation [25] as

n1(𝜆) =

√

1 +
a1𝜆

2

𝜆
2 − b21

+
a2𝜆

2

𝜆
2 − b22

+
a3𝜆

2

𝜆
2 − b23

(18)

where 𝜆 denotes the wavelength (in µm) and the Sellmeier coefficients are a1 =
0.6961663, a2 = 0.4079426, a3 = 0.8774794, b1 = 0.0684043, b2 = 0.1162414 and

b3 = 9.896161.

The different SRIs used for the analysis were 1.33, 1.35, 1.37, 1.39, 1.41, 1.43.

Wavelength interrogation method was used to obtain the LMR transmission spectra

for different SRIs as shown in Fig. 9a. In order to calculate the sensitivity, reso-

nance wavelengths can be found out from these transmission spectra. Additionally,

the effect of ITO thickness on the sensitivity of LMR fiber optic RI sensor is shown

in Fig. 9b. As observed in Fig. 9b spacing between LMR curves gets reduced with

increasing film thickness which results in decreased sensitivity.
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Fig. 9 (Colour Online) LMR transmission spectra obtained with different surrounding medium

refractive indices (SRIs) for ITO layer thickness of a d = 80 nm, b d = 150 nm. Other parameters

are: sensing region length = 3 cm, core diameter = 200 µm, NA = 0.22

6 Recent Advancenents in LMR Bsed Fiber Optic Sensors

Till 2010 LMR remained an unexplored phenomenon for fiber optic sensing appli-

cations before it was proposed by Del Villar et al. [14] for RI sensing. The sen-

sitivity of this first LMR based RI sensor was evaluated with ITO film thickness

of 115 and 220 nm using water-glycerin solutions of different RIs, whose sensitiv-

ities were found to be 1617.4 nm/RIU and 2952.6 nm/RIU respectively. A typical

experimental-setup which can be used for LMR based fiber optic RI sensing is shown

in Fig. 10. Here, an optical fiber is de-cladded from the middle and a thin film over-

lay is deposited onto the uncladded region. This fiber structure is surrounded by the

medium whose RI is under investigation.

Around the same time, optical fiber refractometer based on the same ITO coating

was fabricated by Zamarreno et al. [26] in which they found the sensitivity of refrac-

tometer to be independent of the sensing region length. They reported an average

sensitivity of 3125 nm/RIU which was comparable to the SPR sensors. LMR phe-

nomenon was also utilized for relative humidity sensing [15] and a tunable humidity

sensor was fabricated by depositing ITO and poly allylamine hydrochloride (PAH)

and poly acrylic acid (PAA) film which is sensitive to relative humidity. The sensi-

tivities of tuned and non-tuned RH sensors were compared. Around 5 fold increase

in the sensitivity was reported for the tuned RH sensor.

Due to the limitation of ITO material in generating LMR within the specific spec-

tral range, another metal oxide TiO2 was explored. It was discovered that TiO2 is

free from the limitations of LMR generation in specific wavelength spectrum as can

be seen from the dispersion curve of TiO2 [17]. Therefore, unlike ITO, the com-

plete wavelength range of 500–1500 nm is available for LMR generation in TiO2
because the real part of dielectric constant always remains positive and higher than

its imaginary part for the entire wavelength spectrum. Keeping this fact in view, the
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Fig. 10 Experimental setup used for LMR based fiber optic sensing

optical fiber refractometers were fabricated by depositing TiO2/PSS (poly sodium

4-styrenesulfonate) thin films by using layer-by-layer (LbL) method. All studies on

these LMR based refractometers show that thin film thickness plays an important

role in determining the sensitivity. Better sensitivity can be achieved if thin film

thickness is kept less. Consequently, the major advantage of LMR based fiber optic

refractometers is that sensitivity, position and number of transmission dips can be

fine tuned by just changing the film thickness. Also, another composite oxide mate-

rial indium oxide (In2O3) was studied for LMR generation and it was reported that

with In2O3 dual peak LMR can be generated which is useful for performing very pre-

cise measurements with better accuracy and two fold sensitivity enhancement [18].

Besides RI and RH measurements, LMR phenomenon had also shown its poten-

tial in pH sensing [19]. For the fabrication of LMR based pH sensor, PAH/PAA

coatings were chosen because LMR can be generated with these polymers. Also,

PAH/PAA thin films are suitable for pH measurement because thickness of these

films increase or decrease with the pH variation of the solution which causes the

SRI change. A fairly good sensitivity of 0.027 pH units/nm with an accuracy of

0.001 pH units was achieved with this pH sensor for a pH range of 3–6. Though,

many materials including metal oxides and polymers were explored for various phys-

ical and chemical sensing utilizing LMR phenomena, some other design parameters

which affect the sensitivity and resolution of these LMR sensors also need to be

addressed. Therefore, to achieve the better performance of LMR sensor some design

studies were presented [27]. For the optimization of LMR sensing design parame-

ters, TiO2/PSS and PAH/PAA were chosen because both these materials are suitable

for LMR generation. In these studies it was concluded that only the real part of thin
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film RI is responsible for the wavelength shift which eventually provides the sensi-

tivity of the LMR device. However, the imaginary part of thin film RI accounts for

the losses occurring in the structure and thus the depth of resonance curve. Hence,

there is no role for the imaginary part of the thin film RI in determining the sen-

sitivity of an LMR device. As we know thin film properties drastically vary with

the deposition techniques [28–30], ITO coated LMR based optical fiber refractome-

ter was also studied where ITO was deposited by sputtering technique unlike LbL

and dip coating techniques reported in literature [14, 15, 17]. After the successful

development of pH, RH and RI sensors, fiber optic immunoglobulin G (IgG) biosen-

sor was reported utilizing LMR phenomena [31]. This biosensor was fabricated by

depositing PAH/PSS thin films because these films provide a suitable medium for

IgG-anti-IgG immunoreactions and also capable of generating LMR. With this IgG

biosensor, 50µg/ml concentration of Immunoglobulins were detected in a response

time of 12 min. In an another work, a new LMR based fiber optic RH sensor was

reported in which multiple LMR phenomena was utilized as a notch band filter [32].

Further, in order to show the effect of fiber geometry, the use of side-polished, D-

shaped single mode fiber (SMF) coated with TiO2/PSS was reported for fiber based

LMR devices [33]. Their experimental results demonstrate the importance of D-

shape SMF in determining the individual contribution of TE and TM polarizations

in LMR generation.

A different kind of LMR based chemical vapor sensor for the detection of volatile

organic compounds (VOCs) was developed by depositing an organometallic com-

pound [Au2Ag2(C6F5)4(C6H5C≡CC6H5)2]n which is sensitive to organic vapors

[34]. The performance of this sensor was evaluated with different concentrations

of ethanol, methanol and isopropanol vapors taking the effect of humidity and tem-

perature into account. Furthermore, for monitoring human breath an LMR based

sensor was designed with silver nanoparticle loaded films onto the fiber [35]. The

dynamic range of 27.3 nm and sensitivity of 0.455 nm/RH% was achieved for this

human breath sensing device.

All the LMR sensors discussed so far utilized only a single LMR generating thin

film layer. In order to enhance the sensitivity of an LMR device, fiber optic RI sen-

sors with bilayer combination of ITO/TiO2 was theoretically investigated [36] using

transfer matrix method described in Sect. 5.1. This work reports the capability of

combined ITO and TiO2 thin films in enhancing the RI sensitivity when combined

in a particular ratio. A comparison of sensitivity was carried out utilizing ITO/TiO2
bilayer and single absorbing layer in LMR based RI sensors. It was concluded from

these theoretical studies that with ITO/TiO2 bilayer combination, a much better sen-

sitivity can be achieved as compared to single absorbing layer. An another LMR

based biosensor was reported for thrombin and C-reactive protein detection [37,

38]. Again in another work, two different bilayer combinations viz. AZO/TiO2 and

AZO/Cu2O were theoretically investigated for the enhancement of RI sensitivity [39]

and AZO/TiO2 was reported to be a much better combination for increasing the RI

sensitivity up to five fold.

Another important LMR based biosensor was reported for the diagnosis of celiac

disease [40]. This work was carried out first utilizing different geometries of the

http://dx.doi.org/10.1007/978-3-319-42625-9_5
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fibers and then choosing the appropriate geometry for fabrication of the biosensor.

Among all the geometries, best detection accuracy was achieved with tapered single-

mode optical fibers (T-SMFs). These T-SMFs were used to fabricate the sensing

device to detect anti-gliadin antibodies (AGAs) for the diagnosis of celiac disease.

The devices fabricated in this work have the potential for other biological and chem-

ical applications. LMR phenomena was also theoretically exposed for temperature

sensing [41]. In this work, TiO2 coated LMR based fiber optic temperature sensor

was reported and the sensitivity was evaluated by considering air and water as the

surrounding media. The role of different TiO2 thicknesses in determining the sensi-

tivity was discussed. As compared to fiber Bragg grating (FBG) and localized surface

plasmon resonance (LSPR) based fiber optic temperature sensors [42, 43], the pro-

posed sensor promises higher temperature sensitivity with 100 nm thickness of TiO2.

The major benefit of LMR based temperature sensor is that, it does not require an

extra metal layer unlike FBG and LSPR temperature sensors and its sensitivity can be

tuned by just changing the TiO2 thickness. Recently, improvement in the reduction

of spectral width by utilizing D-shaped optical fibers for fabrication of LMR based

refractometers was reported [44]. This work presented a highly sensitive ITO coated

D-shaped optical fiber refractometer with very narrow spectral width and high atten-

uation of 6.9 nm and 36 dB. In a recent review article a detailed analysis of LMR

phenomena along with its major fields of applications was reported [45].

7 Conclusion

This chapter presents details of the LMR phenomena and considered various designs

and performance parameters for LMR based fiber-optic sensors. The basic principle

of LMR based fiber-optic sensors was explained and various benefits such as sensi-

tivity and detection accuracy enhancement by using double thin film layers, tapered

and D-shape geometry for LMR based fiber-optic sensors were addressed. The pop-

ularity of LMR sensors is primarily based on two reasons: first, these are free from

the requirement of specific polarization of light, and secondly due to the capability of

tuning its sensitivity by just adjusting thickness of the thin film. Also, another exclu-

sive property of LMR devices is multiple LMR generation with increasing thick-

ness which can be utilized in wavelength filtering applications. LMR technology has

motivated research on the geometry of fiber optic probe for further enhancing the

sensitivity and detection accuracy for various sensing applications. LMR cannot be

considered just a cost effective solution in the field of sensing as all the LMR gener-

ating materials show high sensitivity in the NIR spectral range. This calls for future

research of suitable materials with enhanced sensitivity of LMR sensors in the vis-

ible spectral region. LMR phenomena can also be explored with other nanoparticle

based sensing techniques like LSPR. In view of all these LMR based fiber optic

sensing technology would be a very promising research field. The present chapter is

a small attempt to provide an insight into the recent advancements in this emerging

field. Fiber optic sensor technology promises bright future prospects with signifi-
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cant advancements in the coming years. LMR based fiber-optic sensors are expected

to be a major contributor to the sensing research community with comparably high

sensitivity along with its various advantages over the other fiber optic sensors.

References

1. A. Kersey, A. Dandridge, Applications of fiber-optic sensors. IEEE Trans. Compon. Hybrids

Manuf. Technol. 13(1), 137–143 (1990)

2. B. Culshaw, A. Kersey, Fiber-optic sensing: a historical perspective. J. Lightwave Technol.

26(9), 1064–1078 (2008)

3. R. Bogue, Fibre optic sensors: a review of today’s applications. Sens. Rev. 31(4), 304–309

(2011)

4. B. Lee, S. Roh, J. Park, Current status of micro- and nano-structured optical fiber sensors. Opt.

Fiber Technol. 15(3), 209–221 (2009)

5. T. Batchman, G. McWright, Mode coupling between dielectric and semiconductor planar

waveguides. IEEE Trans. Microwave Theory Tech. 30(4), 628–634 (1982)

6. M. Marciniak, J. Grzegorzewski, M. Szustakowski, Analysis of lossy mode cut-off conditions

in planar waveguides with semiconductor guiding layer. Optoelectr. IEE Proc. J. 140(4), 247–

252 (1993)

7. T. Takano, J. Hamasaki, Propagating modes of a metal-clad-dielectric-slab waveguide for inte-

grated optics. IEEE J. Quantum Electr. 8(2), 206–212 (1972)

8. F. Yang, J.R. Sambles, Determination of the optical permittivity and thickness of absorbing

films using long range modes. J. Modern Opt. 44(6), 1155–1163 (1997)

9. J. Homola, S.S. Yee, G. Gauglitz, Surface plasmon resonance sensors: review. Sens. Actuators

B: Chem. 54, 3–15 (1999)

10. A.K. Sharma, R. Jha, B.D. Gupta, Fiber-optic sensors based on surface plasmon resonance: a

comprehensive review. Sens. J. IEEE 7(8), 1118–1129 (2007)

11. A. Leung, P.M. Shankar, R. Mutharasan, A review of fiber-optic biosensors. Sens. Actuators

B: Chem. 125(2), 688–703 (2007)

12. X.D. Wang, O.S. Wolfbeis, Fiber-optic chemical sensors and biosensors (2008–2012). Anal.

Chem. 85(2), 487–508 (2013)

13. I. Abdulhalim, M. Zourob, A. Lakhtakia, Surface plasmon resonance for biosensing: a mini-

review. Electromagnetics 28(3), 214–242 (2008)

14. I.D. Villar, C.R. Zamarreno, M. Hernaez, F.J. Arregui, I.R. Matias, Lossy mode resonance

generation with indium-tin-oxide-coated optical fibers for sensing applications. J. Lightwave

Technol. 28(1), 111–117 (2010)

15. C.R. Zamarreno, M. Hernaez, I.D. Villar, I.R. Matias, F.J. Arregui, Tunable humidity sensor

based on ITO-coated optical fiber. Sens. Actuators B: Chem. 146(1), 414–417 (2010)

16. D. Kaur, V. Sharma, A. Kapoor, High sensitivity lossy mode resonance sensors. Sens. Actua-

tors B: Chem. 198, 366–376 (2014)

17. M. Hernaez, I.D. Villar, C.R. Zamarreno, F.J. Arregui, I.R. Matias, Optical fiber refractometers

based on lossy mode resonances supported by TiO2 coatings. Appl. Opt. 49, 3980–3985 (2010)

18. I.D. Villar, C.R. Zamarreno, P. Sanchez, M. Hernaez, C.F. Valdivielso, F.J. Arregui, I.R.

Matias, Generation of lossy mode resonances by deposition of high-refractive-index coatings

on uncladded multimode optical fibers. J. Opt. 12(9), 095503 (2010)

19. C.R. Zamarreno, M. Hernaez, I.D. Villar, I.R. Matias, F.J. Arregui, Optical fiber pH sensor

based on lossy-mode resonances by means of thin polymeric coatings. Sens. Actuators B:

Chem. 155(1), 290–297 (2011)

20. R.F. Carson, T.E. Batchman, Multimode phenomena in semiconductor-clad dielectric optical

waveguide structures. Appl. Opt. 29(18), 2769–2780 (1990)



Lossy Mode Resonance Based Fiber Optic Sensors 49

21. I.D. Villar, I.R. Matias, F.J. Arregui, M. Achaerandio, Nanodeposition of materials with com-

plex refractive index in long-period fiber gratings. J. Lightwave Technol. 23(12), 4192–4199

(2005)

22. E. Kretschmann, H. Reather, Radiative decay of non-radiative surface plasmons excited by

light. Zeitschrift fur Naturforschung 23, 21352136 (1968)

23. I.D. Villar, C.R. Zamarreno, M. Hernaez, P. Sanchez, F.J. Arregui, I.R. Matias, Generation of

surface plasmon resonance and lossy mode resonance by thermal treatment of ITO thin-films.

Opt. Laser Technol. 69, 1–7 (2015)

24. J. Chilwell, I. Hodgkinson, Thin-films field-transfer matrix theory of planar multilayer

waveguides and reflection from prism-loaded waveguides. J. Opt. Soc. Am. A 1(7), 742–753

(1984)

25. G.P. Agarwal, Nonlinear Fiber Optics, 3rd edn. (Academic, New York, 2001)

26. C.R. Zamarreno, M. Hernaez, I.D. Villar, I.R. Matias, F.J. Arregui, ITO coated optical fiber

refractometers based on resonances in the infrared region. Sens. J. IEEE 10(2), 365–366 (2010)

27. I.D. Villar, M. Hernaez, C.R. Zamarreno, P. Sanchez, C. Fernandez-Valdivielso, F.J. Arregui,

I.R. Matias, Design rules for lossy mode resonance based sensors. Appl. Opt. 51(19), 4298–

4307 (2012)

28. S.H. Brewer, S. Franzen, Optical properties of indium tin oxide and fluorine-doped tin oxide

surfaces, correlation of reflectivity, skin depth, and plasmon frequency with conductivity. J.

Alloys Compd. 338, 73–79 (2002)

29. I. Hamberg, A. Hjortsberg, C. Granqvist, High quality transparent heat reflectors of reactively

evaporated indium tin oxide. Appl. Phys. Lett. 40(5), 362–364 (1982)

30. S. Laux, N. Kaiser, A. Zoller, R. Gotzelmann, H. Lauth, H. Bernitzki, Room-temperature depo-

sition of indium tin oxide thin films with plasma ion-assisted evaporation. Thin Solid Films

335, 1–5 (1998)

31. A. Socorro, J. Corres, I.D. Villar, F.J. Arregui, I.R. Matias, Fiber-optic biosensor based on

lossy mode resonances. Sens. Actuators B: Chem. 174, 263–269 (2012)

32. P. Sanchez, C.R. Zamarreno, M. Hernaez, I.D. Villar, I.R. Matias, F.J. Arregui, Considerations

for lossy-mode resonance-based optical fiber sensor. Sens. J. IEEE 13(4), 1167–1171 (2013)

33. C.R. Zamarreno, P. Zubiate, M. Sagues, I.R. Matias, F.J. Arregui, Experimental demonstration

of lossy mode resonance generation for transverse-magnetic and transverse-electric polariza-

tions. Opt. Lett. 38(14), 2481–2483 (2013)

34. C. Elosua, I. Vidondo, F.J. Arregui, C. Bariain, A. Luquin, M. Laguna, I.R. Matias, Lossy

mode resonance optical fiber sensor to detect organic vapors. Sens. Actuators B: Chem. 187,

65–71 (2013)

35. P.J. Rivero, A. Urrutia, J. Goicoechea, I.R. Matias, F.J. Arregui, A lossy mode resonance optical

sensor using silver nanoparticles-loaded films for monitoring human breathing. Sens. Actuators

B: Chem. 187, 40–44 (2013)

36. N. Paliwal, J. John, Theoretical modeling of lossy mode resonance based refractive index sen-

sors with ITO/TiO2 bilayers. Appl. Opt. 53, 3241–3246 (2014)

37. C.R. Zamarreno, I. Ardaiz, L. Ruete, F. Munoz, I.R. Matias, F.J. Arregui, C-reactive protein

aptasensor for early sepsis diagnosis by means of an optical fiber device. Sens. IEEE 2013, 1–4

(2013)

38. L. Razquin, C.R. Zamarreno, F. Munoz, I.R. Matias, F.J. Arregui, Thrombin detection by

means of an aptamer based sensitive coating fabricated onto LMR-based optical fiber refrac-

tometer. Sens. IEEE 2012, 1–4 (2012)

39. N. Paliwal, J. John, Sensitivity enhancement of aluminium doped zinc oxide (AZO) coated

lossy mode resonance (LMR) fiber optic sensors using additional layer of oxides. Frontiers in

Optics. Optical Society of America, p. JTu3A.40 (2014)

40. A. Socorro, I.D. Villar, J. Corres, F.J. Arregui, I.R. Matias, Spectral width reduction in lossy

mode resonance-based sensors by means of tapered optical fibre structures. Sens. Actuators B:

Chem. 200, 53–60 (2014)

41. N. Paliwal, J. John, Theoretical modelling of lossy mode resonance (LMR) based fiber optic

temperature sensor utilizing TiO2 sensing layer. in 12th International Conference on Fiber
Optics and Photonics (Optical Society of America, 2014), p. M4A.22



50 N. Paliwal and J. John

42. S.K. Srivastava, B.D. Gupta, Simulation of a localized surface-plasmon-resonance-based fiber

optic temperature sensor. J. Opt. Soc. Am. A 27(7), 1743–1749 (2010)

43. N. Liu, Y. Li, Y. Wang, H. Wang, W. Liang, P. Lu, Bending insensitive sensors for strain and

temperature measurements with bragg gratings in bragg fibers. Opt. Exp. 19(15), 13 880–

13 891 (2011)

44. P. Zubiate, C.R. Zamarreno, I.D. Villar, I.R. Matias, F.J. Arregui, High sensitive refractometers

based on lossy mode resonances (LMRs) supported by ITO coated D-shaped optical fibers.

Opt. Exp. 23(6), 8045–8050 (2015)

45. N. Paliwal, J. John, Lossy mode resonance (LMR) based fiber optic sensors: a review. Sens. J.

IEEE 15(10), 5361–5371 (2015)



Plasmonics-Based Fiber Optic Sensors

Anuj K. Sharma

Abstract Since the unveiling of optical fiber technology in the field of
plasmonics-based optical sensors, a lot of advancements have been witnessed. This
chapter discusses a detailed mechanism of the technique of surface plasmon reso-
nance (SPR) applied in optical fiber sensors. Some selected research works in the
area of plasmonics-based fiber optic sensors reported in last 25–30 years along with
future scope of work are also discussed.

1 Evolution of Plasmonics: A Brief History

The origin of plasmonics is more than a century old. In 1907, Zenneck formulated a
special surface wave solution to Maxwell’s equations and theoretically established
that radio frequency surface waves occur at the boundary of lossy (e.g., metal) and
loss-free media [1]. In 1909, Sommerfeld found that the field amplitudes of surface
waves postulated by Zenneck varied inversely as the square root of the horizontal
distance from the source dipole [2]. However, a significant progress in this context
was made by Ritchie in 1957 when he theoretically demonstrated the existence of
surface plasma excitations at a metal surface [3]. In 1960, Powell and Swan stated
the excitation of surface plasmons at metal interfaces using electrons [4]. Soon
after, Stern and Ferrell showed that surface electromagnetic (EM) waves at a
metallic surface involved EM radiation coupled to surface plasmons [5]. They also
derived the dispersion relations for EM surface waves at metal surfaces. Further, in
1968, Otto devised the attenuated total reflection (ATR) prism coupling method to
enable the coupling of light wave with surface EM waves [6]. The Otto configu-
ration, due to a finite gap between prism base and metal layer, was more suited to
the surfaces, which would not be damaged or touched by the prism and is important
for the study of single crystal surfaces. Kretschmann and Raether modified the Otto
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configuration and proposed a more practical configuration for the optical excitation
of plasmons [7]. In Kretschmann-Raether configuration, a thin metal layer with a
thickness of the order of 10–100 nm is deposited on the prism base.

2 Plasmons or Plasma Oscillations

There is a dense assembly of negatively charged free electrons inside a conductor
(free electron charge density is 1023 cm−3 and, therefore, the group of free electrons
can be compared with a plasma of particles), and also an equally charged positive ion
lattice. Since, positive ions have an infinitely large mass compared to these free
electrons, therefore, according to jellium model, this ion assembly can be replaced
by a positive constant background. However, the total charge density inside the
conductor still remains to be zero. If the density of free electrons is locally reduced
by applying an external field on the conductor so that the movement of free electrons
may take place, the negative free electrons are no longer screened by the background
and they begin to get attracted by the positive ion background. This attraction acts as
a driving force for free electrons and they move to positive region and accumulate
with a density greater than necessary to obtain charge neutrality. Now, at this point,
the Coulomb repulsion among the moving free electrons acts as a restoring force and
produces motion in opposite direction. The resultant of the two forces (i.e., attractive
driving force and repulsive restoring force) set up the longitudinal oscillations
among the free electrons. These oscillations are known as plasma oscillations and a
plasmon is a quantum of these oscillations. The existence of plasma oscillations has
been demonstrated in electron energy-loss experiments [3, 4].

3 Surface Plasmons

The electron density oscillations along the metal-dielectric interface are known as
surface plasma oscillations. The quantum of these oscillations is referred to as
surface plasmon (also a surface plasmon wave or a surface plasmon mode), and is
accompanied by a longitudinal (p-polarized) electric field, which decays expo-
nentially in metal as well as dielectric (Fig. 1). The field has its maximum at
metal-dielectric interface itself. By the solution of Maxwell’s equation, one can also
show that the surface plasmon wave propagation constant (KSP) is continuous
through the metal-dielectric interface and is given by

KSP =
ω

c
εm εs
εm + εs

� �1 2̸

ð1Þ
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where εm and εs represent the dielectric constants of metal layer and the dielectric
medium; ω represents the frequency of incident light and c is the velocity of light.
The above equation implies that the properties of surface plasmon wave-vector
depend on both media, i.e., metal as well as dielectric.

4 Excitation of Surface Plasmons by Light: Otto
and Kretschmann-Raether Configurations

The maximum propagation constant of the light wave at frequency ω propagating
through the dielectric medium is given by

Kg =
ω

c
ffiffiffiffi
εs

p ð2Þ

Since εm < 0 (i.e., for metal) and εs > 0 (i.e., for dielectric), for a given fre-
quency, the propagation constant of surface plasmon is greater than that of the light
wave (of same polarization state as that of the surface plasmon wave, i.e.,
p-polarized) in dielectric medium (Fig. 2).

Hence, the direct light cannot excite surface plasmons at a metal-dielectric
interface and is referred to as non-radiative surface plasmon. Therefore, to excite
surface plasmons the momentum and hence the wave vector of the exciting light in
dielectric medium should be increased. In other words, an extra momentum (and
energy) must be imparted to light wave in order to get the surface plasmons excited
at a metal-dielectric interface.

The general idea behind Otto configuration was the coupling of surface plasmon
wave with the evanescent wave, which is set up due to total internal reflection
(TIR) at the base of a coupling prism when a light beam is incident at an angle
greater than the critical angle (θATR) at prism-air interface [6] (Fig. 3).

The nature of evanescent wave is known to have the propagation constant along
the interface and to decay exponentially in the dielectric medium adjacent to the

Fig. 1 Exponential decay of
field intensity of surface
plasmon mode in a metal and
dielectric system
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medium where TIR occurs. Both of these characteristics of evanescent wave are
similar to those of a surface plasmon wave, therefore, there is a strong possibility of
interaction between these waves. The horizontal component of the propagation
constant of evanescent wave at prism-air interface is given by

Kev =
ω

c
ffiffiffiffiffi
εp

p
sin θ ð3Þ

As per the method devised by Otto, if a metal surface is brought in contact of this
decaying evanescent field in such a way that an air gap remains between the prism
base and metal layer, then the evanescent field at prism-air interface can excite the
surface plasmons at the air-metal interface (Fig. 4).

However, this configuration is difficult to realize practically as the metal has to
be brought within around 200 nm of the prism surface. This approach has been

Fig. 2 Dispersion curves for surface plasmon wave (KSP) and the direct light incident through the
dielectric medium (Kg)

Fig. 3 Illustration of
setting-up of an evanescent
wave at prism-metal interface
at θ > θATR. εp is the
dielectric constant of prism
material
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found to be very useful in studying the single crystal metal surfaces and adsorption
on them.

As a significant improvement to Otto configuration, Kretschmann and Raether
realized that the metal layer could be used as the spacing layer, i.e., evanescent
wave generated at the prism-metal layer interface can excite surface plasmons at the
metal-air interface so long as the metal layer thickness is not too large. They
devised a new configuration [7], given in Fig. 5. In this configuration also, surface
plasmons are excited by an evanescent wave from a high refractive index glass
prism at attenuated total reflection (ATR) condition.

However, unlike Otto configuration, the surface of the glass substrate (e.g.,
prism) is coated with a thin metal film (typically around 50 nm thick) and is kept in
direct contact with the dielectric medium of lower refractive index (such as air or
some other dielectric sample). When a p-polarized light beam is incident through

Fig. 4 Otto configuration for
the excitation of surface
plasmons

Fig. 5 An alternative schematic representation of the Kretschmann-Raether configuration for the
excitation of surface plasmons at metal-dielectric interface. An ultrathin buffer layer may be used
to protect the metal layer from oxidation etc
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the prism on the prism-metal layer interface at an angle θ equal to or greater than
the angle required for ATR (θATR), the evanescent wave is generated at the
prism-metal layer interface. Figure 6 shows the dispersion curves of the surface
plasmon along with those of the direct light and the light incident through a glass
prism of higher refractive index. The wave-vector Kev of the evanescent wave,
corresponding to incident angle θ, is equal to the lateral component of the
wave-vector of the incident light in the prism as given in Eq. (3). The excitation of
surface plasmon occurs when the wave vector of the propagation constant of
evanescent wave exactly matches with that of the surface plasmon of similar fre-
quency and state of polarization.

This occurs at a particular angle of incidence θSPR and the corresponding res-
onance condition for surface plasmons is written as

ω

c
ffiffiffiffiffi
εp

p
Sin θSPR =

ω

c
εm εs
εm + εs

� �1 2̸

ð4Þ

Figure 6 indicates that the propagation constant curves corresponding to surface
plasmon wave and evanescent wave may intersect each other at many positions for
different sets of angle of incidence and frequency (i.e., θ and ω). This implies that
the propagation constant of evanescent wave (Kev) may match with that of the
surface plasmon wave (at the metal-dielectric interface) depending on the frequency
and angle of incidence of light beam.

Fig. 6 Dispersion curves for direct light wave in dielectric (Ks, Black line), evanescent wave (Kev,
Blue line), surface plasmon wave KSP (Red curve) at metal-dielectric interface
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5 Minimum of Reflectance at Resonance

The excitation of surface plasmons at metal/dielectric interface results in the
transfer of energy from incident light to surface plasmons, which reduces the energy
of the reflected light. If the normalized reflected intensity (R) is measured as a
function of incident angle θ by keeping other parameters and components (such as
frequency, metal layer, and dielectric layer) unchanged, then a sharp dip is observed
at resonance angle θSPR due to transfer of energy to surface plasmons (Fig. 7). The
light wave is incident at an angle greater than the corresponding ATR angle. At this
point, one has to keep in mind that the energy conservation requires that R +
A + T = 1, i.e., the sum of relative reflection, absorption, and transmission is unity.
Since T = 0 at ATR, hence we are left with A + R=1 in the present case. The light
wave having passed the glass prism (εp), is reflected partially at prism-metal
interface. A part of the incident light wave energy traverses the metal film (of
thickness dm) as an exponentially decaying evanescent wave. At the metal-dielectric
interface it induces the surface plasmon excitation, which radiates light back into
the metal film. If the metal layer thickness (dm) is small, the back-scattered field
tends to increase.

Since, this back-scattered wave is out-of-phase with the incoming wave, the two
interfere destructively and cause R to reduce. For minimum value of dm, they
compensate each other and R becomes equal to zero. Thus, the absorption A
becomes equal to 1, i.e., whole radiation field is captured in the metal film. On the
other hand, if the metal layer thickness is large enough, then the back-scattered field
disappears and R approaches to 1. It means that no absorption of incident light

Fig. 7 Reflectance (R) as a function of angle of incidence (θ) at the prism-metal interface (angular
interrogation). A sharp drop in reflected signal is observed at angle θSPR
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wave is taking place [8]. As a conclusive statement, one can say that the value of R
depends on the combination of incident light frequency, angle of incidence, and the
thickness of the metal layer.

6 Optical Sensing Principle of SPR: Performance
Parameters

The sensing principle of SPR sensors is based on Eq. (4). For a given frequency of
the light source and the dielectric constant of metal film one can determine the
dielectric constant (εs) of the sensing layer adjacent to metal layer by knowing the
value of the resonance angle (θSPR). The resonance angle is determined by using
angular interrogation method as discussed above. The resonance angle is very
sensitive to variation in the refractive index (or, dielectric constant) of the sensing
layer. Increase in refractive index of the dielectric sensing layer increases the res-
onance angle. The performance of a SPR sensor is analyzed with the help of two
parameters: sensitivity and detection accuracy or signal-to-noise ratio (SNR). For
the best performance of the sensor both the parameters should be as high as possible
to attain a perfect sensing procedure. Sensitivity of a SPR sensor depends on how
much the resonance angle shifts with a given change in refractive index of the
sensing layer. If the shift is large, the sensitivity is large. Figure 8 shows a plot of
reflectance as a function of angle of the incident light beam for sensing layers with
refractive indices ns and ns + δns.

The sensitivity of a SPR sensor with angular interrogation is defined as

Sn =
δθSPR
δns

ð5Þ

The detection accuracy or the signal-to-noise ratio (SNR) of a SPR sensor
depends on how accurately and precisely the sensor can detect the resonance angle
and hence, the refractive index of the sensing layer. Prior to the evaluation of SNR,
a commonly more natural and practical parameter (SL) related to the SNR in terms
of the reflectivity (R) and resonance angle (θSPR) can be defined as

SL =
δR

δθSPR
ð6aÞ

This simply represents the slope of the reflectivity curve. The above parameter
provides primary information regarding the detection sensitivity for SPR sensing
system. Apart from the limitations of a real instrument, the accuracy of detection of
resonance angle further depends on the width of the SPR curve. Narrower the SPR
curve, higher is the detection accuracy. Therefore, if δθ0.5 is the angular width of
the SPR response curve corresponding to 50 % reflectance, the detection accuracy
of the sensor can be assumed to be inversely proportional to δθ0.5 (Fig. 8).
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The signal-to-noise ratio (SNR) of the SPR sensor with angular interrogation is,
thus, defined as [9]

SNR=
δθSPR
δθ0.5

ð6bÞ

Actual SNR of the real SPR sensing system critically depends on how well one
measures the signals with real instruments.

7 Fiber Optic SPR Sensor

Introduction of optical fibers in SPR sensing system is based on a very logical
reason that guidance of light in optical fibers is also based on TIR. Since, a prism is
used in SPR sensing system in order to create TIR at the prism-metal interface;
therefore, coupling prism used in the basic SPR theory can be conveniently
replaced by the core of an optical fiber to design a fiber optic SPR sensor. Among
other important reasons are the advantages of optical fiber over coupling prism such
as simple and flexible design, miniaturized sensor system, and capability of remote
sensing. In general, the cladding from a certain small portion (middle portion for
most of the cases) of the fiber core is removed and is coated with a metal layer,
which is further surrounded by a dielectric sensing layer (Fig. 9).

The light from a polychromatic source, if spectral interrogation method is used,
is launched into one of the ends of the optical fiber. The TIR takes place for the rays
propagating with an angle (θ) in the range varying from the critical angle (de-
pending upon the numerical aperture of the fiber and the light wavelength) to
approximately 90°. Consequently, evanescent field is generated, which excites the

Fig. 8 The shift in resonance angle (δθSPR) with a change in refractive index of the sensing layer
(ns) by δns. δθ0.5 is the angular width of the curve at half reflectance
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surface plasmons at the fiber core-metal layer interface. This coupling of evanescent
field with surface plasmons strongly depends upon light wavelength, fiber param-
eters, fiber geometry, and metal layer properties. For instance, coupling mechanism
will be different for single-moded and multi-moded optical fibers due to having
different mode transmission properties depending upon number of modes a fiber
will support. Similarly, a straight fiber and a tapered fiber will show different
strengths of light coupling because these fibers will show different penetration
depths of the evanescent field due to having different geometrical configurations.
A tapered fiber shows a substantial variation in evanescent field penetration along
the tapered sensing region length whereas an un-tapered fiber exhibits uniform
penetration of the evanescent field along the sensing region. Further, penetration of
evanescent field and, therefore, strength of light coupling with surface plasmons
depends on an important fiber parameter known as numerical aperture, which is
related to light acceptance limit of the fiber. Unlike prism based SPR sensor where
angular interrogation method is used, the spectral interrogation method is generally
used in fiber optic SPR senor because in the fiber optic sensor all the guided modes
are launched in the fiber. Furthermore, unlike prism based SPR geometry, number
of reflections for most of the angles is more than one for fiber based SPR sensor
geometry. Besides its angle, the number of reflections for any ray depends on other
fiber parameters, namely, sensing region length and fiber core diameter. The
number of reflections directly affects the SPR curve width, therefore, performance
parameters (SNR and sensitivity) of the sensor depends upon fiber properties in this
way also.

Finally, the spectrum of the light transmitted after passing through the SPR
sensing region is detected at the other end. The sensing is accomplished by
observing the wavelength corresponding to the dip in the spectrum. This wave-
length is called as the resonance wavelength (λSPR). A plot of resonance wavelength
with the refractive index of the sensing layer gives the calibration curve of the fiber
optic SPR sensor. The fiber-optic SPR sensor can also be designed as a tip-probe,
which may be highly useful in biomedical diagnostic applications such as endo-
scopy (Fig. 10).

As far as the wave-optics analysis is concerned, the guided mode propagating in
the optical fiber core can excite a surface plasmon wave at the interface between the

Fig. 9 Illustration of a typical fiber optic SPR sensor. D is fiber core diameter and L is SPR
sensing region length
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metal and a sensing medium, if the two modes are closely phase matched. As the
surface plasmon wave is lossy, the coupling results in damping of the fiber mode.
Because the coupling strength depends dramatically on the refractive index of the
dielectric adjacent to the metal film (sensed medium), even small variations in the
refractive index of the sensed medium may produce large changes in the attenuation
of the fiber mode. Since surface plasmons are inherently TM-polarized waves, only
fiber modes of the corresponding polarization state may be involved in this inter-
action (TM-polarized mode), while the modes with the orthogonal polarization state
(TE-polarized mode) are attenuated only due to ohmic loss in the metal layer. The
TE-polarized mode, the attenuation of which is not sensitive to changes in optical
properties of the sensed medium, may be used as a reference. Such single-moded
fiber based SPR sensors are considered to be more sensitive, more accurate, and
containing less noise in comparison to those with multi-moded fibers. However,
their fabrication is much more complex and sophisticated compared with those for
multi-moded fibers.

8 Selected Significant Works in the Area
of Plasmonics-Based Fiber Optic Sensors

The development of fiber optic SPR sensors began in early nineties of last century.
Among the first reports on fiber optic SPR sensors was the one proposed by
Villuendas and Palayo [10]. They presented the experimental results for sensitivity
and dynamic range in the measurement of sucrose concentration in aqueous solu-
tion. Soon after, a sensor based on excitation of SPR on the tip of a single-mode
fiber was reported, which was based on the analysis of the state of polarization of
the reflected beam [11]. At the same time, Jorgenson and Yee reported the theo-
retical as well as experimental work on a fiber optic chemical sensor based on SPR
by fabricating the probe on a highly multimoded optical fiber and using a white
light source instead of a monochromatic one [12]. The sensor proposed by them
was able to detect the changes in the parameters like bulk refractive index, film

Fig. 10 Fiber optic SPR sensor as tip-probe suitable for biomedical diagnostic applications
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thickness, and film refractive index. As another significant application, fiber optic
SPR sensor was first time used to monitor the deposition of a multilayered cadmium
arachidate Langmuir-Blodgett film [13]. Experiments showed that there were
constant shifts in resonance wavelength as the number of monolayers was
increased. This provided the method of calculating the film thickness by measuring
the changes in SPR spectra.

In another significant work [14], the sensitivity to refractive index was reported
to be of the order of 10−5 RIU while the dynamic range was found to be between
1.25 and 1.40 RIU. Soon after, a fiber optic SPR remote sensor for the detection of
tetrachloroethene was proposed by using a gas sensitive polymer film on the metal
layer [15]. The sensor showed good response time (of 2 s), and reproducibility apart
from a long-term stability (of more than 3 months). Homola and Slavik [16]
reported a SPR sensor using side polished single mode optical fiber and a thin metal
overlayer. The sensor was highly sensitive (sensitivity around −2500 dB/RIU for a
refractive index range of 1.41–1.42 RIU) and a very small amount of sample was
required for measuring the refractive index.

Study of self-assembled monolayers (SAMs) such as n-alkanethiol for the pro-
tection of silver film due to oxidation on fiber core was carried out [17]. Also, the
sensor with SAM was shown to have no ageing problem and had high stability.
The SAM was later used in a fiber optic SPR sensor for gas detection [18].
A side-polished single mode fiber optic SPR sensor discussed above was further
modified [19]. In the modified design, the output end of the fiber was made
reflecting. Therefore in the modified sensor, instead of measuring transmitted light,
the back reflected light from the mirrored end face of the fiber was detected. In
another work, chemical sensing with gold-coated SPR fiber optic sensor was pro-
posed [20]. Theoretical simulations showed that the proposed configuration allowed
reaching a 30-fold increase in sensitivity in comparison to the previous SPR based
sensors. The effect of polarization of the incident light in a multimode fiber is
another critical factor in context of an SPR sensor. An important research was
carried out in this direction [21]. A three-dimensional skew ray model was
developed to completely explain the experimental phenomenon for an intrinsic SPR
multimode fiber sensor. The model was important to explain the variations of the
refractive index of the bulk medium and thickness of the thin dielectric layer. As
another crucial development, gold island fiber optic SPR sensor was proposed [22].
The fundamental optical absorbance at around 535 nm for gold particles was shown
to shift if the fiber was immersed in different media.

The other configuration studied for SPR sensor was metal-coated tapered fiber
for refractive index sensing [23]. Quasi-circular polarization insensitive devices and
asymmetric polarization sensitive devices were fabricated and their characteristics
as refractive index sensors were measured. Another sensor probe based on
monochromatic skew ray excitation of SPR was demonstrated to monitor the SAM
formation and the immunoassay [24]. A fiber optic SPR sensor based on spectral
interrogation in a side polished single mode fiber using depolarized light was
reported [25]. The sensor was able to measure refractive index variation as small as
10−7 and its suitability for biosensing was demonstrated by detecting IgG through
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respective monoclonal antibodies immobilized on the SPR sensor surface. Lin et al.
[26] developed a fiber optic sensor based on silver for chemical and biological
applications.

A theoretical approach was applied to provide a better understanding of surface
plasmon excitation in fiber optic sensors [27]. The model was based on the cal-
culation of the fields in the waveguide structures and that enabled to evaluate the
optical power loss from energy conservation considerations. Further, another
improvement was made in context of fiber optic SPR biosensor when the fast
detection of Staphylococcal enterotoxin B (SEB) was reported [28]. As another
important development, an SPR sensor using an optical fiber with an inverted
Graded-Index profile was proposed [29]. A fiber optic SPR sensor for the detection
of hydrogen was reported [30]. A thin palladium layer deposited on the
metal-coated core of a multimode fiber was used as the transducer. The modifi-
cation of the SPR was due to variation in the complex permittivity of palladium in
contact with gaseous hydrogen. This effect was enhanced by using selective
injection of high-order modes in the fiber through a collimated beam on the input
end of the fiber. Measurements of concentrations as low as 0.8 % of hydrogen in
pure nitrogen were reported.

The use of single mode polarization maintaining fiber (PMF) for SPR sensors
was another milestone [31]. A fiber optic sensor with nanocomposite multilayered
polymer and nanoparticle ultra-thin films was reported for biosensing [32].

A new approach of hetero-core structure for a fiber optic SPR sensor was
introduced [33]. The hetero-core structured fiber optic SPR probe consists of two
fibers with different core diameter connected by thermal fusion splicing. This was
done, deliberately, to leak the transmitted power into the cladding layer of small
core diameter fiber so that the leaked light may induce an optical evanescent wave
required for SPR excitation. This structure has no need to eliminate the cladding
layer of fiber, therefore, it is able to provide the characteristic advantage of optical
fibers for remote monitoring. Next, a fiber optic SPR sensor with asymmetric metal
coating on a uniform waist single mode tapered fiber was reported [34]. Due to the
varying film thickness the sensor transmission spectrum exhibited multiple reso-
nance dips, which increase the dynamic range of the sensor. SPR-based conical
microsensor using chemically etched single mode fiber was reported [35]. Among
the biosensors, a real time fiber optic SPR sensor to detect biologically-relevant
concentrations of myoglobin and cardiac troponin I in less than 10 min was pro-
posed [36]. A comprehensive model of on absorption based fiber optic SPR sensor
for the detection of concentration of chemicals was proposed [37].

Fast responding fiber optic SPR biosensor [38], analysis of a fiber optic SPR
sensor based on a crossing point of the two SPR spectra obtained from the sample
fluid and the de-ionized water [39], the application of single-crystal sapphire-fiber
optic SPR sensor in the extreme environment [40], and the use of tapered fiber optic
SPR sensor for vapor and liquid phase detection [41] were some of the other
advancements in this area. Application of D-type optical fiber sensor based on
heterodyne interferometry has also been a very interesting addition to the fiber optic
SPR sensor technology [42]. A detailed sensitivity analysis along with performance
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optimization for multilayered fiber optic SPR concentration sensor has been
reported [43]. The sensitivity and signal-to-noise ratio analysis of a fiber optic SPR
refractive index sensor has been carried out for different conditions related to metal
layer, optical fiber and light launching conditions along with an extension to remote
sensing [44].

Fiber optic SPR sensors with bimentallic alloy nanoparticles was reported [45].
Furthermore, the application of localized surface plasmon resonance (LSPR) in
optical fiber sensors [46] and a colloidal gold-modified long period fiber grating
(LPFG) for chemical and biochemical sensing [47] was reported. Among the main
advantages of the LPFG based SPR sensors is their simple construction and ease of
use. Moreover, the sensor has the potential capability for on-site and remote
sensing, can be easily multiplexed to enable high-throughout screening of
bimolecular interactions, and has the potential use for disposable sensors. The
above sensor with long period fiber grating has shown a detection limit for anti
DNP (dinitrophenyl compound) of 9.5 × 10−9 M.

Among the other techniques, fiber Bragg gratings (FBG) have also found appli-
cations in SPR sensing [48]. A novel technique of FBG assisted surface plasmon
polariton (SPP) sensor has been proposed [49]. As another advance in this direction,
the theoreticalmodel of a new hollow corefiber sensor based on the specific properties
of the SPP excited with a fiber Bragg grating is proposed [50]. The main principle of
operation of this new device is based on the efficient energy transfer between the fiber
waveguidemode (FWM) and the surface plasmon-polariton (SPP). These newmodels
based on FBG paved the way to design a highly flexible sensor system.

A model of LSPR based planar multireflection sensing system with gold
nanospheres was reported [51]. SPR sensor based on photonic crystal fiber [52] has
been proposed in the visible to near-infrared spectral regions. As another crucial
advancement, the concept of a microstructured optical fiber-based SPR sensor with
optimized microfluidics is proposed [53].

Fiber optic SPR sensors have been reported for gas sensing (utilizing resonant
SiO2-TiO2multilayered dielectric films) [54] and for blood-group determination [55].

9 Conclusion and Future Scope

The collaboration of plasmonics and optical fiber technology has brought a lot of
advancements in sensing of various physical, chemical, and biochemical parame-
ters. This chapter has highlighted in detail the fundamentals of plasmonics along
with some selected research works on plasmonics-based fiber optic sensors reported
in last 25 years or so.

There is still a lot of scope for work in plasmonics-based fiber optic biosensors
with high sensitivity, detection accuracy, and reproducibility for an early detection
of different diseases and biological processes.

Plasmonics fiber optic sensors have a lot of potential to work in infrared for various
defense and biomedical applications. In order to make it happen, different types of
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fibers such as chalcogenide and fluoride fibers are potential candidates. Since the
plasmonic properties vary significantly when the wavelength shifts from visible to
near or mid-infrared region, therefore, selection of metals and dielectrics in infrared
becomes a critical factor. Therefore, highly comprehensive theoretical and experi-
mental analyses of plasmonics-based fiber optic sensors in infrared are required.

Plasmonic sensors based on photonic crystal fibers as well have a significant
scope of research. The phenomena related to metamaterials (such as MoS2 and
graphene), magnonics, spin waves, and photo-thermo-refractive (PTR) glasses are
also potential candidates to be implemented in developing high-performance
plasmonic sensors for biomedical and industrial applications.
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Abstract The combat against tropical diseases is becoming an increasingly
important issue in developing countries and they need to rely on readily available
and rapid response diagnostic assays. The diagnostic methods for the detection of
common pathogens are still time consuming, require laboratories and specialized
personnel. To the effective combat of these diseases, the diagnostic needs to be fast,
reliable and accurate, not only to the clinical area, but also to immediate detection
of contaminants, particularly for water quality, clinical diagnosis or food security.
With the development of new technologies, especially in methods based on
immunological assays, one expects increased sensitivity, specificity and speed in
the detection of important microorganisms for health, veterinary medicine, agri-
culture and industry. This advance serves as a basis for various other techniques
such as the use of biosensors for the detection of pathogens. Optical biosensors
offer several advantages when compared with conventional biosensors and some of
these advantages are electrical passiveness, long distance sensing and electro-
magnetic immunity. The objective of this work is to develop three biosensor
platforms based on refractive index measurement by the following techniques:
surface plasmon resonance, evanescent wave and gold thin film evanescent wave
techniques using a plastic optical fiber. We aimed at the best configuration of the
optical setup, sensitivity, response time, a simple fabrication method, and a good
specificity for Escherichia coli detection.
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1 Introduction

The combat against tropical diseases is becoming an increasingly important issue in
developing countries and they need to rely on readily available and rapid response
diagnostic assays. The diagnostic methods for the detection of common pathogens
are still time consuming and require laboratories and specialized personnel. The
main methods of detection of known microorganisms can be divided into two
groups: conventional methods, widely employed, and fast methods, the biosensors,
a relatively newer technology that focus on a biochemistry essay for obtaining the
results. With the development of new technologies, especially in antibody-based
methods, as for example, the world widely known enzyme-linked immunosorbent
assay (ELISA), it was possible to obtain an increased sensitivity, specificity and
rapidity in the detection of microorganisms which are important for health, vet-
erinary medicine, agriculture, industry, in the environment control.

Indeed, we are witnessing in the last decades a significant growing in biosensor
technologies substituting all conventional methods. Biosensor technology involves
a fully multidisciplinary area; the development of this new technology requires
several different areas to be connected. In general, biosensors are compact devices
that incorporate a biological recognition element, which can be an enzyme, an
antibody, a protein, nucleic acid, a receiver, a cell or a tissue. The principle of
detection of a biosensor is based on the specific interaction between the analyte and
the element of recognition. As a result of this union, occurs the variation of one or
more physical chemical properties (pH, electron transfer, heat, change of potential,
in mass variation of optical properties, etc.) detected by the transducer or signal
transduction system. Thus, the biosensor relies on a biological recognition element
that interacts with the target (bacteria, virus, DNA, etc.) and produces a calibrated
output signal that is used as a parameter transducer. The biosensors technologies
can be divided into several categories such as physicochemical, amperometric,
piezoelectric, electrochemical or optical.

The optical technology has relatively recently emerged on the market, as a
powerful, cheap and reliable tool, allowing the development of new techniques for
biological detection. Optical biosensors offer several advantages when compared
with their conventional electric counterparts such as electric passiveness, long
distance sensing, possibility of multiplexing several sensing channels, electro-
magnetic immunity, etc.

For this reason, the development of new types of optical biosensors and their
further use is growing fast, as shown in a review work conducted by Lazcka et al. [1].

Optical biosensors can be further split into several different techniques. Some
studies detect the presence of the cells around the fiber by refractive index
(RI) variation such as in our previous works found in Ferreira et al. [2], Beres et al.
[3] and Wandemur et al. [4], whereas other studies detect the fluorescence emitted
by the cells [5, 6], and by enzymatic reaction [7].

Biological detection through RI measurements can be performed in several ways
by the use of optical fiber sensors. Surface Plasmon Resonance (SPR) is one of
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these methods and is used widely as a detection principle in different fields. SPR is
very attractive because it can attain resolutions as high as 10−7 RIU (refraction
index units) [8]. Other well-known technology is based on the light interference
phenomenon and can be implemented either in optical fibers or in planar
wave-guides producing accuracies as high as those produced by SPR [9].

Fiber Bragg grating (FBG) is another very accurate technique for measuring RI
as demonstrated by Baldini et al. [10]. In order to adapt an FBG to be sensitive to
the RI of the surrounding medium it is necessary to expose, by etching or polishing,
the evanescent field present close to the interface between the core and the cladding
just over the grating location.

Evanescent field or evanescent wave (EW) occurs in the interface between the
core and the cladding of the fiber. When a total internal reflection of a light beam in
the core-cladding interface occurs, it generates an EW at the other side of the core
and around it. The EW occupies about one wavelength in distance from the
core-cladding interface. EW-based biosensor is based on the exposition of the
core-cladding interface of an optical wave-guide in order to promote an interaction
between the EW and the surrounding medium. To reach the EW it is necessary to
etch, polish or tapering the fiber by heating and drawing [3, 11, 12].

As it has been shown above, RI measurement techniques demand some previous
preparation of the fiber, i.e. polishing, etching, pulling, FBG scribing, thin film
deposition, etc. These techniques, are either difficult to accomplish (taper, SPR and
interferometry), expensive to fabricate (FBG) or complicated and expensive to
interrogate (FBG and fluorescence).

However, for developing a sensor probe with a larger possibility of ending up in
a commercial and large-scale production, it is necessary to think of simple and
easy-to-fabricate sensor probes.

In this work, we demonstrate and test three innovative biosensor platforms based
on RI measurement in plastic optical fiber (POF). They are: Localized surface plas-
mon resonance (LSPR) sensor, evanescent wave (EW) U-shape sensor and gold thin
film evanescent wave sensor. Then, one of these three sensor probes is functionalized
to be sensitive to Escherichia coli and experimentally tested under different con-
centrations of this bacterium. Three main objectives were aimed at: determination of
the best optical setup configuration (the probe), the simplest method of developing the
sensor probe and the performance evaluation of the field-portable biosensor system,
functionalized for rapid detection of specific microorganisms.

2 Sensing Principles

2.1 Refractive Index as a Sensing Parameter

A bacterium due to its intracellular components, including water, salts, RNA,
proteins, etc., presents a RI about 1.39, slightly higher than that of pure water
(n = 1.334) [3]. Due to this small difference, it is possible to detect bacteria by
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measuring RI with a very high accuracy. However, two steps must be previously
taken: Because even in a heavily contaminated water, the bacteria concentration is
so small that the water RI does not change enough to be sensed, in order to detect
bacteria one has to concentrate them around the fiber. The other limitation is that
most bacterium presents the same RI, therefore, in order to construct a sensor for a
specific bacterium we must concentrate only those wanted bacteria around the fiber.
These two mentioned steps can be simultaneously accomplished by covalently
bonding the specific antibody around the sensitive region of the fiber. In this way,
all bacteria of that specific species will be captured and fixed around the sensitive
part of the sensor producing an increase of the RI that will be detected by the
sensor. This technique is known as immunocapture.

2.2 The Principle of Evanescent Wave (EW)

When modes of light propagate through a waveguide, they are bounded inside the
core by the phenomenon known as total internal reflection (TIR). All light rays
incident at the core-cladding interface with angles greater than the critical angle will
suffer TIR. This angle is given by:

θc = sin− 1 ncl
nco

� �
ð1Þ

where ncl is the RI of the cladding and nco is that of the core.
Evanescent waves are formed when waves traveling in a medium undergo total

internal reflection at its boundary because they strike it at an angle greater than the
critical angle.

The phenomenon of TIR by light rays was first observed by Newton when a part
of the incident light penetrates into the rarer medium (in our case, the cladding) and
travel some distance inside it before re-emerging into the denser medium (the core).
The electromagnetic energy outside the core, close to its surface is known as the
EW.

At a fiber bend, the propagation conditions alter because light rays propagating
close to θc will reach the interface core-cladding in a angle smaller than θc and will
refract to the cladding instead of reflecting by TIR and then part of the power is lost
into the cladding. However, the cladding also supports a few propagating modes
refilled by those lost modes from the core. At the cladding interface with the
solution there will be another critical angle θc so that all cladding modes hitting this
interface at higher angles will be guided. However, in the curve some modes will
reach the interface at angles smaller than the critical angle and will be lost forever
into the solution.

These cladding empty modes will be immediately refilled by the core modes and
some power will be lost at the end of the fiber. In this way, the solution’s RI will
dominate the output power of light that is guided by the fiber.
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The power attenuation along the propagation axis (z) is described by

PðzÞ=P 0ð Þexpð− γ zÞ ð2Þ

where P(0) is the power at beginning of the fiber and γ is the attenuation coefficient.
By analogy, the power attenuation along de bent fiber can be described as function
of the curvature angle ϕ:

PðϕÞ=P(0)expð− γϕÞ ð3Þ

An analysis already developed for a fiber curve [13, 14], as shown in Fig. 1,
determines the relationship between the input and output power as a function of the
angle of the curve, as in Eq. (4). This equation shows that the output power is
proportional to the curvature radius.

PsðϕÞ=Pð0Þ
ZR+ ρ

R− ρ

dr
Z θcðrÞ

− θcðrÞ
exp − γϕð Þdθ ð4Þ

From Eq. (4), with ϕ = 180°, it is possible to arrive at the following equation
[15]:

Psðn2Þ=4P n2minð Þρθcðn2Þ exp − γðn2Þπ½ � ð5Þ

where

P n2minð Þ= 1
4ρθcn2min exp − γn2minπ½ � ð6Þ

Fig. 1 Fiber bent by variation of the angle (ϕ): ρ—core radius; R—curvature radius, r—distance
between the center of the curve and the guided light beam; zp—distance between successive
reflections in the straight fiber section [22]
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where n2min is the RI of the outside medium, in our case the water.
A simulation using theoretical values in Eq. (5) was carried out in order to

observe the response curve tendency of the system. Figure 2 show the power
attenuation with the refractive index normalized using water as a reference
(n2min = 1.33). It is possible to observe that there is an attenuation of approximately
30 % for RI variation up to 1.39.

2.3 Surface Plasmon Resonance (SPR) and Localized
Surface Plasmon Resonance (LSPR)

Over the past years, surface plasmon resonance (SPR) biosensor technology has
made great success, and a large number of SPR sensors have been developed. SPR
is a very sensitive technique for determining small refractive index changes at the
interface between a metallic layer and a dielectric medium (analyte). This technique
is widely used as a detection principle for many sensors that operate in the areas of
biological and chemical sensing.

SPR in metallic materials occurs through the coherent oscillation of the electrons
of the valence band are excited with an electromagnetic field, causing a power
absorbance in this region.

The SPR effect depends on the shape of the metallic nanoparticles, as for
example in the case of gold nanospheres that have symmetric shape. In this case,

Fig. 2 Normalized output power as a function of the refractive index (optical fiber with a fixed
bent angle of 180°)
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the interaction of the electromagnetic field (white light source) with the electrons of
the valence band will result only in one band of absorption, that extends from the
green to red region and this band position depends on the size of the nanoparticle.

Gold nanorods are elongated nanoparticles and so, different from nanospheres,
display two distinct plasmon bands resulting in oscillation of the electrons in the
longitudinal direction and in the transversal direction of the rods. This resonance
shows in the absorption spectrum one weak band in the green region (Transversal
Surface Plasmon Resonance-TSPR) and one strong absorption band in the red or
near infra-red (NIR) region (Longitudinal Surface Plasmon Resonance-LSPR). The
position of the LSPR band depends highly of the aspect ratio of the gold nanorods.

3 Fabrication Methods and Optical Setups for EW
and LSPR

3.1 Evanescent Wave U-Shape Sensor

3.1.1 Preparation of U-Shaped Sensor Probes

A multi-mode Mitsubishi Rayon Eska GH 4001 plastic optical fiber (POF) was
used. The POF has a poly(methyl methacrylate) (PMMA) core of 980 μm in
diameter and a fluorinated polymer cladding with 10 μm in thickness. The RI in the
visible range of interest is about 1.49 for PMMA and 1.41 for fluorinated polymer.

First, the plastic optical fiber was cut into several 10-cm-long sections and both
end surfaces were cleaved and polished with polishing paper for a better light
coupling. Following that, the optical fiber was rinsed with deionized water and
blow-dried with nitrogen. Then, the POFs were heated at about 70 °C and bent
around a mold to produce U-shaped tapers. This task was carried out with the aid of
a custom-made device shown in the Fig. 3. About 30 U-Shaped probes with 25 mm
length and 9 mm waist diameters in average were produced.

The sensors were tested under different RI in order to study their sensitivity and
further functionalized with antibodies. The results of such tests are presented in the
next sessions.

3.1.2 Instrumentation and Electronic Set-up

The measurement set-up consists of an LED connected to the end of the bent fiber.
The light is received by the photodiode located on the opposite fiber end, according
to Fig. 4. In the bent fibers some modes scape depending on the refractive index of
the surrounding medium, in this case the sucrose concentration and after the
functionalization, the concentration of Escherichia coli in water. The photodiode
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Fig. 3 Custom-made device for molding U-Shaped probes

Fig. 4 Schematic diagram of the optoelectronic setup
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voltage signal varies accordingly to alterations on sucrose concentration or the
bacteria concentration.

The 880 nm LED is powered by a current source controlled by an Arduino
Microcontroller. The electronic setup keeps the current, providing the best LED
operation. Thus, the light received by a PIN photodiode decreases accordingly to
the different RI or accordingly to the bacteria that is captured by an antibody fixed
in the biosensor.

Figure 5 shows a picture of the sensor in its casing.

3.2 Gold Thin Film Evanescent Wave

The POF sensors in this case were made by the same process shown in last section
and interrogated by the same optical setup. Generally, the functionalization with
antibodies is usually done directly on the surface of the fiber, core or cladding, or on
another material deposited over the fiber, depending on the sensing effect, such as:
evanescent wave, LSPR, Raman or SERS. Nevertheless, there are few examples of
biosensor functionalized directly onto PMMA surface of a POF [16]. On the other
hand, there are several examples of gold-coated optical fiber biosensor function-
alized being this technique very well established and a lot of protocols were pub-
lished and widely tested [17].

The conventional protocol to bind antibodies at the surface of an optical fiber is
very well known for glass fibers and PMMA fibers. However, a conventional
telecom POF such as the one used throughout this work presents a PMMA core and

Fig. 5 The sensor connected
to the LED-Photodiode
housing
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another material in the cladding, a fluorinated polymer. In this way the conventional
functionalizing protocol does not work well and the antibody binding to the fiber
surface does not produce a homogeneous layer resulting in a lower sensitivity to the
presence of the bacteria.

In order to enhance the functionalization process of a fiber optical biosensor with
antibodies, and consequently improve the sensitivity by the evanescence wave
technique, coating the U-Shaped probe with gold thin film was proposed. The gold
film should be thin enough to be transparent, allowing the EW to pass through.
The PMMA surface guarantees a good adhesion of the gold film due to its high
roughness. Besides, gold is a metal particularly important due to its chemical
stability, high conductivity, high work function, atomic mass, and optical proper-
ties. Although gold is golden, opaque and reflective in the macroscale, on the
nanoscale, it presents a high light transmission rates [18].

With this idea in mind, we produced several U-Shaped sensors with gold thin
film deposits and tested them under different RI in order to study their sensitivity.

3.2.1 Deposition of Gold Thin Film

For the gold thin film coating, a RF magnetron sputtering system was used (Aja
International). The gold target size was 25.4 mm (1 in.) in diameter and 0.3 mm in
thickness, shown in Fig. 6.

The sputtering process was performed with Argon gas at a flow rate of 12 sccm
(standard cubic centimeter per minute) under the pressure of 3 mTorr. A 40 W RF
power was applied to ionize the gas for various sputtering times. The generated
negative ions hit the gold target to vaporize the gold atoms. As a result, the
deposition of a gold film on the probes surface occurs.

The U-shaped probes were attached to a support and placed on the substrate base
of the sputtering as shown in Fig. 7. Sensitive areas of probes were placed 50 mm
above from the gold target, which is tilted 45° from vertical. The substrate base was
rotated during the deposition process in order to expose all probes to the same
deposition rate.

Probes packs were exposed to the sputtering process for 1, 2, 3, 5 and 20 min.
Under that operation conditions, the deposition rate is about 3.5 nm/min. So, it was
produced probes coated with 3, 7, 10, 18 and 70 nm thickness of gold thin film. As
shown in Fig. 8, a 70 nm-thick film shows a bright golden color while thinner films
show blue color.

The sensors were tested under different RI in order to study their sensitivity. The
results of such tests are presented in the next sessions.
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Fig. 6 Gold target used for U-Shaped probe coating by sputtering

Fig. 7 Bare U-Shaped probes installed inside the sputtering chamber

Fig. 8 U-Shaped probes coated with different thickness of gold thin film
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3.3 Localized Surface Plasmon Resonance Sensor

3.3.1 Au Nanorods Production

Au nanorods were produced by seed-mediated method as described by Fontana
[19]. Gold(III)-chloride-trihydrate reagent was reduced in DI water with Sodium
borohydride forming small nanospheres that act as nucleation seeds when added to
a growth solution containing gold ions and HCTAB. The seed solution was pro-
duced by mixing 5 mL of the HCTAB solution (10 mL, 0.7289 g) with HAuCl4
(5 mL, 0.0019 g) followed by the addition of 600 µL of NaBH4 (3 mL, 0.0011 g)
stirring for 2 min. The growth solution was made by adding 100 µL of AgNO3

(2 mL, 0.0013 g) to the 5 mL left of HCTAB followed by the addition of 5 mL
HAuCl4 (5 mL, 0.0019 g) and 70 µL of ascorbic acid (1 mL, 0.0138 g). To grow
nanorods, 12 µL of the seed solution is added to the prepared growth solution and
kept on room temperature for 24 h. After the synthesis, the AuNR suspension was
placed into Eppendorf tubes to remove the excess of HCTAB from the suspension
and centrifuged for 30 min at 8000 rpm. After the first cycle the Eppendorf tubes
are decanted to a volume of less than 0.5 mL per tube. 5 mL of DI water is
distributed between the Eppendorf tubes, mixed thoroughly, then poured into
another tube, repeating until all the AuNRs are concentrated into one tube. The
washing process is repeated for a third time with the final dilution bringing the
volume to 10 mL. Transmission Electron Microscopy (TEM) image of Au NRs can
be visualized in Fig. 9a with aspect ratio of 1.7 and a LSPR absorbance curve at
648 nm is shown in Fig. 9b.
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Fig. 9 a TEM image of the AuNRs; b LSPR absorbance curve with a peak at 648 nm
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3.3.2 AuNRs Capped on the Tip of Plastic Optical Fibers

The sensor was built using POF 980/1000 µm and gold nanorods capped to the
tapered tip of the POF. The whole process was performed as follows: The POF was
cut into 12 cm long segments and about 2 cm long of theirs tips were dipped in
acetone for 20 s, following by the remove of the cladding of this region with Kim
wipes. After this step the POF tip was rinsed with water and isopropyl alcohol in
sequence. The tapering POF tip was performed by dipping the region previously
treated for 6 h in cyclopentanone solution. Figure 10a shows a 980/1000 µm POF
and in (b) the tapered POF tip at 808.75 µm.

The Gold nanorods were attached on the POF tip by dipping it in a solution of
octanethiol and tetrahydrofuran for 30 min and then, a drop of AuNRs was placed
onto the tip and allowed to dry at room temperature.

3.3.3 Sensor’s Setup

Figure 11 shows the optical setup used for the POF sensors in the measurements of
reflectance of the AuNRs on the POF tip with a change of the surrounding RI. The
configuration consisted of a white light source (Ocean Optics HL-2000), an spec-
trometer (Ocean Optics USB 4000) connected by a 3 dB coupler to the sensing
element (AuNRs capped POF tip).

Fig. 10 a POF 980/1000 µm
and b the taper POF tip at
808.75 µm
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4 Experiments on Refractive Index (RI) Measurements
for EW and LSPR

In this section, we test all sensors produced for its sensitivity under liquids with
different RI and so simulating the presence of different bacteria concentration.
The RI of the liquids were measured by an Abbe refractometer (Quimis, Brazil,
Model Q767BD) under a range of n = 1.33–1.38.

4.1 U-Shaped Sensor

Figure 12 shows a typical response of the U-shaped sensor under liquids of dif-
ferent RI.

Notice that, as expected, the output signal decays with increasing RI, according
to theoretical analysis performed in Sect. 2.2 and shown in Fig. 2. The simplest
explanation for this phenomenon is that, as the surrounding RI increases and get
closer to the cladding RI, the critical angle given by Eq. (1) increases, allowing less
guided modes inside the cladding. As these modes escape from the optical fiber,
some other modes guided by the core exit it to fill the voids left by the leak modes,
decreasing thus the output power that reaches the photodiode.

4.2 Gold Thin Film U-Shaped Sensor

About 30 U-shaped probes coated with different thickness of gold film were tested
into solutions of varying refractive indexes, ranging from n = 1.33–1.39. Figure 13

Fig. 11 Setup for refractive index sensing
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shows the plots with the results of one probe for each group of gold film thickness.
Figure 14 shows a plot with the average values for each group of probes.

As expected, since they are similar, the bare U-Shaped probe response shown in
Fig. 13a presents about the same sensitivity as the one shown in Fig. 12, that is,
falls about 50 % within the range 1.33–1.39. Notice however, that the U-shaped
probes coated with gold thin films have had their sensitivity reduced as their coat
thickness increase from 3 to 70 nm.

It was also expected that the output light power of the POF probes were
inversely proportional to the RI of the surrounding medium, except for the thick-
ness of 70 nm, where the output response is directly proportional to the changing in
RI. This happened probably because the low refractive index of gold makes it
working as a second fiberoptic cladding, guiding back the light to the POF core. Its
effect becomes more and more representative as its thickness increases with respect
to the wavelength. However, this a unexpected and new result that needs further
studies.

The U-Shaped probes coated with gold thin films have had their sensitivity
reduced. The inclusion of the gold layer between the fiber cladding and the external
environment contributes to an attenuation of the light rays as they cross the inter-
face between the cladding and the surrounding medium and back again into the
cladding, producing the EW. Therefore, it was already expected a lower sensitivity
of these sensors as compared with the bare U-Shape sensor whose responses are
shown in Fig. 12 and in Fig. 13a. In addition, the sensitivity decreases as the
thickness increases.

Fig. 12 Response of the U-Shaped sensor under different refractive indexes
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Since we expect a better adhesion of the antibody molecules with the gold layer
as compared with the adhesion to pure PMMA, this decrease of sensitivity will be
compensated by the increase of capture power of the antibody layer. We are at the
moment of writing this chapter functionalizing these coated sensors for bacteria
detection.

4.3 Localized Surface Plasmon Resonance Sensor

The RI sensing was tested in a range of n = 1.33–1.38 through the use of different
sucrose solutions acting as variable surrounding medium. In Fig. 15a it is observed
a blue shift of the LSPR and the sensitivity of the sensor have been calculated

Fig. 13 Plots of the output signal (Volts) vs. the RI for a bare U-shaped probe; b 3 nm gold
coating; c 7 nm gold coating; d 10 nm gold coating; e 18 nm gold coating; f 70 nm gold coating
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through the position of the wavelength dip for each refractive index, as shown in
Fig. 15b. In this range the sensitivity obtained was of (−156.32 ± 4.84) nm/RIU in
the same interval of the expected RI of the E. coli [4], that suggested the possibility
to use this sensor for E. coli detection after its functionalization.

5 Functionalizing POF Sensors for Bacteria Sensing

The technique used by this biosensor relies on the immunocapture effect, that is, the
biological principle is based in the antigen-antibody interaction. This kind of
biosensor is characterized by antibodies as biological recognition element,
responsible for the specificity of the biosensor. Antibodies are molecules of gly-
coproteins produced by B-lymphocytes in response to the presence of an antigen in
the analyte to be detected, resulting in a molecular connection of high affinity and
specificity.

The methodology of an immunosensor construction starts with the correct
binding of the antibodies on the surface of the sensors with appropriated uniformity.
With the active antibody fixed to the fiber surface, the specific bacteria, if present in
the solution, will be captured and covalently fixed to the fiber, modifying thus the
RI around the EW present there.

The immobilization technique to be applied to the sensor must provide a stable
link between the surface and the reconnaissance element, without interfering in the
biological activity of the system. The PMMA allows the formation of amino
grouping on its surface, making the technique by chemical reactions through
covalent bonds the most suitable technique for the sensor functionalization.

Fig. 14 Average values for each gold coating thickness including the bare U-Shaped probe
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The PMMA of the plastic optical fiber has to be treated to allow the formation of
amino grouping on its surface through the use of hexametilenodiamine (HMDA).
These groups allow the use of substances such as glutaraldehyde, responsible for
the formation of a covalent bond with protein A and antibodies [20].

We have used the following protocol for the functionalization:

1. Sensor cleaning with a solution of isopropyl alcohol for 5 min and subsequent
washing with distilled water;

2. Sensor amination in a solution of 10 % borate buffer HMDA by 2 h at 30 °C;
3. Activation of amination surface by adding 2.5 % glutaraldehyde solution in

phosphate buffer for 2 h at 30 °C;
4. Covalent bond of protein on the PMMA by incubating into a solution of protein

A with 0.05 mg/mL of sodium carbonate buffer by 1 h at 30 °C;
5. Blocking of nonspecific sites with BSA solution at 10 % for 1 h at 30 °C.
6. Binding antibodies to the sensor in a 0.1 % solution followed by a 4-h

incubation.

6 Experiments with Bacteria

In this section, we present the results obtained with the U-Shaped sensor func-
tionalized with antibody against Escherichia coli, according to the protocol
demonstrated by Fixe et al. [20]. In all experiments we used a concentrations of 104

CFU/mL of Escherichia coli.
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Fig. 15 a Blue shift of the LSPR with the change of surrounding RI and b sensitivity of the
sensor have been calculated through of the position of the wavelength dip for each RI shown in (a)
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Figure 16 shows the results of three types of U-Shaped sensors: one using
conventional ESKA telecom fiber, one using pure PMMA claddless POF and one
using ESKA POF with its cladding removed by acetone. All sensors showed a
decrease in output with time, suggesting an increase in the surrounding RI, sup-
posedly due to the immunocapture effect as the antibody layer keeps capturing the
bacteria presented in the water.

The better sensitivity (smaller time response) was found to be presented by the
claddless POF, suggesting that the antibody layer was better adhered and con-
centrated around this sensor.

The cladding removal process does not leave a uniform fiber surface, rather,
some residues can be found when inspecting the sensor under a microscope. These
residues may be preventing the capture of the bacteria in a uniformly distributed
manner over the fiber surface and therefore decreasing the sensor sensitivity.

When comparing the sensitivity of cladded and uncladded fibers we can con-
clude that our suspicion that the functionalizing protocol would not work well for
the fluorinated polymer was right. This becomes clear when we notice that the
claddless sensor sensitivity is much better than the cladded sensor.

Fig. 16 Results of the U-Shaped sensor under a bacteria concentration of 104 CFU/mL
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7 Conclusions

All three platform tested in this work presented good sensitivity with RI variation.
However, of these three techniques the U-Shaped EW sensor showed to be the best
configuration for a mass-production fabrication for its low cost and simplicity.
Therefore, this platform was chosen to be functionalized for Escherichia coli
detection.

7.1 LSPR Sensor

A sensor for refractive index was performed using POF and gold nanorods. The
results show that this it is very sensitive to the change of surrounding RI in the
range of the E. coli RI. The sensitivity shown by our sensor (−156.32 ± 4.84)
nm/RIU in the range of E. coli is nearly 7 times larger than the sensor using gold
nanoparticles and long period fiber gratings with sensitivities of −23.45 nm/RIU
demonstrated by Tang et al. [21] and nearly 2 times larger than gold nanostars
capped along the sides of the POF with sensitivities of 84 nm/RIU demonstrated by
Cennamo et al. [8]. Therefore, the sensor here developed is robust and presents high
sensitivity in the range of the E. coli, suggesting that it can be used for the detection
of this bacterium after its functionalization.

7.2 Gold Thin Film U-Shaped Sensor

The results demonstrated that the ideal thickness to coat U-Shaped probes for using
as an EW-based sensor should be less than 10 nm avoiding a too large attenuation
that would put the sensitivity in jeopardy. This conclusion needs more studies in
order to determine whether the gold layer will in fact increase the antibody
molecules adhesion, contributing thus for a general sensitivity improvement.

7.3 U-Shaped Sensor

The U-Shaped sensor functionalized with antibody presented several advantages as
compared with conventional diagnostic techniques.

The sensor response time to the presence of E. coli was less than 10 min, which
improved conventional diagnostic time, normally about 72 h.

Additionally, the detection technique presented here does not require a specific
laboratory or a qualified technician to operate the system, which facilitates the use
of this biosensor in the field.
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The other two platforms tested in this work also presented good sensitivity and
therefore, will be studied in future works. Therefore, we are intended to perform the
functionalization in the three platforms aiming to improve sensitivity, detection
time and fabrication costs in order to choose the best one to be developed as a field
prototype.
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Plasma-Based Deposition and Processing
Techniques for Optical Fiber Sensing

M. Dominik, M. Koba, R. Bogdanowicz, W.J. Bock and M. Śmietana

Abstract Plasma-based techniques are widely applied for well-controlled deposi-
tion, etching or surface functionalization of a number of materials. It is difficult to
imagine fabrication of novel microelectronic and optoelectronic devices without
using plasma-enhanced deposition of thin films, their selective etching or func-
tionalization of their surfaces for subsequent selective binding of chemical or
biological molecules. Depending on the process parameters, i.e., generator fre-
quency and power, composition of gases, pressure, temperature, and applied sub-
strates, different effects of the process can be obtained. The chapter discusses
current trends in application of plasma-based techniques for fabrication of novel
optical sensing devices. Fabrication of materials with different structure (from
amorphous to crystalline, porous, and multilayers), optical properties (absorption,
refractive index), and surface activity, as well as their processing are reviewed.
Application of the plasma methods enhancing sensing properties of various optical
fiber sensing structures, namely long-period gratings, intermodal interferometers
based on photonic crystal fiber, sensing structures based on lossy mode resonance
or stacks of nano-films are given as examples and are discussed.
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1 Introduction

More than 99 % of visible matter in the universe is originated from plasma. It
consists of positive and negative ions, electrons and neutral species. Plasma is
regarded officially as the fourth state of matter. Consequently, a significant amount
of energy has to be applied to gas to achieve exited or ionized state of species
creating plasma matter. Due to the presence of excited atoms, molecules and
electrons it interacts freely and actively with other states of matter modifying them
or fabricating new products. Plasma processing is a significant area of science in
broad range of applications. The plasma environment offers a number of advan-
tages, such as ability for low-temperature processes of deposition or modification of
thin films, low process cost, its control, as well as high efficiency and process
repeatability. In fabrication of optical fiber sensing devices, as well as in micro-
electronics, plasma can be applied mainly for enhancing deposition of thin films,
e.g., plasma enhanced chemical vapor deposition or reactive magnetron sputtering,
as well as for reactive ion etching, implantation, surface cleaning and modification,
which include e.g., hydrogenation, fluorination, and other surface functionalization
processes of thin films in these devices.

Main advantages of optical fiber sensors include their low weight and small size
(from several to hundreds of microns in diameter), as well as low attenuation and
low signal to noise ratio. When optical fiber is applied, the sensor can work in
distant locations, what is more it can be exposed to high electromagnetic radiations.
Moreover, this type of sensing devices exhibits good thermal stability, high degree
of flexibility, and also their principle of operation is already well known and
controlled. These devices can be applied in wide range of applications from sensors
for measuring a vast range of properties starting from mechanical forces and
material deformation, pressure, variations in material composition or density,
electric and magnetic field, electric current or temperature [1, 2] to biomedical
devices for protein analysis [3], pesticide detection [4] or determination of
deoxyribonucleic acid (DNA) oligomers [5].

There have been shown many techniques for improving or even initiating sen-
sitivity of optical fibers to some selected physical or chemical influences. They
include deposition of thin films and coatings (one or multilayers), surface modifi-
cation or well-controlled etching. Principles of operation and influence of modifi-
cation and coating deposition on various optical sensing devices has already been
presented and explained. In this chapter both the basic processes using plasma as
well as current plasma application trends for fabrication of novel optical sensing
devices are discussed.
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2 Plasma-Based Processes

Many interesting optical fiber sensing devices can be fabricated using plasma-based
deposition and surface processing of thin films. Following section reviews the range
of plasma-based processes and their suitability for specific optical fiber sensors.

2.1 Deposition

In general, the thin films can be obtained either by deposition of a layer onto a
substrate or by causing a chemical or physical change of a substrate material, e.g., by
means of ion exchange or implantation. In case of optical fibers, deposition on glass
substrate is mainly taken into consideration. And thus, here we present a review of
plasma-based process, namely various physical (PVD) and chemical vapor depo-
sitions (CVD), both suitable for glass substrates. In these two types of deposition
methods species (atom and molecules) exist in vapor state, while condensation on
the substrate needs a chemical reactions (CVD) or conversion to form a solid
material (PVD) [6]. In case of PVD, plasma can be employed for sputtering of a
target material, while in CVD methods it is used for inducing chemical reactions
between the gas molecules. Growth of films from the plasma-based vapor phase
produces films with lower levels of contamination, comparing to wet techniques,
such as dip-coating or sol-gel deposition [7]. Mechanisms responsible for thin film
deposition in case of PVD and CVD processes are schematically shown in Fig. 1.

The thin films applied in fiber based devices must have defined thickness, optical
constants (refractive index, extinction coefficient) and be of high optical quality,
i.e., low level of impurities and low surface roughness. The boundaries between the
films in multi-layer structure should also be as smooth as possible. In Fig. 2 applied

Fig. 1 Diagram showing basic phenomena taking place during a physical and b chemical vapor
deposition process
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pressures and temperature ranges for specific PVD and CVD techniques are
compared, showing their limitations when applied for fiber sensing devices.

2.1.1 Physical Vapor Deposition (PVD)

Magnetron sputtering (MS) belongs to group of PVD techniques and is one of the
most popular method widely used for deposition of thin metal and metal oxide or
nitride films. In the method, atoms or molecules are sputtered from the surface of a
target material by bombarding it with high-energy ions in a vacuum. Additionally,
the magnetic field confines electrons near the target to sustain plasma (Fig. 1a). In
the method argon is mainly used as an inert gas responsible for target sputtering.
The gas ionization can be generated either in direct current (DC) or radio frequency
(RF, 13.56 MHz) modes [8] and the films are typically deposited at relatively low
substrate temperatures (up to 300 °C) [9]. The metal oxides or nitrides can be
deposited due to the chemical reactions of the atoms released from the target with
oxygen or nitrogen molecules. The reactions are mainly controlled by a suitable gas
ratio and pressure in the chamber. When such reactions take place the process is
called as reactive magnetron sputtering (RMS). Users of the RMS method typically
face phenomenon of poisoning of the target elements by the reactive gas. Thin
oxide on nitride film formed at the surface of the target creates a barrier for sput-
tering which strongly decreases erosion rate. To overcome this problem novel
pulsed techniques like high-power impulse magnetron sputtering (HiPIMS) were
developed. By applying higher voltage pulses to the electrodes the higher current
density has been obtained in comparison to conventional MS [10, 11]. Such design
also makes possible meaningful film densification [12], what in turn increases thin
film refractive index and decreases its growth rate [13].

Sputtering is mainly used in the field of optical fiber sensing for deposition of
thin metal films used as reflectors or for achieving surface plasmon resonance effect.
Films such as aluminum [14] or gold [15] are applied for fabrication of mirrors on

Fig. 2 Pressures and
temperature ranges used in
specific PVD and CVD
techniques. Diagram also
shows limits in application of
the techniques for fused silica
optical fiber sensing devices

98 M. Dominik et al.



the end-face of fiber. The MS technique allows for relatively fast and uniform
deposition of metal films, with good adhesion to fiber surface, therefore it is the
most commonly used method for fabrication of reflectors. Ultra-thin film of sput-
tered TiO2 was also applied as an adhesion-enhancing interlayer on the surface of
optical fiber sensors [16] or photocatalytically active devices [17]. Moreover, a
variety of optical sensors for gas sensing applications have been developed based
on MS coatings. Hamagami et al. [18] reported that sputtered MoO3 film coated
with Pd changed its transmittance when exposed to H2. Sumida et al. [19] deposited
Pt/WO3 films on the optical fiber tip to detect hydrogen in mixture of H2:N2

(99:1 %) by the use of optical time domain reflectometry (OTDR). However, in
most of the works the devices are based on sputtered amorphous films [20, 21].
Generally, the thickness and refractive index of the sputtered thin film can be easily
controlled by the duration and energy of the ion bombardment [22]. The MS
deposited films are very uniform even over large surface areas (scalable process)
and contain low amount of contaminants.

2.1.2 Chemical Vapor Deposition (CVD)

Plasma Enhanced Chemical Vapor Deposition (PE CVD) is a process where solid
films are synthesized from chemically reactive gas mixture (Fig. 1b). The energy
needed to provide the chemical reactions is supplied by high electric fields and is
known as cold plasma or electric discharge. Electrical discharge is the most flexible
measure of creating and sustaining low temperature plasma. The DC as well as AC
power sources have been widely applied for induction of plasma. Among other,
radio (RF PE CVD @13.56 MHz) and microwave (MW PE CVD @ 2.45 GHz)
frequencies [23] are the most efficient and widespread configurations used for
ionizing plasma. From the technical point of view two most common methods for
coupling electrical energy into a gas discharge are via capacitive coupling (CCP) or
via induction as is done with inductively coupled plasma (ICP).

Wide range of process pressure and temperature is applied to obtain deposition
of various thin films, which include dielectrics and semiconductors. The suitable
precursors are dosed or vaporized and delivered to a vacuum reactor. A synthesis
process includes enhanced by plasma chemical precursor reactions in the vapor
phase near or at a substrate resulting in growth of a solid film. Most of the CVD
processes are capable for uniform deposition on three dimensional objects. Nev-
ertheless, CVD synthesis is relatively complex and to get high reproducibility of the
processes, a set of parameters needs to be controlled [24]. The CCP is considered as
resulting in relatively low plasma density, but in turn allows for high energy ion
bombardment of a substrate. On the other hand remote plasma processes such as
ICP [25] or Electron Cyclotron Resonance (ECR) [26, 27] make possible achieving
higher plasma density and the precursors are introduced downstream of the plasma
source. Such sources are useful in applications where high level of ion bombard-
ment of a substrate is not desired. In optical fiber devices, it is in particularly
expected to reduce the process temperature during thin films deposition in order to
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retain the nanostructure of the deposited material ensuring high sensitivity and rapid
response of the sensor, as well as to avoid high temperature solid-state reactions at
the film/silica-fiber interface (Tsubstrate < 800 °C) during the deposition [28]. For
temperature sensitive substrates this heat load may be partly relieved by cooling a
stage where substrate is placed. However, the substrate surface staying in contact
with the plasma still experiences elevated temperature due to continues ion bom-
bardment [29].

Mechanically and chemically stable thin films in wide range of thicknesses can
be deposited on optical fiber components with PE CVD methods [16, 23]. The
average deposition rate ranged from nm up to µm per minute and the optical quality
of the obtained films is usually very good resulting in low optical losses. The
deposition rate depends mostly on used gas precursors and their flow rate, as well as
applied discharge power. The CVD processes make also possible to add dopants to
the deposited material which on top of changing sensing properties of the films
have also influence on their optical properties [30] and/or some other properties
such as UV photosensitivity [31] or melting temperature [32]. As a good example
of CVD process application in field of optical fiber sensing can be used work of
Cheng et al. [33] where has been shown thin-film Fabry-Perot interferometers based
on polycrystalline SiC grown by CVD and used for temperature measurements in
harsh environment. The SiC-based temperature sensors were compact in size,
robust, and stable at high temperatures (22–540 °C ± 3.5 °C). The detailed
description of more CVD application in optical fiber devices is given in Sect. 4.

Another useful method for deposition functional layers in optical fiber sensing is
Atomic Layer Deposition (ALD). ALD can be considered as a special mode of
CVD process, but in contrast to it ALD procedures feature alternating exposures of
chemical precursors to react at the surface of a desired material [34]. The ALD
process is based on sequential alternating pulses of gaseous chemical precursors
that react with the substrate material. Due to ALD significant advantages, such as
high conformity and a great control over materials thickness and composition, it is
recently often applied to obtain deposition of various thin films on optical fiber
sensors [35].

2.2 Etching

Dry etching uses plasma generated free radicals to remove a material. It plays
critical role in creating geometries of extremely small size for highly integrated
devices or tuning spectral response and sensitivity of optical fiber sensors. There are
four basic types of plasma etching processes [36]: pure chemical etching, physical
etching, ion enhanced energy-driven etching, and ion-enhanced inhibitor etching.
Pure chemical etching involves isotropic and selective removal of surface atoms by
plasma-induced gaseous etchant atoms or molecules (free radicals). They
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chemically react with the surface layer forming gaseous volatile etching products.
Physical plasma etching in turn is an anisotropic process which employs ion
bombarding and leads to ejection of atoms form the surface. Ion enhanced,
energy-driven etching is a process where both etchants atoms and energetic ions are
involved in etching. Last type of the etching process, namely ion-enhanced inhibitor
etching involves an additional inhibitor spaces that adsorb or deposit on the sub-
strate to form a protective layer or polymer film. Protective layer usually slows
down the etching process of selected parts and leads to obtain highly anisotropic
effects of the process.

One of the most diverse and widely used plasma etching method is reactive ion
etching (RIE). The RIE uses both physical and chemical etching mechanism. The
combination of both types of interactions leads to increase in etching rates as well
as enhancement in etching anisotropy. In the RIE process, ions are produced from
reactive gases which are accelerated with high energy to the substrate and chemi-
cally react with the etched thin film material (Fig. 3). The typically used in RIE
gases are CF4 (for etching of SiO2, Si3N4, InP, Si), CHF3 (etching of SiO2, Si3N4),
SF6 (Si etching), O2 (etching of photoresists, polymers, and C) and BCl2 + Cl2
(etching of Si, GaAs, Al) [36].

The RIE process in optical sensing can be used for efficient and well controlled
etching of sensor surface resulting in effective tuning of spectral response to certain
external influence [37, 38] or modification of its surface structure [39]. The RIE
process allows for changing properties of materials which are very difficult to be
modified using wet chemical etching. A hard carbon films, such as diamond [37]
may serve as a good example.
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Fig. 3 A simplified diagram
showing the main phenomena
taking place during RIE
process
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2.3 Surface Modification and Functionalization

Plasma-based surface modification is a well-known method for improving device
multifunctionality, their tribological, chemical, electrical and mechanical properties,
as well as biocompatibility. The unique advantage of plasma modification is that
the surface properties can be enhanced selectively while the bulk attributes of the
materials remain unchanged [39]. Modification of surface properties devices such
as wettability, hardness, refractive index, chemical inertness, lubricity, roughness or
adhesion can be performed in several ways, but in case of optical fiber sensing
devices two main categories can be distinguished, namely deposition of thin films
and surface activation.

Plasma surface activation involves gases, such as hydrogen, oxygen, nitrogen,
ammonia (NH2) or carbon tetrafluoride, that dissociates and reacts with the surface
which leads to creating various chemical functional groups on the surface as a result
of the plasma process. The process leads to modification in chemical activity of the
surface by these functional groups. In the case of materials such as polycrystalline
aluminum nitride (AlN) with CVD diamond coating applied as neuroprosthetics or
(bio-sensing) diamond-based acoustic device, fluorination process is used for
enhanced diamond nucleation on the AlN film [40]. Plasma treatment with carbon
tetrafluoride also caused forming hydrophobic coating of fluorine-containing groups
(CF, CF2, CF3) which leads to decreasing surface wettability [41]. In the case of
biomaterials surface functionalization and modification, wettability plays a crucial
role [39]. Bioactive films such as plasma deposited polymers are often used as
interface layer for the covalent immobilization of biologically active molecules,
e.g., at cell culture plates or at bone-implants [42, 43], where they have to be
modified by amination (loading of amine groups). The plasma polymerization of
amine-based monomers is an efficient way to prepare bioactive
amino-functionalized polymer surface [42]. Such aminated surfaces are well suited
for the interaction with hyaluronan and thus play a key role in the initial adhesion of
osteoblasts to implants [42, 44].

The PE CVD process was also usefully applied for fabrication of polymerized
thin films such as allylamine (PPAAm), which can be used to prepare direct
modification or activation of various optical surfaces [45]. Films are highly trans-
parent and FT-IR shows that the molecular structure of the plasma deposited
polymer film reproduces the monomer structure H2C═CH–CH2–NH2.

Furthermore, the aminated surface is useful for the most of biofunctionalization
methods [46], because such interface may further act as a receptor, i.e., active layer of
a sensor used for molecular recognition [35]. Diamond-like Carbon (DLC) thin films,
widely applied as a coating for optical sensor sensitivity tuning [1, 16, 37, 47–49],
can also be modified with plasma treatment by NH2 implantation in order to improve
their biocompatibility [50]. Plasma treatment is also often used for surface modifi-
cation of polymers [51] aiming to activate they surface or study aging. The polymers,
such as polymethyl methacrylate (PMMA) or polydimethylsiloxane (PDMS), are
often used for fabrication of fibre-based biosensors [52] or micro-fibers [53].
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3 Plasma Processing for Optical Fibers

3.1 Introduction

Novel materials and deposition techniques on the nano-scale level brought a
breakthrough in the field of optical fiber sensors. Deposition of different nano-
coatings make it possible to use electromagnetic effects such as lossy mode reso-
nance or Bragg reflection in various fiber sensing applications.

The electromagnetic wave traveling through the medium is subject to its optical
properties. Material’s properties are expressed by refractive index (n), which is
defined as the ratio of the velocity of light in free space c to the velocity of light in
the medium v:

n=
c2

ν2
=

εrμr
ε0μ0

− i
μ0σ

ωε0
= nr − ik ð1Þ

where ε0 and μ0 are the permittivity and permeability of free space, respectively; εr
and μr are the relative permittivity and permeability, respectively; σ is the electric
conductivity, and ω is the angular frequency of the wave. The n is often referred to
as the complex refractive index, where nr is known as the real part of the n (in an
ideal dielectric material only real part exists), and k is known as imaginary part
represented by the extinction coefficient (and is related to the absorption coefficient
α by: α=4πk λ̸). Optical properties of different deposited layers vary in value, and
in general nr as well as k can be functions of frequency.

Thin film layers can be exploited in several different scenarios for coating of
fiber structures. Every single scenario may act the way that would alternate struc-
ture properties. Thus, each composition of thin film requires a specific theoretical
approach and appropriately applied investigation technique. There are many less
and more complex analytical and numerical methods. Among others there are
coupled mode theory [54, 55], beam propagation method [56, 57], transfer matrix
method [58, 59], finite element method [60, 61] and whole family of finite differ-
ence methods [62].

3.2 Multilayers

Figure 4 shows a schematic of a multilayer structure deposited on a tip of the single
mode fiber. This system employs one-dimensional stack of alternating dielectric
layers as a specific filter. In fact, this structure resembles a well-known Bragg
mirror. Such system, despite its sensing capabilities, is a good example of
exploiting relatively simple yet very convenient, powerful, fast, and reliable tech-
nique, namely the transfer matrix method (TMM).
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The TMM in general aggregates properties of each consecutive layer in so called
characteristic matrix:

M = ∏
m− 1

i=1
Mi =

M11 M12

M21 M22

� �
. ð2Þ

In Eq. (2) matrices Mi describe optical properties of corresponding layers and by
multiplication they create the final matrix M. The characteristic matrix represents
whole system substituting the layered medium by a bulk one. The transmission,
reflection and absorption of the system is then a function of the matrix M.

In case of standard Bragg structures the number of periods state the quality of
system and thus strength of a spectral response. While in contrast, for the sensing
applications the number of periods should be significantly smaller to allow for
strong interaction of the light traveling through the multilayer with the last layer,
i.e., analyte. In order to improve sensing capabilities an optimal number of periods
versus possibility to interact with tested liquid should be established. Such optimal
structure would provide strong spectral response induced by the tested material. In
this sense, work presented in [63], where PECVD method was used to deposit stack
of high and low n silicon nitride (SiNx) films, is a good example of achieving same
balance. It also shows that even with using some simplifications (such as
assumption of plane wave in the medium, calculation of overall reflection at the
fiber-multilayer interface, the fiber core diameter is much smaller than the diameter
of multilayer structure) the agreement of numerical and experimental results is high.
Whereas [64] presents a comparative study on sensing capabilities of stacks of
nano-films consisted of SiNx and TiO2/Al2O3 materials deposited with PECVD
(SiNx) and RMS (TiO2, Al2O3), respectively. Studies have shown that PECVD
based sensor is both refractive index and temperature sensitive, whereas RMS is
sensitive only for refractive index variations. On the other hand Yang et al. [65]
suggested optical fiber sensor based on the Fabry-Perot structure with end-face
multilayer consisting of a stack of TiO2 and MgF2 films deposited with composition

Fig. 4 A schematic model for calculations of multilayer deposited on the end-face of single mode
fiber. The figure is not drawn to scale
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of e-beam evaporation and RMS method, which provided high quality thin films
with carefully controlled thickness.

3.3 Multimode Fiber Coated Sensors

Another very interesting sensing structure is shown in Fig. 5, where the thin film
layer is deposited on a multimode fiber core. In this particular situation modes
supported by the thin film are classified as different types according to the per-
mittivities of the constituting layers [66]. Three cases are possible. First, if the thin
film has a negative real part of permittivity єr, and it is larger in magnitude than its
imaginary part єi and surrounding dielectric єout, then the transverse magnetic mode
(TM) is called surface plasmon resonance (SPR) [66–68]. Second, if the thin film’s
permittivity єr > 0 and єr > |єi| Λ єr > єout, then the film supports a lossy mode
resonance (LMR), which exists both for transverse electric (TE) and magnetic
(TM) polarizations [66]. Finally, if єr ∼ 0 and |єi| >> 0, then the supported mode is
called surface exciton-polariton [69, 70].

For sensing application most commonly used structures display SPR and LMR
phenomena. Although both effects are interesting, the main drawback of utilization
of SPR based devices is its limitation to TM polarized light. In consequence the
setup requires polarization controlled setup. In contrast the LMR is generated for
both TM and TE polarization and thus overcomes the problem of polarization.
Moreover the sensitivity of the LMR based device may be controlled by the change
in the coating thickness in monotonic manner (it decreases with increasing
thickness).

Simple model allowing to calculate effective transmitted power through LMR
based device (schematically shown in Fig. 5) uses a commonly applied formulation
(e.g., [71, 72]):

Ptransmitted =

R αmax

0

R π 2̸
Θc

RNðΘ, αÞPindΘdαR αmax

0

R π 2̸
Θc

PindΘdα
ð3Þ

Fig. 5 A schematic
cross-section of multimode
fiber with deposited
nanolayer. The figure is not
drawn to scale
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Equation (3) expresses transmitted power as a function of various structure
parameters, namely power at the fiber input Pin, number of reflection in the fiber
N (Θ,α), the skewness angle α, the angle between the ray and the normal to the
core-metal interface Θ, and optical properties through reflectivity RN(Θ,α). In Eq. (3)
the reflectivity can be calculated by specific utilization of TMM, i.e., the method is
used for three layered medium consisting of core, nano-coated region, and analyte.
It is important to mention that this method is valid for core radius greater than
200 μm [72]. Plasma based methods, especially PECVD are effective in LMR
based sensors due to possibility of easy modification of deposited coatings optical
properties by changing flow rates of precursor gases.

By using RF PECVD thin film layers of DLC [47] and SiNx [73] were deposited.
Studies conducted upon these structures with respect to layer quality and thickness
showed usability of this CVD-based method for optical sensor coatings.

3.4 Long Period Gratings

Another, and well know sensing structures exploited for over a decade are
long-period gratings (LPG) (or long-period fiber gratings—LPFG). The schematic
drawing of a long-period fiber structure is shown in Fig. 6.

The LPGs are periodic modulation of the refractive index of cladding and/or core
along an optical fiber [74]. The grating couples the fundamental core mode (LP01)
to m discrete cladding modes (LP0m) by satisfying specific phase-matching con-
ditions. While propagating the cladding modes are attenuated due to absorption and
scattering. Additionally the coupling depends on wavelength and thus a spectrally
selective loss for each of the cladding modes is obtained. This selective mode
attenuation makes the LPGs a remarkable sensing structure characterized by high
sensitivity to changes in external refractive index. This sensitivity is typically
defined as a shift of the resonance wavelength λmres induced by a measurand [75].
Equation (4) relates the resonance wavelength λmres with effective refractive index of
the propagating core mode n01eff , effective refractive index of the mth cladding mode

n0meff , and the LPG period Λ.

λmres = ðn01eff − n0meff ÞΛ ð4Þ

Fig. 6 A schematic
cross-section view of
long-period grating, Λ is a
grating period. The figure is
not drawn to scale
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Physically, Eq. (4) describes coupling from the guided core mode (LP01) to the
mth cladding mode (LP0m). It implies that there are many possible ways to influence
the resonant wavelength. For example in sensing applications, the resonance
wavelength shift can be induced by external refractive index variation. An analytical
expression describing this change can be written in the following form (after [75]):

dλmres
dnext

= −
λmres

dλmres
dΛ

n01eff − n0meff

u2mλ
m
res

3next
8πr3clnclðn01eff − n0meff Þðn2cl − n2extÞ3 2̸ ð5Þ

where um is the mth root of the zeroth-order Bessel function of the first kind, and rcl
and ncl are the radius and refractive index of the fiber cladding, respectively.

A very important feature considerably boosting the sensitivity of the LPGs is the
existence of a resonance turning point, i.e., it is possible to couple energy into the
same cladding mode for two different wavelengths. This occurs when Λ is short
enough, and displays in the spectrum as dual resonant peaks [76].

Numerical simulations and investigation of LPG require different approaches,
depending on the required physical insight. The simplest techniques dealing with
basic LPGs system involve semi-analytical approaches, e.g., coupled mode theory
and transfer matrix method, while with the increasing complexity of the system
more sophisticated methods are being used, such as finite difference time domain or
finite element methods.

Optical fiber sensors based on LPG are one of the widely studied structures.
They have been used as chemical sensor [76] or for monitoring of loads on a wind
turbine blade [77] and for sensing of refractive index [81, 88, 91], strain [75] or
temperature [75]. Nowadays these structures enjoy a great interest in biosensing,
including detection of DNA [78], biotin-avidin complex [79], antibody-antigen
interaction [80] or specific bacteria detection using bacteriophages [35]. These
advanced applications were possible to develop due to very high sensitivity of LPG
sensors structure. Among the main methods of increasing the LPG sensitivity one’s
should mention: determining dispersion turning point (DTP) and deposition nm-
thick coating. DTP is a working point, where LPG exhibits very high sensitivity for
a particular wavelength. DTP corresponds to two resonant wavelength and results
in coupling to a single cladding mode characterized by dual resonant peaks in its
transmission spectrum [75]. The conditions required to achieve DTP include both
external (e.g., surrounding RI, temperature, strain) and internal (the period of the
grating, the dimension of the fiber and doping) [81]. The most common method of
achieving DTP is precise reduction of fiber cladding, which can be done by wet
etching in hydrofluoric acid (HF) [35, 81, 88, 91] or by RIE method [37, 38]. DTP
was also obtaining by other external influences, e.g., by temperature [82] or
bending [83].

Another method of LPG sensitive improvement is deposition of thin film
coatings. In general the higher the order of the cladding mode is the higher the
sensitivity. In case of higher n of the overlay, as the thickness of the overlay
increases it can guide cladding mode of the lowest order. This causes shift in the
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cladding modes’ effective index to higher values and thus higher order cladding
mode at the same wavelength (in comparison to the structure without the overlay).
Therefore, covering sensor with the overlay having higher n than the fiber cladding
can enhance sensor’s sensitivity [84]. Modification of sensor sensitivity by
overcoating is therefore possible by applying thick coating with respectively low
n (but still higher than those for fused silica—1.46) or thin film with much higher n.

The most popular methods for deposition nano-coatings on LPGs are based on
immersing the LPGs in a liquid precursor, e.g. Langmuir-Blodgett [85] or sol-gel
[86]. However, these methods do not provide efficient control of properties of the
overlays, such as uniformity or symmetrical deposition around the fiber. To overcome
some of the mentioned disadvantages the vapor deposition methods such as ALD or
PECVD are used. It was reported in a number of papers application of PECVD thin
films as LPG coating such as SiNx [81, 87, 88] or DLC [37, 48, 49]. In this method
properties of LPG’s coatings can be easily changed by variation of process param-
eters, but the control of symmetrical deposition around the fiber is a challenging task.
In the case of ALDmethods this problem does not exists—ALD coatings have a great
uniformity and gives precise control of overlay properties all over a fiber. In this
subject ALD coatingswith high n such as TiO2 [35] or HfO2 [89] are used. There were
also applied coatings with relatively low n such as Al2O3 [90, 91].

3.5 Photonic Crystal Fiber Based Sensing Structure

Another very interesting sensing structure incorporating endlessly single-mode
photonic crystal fiber (ESM PCF) is presented schematically in Fig. 7.

This simple all-fiber structure is based on intermodal interference between the
core and cladding modes of a section of ESM PCF spliced between two pieces of
SMF-28 fiber [92–96]. In the process of fabricating such a structure the holes at the
SMF/PCF interfaces collapse and form a tapper allowing for independent excitation
of core and higher-order modes in the PCF section. These modes propagate with
different phase velocities and thus at the second splice interfere with one another.
The optical transmitted power as a function of wavelength for such device can be
expressed as follows [97]:

Fig. 7 A schematic
cross-section view of fiber
sensor structure based on
endlessly single-mode
photonic crystal fiber spliced
between two single-mode
(SMF-28) fibers. The figure is
not drawn to scale

108 M. Dominik et al.



TðλÞ= IcoðλÞ+ IclðλÞ+2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
cos

2πΔneff L
λ

ð6Þ

where Ico and Icl are the intensities of the core and cladding modes, respectively,
Δneff is the difference between the effective refractive indexes of the core and
cladding modes, and L is a length of the ESM PCF segment.

Equation (6) reveals periodical variations of transmitted power in spectral
analysis, and indicates relation between core and cladding modes. Since cladding
modes are sensitive to changes in external medium they play the crucial sensing
function.

Those structures are compact, stable and display low sensitivity to temperature
variations (less than 10 pm/oC [93–95])—feature which is a drawback of many
other sensors. Further, this PCF based structures are sensitive to pressure, strain,
bending and external refractive index changes. Plasma techniques in this sensor
type is mainly used for deposition an overlay to modify the distribution of cladding
modes and thus tune the refractive index sensitivity of interferometer. Work pre-
sented in [97] describes application of PECVD deposited SiNx film as a coating of a
45-mm segment of ESM fiber. Deposition of SiNx resulted in increase of refractive
index sensitivity eightfold. PECVD method allows for deposition of high hardness
SiNx with excellent adhesion to sensor surface films which leads to fabrication
sensors with improvement sensitivity and high robustness.

4 Conclusions

The chapter contains a brief overview of plasma based techniques for optical fiber
sensing. Plasma treatment, including precise deposition, etching and modification,
is a versatile technique for fabrication sensors based on optical fibers. The main
advantage of these methods is the ability to perform plasma processes at low
temperatures, which in the case of optics fibers with polymer, protective coatings is
extremely significant. Moreover, based on plasma technology it is possible to
increase the sensitivity of the sensor and extension of their functionality by surface
modification. As a result, biosensors-based on fiber optic sensors were developed,
which are now very rapidly growing field of research.
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Trends in Fibre-Optic Uses for Personal
Healthcare and Clinical Diagnostics

A.B. Socorro and S. Díaz

Abstract Along this chapter, a different point of view on the sensing uses of
optical fibre is shown, focusing on its applicability to medical diagnostics. A wide
majority of the fibre-optic-based structures described in this book can be used in
medicine. But there are some challenges for fibre-optics to be fulfilled in the future
when talking about healthcare. First, current society strongly demands day-by-day
applications. This means, technologies that permit their use ‘on the go’ such as
wearables or their integration in our smartphones. Second, due to the reduced
dimensions of the optical fibre, there is an increasing interest in introducing it into
the body, as it occurs when using catheters or fibrescopes. Moreover, the need for
analysing biological substances makes it crucial to use reduced size devices that
permit their interaction with the biomolecules, once the samples have been
extracted from the patient. And of course, all the addressed applications must be
achieved in order to search for cheap devices that work under exigent conditions.
The main goal of this chapter is to search for those applications that will lead us to
use fibre-optics for self-healthcare and diagnose patients in the next times.

1 Introduction

1.1 Motivation

Biomedical engineering has become a crucial profession in our current society.
There is an increasing need for ensuring a good healthcare system because one of
the main issues nowadays is the appearance of many bad health conditions that
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were not present just a few decades ago. The development of the society requires
being updated on the new illnesses and try to solve every of them (or at least, most
of them), at the same time that the technology improves to extract more information
of every single case. This information is again introduced in the technological
development to keep improving the devices. This kind of feedback is the motor of
every biomedical engineering application.

In this sense, those applications based on developing technology for medicine
cover from the molecular treatment of the illnesses to hospital management, patient
tracking and data security. In the middle, medical instrumentation, patient diagnosis
and therapy are challenging objectives to pursue. Hence, there is a need for people
interested in enforcing the current and future technology possibilities, in order to
inform both physicians and patients about their needs. In the end, they are the
clients for these applications.

When talking about healthcare, a very important word should be repeated in
everyone’s mind: prevention. And in order to afford the high cost that developed
countries (mainly) are going to support in the future because of the population
ageing, it is important to invest in early diagnostics as soon as possible. Thus, the
need for devices that help improve the early-diagnostics of patients that may
involve a higher cost in every national health system is urgent. This chapter tries to
give an idea of what can be done in these terms from the field of fibre-optics.

1.2 Applicability of Fibre-Optics for Medicine

Regarding the main topic of this book, optical fibre-based sensors, technology has
developed a wide variety of applications, in patient diagnostics mainly, that help
physicians cure patients just by using the light adequately both inside and outside
the organism. But from a biomedical engineering point of view, there are many
reasons why optical fibre deserves to be used in medicine. Some of them are listed
and briefly explained below:

A. Biocompatibility
An optical fibre is essentially silicon dioxide, silica. A material that is worldwide
extended and that it seems not to present side effects when subjected to biological
substances [1, 2].

B. Reduced Size
Even when the diameter of the fibre core is 1 mm, it can be introduced in the body,
in order to illuminate its inner cavities [3]. In the rest of cases, the size of the optical
fibre is adequate or it can be modified to interact with biological molecules, so it can
be used as a good platform to detect illnesses, for instance [2, 4].
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C. Low Cost
It is well known that optical fibre is a cheap material that can be purchased almost
worldwide. Nevertheless, as long as the designed devices are low-sized, it is pos-
sible to even reduce the cost of the final application.

D. Flexibility and Low Weight
This has been one of the most valuable achievements when designing optical fibres.
But this characteristic is especially critical when using it in biomedicine. Otherwise,
it would have not been possible to reach those places in the human body where it is
impossible to actuate unless an open surgery is practised. For instance, nowadays it
is possible to cauterize varicose veins by launching a laser light through an optical
fibre [5]. Also, the most known technology when introducing the optical fibre in the
body is the fibrescope. This chapter will provide some details on the recent
advances on it.

E. Capability to Work in Hazardous Media
Optical fibre has demonstrated to work in good conditions under complex media
such as in nuclear environments [6] or in the salty ocean shore [7]. Moreover, there
are many applications that address the use of optical fibres in complex matrices
such as blood serum, where the presence of erythrocytes, lymphocytes, platelets or
the serum itself normally do not permit optimal detection conditions [4, 8].

F. Diversity of Light Propagation Configurations
The optical fibre, as a cable, guides the light, but it is possible to interact with it by
actuating on the fibre structure. Along this book, many ways to approach this
interaction are shown, including reflection and transmission configuration set-ups,
tapering, etching, thin-film deposition, access to the higher order modes propa-
gating inside the structure… A good set of simple configurations and phenomena
referring to fibre-optic-based sensors for biomedical applications are collected in
[9].

G. Optical Fibre Itself Is a Sensing Platform
Structures such as Bragg gratings (both FBGs and LPFGs), interferometers
(Fabry-Perots or multimode interference devices), tapered/etched structures, etc.,
somehow modulate the light propagating inside them. Plenty of applications are
detailed along this book. Therefore, it is possible to use and optimize these phe-
nomena to work for improving their response when addressing any kind of sensing
application and specifically biomedical applications.

However, as commented in the abstract, this chapter will not revise the current
sensing applications of optical fibres as usual in biomedicine. Instead, the goal will
be try to set the trends for future applications that this technology will have to cover
in the future, based on the most recent advances.

To this purpose, the reminder of this chapter will be the following: Sect. 2 will
talk about a global point of view of what it is going to be described later, regarding
the use of fibre-optics as a current and future technology to help physicians cure
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patients. Then, Sects. 3–5 will try to summarize the recent advances in what it is
going to be called ‘fibre on the body’, ‘fibre in the body’ and ‘fibre at the lab’ (see
Fig. 1). Finally, the chapter will finish with some conclusions and a prospective of
what it is expected to work with in the future regarding fibre-optics for medicine.

2 An Updated Concept of Biosensor

Trying to be technically strict, a biosensor could be defined as a device capable of
detecting biological or biochemical substances, called analytes, with high sensi-
tivity and using a rapid, direct and specific biomolecular recognition.

However, this concept exceeds accuracy nowadays. It is true that since the
majority of the current diseases involves to recognize the key biomolecule involved
in the symptoms, the scientific community is focusing on developing biosensors
based on attaching bioreceptors to the different substrates, depending on the
transducing phenomenon. For instance, a novel technique tries to detect as lower
concentration as possible of beta-amyloid or tau proteins for Alzheimer’s disease
[10].

The biomolecular recognition of specific diseases should be continuously
addressed in the future, but there is a need for something else if a complete defi-
nition of a biosensor is to be achieved. Recent technologies permit patients to take
care of themselves, developing mobile applications that monitor the cardiac activity
or the calories burnt during a work-out. Clothing permits to have a comfortable
experience when doing sports because of the materials they are made, but it is
currently starting to incorporate measurements that can guide people to be healthier
[11]. These are also biosensing applications, since they are monitoring biological
variables to be taken into account to improve our personal health statistics. What is
more, the use of complex devices such as fibrescopes or the lab-on-chip technology
involves extracting information from the biological variables of the patient, process
it and even offer a diagnosis of the patient’s health. Therefore, the concept of
biosensor should be updated to something more generic like “device capable of
monitoring a specific biomedical variable (including biochemical or physical) and
provide information that can give a rapid and accurate diagnosis of a patient’s
health condition”.

This definition can be also applied to the field of fibre-optics, and the following
sections will try to address this issue. But before that, a simple scheme of what is
going to be described may clarify the proposed concepts. It is depicted in Fig. 1.
First, a revision on the day-by-day uses of fibre-optics will give an idea of the
trending topics regarding personal healthcare and mobile applications. Thus,
‘wearables’ or even the technology that can be attached to current smartphones will
be addressed in the following section. Then, the chapter will focus on those uses of
optical fibres that require penetrating into the human body to obtain information
about its health condition. In this sense, some novelties on fibrescopes, catheters
and endomicroscopy will be presented. Finally, outside the organism, this means ‘at
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the lab’, is where optical fibre is widely used as a classical biosensor. In this sense, a
brief reminder of how to attach biomolecules to the optical fibre will be presented
but at the same time trying to show the advances in the lab-on-fibre technology,
trying to pursue a future combination between these two technologies.

3 Fibre on the Body

Since the apparition of ‘wearables’ and smartphones, the interest of the population
in being healthy have encouraged to wear clothes that monitor basic biomedical
variables such as respiratory or cardiac rhythm. This is especially curious when
practising sports, since clothing can be manufactured from a combination of natural
or synthetic fibres that embed optical fibres inside [11, 12]. Regarding smartphones,
the current technology is capable of designing novel integrated black-boxes with
optical fibre sensors inside that are attached to the device. This black-box com-
municates with the smartphone via software and the corresponding application is in
charge of managing the obtained information of what is happening in the sensing
fibre. Both technologies are good examples of ‘fibre on the body’. Therefore, the
global diffusion of such devices explains that there is an increasing interest in the
population to take care of themselves at the same time they are capable of informing
physicians about their health condition in real time. Consequently, the research and

Fig. 1 Scheme of the addressed issues in this chapter, based on the new biosensor concept
defined.The classical biomolecule recognition definition is also included. Source Combination of
own images and Creative Commons licensed images
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development on these topics should be a ‘must do’ in the future. That is why the
recent trends on the use of fibre-optics for these topics are described in the next
lines.

3.1 Wearables

Terms such as ‘wearable technology’, ‘wearable devices’ or ‘wearables’ refer to
electronic technologies or computers that are incorporated into items of clothing
and accessories which can comfortably be worn on the body. As mobile phones and
laptop computers, these wearable devices can perform the same computing tasks.
However, in some cases, wearable technology can be better than these hand-held
devices entirely. Wearable technology tends to be more sophisticated than
hand-held technology on the market today, because it can provide different features,
such as sensory and scanning properties, not typically seen in mobile and laptop
devices. One example of this is the capability of wearable devices to give
biofeedback and tracking of physiological function [13].

There are many examples of wearable technology. The most important char-
acteristic of these devices is that they have some form of communications capability
and they can allow the access to information in real time. Data-input capabilities are
also a feature of such devices, such as local storage. Among the different examples
of wearable devices, we can include watches, glasses, contact lenses, e-textiles and
smart fabrics, headbands, jewellery such as rings, bracelets, and hearing aid-like
devices that are designed to look like earrings (see Fig. 2a).

Fig. 2 a Smart watch from Apple Inc. b Wearable smart shirt. Source a Creative Commons
licensed image and b reproduced image from http://www.sensatex.com
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While wearable technology tends to refer to items which can be put on and taken
off easily, there are more invasive versions of the concept, as it occurs in the case of
implanted devices such as micro-chips or even smart tattoos. In the future, whether
a device is worn on or incorporated into the body, the purpose of wearable tech-
nology will be to create constant, convenient, portable, and mostly hands-free
access to electronics and computers.

The implications and uses of wearable technology are far reaching and can
influence the fields of health and medicine, fitness, ageing, disabilities, education,
transportation, enterprise, finance, gaming and music. The goal of wearable tech-
nologies in each of these fields will be to smoothly incorporate functional, portable
electronics and computers into the daily life of the individuals. As it usually hap-
pens, wearable devices were primarily used in the field of military technology and
had the biggest implications for healthcare and medicine. In fact, just 10 years ago,
medical engineers were talking about wearable devices which could monitor the
health and well-being of patients in the form of a “Wearable Motherboard” or the
“Smart Shirt,” aimed at monitoring vital signs and sending that biofeedback
information to a hub station in real time [14], as shown in Fig. 2b.

The “Smart Shirt” shown in Fig. 2b, can monitor the vital statistics of the
wearer. It can be worn under the wearers clothing as an undershirt and is, in fact,
washable. The actual name of this piece of engineering is GTWM, which stands for
Georgia Tech Wearable Motherboard. The shirt includes a microphone, multiple
sensors, and a multi-function processor. The processor collects and sends data from
the wearer to a hospital for processing using Bluetooth and WLAN technology [15].

Even though wearable technology could potentially have the most impact in the
fields of health and fitness, it also promises great influence on gaming and enter-
tainment. Augmented reality and wearable technology can be combined to create a
much more realistic and immersive environment in real time. The concept is not
necessarily new, since augmented reality through the use of wearable devices has
been discussed since the late 1990s [16]. However, the prototypes are moving away
from large goggles and backpacks, to smaller, lightweight and more mobile sys-
tems. The even more fashion designs of mobile phones and digital cameras cur-
rently on the market are an indication for the future of wearable devices. This
consideration for both technology and esthetics is already evident in devices such as
Google Glass, which has a very elegant and lightweight design.

As the potential uses in various fields keeps on growing, the sociological and
cultural impact that wearable technology will have in the future should not be
minimized. The current hand-held devices available to consumers, such as Smart
Phones, iPods

®

or tablets, have changed the technological and social landscapes on
a global scale to a point that walking out in public and seeing an individual
engaging with a hand-held device is commonplace. Such an image was nonexistent
only 20 years ago. With that in mind, developers and analysts predict that wearable
technology will very quickly change the technological and cultural landscapes once
again, and may even change the nature of mobile phones and other hand-held
devices entirely.
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Considering the trends in fibre-optics based wearables, it is obvious that optical
fibres have some inherent good properties, such as light weight, small size and no
threat of electrical hazard. They resemble textile fibres, and therefore they could be
used in the clothing to add new features [13, 17]. Fibre-optic sensors have been
studied since 1960s, and nowadays they can challenge the most traditional sensors
in many applications [18]. The most effort in the past was made to integrate
non-optical sensors into textiles. Optical fibres integrated in textiles were mostly
explored for illumination or luminescent purposes.

Smart technical textiles containing fibre-optic sensors are still an exception.
When integration of sensors into textiles is considered, optical fibres have an
interesting advantage when compared to other kind of sensors due to their fibrous
nature. The optical fibre is similar to textile fibres and can be ideally processed like
standard textiles. In particular, the integration of polymer optical fibres (POF), with
their good material properties, into technical textiles offer additional benefits to
users. They are lightweight, robust, cheap and easy to handle. Because of their high
elasticity and high breakdown strain, POF are ideally suited for integration into
technical textiles [19].

Geotextiles with incorporated fibre-optic sensors based on fibre Bragg gratings
(FBG) were demonstrated in the past by Voet et al. [20]. The feasibility of using
fibre-optic sensors for respiratory monitoring was demonstrated, by using fibre
sensors woven into bandages or attached onto garments mainly using FBGs and
LPGs (long-period gratings) based on silica fibres [21]. However, the poor com-
patibility of these sensors with industrial textile processes limits their flexibility and
use for medical monitoring purposes. When monitoring the health condition of the
patients, smart underwear containing fibre-optic sensors is being developed. Special
attention is paid to the development of a heart rate sensor to be used as a
textile-integrated sensor in underwear. A first sensor prototype is based on mac-
robending effects in POF [22]. The POF macrobending sensor is joint to an elastic
fabric, and measures the small elongations of the textile which is caused by the
heart movement.

Hence, smart technical textiles with embedded optical fibres are a potential new
market niche for fibre-optic sensors. Particularly, sensors based on POF take
advantage of the high robustness, high elasticity and high break-down strain of POF
allowing distributed sensing of strong mechanical deformations of soil and walls.
Multifunctional, smart technical textiles incorporating fibre-optic sensors are a
cost-effective solution to increase the structural safety of such structures (see
Fig. 3). The breakthroughs include the use of these textiles for reinforcement and at
the same time for monitoring of earthworks and walls. In this way, online infor-
mation on the state and the performance of the structures could be received and so
avoid possible collapses. Such on-line and long-term monitoring systems will
improve the capability to react rapidly and to control damages.

Novel monitoring systems based on medical textiles with embedded fibre-optic
sensors will be used at medium-term in the healthcare monitoring and for personal
protection of rescues in high-risk environments where standard, non-optical mon-
itoring systems show significant limits.
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3.2 Smartphones

It is obvious that the demand on the use of smartphones is increasing even more
because of the need for being communicated and updated on what is happening
around the world [23]. But it is even more common to search for mobile applica-
tions that permit the monitoring and further diagnostics of symptoms that may
indicate chronic or acute diseases [24]. Therefore, the own smartphone can be used
either as a sensor or a transducer of biomedical variables and, at the same time,
guide the user to achieve an improvement of his/her health condition. Moreover,
this goal is reached by using friendly interfaces that interact with the users, so
people find it helpful for their lives.

Regarding the biomedical variables that can be sensed using smartphones, it is
important to remember that they already own sensors, e.g. their own CCD camera.
For instance, a smartphone can be used as an inclination measurement device and
thereby calculate angles. This means that by just taking a photo it can act as a
goniometer and so be used to evaluate the adequate functioning of a joint [25, 26].
However, the key point of a smartphone is its capability of being used as a portable
spectrometer (see Fig. 4a). This can be taken into account to design devices that

Fig. 3 Monitoring of the respiratory abdominal movement of a human adult by a POF optical
time-domain reflectometer (OTDR) sensor embedded in medical textiles (the OTDR sensor signal
was compared with the signal measured by a spirometer). Source © 2013 Krebber K. Published in
[17] under CC BY 3.0 license. Available from: http://dx.doi.org/10.5772/54244
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incorporate some fibre-optic-based tool in order to obtain information or images
from the launched/received light. Some examples are given below.

Berg et al. [27], have designed an attachable and detachable 3D-printed case that
is coupled to a smartphone with the objective of performing an Enzyme Linked
ImmunoSorbent Assay (ELISA) for drastically reducing the time taken to make this
kind of experiments. A typical 96 well-plate to perform ELISAs is put on a platform
while irradiated with blue LEDs. Below the plate, an optical fibre bundle transports
the collected light point by point to the smartphone’s camera where the optical
response in the whole plaque can be observed in less than a minute. The further
development of this work would permit to diagnose genetic or immune diseases
clearly faster than nowadays. Moreover, taking into account that smartphones are
kind of affordable, the possibility of readout automation and the replacement of
bulky and expensive materials with a hand-held design, may enable the standard-
ization and the worldwide expansion of the technology.

Another application where the optical fibre is used as image transporter is
described in [28]. In this case, the peculiarity is that the light is introduced in and
detected from a microfluidic device called ‘lab-on-chip’ which will be described
later in Sect. 5. A first smartphone is used to launch light into the micro-optofluidic
channel, whereas a second smartphone is in charge of receiving the optical signal
through its 5 megapixel-camera. The application is to detect antigen-antibody
complexes normally occurring in presence of Plasmodium falciparum (malaria).
Very low concentrations from 10 pg/ml to 1 ng/ml are detected in less than 10 min
by just detecting the light intensity change in channel blue of the obtained image.

However, probably the most interesting application using fibre-optics to design
an universal case that permits clinical diagnostics is that presented at Leibniz
University Hannover [29] (see Fig. 4b). The contribution shows a novel refrac-
tometer based on coupling light to a 400 micron-diameter fibre through the flash

Fig. 4 a A schematic of a future removable adaptive case for smartphones, capable of obtaining
data of self-health condition. b A recent suggestion by Bremer and Roth [29] depositing a gold
nanocoating onto the optical fibre to obtain an SPR-based refractometer on a smartphone. Source
b Reprinted with permission of [29]
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LED of the mobile phone and then detect and track the variations of light in the
back camera. To this purpose, light is introduced in and extracted from the ending
fibres using a 45º coupler. In the middle of the device, a silver coating is deposited,
generating a surface plasmon resonance and so increasing the sensitivity of the
system to surrounding medium refractive index (SRI). The data collection is
spectral, based on tracking the wavelength shift of the generated SPR and using an
FBG as a little spectrometer by separation of the different color components. A very
interesting conclusion is extracted from this work regarding the resolution of the
measurements. In order to enhance this magnitude, there is a need from lower fibre
diameters and higher camera resolution. A lower diameter will lead to lower losses
once the light beam is coupled from the fibre to the grating, whereas a higher
resolution will allow to better locate the SPR position. In fact, by doing so, the
sensitivity improvement obtained in this contribution is triplicated up to 5.96 ×
10−4 RIU/pixel.

Almost the same idea is pursued slightly later by Liu et al. [30]. Figure 5 gives
an idea of the process followed to achieve the application. Here, a 50 nm-thick gold
coating is deposited to generate a SPR that will be used afterwards to address an
IgG-anti-IgG biodetection by monitoring the resonance absorption. The sensitive

Fig. 5 a Schematic of the smart phone-based SPR sensor. b Photograph of the SPR sensor
installed on an Android-based smartphone. c 3D schematic illustration of the internal structure of
the opto-mechanical attachment. d The camera of the smart phone captures the images of the
measurement channel, control channel and reference channel; then, the images are rapidly
processed to obtain the relative intensity. The data points are plotted and displayed on the screen.
Source Reproduced with permission of [30] under a Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/)
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area is encapsulated in a flow cell where the biological molecules are sequentially
introduced. Prior to this, a sensitivity analysis is done, obtaining a sensitivity of
1136 %/RIU and a resolution greater than 7.4 × 10−5 RIU. Then a remarkable
comparison of features is done with respect to a commercial device based on the
same technology. The contribution concludes that using a smartphone with an
adapted fibre-optic sensor based technology is more affordable and less volumetric
that a standard SPR-based equipment.

4 Fibre in the Body

As explained in the introduction, the fact of being flexible and low-sized permits the
optical fibre to be introduced in the organism, either through its veins and arteries or
introducing it into the digestive tube. That is why this section will focus on the use
of optical fibres when practising catheters and also when exploring vital organs for
our surveillance such as the stomach or the intestine.

A transmission configuration is not affordable in this case, since it is not possible
to launch the light on one side and collect it in the other. Therefore, all the con-
figurations shown in this section will be reflective. Moreover, in most of the cases,
the optical fibre inside the body is used for imaging, since it is more reliable to
observe inside the cavities in real-time. However, there are also occasions in which
simple sensors can be introduce to monitor physiological variables. A brief review
of interesting applications using fibre-optics is done below.

4.1 Catheters

Designing and manufacturing a catheter is not an easy task. It requires choosing the
correct position and introduce a relatively thick tube that remains in that location
while the medical treatment takes place, trying to avoid sudden movements that
break any blood vessel and make the patient bleed. But once it is done, is one of the
most effective methods to introduce thin sensors, releasing drugs, repair blood
vessels or reach determined organs to proceed with some therapy. The objective, as
occurs in laparoscopy, is to obtain information or actuate inside the organism
without the need for practising an open surgery, what would mean a tough post-
operative process for the patient. In this sense, fibre-optics has much to do, since its
dimensions make it be a very interesting tool to diagnose patients based on this
method.

It is typical to associate catheters with introducing a thin tube into the blood
vessels or musculature. Here, the optical fibre structure normally used is the fibre
Bragg Grating (FBG), since it is quite sensitive to pressure/strain and the gratings
can be induced wherever it is desired. A first example can be found in a research
work by Shi et al. [31]. The goal is to obtain a solid reconstruction of an aorta
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phantom shape based on a catheter where three optical fibres indicate the actual
position in every moment. The optical shape sensor consists of 3 optical fibres with
a length of 1000 mm and an assembly diameter of 0.6 mm. Each fibre has 8 FBG
sensors distributed along it with a pitch of 125 mm. The three optical fibres are
assembled together in triangle configuration. This shape sensor is connected with an
FBG interrogator and the obtained results are transferred to the control system in
real time along the virtual intervention. As a result, a well-defined rendering is
obtained by combining the data from the FBG-based position sensor with the
intravascular ultrasound imaging (IVUS) data.

A less bulky sensor is that proposed by Nilson et al. [32], where a fibre-optic
sensor is introduced into a leg muscle to evaluate its performance as intramuscular
pressure sensor (IMP). This time, the sensing equipment is provided by Samba
Sensors Inc., company that develops Fabry-Perot interferometers for diverse
sensing applications. The patient is supine and adequately positioned so that the leg
is aligned with the heart. Then, under anaesthesia, a needle is introduced in the leg
with the optical sensor inside and the blood pressure is monitored. The IMP was
elevated by venous obstruction using a thigh tourniquet. Then, a saline solution is
introduced in order to monitor the pressure increment in the area. Due to the rapid
response of the FP-based interferometer, the manuscript concludes that this
fibre-optic technique is quite useful for monitoring the IMP and also abnormal IMP
increments due to muscular excess of hydration (see Fig. 6).

Fig. 6 Schematic of the optical fibre set-up included in the experiment. a Pulse-synchronous
pressure oscillations recorded with the FPI cavity. b IMP response to three injections of 0.1 ml of
saline. The IMP remains elevated in each step. Rapid events like an injection transient can be
recorded. Source a and b Reproduced with permission of [32]
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FPs are also the main characters in a contribution by Poeggel et al. [33], where a
monitoring of dual bladder and abdominal pressure measurement throughout the
full course of a urodynamic analysis is carried out. The fabrication of EFPI probes
is based on two steps: fabrication of the Fabry-Perot cavity, and functionalization to
pressure sensing. To this purpose, a single-mode fibre was spliced to a quartz
capillary, having an inner/outer diameter of 130/200 µm. Then, a multimode fibre
segment (62.5/200 µm core/cladding) was spliced to the capillary leaving a 25
micron length-air camera, in order to generate the FP cavity. The final step is to
polish and etch the multimode segment by immersing it in hydrofluoric acid until it
thickness is 2.3 µm. An all silica biocompatible probe is thus constructed.

Then, the probes are introduced through catheters in the bladder and in the
abdominal cavity while an external switch obtains both data sending them to a
spectrometer to be processed. When compared to a medical equipment normally
used to these purposes, the rapid response of the EFPI sensor makes the signal be
more distinguishable when several events take place, such as in coughing or during
the urination.

Finally, one interesting application of fibre-optics on this issue is the Swan-Ganz
catheter [34]. This device permits to monitor the introduction of a probe that passes
through the heart reaching the pulmonary artery and monitoring the blood pressure
in every moment. By doing so, it is possible to early diagnose the risk of suffering
from cardiac diseases or further actuations in the area. Among the different channels
that this catheter owns, probably the most interesting from a fibre-optics point of
view is the Continuous Mixed Venous Oxygen Saturation Monitoring (SvO2). It
consists of an optical module with a LED and a photodetector that plays the role of
a remote pulse oximeter (see Fig. 7). This means, monitor how saturated of oxygen
is the blood and therefore check that the whole process is well done.

Fig. 7 Schematic of a Swan-Ganz catheter showing the different channels and also the optical
module connector, to measure the oxygen saturation in the blood during the process
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4.2 Fibrescopes

Fibre-optic-based devices such as fibrescopes and endoscopes allow physicians to
view internal organs and tissues of patients by inserting tiny fibre-optic tubes into
the body. These devices are increasingly used in medicine for both diagnosis and
treatment of various illnesses.

A fibrescope consists of two separate and different fibre-optic bundles running
through a protective insertion tube that has viewing optics on the distal end and an
eyepiece on the other. The fibrescope is used to examine and inspect small,
difficult-to-reach places such as inside machines, locks or the human body [35]. As
shown in Fig. 8, a fibre bundle is designed to carry light from a light source to the
viewing tip, called the illumination bundle or light guide. The other is designed to
carry an image from the viewing tip to the eyepiece and is called the imaging
bundle or image guide. One end of each bundle terminates in the distal tip with the
purpose of illuminating and capturing an image, while the opposite ends terminate
separately, the imaging bundle in the eyepiece and the illumination bundle in the
light guide connector. Imaging performance is primarily dependent on the quality of
these fibres and lens sets.

Fibrescopes are based on the science of fibre-optic bundles, which consists
of using numerous fibre-optic cables. The fibrescope is composed of three systems:
the imaging system, the illumination system and the articulation system. The
imaging system includes the eyepiece optics, the fibre-optic imaging bundle, and
the distal lens set. The illumination system includes a fibre-optic light guide that
carries light from a light source to the target area and any distal lenses that may
focus or spread the light as it is projected. The articulation system gives the operator
the ability to “steer” the fibrescope tip. Fibrescopes are either 4-way articulated with
a set of knob controls, 2-way articulated with a lever control, or non-articulated.

Fig. 8 A fibrescope with its components. Inset: distal end and all the components inside. The
image detection channel can be made of fibre-optic bundle or HD CCD camera. Source
Combination of own images and Creative Commons Licensed images
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With the discovery of fibre-optics, in 1854, the physicist John Tyndall proved
that light could be conducted through a curved stream of water, demonstrating that
light could be guided and bent. Then in 1930, Heinrich Lamm, a German medical
student, became the first person to put together a bundle of optical fibres to obtain
an image. These discoveries led to the invention of endoscopes and fibrescopes
[36]. The incorporation of fibre-optics into flexible endoscopes started with the
development of the flexible gastroscope in 1950 by a University of Michigan team
lead by Basil Hirschowitz [37].

In the 1960s the endoscope was upgraded with glass fibre, a flexible material that
allowed light to transmit, even when bent. While this provided users with the
capability of real-time observation, it did not provide them with the ability to take
photographs. In 1964 the fibrescope, the first gastro camera, was invented. It was
the first time that an endoscope had a camera that could take pictures. This inno-
vation led to more careful observations, and more accurate diagnoses [38].

A new material called glassfibre, developed in the United States in the 1960’s,
attracted a great deal of attention in various industrial sectors. The developers of
endoscopes were among the first ones to turn to glassfibre. Basil Hirschowitz and
his associates, for instance, used glassfibre in their endoscopes to take advantage of
the glassfibre’s characteristic of transmitting light from one end to the other even
when it is bent [39]. Their endoscopes allowed direct observation of the interior of a
stomach. After all these years, physicians were capable of performing real-time
observation of the stomach interior for the first time. The device, however, was not
equipped to take a photograph. This feature did not become available until 1964
when the first gastrocamera with a fibrescope was invented.

The gastrocamera with a fibrescope eliminated the weaknesses associated with
“eyeless” gastrocameras at once [40]. It was very well received, as an innovative
product, since it allowed direct obervations of the stomach tissues for dynamic
analyses. The era of gastrocameras came to an end around 1975, when they were
replaced by fibrescopes.

Fibrescopes are used in the medical field as a tool to help doctors and surgeons
examine problems inside the body of a patient without having to make large
incisions. This procedure is called ‘endoscopy’. Doctors use this method when they
suspect that a determined organ is infected, damaged, or cancerous. Although any
medical technique has its potential risks, using a fibrescope for endoscopy has a
very low risk of causing infection and blood loss [41].

Regarding propagation inside a fibrescope, it is well-known that light is guided
by means of total internal reflection along the optical fibre bundles, what permits a
proper confinement into the core of the fibres. However, a small percentage can be
lost in the cladding. In the case of the fibrescope, fibres are designed to transmit
signals with transmission losses as low as possible, so they can reach the receiver
with acceptable quality. In this sense, the type of fibres used in medical applications
tend to be multimode fibres with diameters between 50–60 microns. The length of
the fibre is usually 1.5 m or 2 m, so the attenuation is a negligible factor [42].
Actually, there is a need for developing fibrescopes with outer diameter lower than
2 mm. Such fibrescopes are used for endoscopy in cardiology, pulmonary
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medicine, neurosurgery, otolaryngology and dentistry. There is a distinction
between thin fibrescopes, with outer diameters of 1–2 mm and ultrathin fibrescopes,
with outer diameters below 1 mm. The thinner fibrescopes could consist of up to
10000 individual fibres of typical diameter 5 μm, whereas the ultrathin devices may
consist of 3000–5000 individual fibres of typical diameter 3–4 µm [43].

Nowadays, progress is being made from fibre-optics to video systems, enhancing
opportunities for visualization, teaching, and improving the ease of doing endo-
scopy. It has also been taken advantage of the properties of light to enhance
visualization. White light sources have has now been expanded to multiple mod-
alities that can better characterize lesions and, in fact, now potentially provide
endoscopic histology [41, 44, 45]. These emerging technologies include narrow-
band imaging which enhance the mucosal vascular pattern that is abnormal in
neoplastic tissue [46]. White light sources can now be magnified for high-resolution
again better characterizing lesions.

5 Fibre at the Lab

This last section will address a brief review on the classical use of fibre-optics to
design biosensors. This means, the functionalization of the optical fibre surface in
order to obtain an adequate attachment of molecular bioreceptors capable of
detecting the biomolecules they are specifically designed for.

Two are the main applications on this issue: analytics and lab-on-fibre. The first
one involves actuating on either the surface or the structure of the optical fibre to
achieve the application. The second uses the optical cable as a transmitter and
receptor of the signals involved in the detection process, normally carried out in
microfluidic channels. Both subsections will address these issues, searching for the
challenging applications of the future.

5.1 Analytics

Generally, classical biosensors are made of substances that are always specific and
selective by nature, such as antibodies, enzymes, DNA chains, proteins or aptamers.
Moreover, the substrate can be gently reduced in size, since the biological reaction
is going to occur anyway with independence on the substrate size. This leads to a
higher detection resolution, less cost of resources and, therefore, less cost for the
final device [47]. Besides, if adequately treated, they can be used for in situ and
continuous monitoring and sometimes with reversibility in the measurements,
something that will give the possibility of being reutilized.

Every biosensor is composed of three well-differentiated parts, as shown in
Fig. 9. First of all, the substrate. Regarding optical fibre-based sensors, the substrate
will be the material that the fibre is made of, generally silica or plastic. On top of the
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sensor, the biodetection layer is in charge of detecting the analytes based on the
corresponding bioreactions. According to what type of biomolecule is necessary to
detect, biosensors can be classified as enzyme/protein-based sensors, immunosen-
sors, cell/tissue sensors, aptasensors or sensors based on DNA chains or even on
microorganisms. Finally, to make the biological layer attach the substrate, there is
another important layer known as the immobilization interface. This is probably the
most important step to address when fabricating a biosensor [48]. The attachment of
the bioreceptors to the substrate must be done in such way that the environmental
conditions are similar to their natural state or at least in not an aggressive atmo-
sphere. The objective is to maintain the bioreceptors in good conditions so that they
can work efficiently and without degrading their structures. Otherwise, this may
induce mistakes in the measurements. In this sense, a wide variety of immobi-
lization techniques has been developed during the last times [49, 50]. For instance,
those based on direct adsorption, cross-linking with other substances, membrane
embedding, entrapment in a polymeric structure, or covalent attachment to the
substrate. The goal of these methods is to deposit bioreceptors in an oriented way,
so that a homogeneous and more sensitive effective surface is obtained.

As it has been mentioned, in the field of fibre-optic biosensors a wide variety of
optical configurations can be set-up, depending on the substrates used and the
immobilization methods. For instance, the biodetection can be carried out by using
techniques such as absorbance [51], fluorescence [52] or modulating the evanescent
field of the optical structure [53], but also other techniques based on interferometers
[54] or in the generation of electromagnetic resonances such as surface plasmons
[55]. The working principle of the last two techniques is based on tracking the
wavelength shift of the resonant bands generated due to a biomolecular attachment.
This sort of measurements is more reliable and provides higher robustness.

Moreover, when addressing a biosensing application using wavelength shift
tracking, it is important to take into account that biological magnitudes vary in a
very small range and this should be distinguishable by appropriately separating the
resonances between changes. This is the main issue of the biosensing field, without
taking into account that the size of the detector should be as small as possible, in
order to detect the anomalies in a reduced quantity. In view of this, this subsection
will only analyse those trending solutions based on wavelength shift tracking that
have achieved maximum resolution and sensitivity measurements.

Fig. 9 Schematic showing the different layers of a generic fibre-optic biosensor. Antibody–
antigen complexes are depicted, although it is also possible to detect single-stranded DNA chains,
enzymatic reaction products, proteins or aptamer—protein entrapments

132 A.B. Socorro and S. Díaz



One of the trending topics in the field of biosensors is the development of
electromagnetic resonances (EMRs). An EMR can be defined as a physical phe-
nomenon obtained by the coupling of light modes from a silica waveguide where
they are initially propagating to a thin-film deposited on it. Those modes that have
been coupled to the deposited thin-film are modulated by the intrinsic character-
istics of the thin-film, intimately related to its frequency dependent permittivity (ε)
and, therefore, to its refractive index and absorption. Moreover, this coupling of
modes is produced in a restricted wavelength range and it is no longer returned to
the original waveguide. So when observing the obtained spectrum in the output
signal, a dip is obtained for that wavelength range. At the same time, both the
substrate and the thin-film set the adequate conditions to modulate the coupling to
the thin-film, which may lead to a wide variety of phenomena and applications [56].
Examples of EMRs are surface plasmon resonances (SPRs), lossy mode resonances
(LMRs) and long-range surface exciton-polaritons (LRSEPs), although this sub-
section will only focus on SPRs and LMRs since their technology is being currently
developed. Moreover, the benefits of working with SPRs or LMRs will not be
described here, since they have been commented in previous chapters. Instead, a
sample of the different achievements made by both technologies will be shown
when developing biosensors.

Regarding SPRs, it was the first technology to obtain classical biosensors, since
gold biofunctionalization is quite easy to carry out and, therefore, it is possible to
attach biomolecules to the substrate [49, 57]. The process normally starts with the
deposition of a gold thin-film around the optical fibre surface. This thin-film can be
deposited by using sputtering [58] or bifunctional crosslinkers that attach to the
fibre on one side and to the gold nanoparticles on the other [59]. The next step is to
attach the bioreceptors to the fibre, and this can be done by using different methods,
as previously mentioned [49, 50]. Then, the biodetection is addressed, normally
using the tracking of the SPR shift in wavelength as a function of the increasing
analyte concentration.

In this sense, one of the most cited contributions in recent years is the written by
Cao et al. [60], where two types of gold nanoparticles (nanospheres and nanorods)
are deposited using silanes onto two optical fibre tips in reflective configuration.
When monitoring the spectra, the gold nanosphere (GNS)-based fibre presents the
typical SPR centered at 520 nm, whereas the gold nanorod (GNR)-based fibre
presents two SPRs, one belonging to the GNR length (∼800 nm) and the other to
the GNR width (∼510 nm). By subjecting both sensors to SRI changes, all SPRs
red-shift to higher wavelengths but the results are better as the device is longer. In
fact, a maximum sensitivity to SRI of is obtained by using a 2 cm-length fibre-optic
segment. The rise in sensitivity may be attributed to a greater level of nanoparticle–
incident light interaction at the longer sensing lengths. The GNS-based sensor
shows a refractive index sensitivity of ∼ 914 nm/RIU, whereas the length peak of
the GNR-based sensor shows a refractive index sensitivity of ∼ 601 nm/RIU.
Then, both sensors are activated to attach human IgGs and detect human anti-IgGs,
being capable of detecting increasing concentrations of anti-IgGs from 1.6 to
80 nM with time responses of 20 min (see Fig. 10).
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SPRs technology has evolved extensively since their first apparition in the
1980s. An interesting review on the recent advances on this SPR-based fibre-optic
biosensors has been written by Caucheteur et al. [61], exploring the limits of
sensitivity. Several strategies are analysed, such as the geometry-modified fibres,
gratting assisted-fibres, the use of special fibres and the deposition of several types
of gold nanoparticles combined with the mentioned techniques. Focusing on a SRI
ranging from 1.32–1.39, where biological reactions normally take place, one of the
maximum sensitivities obtained is 5000 nm/RIU (SPR between 500 and 800 nm)
and it is done by depositing a 50 nm-thick silver thin-film on a hetero-core structure
[62]. By using unclad/etched fibres in the same SRI medium and depositing around

Fig. 10 a and b Simple reflective set-up to obtain the data along the process. Obtained spectra
with the GNSs c and GNRs d when subjected to increasing concentrations of human anti-IgGs.
Stabilization curves for the SPRs obtained with GNSs e and GNRs f at increasing concentrations
of anti-human IgGs, varying from 1.6 to 80 nM. Source Reproduced with permission of [60]
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50 nm-thick gold layers, the sensitivities of the biosensors can reach up to
4000 nm/RIU [63–65].

Now focusing on LMRs, they are an emerging EMR-based technology that can
complement the biosensing demands of the society. Unlike SPRs, they show
interesting characteristics suitable for addressing the manufacturing of biosensors as
shown in [66]. They are briefly summarized below.

The first one is the kind of materials that can be deposited to generate them. As
long as the real part of the thin-film permittivity is positive and the absorption
coefficient (k) is low (just the opposite to SPRs), many materials except pure metals
can induce LMRs. For instance, several contributions using metal oxides [67, 68] or
polymer coatings [69] have successfully proved to produce LMRs so far. They are
cheaper materials than gold-based colloids or targets and can be deposited by
different methods, such as Langmuir-Blodgett, layer-by-layer assembly, sputtering
or dip-coating. Moreover, they can be easily functionalized in order to attach
biomolecules that lead to further biodetection.

The second aspect is that in the LMRs case, these resonances can be excited by
simply launching a white light spectrum, no matter the light polarization. This fact
has some important implications. In SPRs, not maintaining the polarization means
that the resonance increases its bandwidth and this is not good in terms of mea-
surements resolution. LMRs are propagated in both polarizations, so in spite of
being broader initially, it is always possible to polarize and take measurements with
both polarizations, obtaining resolutions competitive to SPRs [70, 71]. This is
crucial when designing biosensors based on wavelength detection of resonances,
since both the sensitivity and the resolution of the measurements leads to an
accurate detection that will be translated in a further efficient diagnosis and medical
actuation.

The third aspect is that unlike SPRs, LMRs have the capability of generating
several resonances in the transmission spectrum as a function of the increasing
thin-film thickness. Thus, as the material keeps on depositing, it is possible to tune
the LMRs and locate them wherever desired in the optical spectrum by just con-
trolling the amount of deposited material [67]. This facilitates the robustness of the
measurements, since by locating several LMRs in the same detection window a
more accurate characterization of the sensor can be carried out.

This three important aspects are being taken into account when designing
LMR-based biosensors. A first contribution used a polymeric coating as the LMR
supporting coating [72]. Then, anti-IgGs were fixed onto the polymeric coating to
complete this label-free biosensor. A 5 µg/ml concentration of IgGs is detected. The
same authors also developed a biosensor to detect anti-gliadin antibodies (AGAs)
using a tapered single-mode optical fibre with 40 µm of waist diameter and 11 mm
of waist length and 3 mm of transition region. As it can be observed in Fig. 11, the
detection limit of this sensor is 5 µg/ml [73].

Some of the most recent advances in LMR-based biosensors consisted of the
utilization of DNA aptamers for thrombin [74] and C-reactive protein (CRP) [75]
detection. In these cases, a layer-by-layer assembly polymeric structure with the
corresponding aptamers embedded was deposited onto 200 µm core indium tin
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oxide-coated plastic cladding multimode fibres. The obtained results revealed
detection ranges down to 2 mg/l for CRP. A last biosensing contribution permits to
repeatedly detect 20 mg/l of CRP concentration by depositing aptamers onto a tin
oxide-coated 200 core micron-diameter cladding-removed optical fibre [76], where
the sensitivities of the tin oxide deposited layer have reached 5200 nm/RIU in a
biological SRI range [77]. Recently, the group has been working on obtaining the
maximum sensitivity provided by LMRs. It has been reached by depositing an
indium tin oxide (ITO) coating onto a D-shaped optical fibre. Around
304,000 nm/RIU can be reached near the silica refractive index with ITO, whereas
in the biological SRI range it is possible to rise up to 14,500 nm/RIU [78] thanks to
SnO2.

Finally, a brief review on the development of turn around/dispersion point
long-period fibre gratings (TAP/TDP-LPFGs) is done, since it is one of the recent
trends in biochemical sensors. The discovery of the TDP in LPFGs has reborn the
interest in the development on this kind of structures, since it involves a clear
enhancement in their sensitivity. For specific combinations of both the grating
period and the working wavelengths, it is possible to increase the sensitivity of
certain coupling modes of interest. Moreover, if a higher refractive index thin-film
is deposited onto the LPFG, then a higher sensitivity can be obtained [80]. Together

Fig. 11 a Generation of the polymeric LMR onto a T-SMF. b Detection of AGAs. c Verification
of the gliadin-AGAs complex formation by means of HRP-TMB colorimetric reaction. Source
Combination of own images and own contribution [79]
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with the adequate resolution of the produced resonances, these characteristics make
LPFGs be one of the most studied structures to address fibre-optic biosensors.

The group of Chiavaioli et al. have contributed intensively in the recent times to
increase the interest in developing this kind of structures and bring them to
biosensing techniques. Among others, they have signed several manuscripts where
they first etch the TDP-LPFG in order to obtain an increased sensitivity and then
deposit Eudragit

®

L100 copolymer onto them to finally biofunctionalize this sub-
strate and attach biomolecules covalently. An IgG–anti-IgG detection is presented
in [81] (see Fig. 12). Here, authors make a comparison between a non-TDP-LPFG
and a TDP-LPFG, in terms of sensitivity. The explanation of the sensitivity
enhancement in the case of a TDP-LPFG, according to the authors, is a noticeable
increment in the evanescent wave coupling to the cladding modes of the LPFG,
which is of much importance when designing biosensors. Moreover, in [82] the
lower detection limit achieved is 460 pM.

Other groups to take into account when designing this kind of biosensors are
Korposh, James et al. who are focusing in developing TDP-LPFGs near the visible -
near infrared (VIS-NIR) region of the spectrum. One of their most recent contri-
butions deposits gold nanoparticles onto silica spheres that are then covalently
attached to a TDP-LPFG [83]. The purpose of this procedure is to increase the

Fig. 12 a Etching process of a TDP-LPFG. b Sensorgram during three antigen (anti-IgG)
injections (1, 10 and 100 mg L−1). Calibration curve of the bioassay performed with TDP LPFG.
Each experimental point (squares) is the average of 15 subsequent peak acquisitions. Source
Reproduced with permission of [82]
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functional surface in order to attach more biotin as molecular bioreceptor. Then
streptavidin is detected from 19 nM to 2.7 µM concentration. Long period gratings
operating at TDP and coated with thin films of high refractive index materials have
been reported in [84, 85] for chemical/biochemical sensing applications. Also, the
group of Cusano et al. suggest a set of contributions working with LPFGs in a
reflective configuration, which make sense in the biosensing field since it reduces the
complexity of the set-ups and, therefore, the cost of the devices is reduced [86, 87].

5.2 From ‘Lab on Chip’ to ‘Lab on Fibre’

‘Lab on chip’ or ‘lab on a chip’ (LOC), is a multidisciplinary area that feeds from
microfluidics, chemistry, physics and biology, but also from surface engineering
and materials science. The main goal of this technology is to translate the normal
research that can be carried out in a laboratory to a miniaturized device capable of
developing different functions, involving the efficient detection of bio-analytes. To
this purpose, really small sample volumes are used, reducing costs not only in the
materials to fabricate these devices, but also in the reactants used, obtaining a quick
response that can be characterized.

In LOC technology two main trending technologies converge:
micro-electromechanical systems (MEMS) and micro-optics. The first uses inte-
grated micron-sized components capable of carrying out specific mechanical tasks
to achieve a more complex function. The latter also uses microcomponents to
process the light inside the chip and obtain the desired signals. The combination of
MEMS and micro-optics has led to micro-opto-electromechanical systems or
MOEMS, which is the technology currently used to develop LOC-based tech-
nologies [88]. Therefore, it seems logical to think that optical fibre or at least some
structures based on it have to do with this technology. Actually, most of the LOC
contributions that use fibre-optics only take advantage of its propagation properties,
since the light is coupled inside/ouside the microchip via the optical cable, either
using specific optical fibres or tapering them [89, 90] (see Fig. 13a and b).

However, in view that the LOC technology is expanding so quickly, it may be
interesting to explore what can be done in these terms with fibre-optics. This means
that if it is possible to deal with optical waveguides in such low sizes, the goal
would be try to imitate some techniques to develop paths or geometric structures
that can be applied to the optical fibre surface and so create biosensors based on
what happens in this new situation. Without being strict with the definition this is
the idea behind the ‘lab on fibre’ (LOF) technology.

One of the basic principles to create a LOF is to have a surface that somehow
makes a pattern and induce some changes on this structure and, therefore, on the
light propagating throughout it. In this sense, it is obvious that microstructured
FBGs [91] (MOFs) or nanocoated LPFGs are direct examples of this technology.
But also combinations of several modifications, such as the generation of LPGs
within D-shaped optical fibres [92] or the use of nanostructured functional materials
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Fig. 13 a LOC with two tapered single-mode fibres to launch and collect the light from both sides
of the chip. [89] b SEM images and rendering 3D images of a microtoroidal ring resonator into
which light is coupled by means of a tapered optical fibre [90]. c Schematic of a lab-on-fiber-based
biosensor by [96]. Source a Reproduced with permission of [89]. b Reproduced with permission of
[90] under a Creative Commons Attribution 3.0 International License http://creativecommons.org/
licenses/by/3.0. c Reproduced with permission of [96]
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such as SnO2 particles [93]. What is more, the use of nanostructured materials onto
optical fibres, for instance, SPR (planar or nanoparticle-based thin-films) or
LMR-based sensors can also generate patterns that may lead to sensing applica-
tions, as shown in the previous subsections.

The recent trends in this LOF technology go further, searching for novel
deposition strategies or phenomena to be analysed. Besides fabricating new optical
fibres that embed materials that make them be sensitive to the desired phenomena,
the idea is to develop micro/nano-technologies directly operating on optical fibre
substrates. Several approaches have shown up in the last times, although it is
interesting the technique used by Ricciardi et al. [94]. The typical process is to first
deposit a thin-film of a dielectric on the tip of the optical fibre, then subject the fibre
tip to a focused ion beam (FIB) process where the dielectric surface is patterned and
then a final deposition of a metal or a higher refractive index thin-film. The light
interaction with the deposited pattern once it faces the fibre-optic tip can be char-
acterized in order to optimize the spectral/intensity response of the sensor. For
instance, in [94, 95] several simulations varying the different distances and thick-
nesses of the proposed structure is shown, combined with a variation in the
materials. The goal is to make a study on the behavior of the novel structure
presented. Sensitivity values of 125 nm/RIU are obtained when subjected to SRI
changes, although there is plenty of room for improving the sensing performance.

6 Conclusions

This chapter has shown a wide variety of technical aspects involving fibre-optics to
diagnose diseases. The classical biosensor definition involving biomolecules that
detect (bio)chemical substances has been substituted by a more general definition of
biosensor, based on the recent advances that biomedical engineering has done and
the new needs that patients demand in our current society, influenced by the
Information and Communication Technologies.

The term ‘fibre on the body’ stands for those sets of devices that can work
outside our body. These lines have reviewed the recent trends in wearables as an
example of how the optical fibre can be taken in advantage to detect simple health
condition measurements. Also, in developed countries but especially for developing
countries, the possibility of owning a device that can measure biomedical variables,
process this information and send it to the nearest hospital is crucial. That is why
current smartphones are being complemented with innovative solutions that com-
bine the already existing interactivity and communication capabilities with novel
technologies that are expected to permit the standardization for an improved
healthcare experience. In spite of the current developments, fibre-optics is expected
to be present in every step, helping achieve the future advances on portable
biosensors based on light processing.

Talking about ‘fibre in the body’ involves introducing the optical fibre in the
organism. The fact of being biocompatible or having such low dimensions to be
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introduced inside cavities such as the digestive tube or the veins and arteries makes
optical fibre be a great ally to detect and even facilitate an actuation inside the
human body, both regarding digestive imaging and when practising catheters.

Finally, a subsection called ‘fibre at the lab’ has made a brief review on the
classical definition of biosensors. This means, those which are normally used in
clinical analytics once that a blood sample has been extracted from the patient. In
spite of the existing different types of biosensors, fibre-optic-based ones are still
developing. A special attention has been paid to those trending technologies
nowadays: surface plasmon resonances (SPRs), lossy mode resonances (LMRs) and
turn dispersion point-long period fibre gratings (TDP-LPFGs). Since biological
substances vary in a very narrow concentration range, there is a need for detection
phenomena that ensure high sensitivity and a high resolution (low bandwidth) in a
reduced refractive index range around that of water (n=1.33). SPRs have been
developing for decades and, combined with other technologies, can still improve
and keep on being the most utilized technique when developing wavelength
detection-based biosensors. However, both LMRs and TDP-LPFGs can compite
against SPRs in these topics. LMRs own more versatility and currently can equal or
even overcome SPRs in terms of maximum sensitivity and resolution. Also,
TDP-LPFGs present much more enhanced capabilities than former LPFGs in these
two crucial parameters. It is possible that the future of these three technologies will
be promising when obtaining a single device to be used as early diagnostics at the
hospital’s lab.

Moreover, novel ways to perform biodetection are on the way to be developed.
Lab on chip technology only uses optical fibre to launch and collect light, but it will
be interesting to check whether this two technologies can be combined in the future.
At the moment, a similar technology currently emerging, lab on fibre, is trying to
create optical patterns that help obtain biosensing applications in reduced devices
such as the tip of an optical fibre, among other possibilities.

All things considered, it is clear that the expansion of optical fibre technologies
in the biomedical world is in constant evolution. There is still a long way to go, but
it is possible that a novel scenario with fibre-optic-based micro and nanodevices for
biosensing and early diagnostics will emerge, due to the need for multidisciplinary
skills in order to achieve a better healthcare for the mankind.
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Optical Fibres for Radiation Dosimetry

S. O’Keeffe

Abstract The use of ionising radiation in a wide range of areas, from industrial
processes to medical applications, has become increasingly significant in recent
years. Radiation dosimetry, the measurement of absorbed dose delivered by ion-
ising radiation, is fundamental to these radiation processes, ensuring tight control
on radiation processes and the safety of personnel. As such it is the focus of much
recent research to develop novel dosimeters and to improve dosimetry systems, be it
increasing the sensitivity, providing real-time measurements or significantly
reducing the costs. The inherent properties of optical fibres lend themselves to be
used with great success in monitoring ionizing radiation. Optical fibres provide the
means whereby real-time in situ monitoring of radiation doses can be realised, and
offer numerous advantages over conventional methods, such as electrochemical and
semiconductor sensors. Of significant advantage is the optical fiber’s immunity to
electromagnetic and chemical interferences and their ability to monitor remotely,
whereby the sensor can be placed several hundred metres from the control elec-
tronics. This means that they can be employed in harsh environments, such as in
high-radiation-level areas in the vicinity of a nuclear reactor or gamma sterilisation
facility. The small dimensions and light weight of optical fibres also provide for
many opportunities for such sensors in personal dosimetry and medical applica-
tions. This chapter will discuss some of the key optical fibre based sensing tech-
niques used in radiation dosimetry and outline their implementation in the different
application areas of ionising radiation.

1 Introduction

The most significant feature of an optical fibre dosimeter is that the dose infor-
mation is transmitted using optical signals as opposed to electrical signals. Con-
sequently, optical fibres are immune to electrical and electromagnetic interferences,
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which can be a problem for many electronic dosimeters. Electric dosimetry systems
often require a high voltage power supply and must have good electrical insulation.
This insulation is known to degrade over time due to a number of radiation related
phenomena, such as radiation induced electrical conductivity. This degradation can
seriously affect the stability of the system. Another phenomenon, radiation induced
electromotive force, generates electric noise that can interfere with the signal
transmitting the dose information [1]. The ability to remotely monitor radiation is
also an advantage of optical fibres. The sensor can be placed several hundred metres
from the control electronics, which means that they can be employed in harsh
environments, such as in high-radiation-level areas in the vicinity of a nuclear
reactor. Optical fibre sensors can also be multiplexed so that a single controller can
monitor a number of sensors. The recent development of radiation resistant fibres
has also meant that fibre optics can be used within systems whereby they are used
solely to transmit the signal [2].

2 General Properties of Optical Fibre Dosimeters

While selecting an optical fibre for monitoring radiation, a number of key param-
eters should be considered [2]:

Material sensitivity: The ability for radiation to interact with the material is the
primary characteristic for any radiation dosimeter. This interaction varies greatly
among the different types of radiation dosimeters. The materials utilised in
dosimetry must have a high sensitivity to ionising radiation within the dose ranges
required for the specific application.

Post-irradiation fading: The material used as a radiation dosimeter must also
show minimum post-irradiation fading. This post-irradiation fading is due to the
repair of the physical damage caused to the material during irradiation. Information
regarding the irradiation dose is lost if the dosimeter material begins to recover
immediately after irradiation. Post-irradiation stability can be achieved through a
range of treatments after irradiation, e.g. heat [3]. Alternatively, dopants are
sometimes added to the material to reduce the post-irradiated fading. In optical
dosimetry systems, the interrogated wavelength is chosen such to minimise the
effect of fading on the obtained results. Additionally, it has been shown that in some
cases recovery is consistent after every irradiation, thus calibration curves can be
used to compensate for any post-irradiation fading [4]. If real-time measurements
are available, fading is less of an issue and can in fact contribute towards an
extension to the lifetime of the sensor. However, in all cases, it is essential that the
post-irradiation effects on the sensor is appropriately considered.

Time dependence: Many materials also exhibit a time dependence of specific
absorbance. This means that it is often required to wait up to 3 h before obtaining
an accurate reading [5]. For industrial applications it is usually important that the
dosimeter is fast to measure. The need for real-time measurements is becoming
more important within space and nuclear environments, which is leading towards
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the increasing development of in situ dosimeters. These online dosimeters, by
providing real-time information, also provide a greater knowledge of the effects of
the gamma radiation over time.

Stability and repeatability: Stability and repeatability of the Dosimeter, as with
any sensor, are also important. In order to ensure that this can be achieved the
dosimeter must be immune to a number of environmental conditions. The effect of
humidity and temperature on the dosimeter must be investigated and accounted for.
The influence of dose rate on the dosimeter material should also be considered.
Immunity to other disturbances, such as those found in electromagnetically harsh
environments, is also advantageous for gamma dosimeters as they are often
employed in such conditions [1].

Ease of use: For industrial applications it is important that the dosimeters are
easy to use. For this to be achieved, the system must be easily installed in the area
of application without the risk of affecting the measurements. Maintenance should
also be minimum. The readout from the dosimeter should be clear and easy to
understand. It is also important that the system is low in cost.

3 Optical Fibre Dosimeter Types

3.1 Sensor Classification

As with other optical fibre based sensors, optical fibre dosimeters can be charac-
terised under two main types; intrinsic sensors, where the interaction occurs within
the optical fibre itself and extrinsic sensors, where the optical fibres are used to
guide the light to and from the region where the light interacts with the measurand.

It is possible to further classify optical fibre sensors according to the type of
modulation to be used [6]:

• Amplitude or intensity sensors detect the amount of light that is a function of the
influencing environment. Their ability to use either incoherent or coherent light
sources together with simple optical components makes for a low-cost system.

• Phase or interferometric sensors detect a modulation in phase caused by the
measurand. This type of source requires coherent light sources making them a
relatively costly system. However, they can provide a very high level of
sensitivity.

• Polarimetric sensors detect a modulation in the polarisation of the light due to
the variable to be measured.

• Spectroscopic sensors detect a modulation in the optical spectrum due to the
influencing variable.

Figure 1 outlines how this standard classification system can be applied to
optical fibre sensors for radiation monitoring, and some of the techniques most
commonly employed are then discussed in more detail.

Optical Fibres for Radiation Dosimetry 151



3.2 Luminescence-Based Sensors

3.2.1 Radio-luminescence (RL)

One of the oldest techniques used in detecting ionising radiation is by scintillation
light produced in certain materials, and it remains one of the most popular methods
in gamma radiation detection [7]. Scintillation detectors are based on the phe-
nomenon that the material used is capable of converting ionising radiation into
detectable light. A photodiode or photomultiplier tube subsequently converts it into
an electric signal.

Scintillators can be sub-divided into two broad groups, namely inorganic and
organic scintillators. Inorganic scintillators are generally in crystal form and made
of Alkali Halides (e.g. Cesium Iodide (CsI), Sodium Iodide (NaI)) or Oxides (e.g.
Bismuth Germanate (BGO)). Scintillation is due to the crystalline structures that
create the energy bands between which transitions of electrons take place. While
some crystals scintillate intrinsically, others need activators to allow for scintillation
in the visible region. Thallium (Ti) is an example of an activator and is used in one
of the most common inorganic scintillator, NaI(Ti). Organic scintillators are com-
posed of aromatic hydrocarbons and can be divided further into plastic scintillators
and liquid scintillators. Organic scintillators scintillate on a molecular level, which
means that each scintillator molecule can act as a scintillator centre [8].
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Fig. 1 Classification of optical fibre dosimeters
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3.2.2 Thermo-luminescence (TL)

Thermoluminescence (TL) is the emission of light from a solid due to heating, after
it has previously been excited by radiation. When exposed to radiation, the TL
material absorbs energy, which it then stores until it is heated. The intensity of the
light emitted, as a function of temperature, is the thermoluminescence glow curve
[9]. Early work in the area of optical fibre thermoluminescence dosimeter (TLDs)
looked at the use of thermo-luminescent phosphors at the tip of an optical fibre and
laser heating technique. A number of different phosphors, CaSO4:Mn, CaF2:Tm,
CaF2:Dy and CaSO4:Dy, have been mounted to the end of silica fibres and have
demonstrated a range of sensitivities between 10 mGy and 10 Gy. This system has
the advantage of providing accumulated dose information over time that can then be
optically interrogated without having to remove the system.

More recent work has focused on the exploitation of the thermoluminescent
properties of Ge-doped silica optical fibres. Rahman et al. [10] investigated the
ability of a high spatial resolution (∼120 μm) Ge-doped SiO2 TLDs to measure
radiation. They also demonstrate negligible post-irradiation fading and good
reusability (0.5 %) following thermal annealing [11]. Begum et al. [12] (Fig. 2) has
shown purposefully drawn Ge-doped silica fibres to be 4 times more sensitive than
commercial Ge-doped silica fibres for communication applications, although still
only 26 % of the sensitivity of TLD-100 (LiF:Mg,Ti) chips, the commercial TLD
most commonly employed in industry.

Although TLDs typically demonstrate excellent sensitivity, a significant draw-
back to this technique is that due to the requirement to stimulate the material to
produce a signal sometime after irradiation, it cannot deliver real time dosimetry.

Fig. 2 Comparison of TL
response of purposefully
drawn Ge-doped silica fibre
(core 100 µm), commercial
silica fibre (MMF Core
62.5 µm) and commercial
TLD (TLD-100) [12]
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3.2.3 Optically Stimulated Luminescence (OSL)

Similar to thermoluminescent techniques, photoluminescence, or optically stimu-
lated luminescence (OSL), emits the energy stored, due to irradiation, upon
exposure to light. Carbon-doped aluminium oxide (Al2O3:C) is the most widely
used OSL crystals, particularly for low dose monitoring within the medical and
personal dosimetry fields, where it demonstrates a linear response to doses up to
50 Gy. It is stable at room temperature, with negligible fading over a period of
85 days, and demonstrates an excellent response when varying beam parameters
such as dose rate, field size and irradiation direction. [13]. However, it does exhibit
a change in sensitivity with irradiation history introducing some uncertainty for
repeated dosimetry applications. Optical fibre based OSL dosimeters can also be
used in conjunction with radioluminensce to provide a second dose measurement
and to overcome errors caused by undesirable external luminescence, e.g. Cher-
enkov radiation. Marckmann et al. [14] couple an Al2O3:C crystal to the end of a
500 μm PMMA plastic optical fibre to provide simultaneous RL/OSL measure-
ments giving real-time dose and dose rate information using RL and further veri-
fication of dose post-irradiation using OSL.

Optical fibres pose a clear advantage in the development of OSL dosimeters as
they can be used to transmit both the stimulating optical source, typically a laser
source, to the OSL material and the luminenscence signal back to the detector,
allowing for remote analysis of the OSL response. In a similar way to TLDS, recent
research has also focussed on the exploitation of the inherent OSL properties of
commercial and purposefully drawn optical fibres. Commercial SiO2 optical fibres
have demonstrated OSL propertied, with a linear response between 7.34 and
147 Gy beta-doses [15]. Ge-doped SiO2 fibres also exhibit OSL properties,
whereby, following exposure to beta-particles for a dose of 20 Gy, a wavelength
shift of transmitted light is observed from 827 to 917 nm. Further work has
demonstrated the combined RL/OSL response, providing both real-time monitoring
of the dose-rate and the delayed read-out of the total absorbed dose. Figure 3 shows
the OSL curve for Ge-doped silica fibres following exposure to radiation to a dose
of 10 Gy [15].

Optically stimulated luminescence has also been demonstrated in fluoride
phosphate glass fibres [16]. The optical fibre demonstrated a linear response
between 0.16 and 2 Gy following optical stimulation from a 532 nm laser, after it
was irradiated with a 90Sr/90Yr source. Further work has demonstrated that due to
its short lifetime at ambient temperatures, this material is not suitable for applica-
tions where there is a significant delay between radiation exposure and the inter-
rogation of the dosimeter [17].
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3.3 Optical Absorption Dosimetry/Radiation Induced
Attenuation

While radiation can affect the properties of Optical fibres in many ways, the most
common effect is the increased attenuation in the optical signal with radiation dose,
known as Radiation Induced Attenuation (RIA). Using the Beer-Lambert Law it is
possible to determine the radiation-induced attenuation in optical fibres. The
radiation-induced attenuation is given by Eq. 1 and can be further explained
through the diagram in Fig. 4. The equation is based on using two fibres with
different lengths exposed to gamma radiation. As the optical attenuation is directly
related to the length of the fibre, by monitoring the optical power in both fibres it is
possible to determine the attenuation due to the gamma radiation.

Fig. 3 OSL response of
Germanium doped Silica
optical fibre. [15]

Fig. 4 Diagram showing
how radiation-induced
attenuation measurements are
obtained from the
transmission spectra
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RIAðdBÞ = −
10
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where L is the irradiated length of fibre, L0 is the length of the reference fibre, PT(λ,
t) is the measured optical power in the irradiated fibre and PT0(λ) is the optical
power of the reference fibre [18].

Pure silica-core fibres are reported to have the least sensitivity to radiation [19],
although they have been shown as effective sensors for neutron monitoring [20],
and as a result such fibres are usually doped to increase their radiation sensitivity
making them suitable for radiation dosimetry. One example of such is the
phosphorous-doped silica core fibres [21–23]. Sensing is based on
radiation-induced attenuation in the infrared region. Sensitivity was found to
increase with dose rate at these longer wavelengths and thus these fibres are most
suitable for applications with dose rates between 1 and 100 Gy/h [23].
Phosphorous-doped fibres show almost no annealing effects, remaining very stable
post irradiation, which is an advantageous feature of these dosimeters.

3.4 Fibre Gratings

Fibre Bragg grating (FBG) based sensors work by monitoring the wavelength shift
of the returned Bragg-signal, which changes as a function of the measurand. The
Bragg wavelength is related to the refractive index of the material and the grating
pitch. The light incident on the grating reflects a narrow spectral component at the
Bragg wavelength, and hence in the transmission spectrum this component is
missing. Much work has been done in the last number of years investigating the
effects of radiation on Fibre Bragg Grating (FBG). This work has primarily con-
centrated on developing radiation resistant FBGs for use in temperature and strain
measurement applications in nuclear environments [24–30]. Krebber et al. [31]
demonstrated the use of FBGs for high dose applications (over 2 kGy), where
FBGs were written in Hydrogen doped Ge-doped fibres. It was noted that the sensor
required a highly stable set-up and a constant temperature, which limits its appli-
cation in many industrial environments. However, Bragg grating cavity reflectors
have recently been shown to be effective in monitoring low radiation doses (2 Gy),
due to their sensitivity to radiation induced effects in the silica material of the fibre
[32, 33].
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3.5 Stem Effect

A term known as the stem effect is used to describe Cerenkov radiation and other
radiation induced light that can be produced in an optical fibre [34]. Cerenkov
radiation is generated when a charged particle passes through a dielectric medium
with a velocity greater than that of light in that medium. Cerenkov emissions only
occurs when the refractive index of the material is greater than one, and are only
produced above a certain energy threshold. For plastics most commonly used in
optical fibre scintillation dosimetry, the refractive index is 1.48–1.6, which means
that Cherenkov is seen at energies above 145–180 keV [35]. As the radiation
parameters (e.g. energy, dose rate) vary considerably in radiotherapy it is important
that Cherenkov radiation is compensated for. A number of techniques are proposed
for removing the stem effect in optical fibre-based dosimeters, such as using a dual
reference fibre [36–39], optical filtering [40] and a temporal approach, where the
measurement reading is timed such that the stem effect has decayed-out [41]. One
of the most favoured methods of stem removal is the spectral, or chromatic, method
[35, 42, 43] developed by Fontbonne et al. [44]. The technique exploits the dif-
ference in optical spectra of the luminescence signal and Cherenkov radiation. It has
been shown that by monitoring the light under two different wavelength filters it is
possible to isolate the luminescence signal from the Cherenkov signal [42–45]. As a
consequence of the large amount of research into this area, it is now widely
accepted that the issue of the stem effect has been addressed and no longer poses a
limitation in the sensors’ potential for radiation dosimetry [46].

4 Applications of Optical Fibre Dosimeters

The different optical fibre dosimetry techniques described above offer a wide
monitoring dose range and as such provide a sensing solution for a number of
different applications. A summary of some of the different application of radiation is
shown in Fig. 5, along with the absorbed doses for the specific process.

4.1 Industrial Processing Applications

One of the main industrial application areas of gamma radiation is in sterilisation, in
particular, the sterilisation of medical products using gamma radiation. The ability
of radiation to kill pathogenic micro-organisms is the basis on which the sterili-
sation of medical products depends. It is used in a wide variety of products such as
hypodermic needles, surgical sutures, blood handling equipment, implant sub-
stances and tissues, surgical gloves and utensils, catheters, dental supplies, etc.
Commercial gamma ray irradiation facilities are generally loaded with 60Co, with
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activity varying from tens of kCi to several MCi, while commercial e-beam facil-
ities are equipped with one or two electron accelerators generating high power
(10–100 kW) beams of 8–10 MeV electrons. [47, 48]

The exact dose of gamma radiation used in the sterilisation of medical products
varies for different countries but is usually between 25 and 35 kGy [49]. Gamma
radiation can be used for a number of different applications within the food
industry. Food can be treated to prevent sprouting in onions, garlic and potatoes, to
extend the shelf-life of mushrooms, cherries and strawberries, to eradicate insects in
grain and fruit, to kill pathogenic microorganisms in fish and meat, to pasteurize
dried herbs and spices, and to delay ripening of fruit and vegetables. A radiation
treatment of between 1–7 kGy, depending on the product, can significantly reduce
the number of viable pathogenic micro-organisms, e.g. Salmonella, Escherichia
coli and Lysteria, which can contaminate food causing serious food poisoning [49].
A number of other applications for radiation are also being investigated, such as in
the treatment of sludge, to reduce the amount of bacteria and infectious
micro-organisms, before it may be used as a fertiliser. It is also used in the
preservation of ancient objects having historic or artistic value by killing the
micro-organisms that can destroy the organic material that the objects are made of
or have components of. [47, 49, 50]

Fig. 5 Dose ranges for
various applications of
ionizing radiation [48]
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Based on the same principle of radiation-induced attenuation used by com-
mercial PMMA slabs, an in situ system based on PMMA polymer optical fibres was
developed by O’Keeffe et al. [54] giving real-time information of the radiation dose
received. A 7 m length of PMMA based optical fibre was placed in the irradiation
chamber, where it was irradiated by the 60Co source, at a dose rate of 25 kGy/hr.
The sensitivity of the PMMA fibre to ionizing radiation is directly related to the
wavelength and thus by selecting the correct wavelength the fibre can be used to
monitor over a wide dose range, selecting 525 nm for low doses with high sensi-
tivity and selecting 650 nm for high doses with lower sensitivity (Fig. 6).

Table 1 gives a summary of the sensitivity and dose range of the PMMA fibre
for individual wavelengths. It shows that the sensitivity decreases with increasing
wavelengths, with the dose range also dependant on the wavelength [50].

4.2 Nuclear Industry

While much of the research in optical fibre sensing for the nuclear industry focusses
on developing radiation resistant fibres for structural health monitoring of large
nuclear infrastructures, e.g. reactor containment buildings and nuclear waste
repositories [51, 52], there is also an important role for optical fibres in directly
monitoring the radiation doses. Radiation monitoring in the vicinity of nuclear
reactors and high energy accelerators is essential to predict the radiation-induced
aging of critical components, ensuring timely maintenance [53]. Due to the high
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Table 1 Summary of
wavelength dependant
sensitivity and dose range
[50]

Wavelength
(nm)

Sensitivity
(dBm−1/kGy)

Dosimetry range
(kGy)

525 0. 6 0.03–4
570 0. 3 0.03–10
594 0. 2 0.5–12
650 0.06 1–45
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dose ranges associated with these applications, the primary technique employed is
Radiation-induced attenuation [18, 53, 54]. Radiation-induced attenuation, also
allows for distributed radiation monitoring using optical frequency domain reflec-
tometry (OFDR) [55] and optical time domain reflectometry (OTDR) [56]
techniques.

4.3 Medical Applications

Radiation plays an important role in medicine; in diagnostics, monitoring and
treatment of a wide range of diseases and medical conditions. The inherent prop-
erties of optical fibres; small dimensions, light weight, electrically passive, and
water equivalence, make optical fibres attractive for use in diagnostic and thera-
peutic radiology. As such there has been significant focus in recent times in
developing optical fibre sensors for monitoring radiation in clinical environments,
with considerable emphasis on luminescent based dosimeters.

Radiotherapy is the use of ionising radiation in the treatment of cancer. It is
delivered in two main types: external beam radiation, using a clinical linear
accelerator (linac) and internal radiation, known as brachytherapy, whereby
radioactive sources are placed internal to the patient. In all cases there is a need to
provide real-time, in vivo monitoring of the radiation dose to the patient. An
in-depth review of optical fibre sensors for radiotherapy applications is made by
O’Keeffe et al. [46]. Yukihara and McKeever provide a detailed overview of the
fundamental theory and practical aspects of OSL systems for medical applications
[57]. While Bradley et al. reviews doped silica optical fibres for their TL response
for radiotherapy applications [58].

The exploitation of radioluminescence from Inorganic scintillators embedded
with the core of a plastic optical fibre has been proposed by Woulfe et al. [59] for

Fig. 7 a Optical fibre based radiation probe for in vivo brachytherapy, and b image of sensor
within brachytherapy needle for direct tumour dose monitoring [59]
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in vivo monitoring of the radiation dose from Iodine-125 radio-active seeds used in
low dose rate (LDR) brachytherapy. The optical fibre sensor, shown in Fig. 7, is
constructed by micromachining a cavity in the 500 µm core of a PMMA (poly-
methyl methacrylate) plastic optical fibre. The cavity, 250 μm in diameter and
4 mm deep, is filled with the scintillating material, terbium doped gadolinium
oxysulphide (Gd2O2S:Tb, GOS) and sealed with epoxy. The sensor was demon-
strated as suitable for use in monitoring patient dose during seed implantation, with
a clear increase in photon counts with increasing radio-activity.

4.4 Space Applications

Monitoring the ionising radiation environment in space remains one of the greatest
challenges in radiation dosimetry, due to the complex nature of the radiation fields,
with a wide variety of radiation particles and range of energies, encountered in
low-Earth orbit and beyond. [60]. Monitoring crew exposure to ionising radiation
during spaceflight remains the priority in radiation dosimetry for space applications
but dosimeters also have a role in monitoring the radiation exposure of structural
components in space, to ensure the structural integrity of equipment over time.

One of the first optical fibre systems for monitoring radiation doses was used in
1977 on the Navigation Technology Satellite 2. It relied on the radiation induced
darkening of the core of the optical fibre. A glass fibre doped with oxides of barium,
zinc and boron was used to give a linear response with low losses at the expected
radiation levels and a low fade rate. The darkening effect observed is influenced by
the composition of the glass used and is also wavelength dependant, being atten-
uated significantly at shorter wavelengths and decreasing considerably above
800 nm [61]

Much of the current research into optical fibre sensors for space applications is
focussed on developing radiation hardened optical fibres for sensors to be used in
structural health monitoring [62]. However there is a role for optical fibre based
dosimeters in space applications, where their small size and immunity to electro-
magnetic interferences are particularly advantageous. NASA Glenn Research
Centre has investigated the use of optical fibres in limited volume areas, whereby an
optical fibre ribbon coupled with a thin film scintillator detector is inserted between
layers within the space suit assembly [63].

5 Conclusion

This chapter presents an overview of the different optical fibre sensing techniques
employed in radiation dosimetry and some of the recent advancements in the
development of such sensors for specific applications. The large number of optical
fibre dosimeters reported in recent years demonstrates the considerable interest in
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this area and the potential for optical fibres within this field. Optical fibres are
becoming more important for radiation dosimetry, due to a number of advantages
they possess over conventional sensors, primarily their immunity to electrochemical
interference and their ability to measure remotely and in real-time. The different
techniques provide for an overall wide dose range and so the type of sensor can be
selected depending on the dose range of the specific application. For example,
luminescent based techniques generally have a high sensitivity over a low dose range
(mGy to Gy), making them ideal for medical applications, while radiation induced
attenuation has a lower sensitivity but is capable of monitoring at very high doses (up
to several hundred kGy) allowing for monitoring in industrial applications.
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Abstract A development of gas concentration sensing systems based on a pho-
tonic bandgap fiber (PBGF) is described. Several types of PBG fibers of various
parameters and core diameters ranging from 10.9 to 26.25 microns have been
designed and tested. The capillary gas flow rate within the fiber has been simulated
and measured. A new method for cutting the fiber using focused ion beam in a
vacuumed chamber for fine milling was tested to obtain the required angle of the
fiber’s end, to avoid the destruction of the cladding structure and to create a novel
low-loss splice for use between PBGF and the conventional solid-core fiber. The
measurement results obtained using proposed systems for selected types of gases
are presented. The experimental results clearly indicated a high overlap between the
propagating light and filled gas inside the PBGF. Therefore, these studies can
contribute to highly sensitive gas sensing, higher accuracy of wavelength refer-
ences, and other applications.
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1 Introduction and Motivation

Microstructured optical fibers (MOFs) were proposed in the 1990s and based on the
pioneering research of Yablonovitch and John [1, 2] on photonic crystals. MOFs
have many interesting properties such as high-birefringence, nonlinearity, and the
most important: single mode propagation over a wide range of wavelengths [3–7].
There are several types of MOFs, which differ in structure and wave-guiding
mechanism. The most general classification includes Photonic crystal fibers (PCFs)
with a solid core surrounded by an air-hole cladding structure. PCFs can operate on
the same principle as conventional optical fibers, i.e., total internal reflection, which
is achieved because of an increased refractive index of the fiber’s core. Other type is
Bragg fiber, which confine the light through a photonic bandgap in a relatively large
diameter hollow core formed by the concentric rings of multilayer films of different
materials [8]. To obtain a full bandgap, in dependence on the used materials,
usually 6–12 layers of high index contrast are required. Photonic bandgap fibers
(PBGFs) of a honeycomb structure with a hollow core surrounded by a highly
regular microstructured cladding are main item used as a gas cell in described
research. In PBGFs, light can propagate in the core because of photonic band gap
phenomena. Such fibers with low bending losses are commercially produced
[8–13].

Pure or doped silica have been, for a long time, Basic material for optical fibers,
however, the use of other components such as polymers has also been reported. [10,
14–16] The present need for a fast, proper, and accurate measurement of various
compounds in ppb levels encouraged our research group to engage in the devel-
opment of a new sensing system. Huge possibilities of new in situ measurement
methods were revealed During preliminary research using a tunable laser and glass
or metal tanks [17–19] and PBGFs [20, 21] as the gas cells.

Data obtained by other research groups concerned biosensing and detection of
acetylene, [22] hydrogen, [23] and methane [24] employing PCFs. PBGFs were
used for acetylene detection by Ritari et al. [25] and Petrovich et al. [26]. Most of
the above measurements have been done under uncontrolled flow conditions. This
paper reports work performed by group from Waseda University [27–45] that
covers the investigation of the micro-capillary gas flow phenomenon inside fibers,
examination of properties of PBGFs, the design of proper fibers for our device, and
a study into a low concentration gas measurement system for the semiconductor
manufacturing industry. The results of gas concentration measurements are shown.
Shaping of the end of the fiber is necessary to assure the correct input of light into
the PBG waveguide. Traditional cutting methods used in the case of communica-
tion optical fibers destroy the fragile cladding structure. However, PBGFs typically
have honeycomb structure cladding holes; the widths of the thin silica struts are
only 10–100 nm. Machining processes of PBGF require high precision and can
lead to a large fraction of damage on the microstructured cladding [38, 46].
Moreover, 193-nm laser and femtosecond (fs) laser mainly have been used [47–49];
however, these methods are generally limited to bigger machining size, and thermal
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contributions lead to microstructure collapse. On the other hand, focused ion beam
(FIB) milling is recognized as one of the most indispensable microfabricating
technologies [50–52]. It is based on the energy transfer of accelerated ions to
chemically bonded atoms. Collisions transfer sufficient energy to overcome the
atom–atom binding energy and the material work. There is a number of micro-
machining applications of the PBGF based on FIB milling processing, focusing on
a proper cutting method for the PBGF, achieving a cutting angle on the end face of
PBGF to avoid interference from Fresnel reflection, achieving a micrometer-sized
channel on the end face of PBGF for allowing gas flow with maintaining good
coupling efficiency between two fibers, and opening same punch-channel on the
lateral face of PBGF to achieved a high-speed gas flow on a long PBGF gas cell.
Finally, a full measurement system based on the PBGF gas cell was developed and
implemented for spectroscopy and gas concentration estimation for instance in
semiconductor production factories (sensing of ammonia) and natural gas pro-
cessing facilities (sensing of alkanes).

Especially sensing of ammonia (NH3), colorless, toxic gas with a pungent odor
is of high importance. Its molecule has a pyramidal shape forming oscillating
umbrella structure. This wide spread alkaline component causes many problems
during semiconductor manufacturing process because even in ppb ranges it can ruin
production batches [53]. Ammonia has a significant influence on the photolithog-
raphy performances. Wafers exposure to ammonia introduces structural defaults,
such as “T-topping”, footing, and incorrect line widths or profiles, arising from its
interaction with the exposed resist and leading to components failures [54]. The
main sources of ammonia in the clean rooms are [55]:

• production processes (chemical reactions between priming agents, wet benches,
CVD—Chemical Vapor Deposition, cleaners, coater tracks (formed from
HMDS—Hexamethyldisilizane, photoresist adhesion promoter), CMP—
Chemical Mechanical Polishing slurries/wafer polishing, Si3N4 and TiN
deposition wafers),

• staff members,
• external pollution sources.

2 Experimental Set up

Research was aimed to design a set-up to measure low concentrations of ammonia
after further dilution of selected gas usually with high purity nitrogen to required
level.

The PBGFs had a unique structure, and light was mostly guided in a hollow,
circular core surrounded by a microstructured cladding formed by a periodic
arrangement of air holes in undoped silica. Up to 65 % of the fiber cross-section
was composed of solid silica but less than 5 % of light propagated in the glass.
More than 90 % of the optical power was located in the hollow core or in the holes
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of the cladding. Holes of the core and cladding were filled with the tested gas. The
fiber was coated with a single acrylate layer. The centre operating wavelength of the
fiber matched the emission wavelength of the light source and the absorption band
of analyzed pollutants. To enhance and expanding possibility of proper wavelength
facilitation in the guided spectrum and expanding of the size of the core, the bigger

Table 1 Fibers used in the experiment

Core diameter, μm/Nominal cladding
diameter, μm

Measured
clading
diameter, μm

Centre operating
wavelength, nm

Material

10.9/120 123 1550 Silica

15.2/140 144 ∼1900

16.2/147 154 ∼1900

19.4/150 160 ∼1900

19.9/160 165 ∼1900

26.25/171 175 ∼1900

700/850
(coating)

– 1500 Composite
materials
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core size and different light guiding center PBGFs were designed and made by
stack-and-draw technique [56, 57].

The core diameters of new fibers used in the experiment were: 15.2, 16.2, 19.4,
19.9 and 26.25 μm. Additionally, 10.9 and 20 μm core fiber, produced by Blaze
Photonics and available on the market was tested. Table 1 contains characteristics
and SEM photos of some of used fibers.

In initial set-up gas was dosed into a gas cell of special design and it passed
throughout the optical fiber for proper measurement of light absorption. The initial
gas-providing system is presented in Fig. 1[27–35, 37, 39].

Both ends of the fiber were connected to the rotary pump and a slight pressure
difference was maintained to assure the gas flow. 1550 nm emission wavelength
tunable laser was chosen for the optical measurement system using commonly
produced PBG fiber. The coupling of the light depends on the light source and
fiber’s bandwidth. Light passed objective lens, the zero-order waveplate and was
split using cube beam splitter. The output light was guided inside the optical fiber
from and to the gas cells, and passed objective lens with the zero-order waveplate.
Finally, both: measurement light wave front and reference light wavefront (adjusted
using mirror) were received by two photodetectors. The optical system with laser is

Fig. 1 Gas-providing sub-system of initial PBGF sensing system set-up. (PG1, PG2—pressure
control, NV1-NV10—control valves, RF- relief valve, F1, F2—filters, CVol1-CVol3—control
volumes, SmallCVol1, SmallCVol2—small control volumes, S1—spare connection [37]
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depicted in Fig. 2a. For measurement of newly designed fibers’ properties at 1.5
and 1.9 < m, the set-ups with LED lamps and Oriel Fiber Illuminator with xenon
lamp were used (Fig. 2b).

On further stage of research, set-up, presented in Fig. 3 with novel mechanical
splicing was proposed [36, 38, 41–45]. The experimental setup consisted of a gas
subsystem and an optical subsystem, as shown in Fig. 3. A series of stainless steel
tubes and valves were assembled to connect two subsystems to a block that con-
tained the splice and optical fibers. The gas cell included a PBGF and two
solid-core fibers. The fibers were connected by two mechanical splices. Mechanical
splice was a cylinder made of stainless steel with advanced self-fabriacted con-
nections of PBGF. Also, the input fiber of the PBGF gas cell comprised the
single-mode fiber (SMF) with part number SMF-28e, which had an 8.2-μm solid
core. The output fiber was a multimode fiber (MMF) with part number Infinicor
300, which had a 62.5-μm solid core. In this set up, mostly the PBGF HC-1550-02
from Crystal Fiber A/S was used. The gas absorptions were measured by coupling
light from a tunable laser (Agilent 81600B #201) into the SMF spliced to the
PBGF, and the transmission was recorded by a power sensor (Agilent 81634B) at

Fig. 2 Optical subsystem of initial PBGF sensing system set-up. a With tunable laser: 1—optical
fiber, 2—optical fiber connector FC, 3—objective lens with adapter, 4, 11—stage, 5—rotary stage
with zero-order waveplate, 6—beam splitter, 7—New Focus 9882, 8—mirror, 9—gas cell, 10—
photonic crystal fiber, 12—auto receiver—photodetector, 13—tunable laser or lamp, 14—
differential amperometer. b With lamp: 1—photonic crystal fiber, 2—fiber adapter, 3—lamp,
4–quartz glass objective lenses with adapters, 5–chopper with power supply, 6—opto-couple, 7—
Oriel IR monochrometer (MS 260), 8—photodetector (IR, EG&G MSD1), 9—NF lock-In
amplifier (LI 570 A) [34]
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the output of the MMF as a function of wavelength. The spectrum was scanned
with a resolution of 1 pm, with 1640.889-nm maximum wavelength limited by the
tunable laser source. To avoid contamination, the gas subsystem and the PBGF gas
cell was purged and cleaned using nitrogen (N2) gas, and evacuated with a rotary
pump for 12 h before starting one of the experiments. The experiments were per-
formed in a temperature stabilized environment at 25 ± 0.5 °C.

FIB milling techniques were adopted to obtain clean fiber sections, the PBGFs
were milled by Ga ions using the FIB 500 system from FEI Company. Example of
milling procedure for micro fabrication of is show in Figs. 4 and 5.

Fig. 3 Experimental setup for filling PBGF with various gases and absorption spectroscopy
[43–45]

Fig. 4 Scheme of the FIB milling system and SEM image of PBGF [43–45]
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3 Gas Flow Simulation Within PBGF

Microcapillary gas flow simulations were performed employing the standard
mathematical software. Velocity of the gas was calculated using quasi-Panhandle
Eq. (1) for modeling of the compressible fluid flow:

Fig. 5 Images of FIB microfabrication results [36, 38, 41–45]. a Side view of cut at an angle of
45 of PBGF. b Top view of PBGF. c, d Fabricated micrometer-sized channel on the end face of
PBGF, e micrograph of splice for connection of the PBGF and the solid-core fiber-top view,
f optical micrograph of the coupled fibers
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p21 − p22 =G2RT F̸2 λðl d̸Þ+2 loge v2 v̸1ð Þð Þ ð1Þ

p1 and p2 are inlet and outlet pressures, G—mass flow, R—individual gas constant,
T—temperature, F—core cross-section area, v1 and v2—inlet and outlet velocities,
λ—coefficient, which depends on Reynolds number.

Detailed calculation procedure for the microcapillary gas flow within the PBGF
was discussed elsewhere [28–31]. Calculated and measured results for nitrogen are
depicted below in Figs. 6, 7, and 8.
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As presented in Fig. 6 predicted gas flows were confirmed by the experimental
results. It was possible to indirectly measure the flow rate of nitrogen gas inside the
PBGF with various pressure differences on the opposite ends. In the case of 1 m
fiber the measurement including filling time would take about 10–15 min.
According to the simulation result for 0.2 m length of 19.9 μm core fiber, the
velocity ranged 0.16 m/s. Velocity confirmed experimentally was higher and ran-
ged 0.19 m/s. The volume of gas present in the system outside the fiber was
calculated as precisely as possible, however, the difference between gas volume
present in piping, valves and pressure gauges, and the gas volume inside the core of
the fiber was huge. That might explain slight differences between simulation and
experimental values. Flow rate simulations and experimental results for 19.9 9 μm
core fiber and for other fibers are summarized in Figs. 7 and 8, respectively. Δp is
the difference between pressures p1 and p2.

4 Gas Sensing Using PBGF

Several gases in different concentations were measured using PBGF as a gas cell.
Special attention was paid to ammonia. According to HITRAN [58] simulations
(Figs. 9 and 10) to measure the ppb level of ammonia, several meters of fiber are
required, to ppm levels less than one meter would be enough. Lowering the pres-
sure enables sharpening of the absorption peaks. Thus, peaks caused by the
molecules of a chosen pollutant can be distinguished from the other eventual
contaminants.

The results of ammonia concentration measurement using initial set up (pre-
sented in Figs. 1 and 2a) with 1 m length PBGF of 10.9 μm core and tunable laser
and in set up with advanced splicing system (presented in Fig. 3) are depicted in

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0
delta p, [kPa]

v,
 [m

/s
]

10.9 micron

15.2 micron

16.2 micron

19.4 micron

19.9 micron

26.25 micron

exp. 10.9 micron

exp. 15.2 micron

exp. 16.2 micron

exp. 19.4 micron

exp. 19.9 micron

exp. 26.25 micron
20 40 60 80 100 120

Fig. 8 Simulations of gas
velocity and experimental
results at 95 kPa (10.9–26.25
micron core—0.2 m length)

176 J. Pawlat et al.



Figs. 11 and 12, respectively. The ammonia measurement was performed at
0.1 atm average pressure. The PBGFs core volume ranged 8 × 10−5cc and
ammonia concentration in the nitrogen gas was 10 ppm.

The basic peak well matched the results obtained with HITRAN simulation,
however during the measurement of ammonia concentration strong side wings next
to the absorption peak (not present in the simulation output graph) were observed.
The phenomenon might result from the light reflection caused by the straight cut of
the ends of the fiber, which was used during the experiment, from noise or less

Fig. 9 LED-19: spectral irradiances (a), HITRAN simulation of light absorption in dependence
on the length of optic fiber (sub-ppb ammonia, 0.1 atm) (b)
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probably from the presence of some impurities. Maximum sensitivity was
0.18 ppb/m.

The result of CO2 concentration measurement using 1 m length PBG fiber of
10.9 μm core and intial set-up is shown in Fig. 11.

Sensing potential for alkanes was tested using set-up with advanced mechanical
splicing system with PBGF gas cell at 100-kPa pressure (Fig. 13).

Fig. 10 The bandgap
characteristics of 26.25
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Figure 14 shows the normalized transmissions of 0.5–4 % CH4 gas at 100-kPa
pressure, compared with a maximum strength absorption line of 1640.383 nm. It
can be noted in the figure that the gas absorptions are visible from 4.5 to 36 dB. The
time constants for the filling of CH4 gas, obtained from the first, are approximately
6 min. Furthermore, the normalized transmission of 10 % C2H6 gas at 100-kPa
pressure is observed at 1601.3 nm. As shown in Fig. 15, although the absorption of
gas is very weak (approximately 0.1 dB), this study has great potential for sensing
highly sensitive gas.

Fig. 12 Comparison of transmission between 0, 5, 10, and 20 ppm NH3 in PBGF cell at 0.1 atm,
set-up with advanced mechanical splicing, 1 m long PBGF spliced to two 1 m long SMFs

Fig. 13 Absorption spectra of CO2 measured using photonic fiber cell (length 1 m, gas volume
8 × 10−5cc, gas concentration about 0.1 %)
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5 Conclusion

The set-up for measuring low concentration of gas concentration of ammonia was
designed.

New types PBG fibres were also designed and produced. Simulations of mass
flow rate of gas and of gas velocity in dependence on applied pressure and diameter
of the optical fiber’s core were performed. Gas flow rate in the experimental con-
dition was corresponding to the simulated one. Novel FIB microfabricated splice
has been also developed.

It was sufficient for ppm-order measurement using short optic fibres as a gas
cells. Experiments for NH3, CO2, CH4 and C2H6 measurement were performed.

Fig. 14 Normalized transmissions of pure CH4 absorption using Tyree 16.5-cm-long HC-150-02
at 1637.68 nm as functions of recording time AT 100-kPa pressure

Fig. 15 Normalized transmissions of 10 % C2H6 gas at 100-kPa pressure and 1601.3 nm
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Structural Health Monitoring Fiber Optic
Sensors

K. Loupos and A. Amditis

Abstract Following the modern technological needs requiring highly increased
safety and standards in structures (especially civil) located in densely populated
areas with increased seismic activity or other safety critical perturbations, various
technologies have been developed, aiming towards improved monitoring require-
ments, needs for structural performance evaluation and increased safety in general.
Fibre-optic technologies provide a lot in the field of structural monitoring as a basis
for condition assessment before, during or after a random (e.g. earthquake),
human-imposed (e.g. blast) or other operational (e.g. increased load) event. This
chapter provides an overview of the structural health monitoring concept and
particular requirements per application area, the monitoring systems currently
available on the market and a thorough analysis of the fibre optic technologies
available today. The chapter starts with the definition of structural health moni-
toring in terms of the specific industrial needs for monitoring and sensing. It then
presents a detailed analysis of the fibre-based monitoring solutions available, their
concept of operation and operational (measuring) characteristics and capabilities
and closes with a presentation of typical fibre optic installation examples where
fibre optics are installed for structural health monitoring.

1 Introduction

1.1 Structural Health Monitoring

By structural health monitoring (SHM) we usually refer to any process or activity
relating to damage detection and classification in any engineering structure (civil,
energy, aerospace, mechanical etc.). SHM is widely used nowadays as it proves of
primal importance for engineers to improve safety and maintainability of critical
structures. SHM involves various sensing and/or monitoring technologies and
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usually embedded systems able to capture, store and analyse measuring data
straight from the structure being monitored. This way the health, operational
capability and performance of structures can be assessed through damage classifi-
cation. Structural health monitoring is usually very associated with damage clas-
sification of the structure of interest. This is usually a process following the
monitoring task and refers to the determination of damage in the structure that will
be used to characterise the whole building regarding its overall operational per-
formance. This also includes safety classification which is in turn used to drive
maintenance or safety teams’ decision such as the initiation of maintenance
activities, the shutdown of the particular section/building etc. recently SHM
activities are also closely linked to life-safety and economic benefits that can be
enhanced in this aspect [1].

In this framework, the term “damage” is perceived as changes to the physical
(geometric) properties of the structures and/or it constituting materials that if
modified might affect the overall system stability and thus safety and structural
integrity.

Considering civil structure health monitoring, currently we are lacking of
quantifiable methods to determine the status of structures after major earthquake or
other event that could cause damages to the structure itself. SHM methodologies
can be used to determine the status of the structure and thus minimize uncertainties
regarding post-event damage assessment. Further to this, SHM methodologies and
technologies have a lot to offer in structures undergoing ageing effects. Therefore
the ability of monitoring and investigating a structure’s health at any time has
become extremely important and this is expected to increase more and more over
time [1].

SHM activities are implemented on a vast variety of applications, usually critical
structures with high safety and reliability requirements.

1.2 Structural Health Monitoring Requirements

Structural health monitoring includes various modules or structural system parts
with different monitoring requirements that may depend on operational or other
characteristics of the structures themselves. The inspection and maintenance tech-
nique that will be used (and is allowed to be used) over such structures depends on
the type, performance, safety criticality and ownership while may sometimes be
imposed even by law. The largest challenge over real-time monitoring systems is
that all these infrastructures are in general unique so per case solutions often need to
be investigated [2].

Some of the reasons often leading to the need for structural health monitoring are
the following:

• Physical or other alterations to current structure or its parts;
• Structures affected by external or surrounding works or demolitions;
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• Critical structures monitoring to ensure flawless operation and performance;
• Monitoring of structural material degradation;
• Structural system assessment after hazardous events;
• Assessment of structure fatigue and system performance;
• Other effects that may question the integrity of the structure.

Some typical applications of SHM are presented in the following table divided
per application field (Fig. 1, Table 1).

The selection of the most appropriate sensing technology requires a close
investigation of the following parameters required by each industrial application:

• Measuring scale: this would require defining the minimum and maximum
stress or strain that needs to be measured and would significantly direct towards
the available sensing devices, elements and systems.

• Measuring accuracy: that defines the accuracy that the monitoring system
should have. This is usually expressed in μStrain.

• Measuring speed: that defines the time lapse of the monitoring samples that the
sensing system will acquire from the structure.

• Spatial Resolution: that defines the density of the sensing points on the actual
structure. Some monitoring requirements may pose for dense or more spatial
separated sensing positions.

• Hazard-ness of monitoring structure: a possible hazardous environment
would reject some types of monitoring that are not qualified for use in such
environments (most of the times due to EMC reasons).

Fig. 1 Applications of structural health monitoring
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• Power consumption: this might also restrict monitoring options defined by the
presence of electricity (and types) at the monitoring site.

• Portability of sensing system: this would again define the portability (e.g. hand
held etc.) of the monitoring system.

• Installation restrictions: that would be defined from the ability and restrictions
that we may have for the installation of the monitoring system on-site (e.g. space
available, connectivity etc.).

• Cost: cost considerations for the purchase of the monitoring system, sensors,
accompanied software and maintenance should be considered here.

2 Structural Health Monitoring Systems

2.1 Structure-Installed Monitoring Systems

By the term “site-specific” we consider the monitoring systems that are embodied
on the structure of interest. Usually they are supported by some interrogation

Table 1 Indicative SHM
applications

Application domain Structure types

Civil infrastructure • Critical civil buildings
• Stadiums
• Dams
• Ports
• Hospitals
• Historical structures

Road transport • Bridges
• Tunnels
• Highway fragments

Aerospace • Airports
• Aircraft structures (wings etc.)

Energy • Wind turbines
• Oil/gas platforms
• Power plants

Mining • Mining Shovels
Life line • Water plants

• Pipelines
Earth • Land monitoring

• Shores
• Other terrestial

Marine • Port/shores
• Ships/yachts
• Cargo vessels

Other industry • Large Machinery
• Other equipment

188 K. Loupos and A. Amditis



instruments installed locally or remotely but the difference of these sensors is that
they are physically located at the positions of interest on the actual monitored
structure. A summary of the existing systems has been included below.

2.1.1 Strain Gauges and Accelerometers

Strain gauges (or strain gages) are devices used very widely in SHM applications.
Their most common configuration consists of a metallic foil pattern fixed on some
insulating flexible backing. The gauge is usually glued on the position of interest
and follows its deformation. As the gauge is deformed, its resistivity changes and
thus we are able to correlate this change of resistivity to actual spatial deformation.
The resistance is usually measured using a Wheatstone bridge. Strain gauges are
used very widely as the sensing elements for structural health monitoring due to
their low cost, ease of installation but also high sensitivity in detecting structural
deformations of civil or other structures. Strain gauges are most of the times con-
nected with wired or wireless systems increasing their total cost and sometimes
restricting their operational (measuring) performance [1]. The combination of strain
gauges with acceleration sensors has proved beneficial for SHM applications where
the overall structure assessment is of interest.

2.1.2 Fibre Optics Systems

The principle of operation of Fibre Optic (FO) systems used for SHM applications
relies in the measurement of deformation of simple (and cheap) telecommunication
fibre optic cables. FO systems are currently widely used due to their ease of
installation, low price (for installation and maintenance) as well as being often
associated to long-time monitoring capabilities. FO sensors are also more durable,
stable to sensitivity and insensitive to outside perturbations (EMC etc.). FO systems
can be divided into point and distributed sensing, the latter making the system more
attractive for spatial monitoring of structures (i.e. measurements along their whole
cable length) that has opened a new dimension into structural monitoring. The
technology is based on Raman and Brillouin light scattering that make use of the
non-linear relation between the light that is passed through the FO cable and the
surrounding silica material. By passing light of known wavelength through a FO
cable and measuring the scattered light (wavelength difference from initial pulse)
we are able to acquire the physical properties of the fibre itself and thus correlate
this to structural deformation [3].

2.1.3 Micro-Electro-Mechanical Systems (MEMS) Sensors

Micro-electro-mechanical systems (MEMS) are assimilated devices or systems that
integrate electrical and mechanical components for sensing as well as controlling,
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movement, actuating etc. MEMS can be forming various sensing components such
as accelerometers, gyroscopes, strain gages, pressure or flow sensors and many
more. Their concept of operation relies in the piezo-resistive effects of silicon and
germanium [4]. MEMS sensors are usually quite smaller in size while can be found
in low price and are generally low power and easily integrated.

2.1.4 RIFD Tags

Radio-frequency identification (RFID) tags are quite often used for structural health
monitoring applications. To solve power requirement issues usually passive RFIDs
are being used. However due to the fact that RFIDs can only drive imperceptible
power devices (temp sensors etc.) they are not being directly used to sense de-
formation but are used to accurately localise particular positions of the structure and
thus provide feedback on the relative positions of particular structure sections or
positions of interest. There are recent works that have combined RFID tags with
measuring sensors (similar to gauge) but these types are considered of low tech-
nology readiness and are rarely used in application specific case.

2.2 Site-Installed Monitoring Systems

With on-site monitoring systems we consider the monitoring systems that are used
at the structure during the inspection time and require measuring apparatus to be
present. This includes laser, radar, acoustic sensing and infrared spectroscopic
techniques. A summary of each system has been included below.

2.2.1 Laser Systems

Non-contact laser systems are being also very extensively used in SHM applica-
tions whenever Non-Destructive-Testing (NDT) is required. Such laser systems
operate via an excitation using pulse and continuous laser and their sensing capa-
bilities are based on laser interferometry and/or Laser Doppler Vibrometers (LDV).
Such systems are usually used for applications where no actual surface contact is
possible (or not allowed) but are usually more expensive systems and their oper-
ation is most of the times prohibited for applications with high safety standards (e.g.
nuclear reactors, gas/oil tanks etc.). These systems are often supported with some
user interface that represents to the user the measurement results in simple form or
can be parts of assessment interfaces that also create 3D representations of the
structure.
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2.2.2 Microwave Radar and Ground-Penetrating Radar (GPR)

Ground Penetrating Radar systems are also often used in SHM applications. GPR
techniques involve the emission of electromagnetic emission (EM) towards the
structure surface and analysis of the reflected signal (timing, strength, phase etc.)
that can define the structure characteristics and properties. This usually involves a
variety of waver forms (e.g. pulses, sine-waves etc.) and frequencies (1–10 GHz)
depending on the structure material and depth of interest, known also as
Ultra-Wide-band (UWB) technologies. The primal advantage of this technique is
that they can provide information inside the structure (endoscopic SHM). A major
disadvantage of such technologies is that due to electromagnetic emission they
usage is prohibited in hazardous environments (nuclear plants, oil/gas tanks etc.).

2.2.3 Acoustic Emissions

Acoustic emission systems are used quite widely in SHM applications. Their
operation relies on the discovery of discontinuities in structure release energy as a
result of exercise of load (or stress). This energy is transmitted into high-frequency
waves (vibrations) that are captured by transducers for processing. This is based on
the usage of piezoelectric sensors of the range 20 kHz–1 MHz to measure
responses in all directions. This methodology can offer information on the origin of
these discontinuities as well as the development of flaws when continuous
loads/testing are applied. This methodology can also be applied to inspection of
larger areas in order to detect cracks and defects, however it is not appropriate for
locating multiple damage positions. It is also affected by surrounding noise that can
interfere with the measurements. Therefore these technologies are often combined
with other SHM technologies to localise and measure the defective areas (and
damage).

2.2.4 Imaging Type (X-Ray, Gamma Ray, Nuclear Magnetic
Resonance (NMR), Ultrasonic etc.)

Imaging methods such as X-ray radiographic, Gamma Ray and Nuclear Magnetic
Resonance (NMR) are also being used in cases that require damage identification in
depth. Such technologies use high-frequency rays as the above and identify the
damage based on their absorption and reflection. These systems can be used to
quickly check larger surfaces but are very costly are much less sensitive and
accurate and are usually prohibited in high safety areas.
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2.3 Distant-Sensing Systems

2.3.1 Photogrammetric

Photogrammetric or optical imagery methodologies use camera images to create
accurate 3D measurements of complex structures or objects. This methodology can
prove very flexible especially when quick and inexpensive solution is seeked while
can also deal with long-term monitoring tasks and can be fully automated. In such
applications the accuracy and precision of the detected and reconstructed 3D
images highly depends on the visual capabilities of the camera systems being used.
It has been proved that for high accuracy higher quality lenses and more detailed (in
terms of megapixels) images are needed [5].

2.3.2 Infrared Thermography

Infrared thermography is a technology that detects infrared energy transmitted from
objects capturing the temperature distribution along the whole excitation surface.
Such techniques for SHM are performed in distance to the structure surface and can
be used to detect thermal phenomena associated to the structural deformation of
structures. They are also widely used to detect leakages or other defects related to
SHM. Infrared thermographic techniques allow for comparison of the surface
distribution of temperature over wide areas and are considered as generally easy
methodologies. However they are not directly linked to structural health monitoring
rather than the thermal/temp effects of the structure deformations. This is why such
technologies are often used in comparison with other SHM methodologies.

2.4 Fibre Optics Compared to Conventional Monitoring
Techniques

Fibre optics technologies can be regarded as the ideal sensing elements for struc-
tural health monitoring especially of civil infrastructures. Fibre optics offer
immunity to electromagnetic interference, can measure spatial deformations of
structures while can also measure point deformations, can combine temp and
strain/stress at any point in length of the installed cable and can provide their
monitoring services with cables up to 30 km. In comparison to gauge type sensors
that can provide only point measurements and can be subject to electromagnetic
interference issues they have proved to be a robust and precise solution. Overall it
can be said that fibre optics sensing can provide significant value due to improved
quality of measurements, increased reliability and can most of the times replace
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Table 2 Pros and cons of sensing technologies

Sensing
technology

Advantages Limitations

Gauge type • Point measurement
• High precision
• Low price
• Low power

• Not immune to electromagnetic
interference

• Only point measurements

Fiber optics • Immune to electromagnetic
interference

• Can measure spatial deformations
• Combine temp and strain/stress at
any point in length of cable

• Cables up to 30 km can be used
• Low signal transmission losses
• Corrosion free

• Lower precision of measurement
• No point measurement
• Can break in larger deformations
(>10 %)

• Communication is lost after
breaking point

• Decoding of signal/data required

MEMS • Smaller size
• Low power
• Highly integrated
• Low price
• Very small size
• Non-contact communication

• Sometimes not immune to
electromagnetic interference

RFID tags • Can be very low power
• Passive operation
• High location accuracy

• Do not usually measure stress or
strain directly

Imaging • Can see structure in depth • High cost
• No onboard use

Laser • No sensor placement
• No baseline data required
• Less vulnerable to false alarms
• Non-intrusive
• Easily deployable
• Less maintenance needed

• Limited sensitivity
• Expensive
• Considered hazardous for safety
critical cases

• Limited operation in harsh
surfaces

• Larger spatial resolution (can be
improved)

Ground
penetrating
radar

• Investigation in depth
• Material type detection
• Quick for larger areas

• Prohibited in hazardous
environments

• Lower precision and accuracy
Acoustic
emission

• Can identify severity of damage
• Measurement accuracy

• Not suitable for large area
detections

• Usually combined with other
SHM for damage localization

• Not immune to noise
• Difficult repeatability of
measurements

Imagery • Fast defects detection
• Can be very accurate
• No contact with structure needed

• High accuracy requires longer
inspection

• Might require training
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other types of sensors (gauge etc.) [6]. When FO sensors are supported by
high-power tunable laser systems, they can provide measurements over very large
distances with very little signal loss. On top of this, each interrogator channel can
measure dozens of FBG sensors (through multiplexing) reducing the size and
complexity of the measuring system.

What follows is a comparison of the available sensing technologies that can be
used for structural health monitoring (Table 2).

Optical sensing can be an ideal sensing solution especially for cases when other
sensing devices (gauges, piezoelectric etc.) prove not appropriate or ineffective.
Good examples are limitations due to environmental conditions, long distance
measurements, electromagnetic interference etc. What follows is a summary table
comparison of the currently available sensing technologies, their technical speci-
fications and operational characteristics (Table 3).

3 Fibre Optic Monitoring Systems

Cost reduction in the telecommunication wires has significantly paved the way for
stronger and wider usage of fibre optic monitoring systems. This is enhanced by the
higher demands of current structures for precise and real-time technologies and
inspection/monitoring methodologies and configurations. This technology can be
ideal for the constructions sector directly improving current structural monitoring
systems or being applied as a stand-alone, real-time monitoring technology.

The concept of operation of Fibre Optics, as monitoring technologies, relies on
the light intensity inside the fibre that decreases in cases when the fibre is stretched
or compressed. This, following signal processing and decoding, is translated into
deformation that informs for elongation or shortening of the attached structural
piece. This has to follow a temperature calibration so that the deformation (and light
change) can be compared to the one found in an uncompressed fibre (at the same
temperature).

To make the monitoring (measuring) possible, special instruments such as the
Optical Time-Domain-Reflectometer (OTDR) are being used to characterise the
optical fibres. These metering instruments induce a pulse series into the measuring
fibre and compute the back scattered (Rayleigh backscatter) light that is reflected
from the fibre.

What follows is an OTDR measurement indicating the power loss across the
fiber length. OTDR reveals that the fiber length has been optimized with respect to
the reflections occurring at connectors, thus minimizing the power losses [7]
(Fig. 2).

The correctness and dependability of OTDR equipment replies on the instrument
accuracy, range that it can measure, resolving and measuring capability of closely
spaced occurrences, speed of measurement and their ability to operate under harsh
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conditions. In terms of accuracy we define the difference between the real (actual)
value and the measured value. By measuring range we define the maximum
attenuation of the transmitted signal between the measuring point and the (pulsing)
instrument (this should be inside acceptable accuracy limits so the measurement is
valid). By instrument resolution we define the minimum distance that two mea-
surements could have and still being considered and analysed as two distinct
measurements.

Fibre optic systems can be distinguished between FBG (Fibre Brag Grating) and
BRILLOUIN as the two relevant but still different technologies and concept of
operation as presented in the paragraphs that follow.

Fig. 2 a OTRD measurement b optical power versus fiber length [MONICO (FP7) EC co-funded
research project] [7]
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3.1 Brag Grating Fibre Sensors

Fibre Brag Grating are produced by exposing the core of the fibre cable to extreme
ultra-violet light that causes the material to increase its refractive index and thus
create a fixed index modulation that is called grating. The grating (used as a
refractive index) has been created in such a way so that only particular wavelengths
are reflected while the rest of the light wavelengths are passing through the grating
without attenuation (brag condition). This enables only particular wavelengths to be
fully reflected backwards and measured by the OTDR instrument (Fig. 3).

FBG sensing technologies are used in a large variety of sensing applications that
include monitoring of civil structures (highways, bridges, buildings, dams, etc.),
smart manufacturing and non-destructive testing (composites, laminates, etc.),
remote sensing (oil wells, power cables, pipelines, etc.), smart structures (airplane
wings, ship hulls, buildings, sports equipment, etc.), as well as traditional strain,
pressure and temperature sensing. The advantage of FBGs is that these devices
perform a direct transformation of the sensed parameter to optical wavelength,
independent of light levels, connector or fiber losses, or other FBGs at different
wavelengths [8].

Typical applications of FBG sensors range in a very large spanning in structural
assets monitoring starting from civil engineering, marine, airspace up to health
applications. The strain range of typical FBG sensors range in ±15000 με (μStrain)
with an approximate resolution of 1 με. FBG sensors can also be used a temperature
monitoring sensors with a maximum temperature range of −50–120 °C and a
resolution of 0.1 °C.

Fig. 3 Fiber brag grating and refraction signals
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There are noumerous manufactures and vendors of FBG fibre optics sensors and
sensing systems (interrogators, analysis software etc.). Some indicative vendors
have been included below. This has been added for reference and completeness
purposes only (Table 4).

Some typical characteristics of FBG sensors are included (Table 5).
The installation of FBG sensors is usually done on the structure surface while it

can also be done on the structure rebars (for civil structures) as shown in the figure
below. The positions of the FBG sensors can be recognised by the white coating.
What is importance in this installation is to ensure that there is no slippage of the
sensor and the sensor coating (if present) follows the structure deformation (Fig. 4).

Table 4 Indicative FBG vendors

Vendor Equipment Country

Micron
optics

FBG sensors, packagings, glueing, mounting, software USA

FBGS High-stength FBG sensors, packagings, glueing, mounting,
software

Belgium

AOS-Fiber FBG sensors, interrogation systems, software Germany
Proximion FBG sensors, monitoring systems, analysis software Sweden

Fig. 4 FBG sensors mounted
on civil structure rebars

Table 5 FBG sensor
specifications

Max strain ±15000 με (μStrain)
Accuracy 1με (μStrain)
Operational temperature −50–120 °C
Temperature resolution 0.1 °C
Other Point sensing
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3.2 Distributed Fibre Sensors

In difference to point sensing technologies (Gauge, FBG, etc.), distributed sensing
offers unique characteristics in being able to measure physical parameters along
their whole length with a single transducer [3]. The two most complete technologies
related to this methodology are the Raman and the Brillouin scattering. The concept
of operation of both systems relies on the back scattering of light through the fibre
optic medium and its change in wavelength and power in comparison to the original
signal transmitted. This enables the interrogation system to provide information on
the local properties of the fibre like exercised strain and temperature.

The figure that follows shows the distributed fibre sensing cable as installed on a
tunnel wall in Spain (Fig. 5).

3.2.1 Brillouin-Type Distributed Sensors

By the Brillouin optical time domain reflectometry (BOTDR) we consider the most
frequently used distributed sensing technique for strain and temperature along
arbitrary regions of the optical fibre. With Brillouin scattering we consider a fun-
damental process of inelastic light scattering occurring due to interaction of light
with acoustic waves inside the optical medium. The back-scattering property of
light during the Brillouin process is shifted from the frequency of the incident light
in proportion to the strain and temperature at the particular point. The Brillouin
system requires a suitable interrogation unit to excite the fibre and collect
back-scattered light. This is a sophisticated detection device able to measure these
frequencies arising from the detuning of the incident and backscattered light.

Fig. 5 Distributed sensing
cable installed on tunnel wall
[SMARTEC, Switzerland]
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Through this frequency shift the system extracts the magnitude of strain and tem-
perature. The location of the strain is calculated from the round-trip time of light
(Table 6).

The graph below includes a typical measurement of a Brillouin system. This
graph indicates a varying stress on the fibre length (represented in seconds—x axis)
at seven points. As can be seen different strains are measured at multiple positions
of the fibre. Different strains in the range of −2000–5000 μStrain can be seen
(y-axis) (Fig. 6).

As mentioned above, the spatial resolution of the Brillouin system is of 1 m.
There are several methodologies to reduce this resolution for cases that lower
resolution is needed. One of the most common workarounds has to do with rolling
of the optical fibre into parts to reduce the part of the fibre over a particular (smaller)
section and thus be able to shrink the mean measurement in smaller parts of the
structure. What can be seen below is this solution applied to a test tunnel perimeter

Table 6 Brillouin sensor
specifications

Max strain ±15000 με (μStrain)
Accuracy 1με (μStrain)
Range Up to 50 km
Sampling rate ∼1 Hz
Spatial resolution 1 m
Operational temperature −50–120 °C
Temperature resolution 0.1 °C
Other Distributed sensing

Fig. 6 Measurements of 7 Brilloun sensors as installed at experimental tunnel perimeter in the
framework of the MONICO (FP7) EC co-funded research project [7]
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that was constructed, sensorised, deformed and measured at the MONICO (FP7)
EC co-funded research project (Fig. 7).

3.2.2 Raman-Type Distributed Sensors

Raman sensing systems are slightly different technology systems for distributed
temperature sensing. This technology is based on the Raman scattering as a
non-linear interaction between the light in the fibre and the fibre surrounding
coating [3]. In such systems, the intensity of the light is calculated and defines the
local temperature of the fibre. Systems based on Raman scattering are currently
commercialized by SMARTEC (Switzerland), Sensornet and Sensa (UK) [3]
(Table 7).

4 Application Examples of Structural Health Monitoring
Sensors

In this chapter we present some examples of gauge, FBG and Brillouin sensors
installed at various structures in research and industrial levels. Details on the
peculiarities of each system are also discussed per case.

Fig. 7 Brillouin Sensors
installed at test tunnel
perimeter. MONICO (FP7)
EC co-funded research project
[7]

Table 7 Raman sensor
specifications

Range Up to 8 km

Spatial resolution 1 m
Operational temperature −50–120 °C
Temperature resolution 0.1 °C
Other Distributed sensing
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4.1 Installation of Gauge-Type Sensors on Building Piers

In the figures below, we can see the installation of gauge-type sensors as installed
on the piers of a civil building. This work has involved the development and
evaluation of strain sensors in an actual newly constructed building in the frame-
work of the MEMSCON [212004-FP7-NMP], 2009–2012, research project that
was coordinated by the Institute of Communication and Computer Systems
(Greece). In this particular installation, strain sensing of the rebars of the building
was required. The installation included surface cleaning of the rebars and gluing of
the gauge sensor on each rebar (lower parts). The sensors were connected to a
monitoring embedded system that was able to collect the data from each sensor and
transmit all measurements to a consolidation Decision Support System for
post-processing (Fig. 8).

4.2 Installation of FBG and BRILLOUIN Sensors
on Tunnel Test Ring

In the research work presented below, two evaluated and combined fibre optics
technologies (i) Bragg grating, (ii) BOTDR principle for continuous tunnel moni-
toring were installed, tested and evaluated. The MONICO project was an EC FP7
co-funded “Specific Targeted Research Project” (STREP) under the capacity
“Research for the benefit of SMEs”. The project was active from October 2008 until
March 2011 and was coordinated by the Institute of Communication and Computer
Systems (Greece). In MONICO, a large scale specimen was developed with an
outer diameter of 483 cm; inner diameter of 443 cm and thickness of 20 cm to
simulate the section of a tunnel. In order to simulate representing seismic forces on

Fig. 8 Gauge-type sensors installed on civil structure pier. Work executed in the framework of
the EC co-funded project “MEMSCON” [FP7-NMP]
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the tunnel, two actuators placed vertical to each other, were used. ECCS procedures
of 1986 were used for the cyclic tests and the loading protocol was proportional to a
conventional displacement δy which represents the elastic-plastic transition of the
cross section. The two technologies were evaluated, validated and tuned on the
tunnel circumference in 8 points. This sums to a total of 48 fibre sensors installed
(32 FBG, 16 BRILLOUIN) in the outer and inner tunnel surface. In Fig. 3 we can
see the tunnel ring before and after the casting. In the figures below the test tunnel
ring is presented with both systems installed and simultaneously monitoring the
ring deformations [9] (Fig. 9).

In the diagram below we can see the 6 cycles of the dynamic loading in the
section-8 of the tunnel ring. At time 7500 s we can observe the concrete failure. As
we can see above, there is a very good correlation of both technologies results,
monitoring the tunnel ring behaviour. The Brillouin technology can directly be
compared to the FBG but provided high noise levels at high strains (Fig. 10).

4.3 Installation of Fibre Optic Sensors for Large Structures’
Real-Time Monitoring

The application of fibre optic monitoring systems can prove ideal for cases when
monitoring of large infrastructures is required. In the particular case below, the
Donghai Bridge—Shanghai/Yangshan, China is monitored. The bridge has a total
length of 32 km, a navigation height of 40 m and navigation capacity of 5kt. In this
particular case, due to the scale of the structure, the limited spatial resolution (1 m)
of the Brillouin system used was not of great importance (Fig. 11).

Fig. 9 FBG and BRILLOUIN sensors installed on test tunnel ring [9]
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In this example the monitoring needs included monitoring of the bridge due too:
temperature changes, high winds, erosion of the Chloride ion, waves, deformations
due to loads, stresses (expected and not), structure dynamics (due to operational
loads), lengthy cable tensions as well as displacements of dampers.

Fig. 10 FBG and BRILLOUIN Measurements for the whole experiment [9]

Fig. 11 Donghai Bridge—Shanghai/Yangshan, China
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5 Conclusions

There is a high need for advanced monitoring of critical structures with increasing
safety requirements. This has paved the way for the development and application of
technologies that can perform seamless monitoring of these structures and either
reporting periodically to an integrated decision support system or being used per
case.

The usage of fibre optics as sensing elements for SHM has proved to be a very
reliable methodology for a wide range of applications and physical scales. The
nature of installation of these sensors proves their application even in difficult to
access sections by conventional measurement tools. A good summary indicating the
attractiveness of the fibre optics for SHM is their functionality serving as telecom
means as well as strain and temperature measurement elements, their reliability (not
being affected by weather and electromagnetic turbulences) and their passive nature
(need only interrogation at one side (end) of the cable) not forgetting the capability
of fibre optics to also operate as point sensors.

Currently the most appropriate sensing/monitoring solution is being selected
from a large pool of available technologies depending on the particular peculiarities
of the structural application. These can be point, spatial or distributed sensing
solutions but they in any case depend on the nature of the structure under moni-
toring needs and the magnitude of monitoring desired/required.
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Brillouin Distributed Temperature Sensor
Using Optical Time Domain Reflectometry
Techniques

Himansu Shekhar Pradhan, P.K. Sahu, D. Ghosh and S. Mahapatra

Abstract This paper presents the performance improvement of Brillouin dis-
tributed temperature sensor (BDTS) using deconvolution algorithm. We have
analysed three different OTDR techniques in terms of spatial resolution improve-
ment using Fourier regularized deconvolution (FourRD) algorithm. The effects of
coherent Rayleigh noise (CRN) on temperature and spatial resolution of the above
system are being investigated. In this paper, using a light source of power 10 mW
and 400 ns pulse widths; a spatial resolution of 25 and 20 m is observed for a
pseudorandom coded BOTDR in the presence and absence of CRN respectively.
Similarly, in case of conventional BOTDR and coherent BOTDR system in the
presence of CRN, the spatial resolutions observed are 40 and 35 m respectively.
Numerical simulation results indicate that the pseudorandom coded BOTDR is a
better candidate for design of BDTS in terms of spatial resolution as compared to
the other two schemes as discussed above.

1 Introduction

In recent years fibre sensors are become increasingly important and in demand for
monitoring civil, medical, industrial and military applications as well as in oil and
gas industries [1, 2]. Fibre optic sensors systems not only provides information
about several environmental parameters such as position, strain, temperature,
pressure, humidity but also about other ecological parameters. Particularly in oil
and gas well applications, fibre sensor is commonly used for monitoring temper-
ature variations in order to improve the extraction of oil and gas. The reliability of
conventional electrical sensors decreases under harsh environmental condition and
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creates the possibility of an explosion inside the oil or gas wells. However, fibre
sensors could offer high reliability due to their passive in nature for in-well
applications. Nowadays, most of the commercialized fibre sensors are intrinsic in
nature. Distributed fibre sensors are more attractive toward sensing applications in
recent years due to a number of advantages such as; intrinsic sensing ability,
distributed sensing ability, stable and high repeatable performance. Distributed
sensing system is regarded as a cost-effective as well as flexible solution because of
the reason that the sensing element is the optical fibre itself, which is cheap, light
weight, free from ground loop, free from electromagnetic interference (EMI) [3, 4].
Due to the above advantages, a considerable attention has been paid by researchers
and industries to develop distributed fibre sensor for various applications. In 1985,
Dakin et al. demonstrated a Raman temperature measurement system [5]. Raman
scattering based temperature sensor are widely in use because of ease of Raman
signal separation. However, because of weak Raman anti-Stokes Raman
backscattered (30 dB weaker than the Rayleigh backscattered signal) a sophisti-
cated detection system. Because of the above limitation researchers started working
in the area of Brillouin scattering based distributed sensor. In 1989, T. Horiguchi
et al. reported a strain measurement system [6] and D. Culverhouse et al. reported a
temperature measurement system based on based on frequency shift of Stokes
Brillouin backscattered signal [7]. After their reported work, researchers and the
industries developed Brillouin scattering based distributed fibre sensors due to the
following reasons: Brillouin based distributed sensors are sensitive to both strain
and temperature. Strain is a very important parameter in connection with the reli-
ability of the sensing fibre itself and in addition to its use for monitoring the
integrity of large structures such as dams, bridges, important civil and military
structures etc. The Brillouin technique offers the potential for long-distance mea-
surement as compared to Raman technique as the Brillouin frequency shift is about
10 GHz and hence the minimum loss wavelength region of the 1550 nm band can
be used. However, for Raman scattering, the frequency shift is very large about 100
THz, thus the minimum loss wavelength region cannot be used. In contrast to all
these advantages, the Brillouin stokes power is nearly 10 dB higher than the Raman
stokes power. In this paper, we have proposed a Brillouin distributed temperature
sensor based on OTDR technique. The OTDR technique is a well-established
technique for fault or imperfection localisation and diagnostics applications in fibre
communications applications [8, 9]. In Brillouin optical time domain reflectometry
(BOTDR) sensing system is a single ended access system, where only one end of
the fibre is accessible and the other end of the fibre is cleaved. The temperature or
strain profiles are extracted from the Brillouin power change due to temperature and
strain variation [10]. In the proposed BDTS system, a short pulse of light is
launched into the sensing fibre and a spontaneous Brillouin backscattered signal is
detected at the launch end of the fibre. The received Brillouin backscattered signal
intensity can be expressed as a convolution of the input pulse profile and the
temperature distribution along the fibre when the band width of the receiving
system is high enough [11]. The minimum spatial resolution of the BDTS system
depends on the width of the input laser pulse [11–13]. Therefore, the improvement
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of the spatial resolution can only be achieved by reducing the pulse width of the
laser source. Koyamada et al. [14] used double pulse technique instead of single
pulse for the improvement of spatial resolution of a BDTS system to 20 cm. But the
downside is that they have used input pulse power nearly 2 W for achieving
sub-meter scale resolution over 1–2 km of sensing range. However, using pseu-
dorandom coded BOTDR technique for the proposed BDTS system we have
achieved an improvement in spatial resolution without using narrow width laser
pulse over a 50 km long measurement range.

In this paper, we have made a comparative study using three different OTDR
techniques such as: conventional BOTDR [15], coherent BOTDR [16] and pseu-
dorandom coded BOTDR [17] for the proposed BDTS system for sensing range of
50 km. The temperature profile from the proposed sensing system is extracted using
LPR and FourRD algorithm. We have calculated the temperature resolution and
spatial resolution of the proposed system in the presence and absence of CRN. In
particular, the numerical simulation results show a significant improvement in
spatial resolution using pseudorandom BOTDR technique for temperature sensing
up to 50 km distance.

2 Theoretical Model

In this paper, we have investigated a conventional BOTDR, coherent BOTDR and
pseudorandom coded BOTDR techniques to calculate the backscattered powers of
the proposed BDTS system for 50 km sensing range. In addition, we have calcu-
lated the temperature resolution and spatial resolution of the proposed sensor using
deconvolution algorithm and above mentioned BOTDR techniques.

The principle of the conventional OTDR technique is that an optical short pulse
is launched into fibre and the Rayleigh backscattered signal is detected at the input
end of the fibre. The schematic of the OTDR instrument is shown in Fig. 1.

The location information ‘z’ can be found out using the time of flight concept.
Here ‘t’ is the time it takes for individual reflection to return (time of flight). The
distance ‘z’ and the light velocity vg in the fibre are related as = tvg

2 . The intensity of
light inside the fibre in the function of the distance z can be calculated using the
following Equation.

PtðzÞ=Pi expð− αzÞ ð1Þ

In the above expression, α= αs + αa the sum of the scattering and absorption
losses in dB/km. The total scattered power Pts at distance z can be expressed as

Pts = αsΔzPtðzÞ ð2Þ
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where Δz is the spatial length and αs is the scattering loss in the fibre. The spatial
length of the fibre can be expressed using group velocity and the width of the pulse

Δz= vgw=
c
n
w ð3Þ

here c is the speed of light in vacuum and n is the refractive index of the fibre. The
total backscattered power at the launch end of the fiber can be expressed as

Pbs = αsΔzSPi exp − 2αzð Þ ð4Þ

S is the fraction of scattered light propagated backward in the fibre and z= tvg 2̸
where t is the two way propagation time of the input pulse. The backward capture
fraction S for single mode fibre can be expressed as:

S=
ðNAÞ2
4n2

ð5Þ

Pulse 
Generator

Signal 

Processing &
Trace 

Analysis

Laser

Photo 
Detector

Circulator
Fiber

Fig. 1 Schematic of OTDR
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The numerical aperture NA can be calculated using the following Equation

NA=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21 − n22

q
ð6Þ

where the core and cladding refractive indices are n1 and n2 respectively.

In coherent BOTDR technique [16], high power laser source light is divided into
two parts by a directional coupler using 90:10 coupling ratio. One part of the total
power (90 %) is injected into the sensing fibre and other part (10 %) is used as a
local oscillator signal. The backscattered signal, combined with the local oscillator
signal is detected at the input fibre end. However, in pseudorandom BOTDR
technique [17], instead of a single pulse, a sequence of unipolar non return to zero
pluses modulated by an continuous wave laser light using an electro optic modu-
lator are injected into the sensing fibre. The backscattered signal power is measured
at the input fibre end. We have utilized the above principles and measured the
Rayleigh as well as Brillouin backscattered powers for the proposed sensor in order
to extract the temperature information. The temperature information is extracted
from the proposed BDTS system using Landau Placzek ratio (LPR) [18], which is
defined as the ratio of the Rayleigh backscattered power to Brillouin backscattered
power. The expression of LPR dependent on measurand temperature is given by the
following equation [18],

PR

PB
=

Tf
T
ðβTρ0V2

A − 1Þ ð7Þ

In the above expression, βT is the isothermal compressibility, ρ0 is the material
density, VA is the acoustic velocity, Tf is the fictive temperature, PR and PB are the
backscattered powers of Rayleigh and Brillouin scattering respectively. However,
temperature profile along the sensing fibre is obtained using the LPR. T is the
unknown temperature T and TR is the reference temperature. The temperature
profile can be expressed as [19]

Ttf =
1
KT

1−
LPR Tð Þ
LPR TRð Þ

� �
+ TR ð8Þ

Here, the extracted temperature profile is Ttf and KT is the temperature sensi-
tivity of the proposed sensor. In order to calculate Brillouin backscattered power of
the proposed sensing system, we have considered the backscatter impulse response
f ðtÞ, which is defined as the backscattered signal power in response to an injected
unit delta function signal. Assuming constant propagation loss along the fibre under
consideration, f ðtÞ is expressed as,

f ðtÞ= 1
2
αBvgSPinexpð− 2αzÞ ð9Þ
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Here, vg is the group velocity within the fibre defined as c
n , S is the backward

capture coefficient, Pin is the optical power injected to the sensing fibre, c is the
light velocity in vacuum, n is the refractive index of silica fibre and αB is the
Brillouin scattering coefficient of the fibre defined as [20]

αB =
8π3n8p2kTa
3λ40ρV

2
A

ð10Þ

In the above expression, n is the refractive index, the photo-elastic coefficient is
p, the Boltzmann constant is k, the ambient temperature or room temperature of the
fibre is Ta, ρ, is the density of the silica, VA is the acoustic velocity in the sensing
fibre and the wavelength of the continuous wave incident light is λ0.

In the proposed system, at the input of the fibre, the convolution of the injected
pulsed power pðtÞ and the backscatter impulse response f ðtÞ represent the received
Brillouin backscattered power and is expressed by the following expression;

PðtÞ= pðtÞ⊗f ðtÞ ð11Þ

In the simulation process, we have considered pðtÞ as the pulse power injected to
the sensing fibre for conventional BOTDR technique. However, the modulated
pulse power pmðtÞ instead of pðtÞ is injected to the sensing fibre for pseudorandom
OTDR technique. We have used an ideal electro-optic amplitude modulator for the
modulation process. The average modulated output power of the modulator can be
defined as [21]

pmðtÞ=PinðtÞ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+MIð Þ+MI ×RðtÞ

p
ð12Þ

where PinðtÞ input optical power to modulator, MI is the modulation index used for
simulation and RðtÞ is the electrical input signal to modulator.

We have verified the validity of Eq. 11 by considering a pulse as well as a
sequence of pulses of width w0, and power Pi are launched into the 50 km long
fibre. The Brillouin backscattered power at the input fibre end is received with the
addition of white Gaussian noise of power 10− 7w using FourRD algorithm and
three different OTDR techniques. Similarly, for calculation of LPR we have cal-
culated the Rayleigh backscattered power of the proposed sensing system. Theo-
retically, an input pulse of duration w0 will generate the Rayleigh backscattered
power PRa, at the input end of the fibre as a function of time in accordance with the
following equation [22]

PRaðtÞ= 1
2
PiγRw0Svgexpð− γRvgtÞ ð13Þ

The above Rayleigh backscattered power PRa can be modified as a function of
fibre length, z and is expressed as below.

212 H.S. Pradhan et al.



PRaðzÞ= 1
2
PiγRw0Svg exp − 2γRzð Þ ð14Þ

In the above modified expression, γR is the Rayleigh scattering coefficient, S is
backward capture coefficient, vg is the group velocity within the fibre. In order to
analyse the effect of CRN, in the numerical simulation process, we have calculated
the backscattered Rayleigh power with and without CRN. The temporal amplitude
fluctuations on the backscattered Rayleigh signal due to the disruption among a
large number of light waves backscattered at different positions along the fibre
generate CRN. It is inherent to Rayleigh backscattered power. In other words, the
interference between the light backscattered at different positions along the fibre
results the CRN [23]. The measurement accuracy as well as precision is degraded
by fluctuations in the backscattered Rayleigh signals that are triggered by CRN. The
root-mean-square (r.m.s) value of CRN as fraction of the Rayleigh signal, fCRN can
be stated as [23]

fCRN =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vg

4ΔzΔv

r
ð15Þ

where vg is the group velocity of light in fibre, Δz is the spatial resolution, and
Δv is the linewidth of the optical laser source.

3 Simulations and Results

The schematic diagram of the proposed 50 km long Brillouin scattering based
temperature sensing system is shown in Fig. 2.

Rayleigh backscattered power as well as the Brillouin backscattered power over
a sensing range of 50 km is calculated in the presence of additive white Gaussian
noise of non-zero variance, using the numerical simulation. In the simulation
process, we have used a continuous wave optical laser source with peak input
power of 10 mW and having center wavelength at 1550 nm and of 10 MHz line-
width. As CRN plays major role in measurement and precision of the sensing
system, we have calculated Rayleigh backscattered power with and without CRN.
A rectangular pulse of 400 ns duration used for simulation. However, in pseudo-
random coded BOTDR, a pseudo-noise sequence of order 7, having a sequence
length of 128 bits (unipolar NRZ pulses) with peak power of 10 mW are used for
simulation. The modulation index used in simulation is 0.5 for pseudorandom
coded BOTDR. The other parameters based on silica fibre used for simulation are
tabulated in Table 1.

We have used Fourier regularised deconvolution (FourRD) algorithm to min-
imise the noise of extracted temperature profile of the proposed sensing system. We
have calculated the temperature resolution and spatial resolution of the proposed
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50 km distributed temperature sensing system employing FourRD deconvolution
and three different BOTDR techniques with and without CRN

In the simulation process, FourRD algorithm is used, the steps involved are:

a. Obtain Brillouin backscattered signal performing Fourier deconvolution.
b. The noisy signal as obtained from step (a) is shrinkaged with the parameter α of

Tikhonov filter and then calculate the inverse Fourier transform.

The Brillouin backscattered power of the proposed sensor for 50 km sensing
range is simulated using Eq. 11. In our simulation process, we modeled a leakage
source with an artificial rectangular pulse variation of temperature distribution
around the point z = 25 km from the end point of the optical fibre, whereas the rest

Modulator

Electrical
wave form generator

Cleaved end

Detector and signal 
processing unit

Heated upto 3K at 25 km

Fibre
spool 1
24.5 km

Fibre
spool 2
1 km

Fibre
spool 3
24.5 km

Circulator

CW Laser

1

3

2

Fig. 2 Proposed distributed temperature measurement system

Table 1 Simulation
parameters of the proposed
system

Simulation parameters Values

Fibre attenuation coefficient ðαÞ 0.2 dB k̸m
Boltzmann’s constant (k) 1.38 × 10− 23 J K̸
Numerical aperture ðNAÞ 0.12
Fibre refractive index (n) 1.5
Rayleigh scattering coefficient ðγRÞ 4.6 × 10− 51 m̸
Photo-elastic coefficient (p) 0.286
Density of silica (ρ) 2330 kg m̸3
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of the sensing fibre remains at reference temperature. We have considered the
reference temperature as 300 K and increased the temperature by a step of 3 K at
z = 25 km in the simulation process. The temperature of the proposed sensing
system was obtained using the using FourRD algorithm. In simulation, the tem-
perature profile is extracted using Eq. 8. Here we have considered a temperature
sensitivity KT of 0.33 %/K [24] for simulation.

We have shown the extracted temperature profiles without and with CRN using
FourRD algorithm and conventional OTDR technique in Fig. 3. Similarly, for
coherent OTDR technique, the extracted temperature profiles without and with
CRN using FourRD algorithm are shown in Fig. 4. Figure 5 shows the extracted
temperature profiles without and with CRN using FourRD algorithm and pseudo-
random coded BOTDR technique.

Fig. 3 Simulated
temperature profiles using
conventional OTDR
technique

Fig. 4 Simulated
temperature profiles using
coherent OTDR technique
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In order to show the capability of the FourRD technique towards the decon-
volution and denoising of the Brillouin backscattered signal, the Tikhonov
shrinkage parameter α is applied to the output signal. The normalized mean square
error values verses shrinkage parameter α are calculated. The normalization has
been done with respect to the energy of the received backscattered signal. The value
of α = 0.00035 [25] is chosen for the numerical simulation process.

The temperature resolutions without and with CRN employing conventional
BOTDR technique and FourRD deconvolution algorithm are shown in Fig. 6.
Similarly, the temperature resolutions without and with CRN employing coherent
BOTDR technique and FourRD deconvolution algorithm are shown in Fig. 7.

Fig. 5 Simulated
temperature profiles using
pseudorandom coded OTDR
technique

Fig. 6 Temperature
resolutions using
conventional OTDR
technique
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Figure 8 shows the temperature resolutions without and with CRN employing
pseudorandom coded BOTDR technique and FourRD deconvolution algorithm.

The temperature resolution has been estimated as an exponential fit of the
standard deviation of the measured temperature distribution vs distance of the
proposed sensing system for 50 km sensing distance. In contrast to temperature
resolution, the spatial resolution of the proposed system obtained by calculating the
10–90 % response of the rising temperature or 90–10 % response of the falling
temperature with respect to the sensing distance. The spatial resolution of the
proposed sensing system is calculated by the spline fit of the 10–90 % response of
rising temperature. The spatial resolutions of the proposed sensing system without
and with CRN using conventional BOTDR technique are shown in Fig. 9. Simi-
larly, the spatial resolutions of the proposed sensing system without and with CRN

Fig. 7 Temperature
resolutions using coherent
OTDR technique

Fig. 8 Temperature
resolutions using
pseudorandom coded OTDR
technique
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using coherent BOTDR technique are shown in Fig. 10. Figure 11 shows the
spatial resolution without and with CRN pseudorandom coded BOTDR technique.

Tables 2 and 3 reports the temperature and spatial resolution of the proposed
system. A spatial resolution improvement of 15 m in presence of CRN was
observed using the pseudorandom coded BOTDR technique over the conventional
BOTDR technique.

Fig. 9 Spatial resolutions
using conventional OTDR
technique

Fig. 10 Spatial resolutions
using coherent OTDR
technique

218 H.S. Pradhan et al.



4 Conclusion

In this paper, we have studied different BOTDR techniques based Brillouin dis-
tributed temperature sensor. The comparative study indicate that the proposed
BDTS system with pseudorandom coded BOTDR technique and FourRD algorithm
is capable of achieving extremely low temperature uncertainties of the order of
1.84 K in the presence of CRN, for a sensing range up to 50 km using 10 mW of
peak input power only. For the above measurement, the spatial resolution reported
is 25 m. Numerical simulation results indicate that the FourRD algorithm and
pseudorandom coded BOTDR technique can be successfully applied in BDTS to
improve the performance features of the sensing system, e.g., spatial resolution as
well as the temperature resolution at a very low input power level. It can be
concluded that the proposed pseudorandom coded BDTS, allows for accurate
temperature sensing, providing a high-performance, simple and cost-effective
solution for long range temperature sensing applications.

Fig. 11 Spatial resolution
using pseudorandom coded
OTDR technique

Table 2 Temperature
resolutions observed in
proposed sensing system

OTDR techniques Without CRN (K) With CRN (K)

Conventional 1.30 1.76
Coherent 1.26 1.79
Pseudorandom
coded

1.27 1.84

Table 3 Spatial resolutions
observed in proposed sensing
system

OTDR techniques Without CRN (m) With CRN (m)

Conventional 35 40
Coherent 30 35
Pseudorandom
coded

20 25
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Optical Sensing Based on Photonic Crystal
Structures

J. Sevilla and A. Andueza

Abstract Photonic crystals (PhC) are materials which present periodic variations
of the dielectric constant over distances of the same order of the light wavelength.
Their optical properties are highly dependent on construction details such as di-
electric constants and sizes of their different constituents. It is possible to turn PhC
structures into optical sensors by making some of their structural characteristics
responsive to the desired mesurand. These sensors are small, compact, compatible
with electronic integration in some cases, and may present some other advantages
like high sensitivity and selectivity. In recent years the development of PhC sensors
has experienced a substantial increase due to their performance and to the
increasing demand of sensing applications such as instrumentation, healthcare,
environment security, food quality and industrial control. In this paper we present
an overview of PhC sensors focused on their physical working principles. It covers
a description of PhC structures, their interaction with radiation, the general strate-
gies to make them responsive and, finally, a selection of sensor proposal of a variety
of mesurands.

1 Introduction

Automation is a desired feature of most products and services in our life; qualified
as smart when successfully attained: smart appliances, smart buildings, smart cities,
etc. One of the key elements in the process of developing a smarter world are
sensors. They are the entrance gate of information from the real world in the
automation system. Among the many possible approaches to develop sensors, in
this paper we will focus in optical sensors, those encoding the measured infor-
mation in an optical signal. And more precisely, in the optical sensors that
implement some kind of PhC structure.
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Wave propagation though materials periodically structured have been studied for
many years. In the second half of 20th century semiconductor materials allowed the
development of electronic, revolutionizing many aspects of our lives. The
extraordinary characteristics of these materials are due to the interaction of its
electrons with the periodic array of atoms of the lattice. The translation of the idea
to the flow or photons instead of electrons was straightforward [1, 2]. It was attained
introducing a periodic variation of the refractive index in the photons path. The
resulting materials presented energy bands for the photons, including forbidden
bands, analogous to the typical electronic ones. These materials, called photonic
band gaps or PhCs, have been subject of extensive research since the 80s [3–5].

PhCs are materials which present variations of the dielectric constant over dis-
tances of the same order of the light wavelength. This variations are mostly regular,
although quasi crystalline [6, 7] or hiperunifomly disordered PhCs [8, 9] have also
been studied. Dielectric constant variation can take place in a single dimension, two
or in the three directions of space. These materials are relevant because of their
optical response, highly dependent of the geometrical distribution of its dielectric
constant. Therefore, if these characteristics are changed by an external stimuli, the
PhC becomes an optical sensor.

In this paper we discuss the use of PhC structures to make sensors. The main
focus is in the working principle of the different structures used for sensing, and not
in the fabrication techniques. In Sect. 2 we present a general description of PhC
structures. Next the interaction of PhC with radiation (Sect. 3). Section 4 covers the
general strategies to make these structures responsive to physical inputs. Finally, in
Sect. 5, we present a brief review of PhC sensors of different mesurands.

2 Photonic Crystal Structures

From a structural point of view PhCs may be regarded as arrangements, mainly
regular, of dielectric materials with different dielectric constant and sizes of the
same order of magnitude of light. In the interaction of light with these materials,
some wavelengths will be transmitted while others are completely forbidden.
Therefore, the flow of light can be tailored through the adequate design of these
materials. The first studies ok PhCs were made by Ohtaka et al. [4, 5], Yablanovitch
[1] and John [2] in 1982 and 1987, respectively. Three types of PhCs can be
distinguished depending on how the spatial variation of the dielectric constant is
distributed over the three orthogonal axis: one-dimensional (1D), two-dimensional
(2D) and three-dimensional (3D) PhCs (Fig. 1).

In 1D PhCs the variation in the dielectric constant is obtained by piling layers of
alternate materials [10]. They can be fabricated by techniques such as layer-by-layer
deposition, multiple spin coating, photolithography, etc. They respond optically as
Bragg reflectors.

2D PhCs are structured in two dimensions while the third remains constant, what
can be achieved by stacking dielectric rods [11] or, alternatively, drilling holes in a
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slab of high refractive index [12]. The fabrication of these structures can be done by
photolithography and etching techniques.

When the dielectric constant variation takes place in the three spatial dimensions
we have 3D PhCs such as opals and inverse opals. Opals are sackings of spheres of
dielectric materials in air, and take the name from the semi-precious mineral that are
composed of microspheres of silica. The most common fabrication method is based
in self-assembly of nanoscopic spheres, creating a crystal lattice [13–15]. This
structures can be used as template, infiltrated with a different material and then
etching the original spheres. The resulting structure is an inverse opal [16–18].

Apart from this typical classification of PhCs by dimensionality, it is interesting
to point out the case of PhC optic fibers. In ordinary optical fibers, light is confined
in its core by total internal reflection at the interface of the core and the cladding of
the fiber. Instead of creating the cladding by a difference in refractive index with the
core, it can be made by introducing a PhC structure. The lack of states in the
photonic band gap impedes light transmission across it, forcing then its confinement
in the core. The way of producing a PhC cladding in a fiber is by introducing holes
in it [19, 20]. It is then a case of 2D PhC.

3 Wave Propagation in Photonic Crystals

How light propagates in a medium is described by the Maxwell equations. For
homogeneous materials with simple interfaces the solutions are also simple,
allowing much intuitive explanations. For example in the interface of two homo-
geneous media we talk of reflection and refraction phenomena, and describe them
with the Snell’s law, much simpler than the whole set of Maxwell equations. In
PhCs, however, different materials are intermingled in sizes below the light
wavelength. This make necessary a complete analysis, without simplifications. This
analysis can be approached in two ways, an analytical one taking advantage of the
crystal symmetries, reproducing for photons the results developed by solid state
physics for electrons: Green and Block theorems, etc. [21]. The second approach
benefits form the advances in computer power and is based on numerical solutions
of the Maxwell equations (that can be done by a number of different methods). By
either mean, the final solution of how light behaves inside a PhC is summarized in
the photonic band structure (PBS), or also called, the dispersion relation of the
crystal (Fig. 2).

Even though the complete problem of solving light propagation in PhCs is quite
complex, there are some simpler concepts that allow an intuitive approach and that
can be considered valid in many cases. The calculated PBS (solid black line) and
measured (dotted red line) of a 3D PhC made of spheres is presented in Fig. 2
together with the transmission spectrum of several layers of spheres of the same
structure. These experimental data were obtained with a “macroscopic” PhC built up
with 6 mm of diameter spheres exposed to microwave radiation [22]. The scalability
of the Maxwell equations assure the same behavior as long as the relation of sizes of
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the structure and radiation wavelength are kept constant. The dielectric constant of
the materials considered has to be the same in the corresponding frequency ranges.
In the case presented in Fig. 2, glass spheres of refractive index of np = 2.65 in the
measurement range (10–30 GHz) were used. Similar values for optic radiation can
be found in materials like titania (TiO2) for example.

Fig. 1 Schematic illustration of PhCs a 1D, b 2D, c 3D

Fig. 2 a Transmission spectra of an opal-like crystal made of 6 mm sphere arrangement in hcp
configuration. b Photonic band structure in the first Brillouin zone Γ-L direction of hcp array of
spheres with a background index of nm = 1 and sphere refractive index of np = 2.65. The y axis
has been normalized to sphere diameter, and x axis at the transmission spectra is given by the
module of the transmittance. Red dotted line corresponds to experimental photonic bands of low
frequency
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As can be seen in Fig. 2, the PhC is quite transparent except for two regions:
(i) a small peak at lower frequencies (value normalized to the sphere diameter
around Φ/λ = 0.29) and (ii) a deeper band at higher frequencies (starting around
Φ/λ = 0.48). The fist region coincides with a pseudogap (a gap open in certain
incidence directions but not in others) opening in the center of the Brillouin zone of
the PBS while the second matches the position of a complex set of relatively flat
bands. These two features can be explained, respectively, by Bragg diffraction and
Mie scattering.

Fig. 3 Schematic
representation of Bragg
diffraction

Fig. 4 General light response of a 3D PhC made of discrete spherical scatterers. Reflectance
response (red solid line) and transmission response (blue solid line) from a close-packed 3D PhC
of dielectric spheres of latex [103]. Yellow shaded area represents absorption effects of the PhC. Φ
corresponds to the diameter of the spheres, d to the distance between consecutive planes of
spheres, θ to the incidence angle, neff the effective refractive index of 3D PhC, nsph the refractive
index of the spheres and nsph

’’ the absorption coefficient of refractive index of the spheres
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Bragg law of diffraction consider the reflection in successive equidistant planes,
assessing the conditions where the reflection from all planes suffer constructive
interference. Calling d the distance inter planes and θ the incidence angle, the
Eq. (1) gives the values of wavelength (λ) meeting the Bragg condition for all
orders of diffraction (m = 1, 2 3, …) [23]. The same idea is readily applied to x-ray
diffraction from atoms, as we can consider their nuclei structured in well-defined
planes placed in a vacuum (Fig. 3).

2d cos θ=mλ ð1Þ

In the case of the PhC we have spheres (of np refractive index) touching each
other in a close packed arrangement submerged in a dielectric (of nm refractive
index) such as air or water. Then we can consider an effective refractive index
averaging those of the particles and the surrounding media with their respective
occupied volumes (Vp and Vm) as shown in Eq. (2). Applying the Snell´s to the
incident radiation, the Bragg condition can be restated as in Eq. (3). Finally, we can
express the distance between planes d in terms of the distance between centers of
the particles as D (D = 2/3Φ for a close-packed face cubic center configuration) by
simple geometrical calculations [24], leading to Eq. (4), that is a good description
of how Bragg diffraction takes place in opal-like PhCs.

n2eff = n2pVp + n2mVm ð2Þ

2dðn2eff − sin2 θÞ1 2̸ =mλ ð3Þ
ffiffiffi
8
3

r
Dðn2eff − sin2 θÞ1 2̸ =mλ ð4Þ

Maxwell equations can be analytically solved for a homogenous dielectric
sphere. This was first done by Mie and Debye at the beginning of the 20th century
[25]. One of the most interesting features found in Mie scattering is the existence of
certain frequencies of the incident light that produce no forward transmission. The
incident radiation at this frequencies resonates in the sphere being mostly slightly
backscattered and absorbed. Therefore spheres may be regarded as well-defined
electromagnetic resonators. The Mie resonant frequencies in spheres play for
photons an analogous role than for electrons the electronic levels of atoms [26]. The
Mie resonant frequencies can be calculated, and are solely dependent on the sphere
radius and its refractive index. The opaque band at higher frequencies in Fig. 2 is
due to the existence of Mie resonances at these frequencies. Thus, the energy of the
incident radiation resonated from sphere to sphere and cannot traverse the material.

In summary, the general optical response of a 3D PhC made of spheres can be
considered as the composition of three physical phenomena (Fig. 4): (i) Bragg
diffraction, (ii) Mie scattering and (iii) absorption. The details of these phenomena
depend on the structure characteristics, namely: sphere diameter (Φ), sphere
refraction index (np), crystalline structure, refractive index of the medium
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surrounding the spheres (nm) and light incidence angle (θ). Therefore, the design of
sensors will be based in making some of these parameters responsive to the desired
input variable. The most versatile, and actually used in many practical sensors, is
the Bragg diffraction. It has a well-defined frequency value, can be observed in
transmission as well as in reflection, and has a simple dependence on the structure
variables (as described by Eq. (4) above).

Above we have described the physical phenomena of light interaction with a
particular 3D PhC; the same type of behavior also takes place in other PhC con-
figurations. The general response of 1D PhC is limited to the Bragg reflection of the
layer stacking. The Bragg diffraction in the 3D case appears in the PBS as a
pseudogap, however in the2D case it is easy to find wide complete gaps. In these
structures, the main strategy to have responsive systems is the introduction of states
in the gap (by local defects) with characteristics dependent on the external variable
to be measured.

4 (General) Strategies for (Making) Sensible Photonic
Crystals

In order to have optical sensors based in PhC we need responsive structures,
materials that change their structural parameters under the influence of the external
variables to be sensed. First of all we can differentiate two possibilities: (i) the use of
the structural parameters of the PhCs, those listed in the previous section and (ii) the
introduction of defects in the “intrinsic” PhCs. The design of sensors based on 3D
PhCs is mainly based in the first approach while in the case of 2D the introduction of
defects is the most common case. In 1D structures both alternatives are used.

Fig. 5 General sensor system block diagram
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The conceptual structure of an optical sensor based on PhCs is shown in Fig. 5.
The input variable (i.e. the external stimulus to be measured) produces some
alteration in the structural characteristics of the PhC and therefore, the response of
the material to an input light beam changes correspondingly. The input light is the
power source of the system, and the output signal is the optical response of the PhC
to this light. As an example we can consider a 3D PhC made of spheres embedded
in a hydrogel matrix that expands with temperature increases, then the Bragg
reflection will be shifted to longer wavelengths. So the reflected color under white
illumination will encode the temperature of the material, we have a temperature
sensor [27].

The rest of this section is devoted to describe the items of Fig. 5: (i) output
signal, (ii) physical phenomena that transform the input light in the output signal
and (iii) the structural parameters that can be varied to make a sensing device. A list
of some input variables and the more successful ways of measuring them will be
presented in the following section.

The output of the sensor is an optical signal that incorporates the information of
the input variable. In the vast majority of the existing sensors, the output light
encodes the measurand information in its wavelength. However, in some cases,
light intensity at a particular wavelength is used as information carrier. The output
light is obtained upon illumination with ultraviolet (UV)/white light either by
reflection or by transmission trough the PhC. Particularly interesting is the case of
reflection of ordinary illumination because the measurement can be visually
appreciated as color changes of the sensor.

Bragg diffraction is the physical phenomenon underlying sensor operation in
most of the existing sensors, however, there are some other alternatives such as the
Mie scattering (also mentioned in the previous section), Fano resonances or the
existence of a photonic band gap.

Fano resonance is used to describe asymmetric-shaped resonances generated by
constructive and destructive interference of discrete states with broadband contin-
uum states [28]. This situation takes place in many physical situations, particularly
when a quasi 2D structure (like a single-layer of spheres or a hole array in a slab) is
illuminated perpendicularly to the surface. The structure holds discrete states while
the free space above and below present a continuum of states for the photons.
Examples of sensors based on these resonances can be found the reference [29] and
in the extensive review of Zhou et al. [30].

Mie scattering in 3D PhCs is not useful for sensing purposes because, as seen in
Fig. 4, extinguish input light, providing extremely low signal both in reflection and
in transmission. However, in quasi 2D systems as single layers of spheres, it is the
main process of light interaction and present interesting properties. We refer to
‘quasi 2D systems’ to those that are infinite in two directions and not in the third,
the one used to launch the input radiation. Applying the definition of Fig. 1, these
system clearly are not 2D PhCs. Therefore, in order to avoid confusion, in this text
we use the term quasi 2D systems. With the same criterion, crystal fiber PhCs can
be regarded as quasi 1D systems.

230 J. Sevilla and A. Andueza



An extensive summary of the use of quasi 2D systems for chemical and
biomolecular sensors can be found in [31] (although they refer to this systems as
“2D PhCs”, using a different definition as the one we are following here). In our
group we have studied in detail how a single layer of dielectric spheres varies its
optical output in response to several structural variations, making this system
suitable for sensing purposes. In summary the single-layer holds some photonic
states that are made by composition of the Mie modes of the sphere and some
structural contributions. The frequency value where these states tales place depend
on the dielectric constant of the spheres [32] and on the compactness of the
structure [33]. Surprisingly the dependence of the crystalline structure (square or
triangular) is not so important, in fact is irrelevant in a wide range of compactness
values [34]. Structural disorder was also studied [34] finding that even for highly
disordered layers, some structure modes were still useful for sensing purposes.

Other uses of PhCs for sensing, not using Bragg, Mie or Fano, benefit from the
photonic band gap itself. Thus light can be better confined in certain regions where
other sensing principles may be used. This is the case when defects are introduced
in the PhC. Particularly relevant is the case of sensors based on cavities introduced
in regular 2D PhCs. The typical structure of a PhC cavity (PCC) is formed by
introducing point defects in the orderly arranged 2D lattices. Light in the defect
presents a strong spatial and temporal light confinement [35]. Therefore, the
interaction strength between optical field and the material of defected region is
greatly enhanced. The resonant mode of the cavity is strongly affected by this
interaction, making its frequency very sensitive to the characteristics of the material
in the cavity, a very interesting platform for sensing applications [36]. Besides, this
structures can be built with sizes and technologies that allow their integration with
electronic components, making these structures very promising for integrated smart
sensors. An extensive review on this type of sensors can be found in Ref. [37].

After describing all the physical phenomena that give rise to variations in the
output signal (see Fig. 5), let’s consider the variables governing these phenomena.
In the end, the ability to make these variables respond to input parameters such as
temperature or gas pressure is what give the actual possibility of measuring them
with photonic PhCs. These variables are presented schematically in Fig. 6, depicted
for the case of 3D PhCs, although are also valid for the other geometries. Can be
described as follows:

• The relative spaces filled by the two dielectric materials. This can be the spheres
sizes and their spacing in a matrix (in the case of 3D opal like structures), air
holes diameter and spacing in a dielectric slab or thickness of a foil stacking.

• Refractive index of the two dielectric materials.
• Structure tilting angle with respect to the input light direction.
• Crystalline structure and disorder (in 2D and 3D structures)
• Defect geometry and disposition (in the case of non-intrinsic PhCs)
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5 Some Examples of Photonic Crystal Sensors

In the context of measurement systems and sensors, it is possible to classify the PhC
sensors following different criteria such as the measured parameter, the physical
principle of operation or the fabrication technique employed. Next section is
intended to present a classification based on the responsive parameter of the PhC
sensors. In the following we describe the most important sensors based on PhCs
technology for each type of mesurand: chemical, mechanical, thermal, electrical,
magnetic and optical sensibility.

5.1 Chemical Photonic Crystal Sensors

The need for sensitive and selective detection of chemicals agents and biological
species has increased due to industrial and environmental demand. Many

Fig. 6 Graphical representation of more significant PhC parameters controlled to sensing
application. a Refractive index of the PhC and background, b lattice constant of the structure,
c Order and disorder of the PhC, d local defects and e the angle of incidence of the radiation with
respect to the PhC
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technological areas of industry (i.e. healthcare, environment security or food
quality) require to identify and measure chemicals and biological agents before their
concentrations reach dangerous levels. In this context, sensing technology from 3D
PhCs can be used. There are many proposals based on PhC hydrogel, where a 3D
PhC interacts with the chemical agents altering the particle distance (lattice
parameter), shifting their diffractionwavelength. Many 3D PhC sensors have been
proposed and fabricated for sensing chemical agents, some examples could be
glucose [31, 38–41], metal cations [38, 42–45], creatinine [46], protein kinase
activity [47], pH [48, 49], ethanol [49], humidity [50, 51], ionic strength [48, 52]
and ammonia [53].

5.2 Mechanical Photonic Crystal Sensors

In the same way that strain gages modify their resistance when a mechanical stress
(stretching or compression) is applied, a mechanically responsive PhC sensor
changes its reflected Bragg diffraction wavelength. [54–56]. This effect can be
obtained when the lattice constant is altered as result of the mechanical stress
applied. Examples of this technique has been reported using composite films of
polystyrene colloids embedded in an N-vinylpyrrolidone/acrylamide copolymer for
uniaxial stretching [42], poly(methyl acrylate) and poly(ethylene glycol
methacrylate) (PEGMA) to measure pressure until a 1 kPa with a response totally
reversible [57, 58] and PEGMA gel with 2-methoxyethyl acrylate [59] which
improves substantially the performance of the abovementioned references.

5.3 Electrical Photonic Crystal Sensors

Nowadays it is possible to find two fundamental sensing principles commonly
employed in photonic electrical sensing: (i) sensors stimulated by electrical external
signals based on PhCs with liquid crystals (LCs) [60–62] and (ii) those that respond
to an electrochemical change in their surroundings. The first one produce a change
in the refractive index of the sensor when an electric field generate a change in the
orientation of a LC, which results in a shift of the diffraction wavelength of the
crystal. The PhCs sensor sensitive to electrochemical stimulus are the most relevant
of this type and are based on redox-active compound (like polyferrocenylsilane) to
modify the optical responsivity. In fact, any variation of oxidation or reduction
potential in the sensor generates a shift of the reflected light to a longer or shorter
wavelength. This kind of sensor has been fabricated and analyzed for different 3D
PhCs configurations of opal [63, 64], inverse opal [65] and polyelectrolyte
hydrogels [66].
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5.4 Magnetic Photonic Crystal Sensors

Sensors based on PhCs are fabricated with dielectric materials, so they does not
present any magnetic response. For that reason, if we want to fabricate a PhC
sensitive to magnetic stimuli, the PhC must be combined with a magnetic materials
in order become magnetic sensitive [67, 68]. When magnetic particles are incor-
porated into the PhC, the wavelength of the bandgap undergoes changes under the
influence of magnetic fields. Some examples can be found for magnetic species of
magnetite (Fe3O4) [68–70], iron [71, 72] and ferromagnetic cobalt ferrites
(CoFe2O) [73].

5.5 Thermal Photonic Crystal Sensors

PhCs can be also used to design temperature sensors [74]. The principle of oper-
ation of the PhC temperature sensors is based on the shift observed in the Bragg
peak or the photonic stop band as the temperature of the material that forms the PhC
changes. It is possible to distinguish between two categories of thermally respon-
sive PhCs, those based on polymer swelling, and those based on phase transitions
when incorporated into inorganic host materials. Such materials can be used in
place of conventional optical probes or other temperature sensors.

PhCs polymers are traditionally fabricated by combination of colloidal system
with a thermosensitive hydrogel such as poly(N-isopropylacrylamide) (PNIPAM)
[75–79]. The polymer shrinks by the action of the PNIPAM when the temperature
changes and generate a wavelength shift in the reflected light. The process of
measurement is reversible and tunable to the visible range, presenting good stability
and response time. As well, a poly(p-methylstyrene) hydrogel was used to fabricate
1D PhC sensitive to temperature, as reported by Chiappelli et al. [80]. Last years,
other new sophisticated strategies have been implemented to improve the sensor
based on PNIPAM. So, an inverse opal combined with LCs, a shell of microsphere
fabricated from microfluidic techniques [81] and close-packed silica array of par-
ticles combined with PNIPAM [82] have been fabricated and satisfactory tested.

In spite of the good results, previously shown, for the thermally responsive PhCs
based on polymer swelling, sensors designed from phase transitions in inorganic
material hosts present better performance; the measurements are faster and more
stable. The operation principle of these sensor arise from changing the distance
between particles of the core-shell during the phase transition when the temperature
varies. In the literature, different materials have been used to design the core-shell,
particles of selenium and Ag2Se, [83], BaTiO3 and silica [84] and VO2 [85].
Furthermore, this thermoresponsive PhC technology has been applied to color
readout in organic light emitting diodes (OLEDs) [86].
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5.6 Optical Photonic Crystal Sensors

The optical response of a PhC can be disturbed using an external UV or visible light
since the characteristic distance of the lattice can be changed. So, this physical
mechanism can be employed to design intensity sensors. For example, if a surface
of silica nanospheres coated with Malachite Green carbinol is illuminated by UV
light, the order/disorder of the PhC is altered, what produces changes in the optical
response of the sensor [87]. Other possibility uses LCs, that undergo light-sensitive
variations, incorporated if an inverse silica opal to build the sensor [88, 89]. Finally,
other strategy turns to volume changes in the matrix of the PhC to shifts in the
reflected wavelength as result of the photoisomerization of the molecules of
azobenzene and spirobenzopyran chromophore [90, 91]. It is interesting to note that
the process is totally reversible.

Optical sensors of refractive index represent the most widespread class of
Optically PhC sensors. There are two fundamental sensing procedures commonly
employed in photonic refractive index sensing: (i) sensors responsive to external
radiation and (ii) sensors based on resonant cavities. PhCs can be used for sensing
because they are very responsive to any modification of refractive index sur-
rounding them, their shape and the refractive index of the resonant cavity.
Nowadays, there are many designs to sense and measure refractive index based on
photonic molecules (PM) and defect cavities. For instance, different PhC’s cavities
have been proposed as sensing refractive index using dielectric 2D microdisks [92]
or 1D double resonant cavities [93]. Other sensor, such as microcavities in 2D
arrays of PC [94], sandwich air holes [95], waveguides defect cavities [96], double
hole defects [97], ring defects coupled resonators [98] and clusters of microparticles
[99] are also successfully used to design and fabricate optical refractive index
sensors. A different strategy proposed in the literature to measure refractive index is
based on Fano resonances [29, 30]. Summarizing, it is possible to design sensors
based on in-plane guided modes and photonic bandgaps in photonic crystal slabs
(PCS’s) with in-plane light coupling into high index dielectric slabs [100, 101], or
based on a Fano resonance in PCS with light coupled from out-of- the-plane
directions [102].

6 Conclusion

We have presented a general overview of PhC sensors, their working principles and
the main available designs. This global vision allow to extract some conclusions. In
the last 15 years the number of papers reporting PhC sensors has grown expo-
nentially. There are sensors with good performance of a great number of variables,
particularly of chemical and biochemical ones. PhC sensors require complex fab-
rication process; this is the main limitation to their commercial expansion. How-
ever, this field benefits from all advances in fabrication techniques and new
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materials development, what guarantees a continuous improvement of sensor per-
formance in the foreseeable future. The vast majority of the reviewed sensors are
based on detecting reflected frequency (and intensity) modifications of the Bragg
diffraction signal (for 3D PhCs) or resonant cavities (for 2D PhCs). Only recently
conceptual variations like Fano or Mie resonances are beginning to gain presence in
the published literature. We believe that optic sensors based in PhC structures
continue gaining presence in research and in the market in future years.
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Long Period Grating Based Fibre Optic
Chemical Sensors

Sergiy Korposh, Seung-Woo Lee and Stephen James

Abstract The principle of operation of optical fibre long period grating
(LPG) sensors is described. In particular, the chapter explores the use of LPGs as a
chemical sensing platform, discussing the fabrication of LPGs and the various
approaches that have been employed to modify the cladding of the LPG and thus
sensitise the LPG. Examples of the practical application of LPG chemical sensors
are provided.

1 Introduction

The development of optical fibre long period grating (LPG) based sensors is an area
of considerable research activity, with the interest driven by their sensitivity to a
number of parameters, principally temperature, strain, bending and the surrounding
refractive index, by the potential for multi-parameter sensing using as single optical
element, and by the ability to tune the sensitivity of the devices by appropriate
choice of period. Over the past decade there has been a particular interest in the
deposition onto the cladding of optical fibres containing LPGs of chemically sen-
sitive coatings that change their refractive index in response to specific chemical
stimuli. This chapter will focus on the use of LPGs as a chemical and bio-sensing
platform, outlining approaches used to fabricate LPGs, the techniques used to
deposit materials onto the optical fibres, means for optimising sensitivity, and
examples of their use. The chapter will draw upon work that has been conducted as
collaboration between teams at the Universities of Kitakyushu, Cranfield and
Nottingham.
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An LPG, shown schematically in Fig. 1a, is a periodic modulation of the
properties of an optical fibre, which facilitates the coupling of light from the
propagating core modes to a set of co-propagating cladding modes. The high
attenuation of the cladding modes results in a series of resonance bands in the
transmission spectrum of the optical fibre, as shown in Fig. 1b. The resonance
bands centred at wavelengths satisfying the phase matching condition:

λx = ncore − ncladðxÞ
� �

Λ ð1Þ

where λx represents the is coupled to the LP0x cladding mode, ncore is the effective
refractive index of the mode propagating in the core of the fibre, nclad(x) is the
effective index of the LP0x cladding mode and Λ is the period of the LPG.

The modulation of the fibre properties may take the form of a change in the
refractive index of the core of the fibre, induced for example by exposure of the
fibre to the output from a UV laser, a femtosecond pulsed laser or a CO2 laser, or by
a perturbation to the diameter of the fibre. The efficiency of coupling, and thus
depth of the resonance bands, is determined by the “strength” of the grating (e.g. the
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Fig. 1 a, schematic illustration of the LPG optical fibre, shown the attenuation bands introduced
to the broad input spectrum; b, transmission spectrum, measured in air, of an LPG period of
110.7 μm and length 30 mm fabricated in an optical fibre of cut off wavelength 670 nm, coupling
to the LP018 and LP019 cladding modes. Adopted from [49]
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amplitude of the refractive index modulation), the overlap of the mode profiles of
the modes of the core and cladding, and the length of the grating. Environmental
parameters that can influence the period of the gratings and/or the difference
between the effective refractive indices of the core and cladding modes can be
sensed by monitoring the concomitant changes in the central wavelength of the
resonance bands.

2 LPGs as a Chemical Sensing Platform

Among the wide variety of optical fibre based sensor designs and measurement
schemes that have been reported and demonstrated for chemical sensing, refrac-
tometers and chemical sensors based on optical fibre gratings have attracted con-
siderable interest, in part because they offer wavelength-encoded information,
which overcomes the referencing issues associated with intensity based approaches.
Such devices have been investigated extensively [1–3].

The sensitivity of LPGs to the refractive index of their surrounding medium
arises from the dependence of the phase matching condition (Eq. 1) upon the
effective refractive index of the cladding mode. This sensitivity may be used to
measure the refractive index of a solution, providing information on its concen-
tration, but this is not chemically selective. To provide the sensor with selective
response to specific analytes, the cladding of the region of the optical fibre con-
taining the LPG can be coated with a material that exhibits a change in its optical
thickness in response to a target analyte. Similarly to surface plasmon resonance
and planar waveguide devices, LPG have been shown to provide highly precise
analytical information about adsorption and desorption processes associated with
the RI and thickness of the sensing layer.

The phase matching condition in Eq. 1 can be used to generate a family of
curves that allow the prediction of the resonance wavelengths by calculating the
dispersion of the core and cladding modes. The phase matching curves can be used
to explain the way in which LPGs can be used as a chemical sensing platform.

For higher order cladding modes the curves contain a turning point, the so-called
phase matching turning point, PMTP, or turn around point, TAP. Due to the gra-
dient of the curves, the resonances bands of LPGs fabricated to access the phase
matching turning point exhibit their maximum sensitivity to external perturbations
[4]. The evolution of the transmission spectrum of an LPG at the PMPT in response
to, for example, changes in the optical thickness of a coating despotised on the
optical fibre can be understood with reference to Fig. 2. The LPG is fabricated with
a period such that, without a coating, it is not possible to couple to the LP019 mode.
The corresponding spectrum contains a resonance band for coupling to the LP018
band (Fig. 2a, b). As the optical thickness (product of the geometrical thickness and
refractive index) of the coating increases, the effective index of the cladding mode
is changed, causing the phase matching curves move in the direction of the arrow
shown in Fig. 2a. When the horizontal line corresponding to the LPG period is
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Fig. 2 Illustration of the properties of an LPG near the phase matching turning point (PMTP);
arrow shows direction of the shift of the phase matching curve at the increase of the effective
refractive index of the cladding mode caused by increasing optical thickness. Adapted from [6]
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tangential to the phase matching curve at the PMTP, a broad resonance band
corresponding to coupling to LP019 begins to form, and there is a small blue shift in
the central wavelength of the LP018 resonance band. Further increases in the optical
thickness of the coating result in conditions at which the coupling to the same
cladding mode occurs at 2 different wavelengths as the further development of the
LP019 resonance band causes it to split into two bands, the so called dual resonance
[4]. LPGs of appropriate period, coated with functional materials and operating at
the PMTP, have been used to demonstrate sensors for chemical analytes in gaseous
[5] or liquid media [6].

The deposition of a thin coating onto an LPG causes a further phenomenon that
has a significant influence on the sensitivity of the resonance bands to changes in
the properties of the coating. The evolution of the transmission spectrum of an LPG
of period 400 μm (not at the PMTP) to the deposition of such a coating is shown in
Fig. 3 [7]. Here, the responses of the resonance bands to an increase of the coating
thickness are characterised by blue wavelength shifts, which accelerate as the
coating thickness increases (region T1). The region of high sensitivity to coating
thickness is termed the “mode transition region”. As the thickness is increased
further, movement of the bands slows, with the band taking on the characteristics of
the adjacent lower order resonance band. Further mode transition regions are
observed with increasing coating thickness.

The physical processes underlying this behavior were clarified by a number of
theoretical treatments [8–13]. Using an LP mode approximation, it has been shown
that, as the optical thickness of the coating is increased, the coating becomes phase
matched with one of the cladding modes. This is accompanied by a rapid change in
the effective index of the mode, as shown in Fig. 4 [11]. The loss of the cladding
mode results in a reorganization of the remaining cladding modes, such that the
effective index, and the electric field profile, of each changes to become that of the
adjacent lower order mode [13].

Fig. 3 Evolution of the
spectrum of an LPG of period
400 μ fabricated in
boron-germanium co-doped
fibre in response to the
deposition of a coating of
ω-tricosanoic acid (refractive
index 1.57). Black represents
0 % transmission, and white
100 % transmission. The
labels T1, T2 and T3 refer to
mode transition regions. All
spectra recorded with the LPG
in air. Adapted from [7]
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By careful selection of the period of the LPG it is possible to ensure that, for a
particular coating material, the PMTP and the mode transition region can coincide,
offering optimized sensitivity to changes in the optical thickness of the coating, as
illustrated in Fig. 5 [4].

Fig. 4 Effective refractive indices of the cladding modes, calculated using the LP approximation,
as a function of overlay thickness, illustrating the reorganisation of the cladding modes during the
transition to guidance by the overlay. Adapted from [11]

Fig. 5 Evolution of the transmission spectrum of an LPG of period 100 μm, fabricated in a single
mode optical fibre of cut-off wavelength 700 nm, in response to the deposition of a coating of
ω-tricosanoic acid using the Langmuir Blodgett Technique. Spectra recorded with the LPG below
the water sub-phase. Adapted from [4]
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3 Fabrication of LPGs

The modulation of the optical properties of the fibre required to fabricate an LPG
may be achieved by modifying periodically the refractive index of the core by
photoinduction or by physically deforming the optical fibre. The refractive index of
the core may be modified by exposing locally the fibre to the output from a
high-powered UV laser [14, 15], a CO2 laser [16, 17], an infrared femtosecond laser
[18], or by ion implantation [19]. Deformation of the fibre can be caused
mechanically (e.g., inducing physical periodic corrugations on the fibre) [20] or by
periodically tapering the fibre using a CO2 laser [21] or an electrical arc discharge
[22] as the heat source. In recent years there have been considerable advances in the
fabrication of LPGs using electric arc [23] and CO2 lasers [24], as they offer the
ability to fabricate gratings in fibres that are not photosensitive—for example
photonic crystal fibres and fibres with pure silica cores. The also allow the fabri-
cation of short LPGs, of length as low as 2 periods. In the work described in this
chapter, the LPGs have been fabricated via UV laser based inscription, as is allows
gratings with shorter periods to be fabricated, allowing coupling to higher order
cladding modes and thus access to the PMTP.

The inscription of an LPG via UV irradiation can be carried out via a
point-by-point method [25] or by using an amplitude mask [25], as illustrated in
Fig. 6. An amplitude mask introduces a spatial modulation to the intensity of the
laser beam incident on the optical fibre, Fig. 6a. In the point-by-point technique
(Fig. 6b), the LPG is formed by exposing a section of length equal to half the period
of the LPG to the UV beam for a set time and then translating either the fibre or the
laser beam by a distance equal to the period, repeating the process until the desired
length is attained. Although the fabrication of LPGs using the point-by-point
approach can be more time consuming than using an amplitude mask, the flexibility
of the technique allows the user to create LPGs with arbitrary period, with
non-uniform period, and with arbitrary refractive index modulation profile by
varying the dwell time at each point.

Fig. 6 Schematic illustration of the LPG fabrication using UV laser beam via a amplitude mask;
and b point-by-point technique. Adapted from [26]
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It is known that optical fibre LPGs exhibit their highest sensitivity to environ-
mental perturbation when the period is such that the phase matching condition is
satisfied at its turning point. The reproducible fabrication of LPGs with parameters
satisfying this condition requires high resolution control over the properties of the
grating. The performance of an LPG fabrication system based on the point-by-point
UV exposure approach was analysed by Wong et al. [26]. It was demonstrated that
the control of factors influencing reproducibility, such as period, duty cycle, and the
environment in which the device is fabricated, is extremely important. In particular,
the changes in grating period as small as 0.1 μm have a significant influence on the
final transmission spectrum of the LPG sensor as shown in Fig. 7a.

The repeatability of the fabrication procedure is one of the important require-
ments for mass production of LPG based sensors and it is highly challenging to
achieve this especially when LPG operates close to or at the PMTP. The repeata-
bility of the point-by-point LPG fabrication system was investigated by fabricating
four LPGs of nominally identical period in [26]. Once the period of the LPG at
which the optimum sensitivity for the particular application has been identified,
amplitude masks can be used for reliable and reproducible mass production. It
should be noted that optimum sensitivity of the LPG for the particular application
depends on the bulk RI range at which sensor needs to operate, on the coating used
to sensitize the LPG and the range of the analyte that needs to be measured.
Figure 7b shows the repeatability achieved using an amplitude mask. The main
advantage of the amplitude mask over point-by-point approach is the reduced
fabrication time. For same parameters of the writing laser, length and the strength of
the LPG, the average fabrication time can be reduced from hours to minutes when
compare amplitude mask with point-by-point approach [27].

(a) (b)

Fig. 7 Transmission spectra of LPGs at and around the PMTP with different grating periods
written using a point-by-point technique [26]; b Transmission spectra of LPGs at the PMTP with
the same grating period written using amplitude mask
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4 Surface Modification

The combination of optical fibres and nanomaterials provides the prospect for the
fabrication of chemical sensors with high sensitivity and that offer specific response
to targeted chemical species [28, 29]. Achieving the coating thickness that provides
optimized sensitivity requires control on the nm scale, which is why many reports
have exploited the Langmuir Blodgett (LB) and layer-by-layer (LbL) electrostatic
self-assembly (ESA) coating deposition techniques, where a multilayer coating is
deposited with each layer having a thickness of order 1 nm. Based on this principle,
sensors for organic vapors, metal ions, humidity, organic solvents and biological
materials have been reported [30–32].

4.1 Layer by-Layer Electrostatic Self-assembly
of Mesoporous Thin Films

The LbL technique, which is based on the alternate adsorption of polycations and
polyanions onto the surface of a substrate, is a powerful surface modification
method, Fig. 8. This alternate adsorption technique is still expanding its potential
because of its versatility and convenience for the fabrication of nano-assembled thin
films employing various organic and inorganic materials.

We have demonstrated an approach to LPG based chemical sensing that consists
of a 2 stage process. The first stage involves the deposition of a mesoporous coating
onto an LPG operating near the phase matching turning point. In the second stage, a
functional material, chosen to be sensitive to the analyte of interest, is infused into
the base mesoporous coating. The mesoporous thin film be used for sensing util-
ising functional groups of the polycation [33] or a functional compound can be
infused into the film, increasing the range of possible applications [6]. The initially
low RI of the mesoporous coating, 1.2@633 nm, can be increased significantly by
the chemical infusion, resulting in a large change in the LPG’s transmission
spectrum.

In a typical procedure, SiO2 NPs are deposited onto the surface of the fibre using
the LbL process, as illustrated in Fig. 9 [6]. Briefly, the section of the optical fibre
containing the LPG, with its surface treated such that it is terminated with OH

Polycation Washing Polyanion WashingFig. 8 Schematic illustration
of the layer-by-layer
electrostatic self-assembly
method
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groups, is alternately immersed into a 0.5 wt% solution containing a positively
charged polymer, Poly(diallyldimethylammonium chloride), PDDA, and, after
washing, into a 1 wt% solution containing the negatively charged SiO2 NPs solu-
tion, each for 20 min. This process is repeated until the required coating thickness is
achieved. The coated fibre is immersed in a solution of, for example, Tetrakis
(4-sulfophenyl)porphine, TSPP, or polyacrylic acid, PAA, as functional compound
for 2 h, which infuses into the porous coating and provides the sensor with its
specificity. Due to the electronegative sulfonic groups present in the TSPP and
carboxylic in PAA, an electrostatic interaction occurs between the infused com-
pound and the positively charged PDDA in the (PDDA/SiO2)x film (where x
subscript denotes number of bilayers) [6]. PAA is considered as a promising sensor
element for ammonia sensing, owing to the presence of free carboxylic function
groups that lead to high affinity towards amine compounds [34]. On the other hand
it has been shown that protonation and deprotonation of TSPP leads to the changes
in its optical properties [6]. After immersion into the TSPP or PAA solutions, the
fibre is rinsed in distilled water, in order to remove physically adsorbed compounds,
and is dried by flushing with N2 gas. The compounds remaining in the porous silica
structure are bound to the surface of the polymer layer that coats each nanosphere.
This effectively increases the available surface area for the compounds to bond to.
The presence of functional chemical compounds increases the RI of the porous
coating and results in a significant change in the LPG’s transmission spectrum [33],
consistent with previous observations for increasing the coating thickness [4].

Fig. 9 Schematic illustration of the deposition of a mesoporous coating onto the LPG fibre.
Adapted from [6]
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4.2 Molecular Imprinting

Molecular imprinting is one of the most promising approaches for achieving
specific molecular recognition. The technique is versatile, as any compound with
functional groups can, in principle, be imprinted in different porogens (either water
or organic solvents). The sensing and transduction principles combined with the
imprinting approach are used to make the imprinting process quantifiable, thus
providing detailed information about the recognition phenomenon occurring on the
imprinting interface. The basic concept of molecular imprinting is based on the
creation of imprints of a template compound (i.e. a chemical molecule or biological
species that needs to be detected—the analyte) in a polymeric matrix, achieved by
its incorporation during the polymerization step. Molecular imprinting is achieved
in three steps, the first being the complex formation of the template with selected
functional monomers, followed by a polymerization step for creation of a matrix
that fixes the monomers in the right position to interact with the analyte and with
the final step being the removal of the template to leave behind cavities specific for
the template, as illustrated in Fig. 10 [35].

A large body of work discussing the use of molecular imprinting can be found in
the literature. Generally, the imprinting approach can be divided into two wide
branches, based on the matrix material used for template incorporation. These
approaches are discriminated by the use of organic and inorganic matrices.

4.2.1 Organic MIPs

To date, most examples of high fidelity molecular imprinting have used highly
cross-linked organic polymers as the imprinting matrix [36]. Due to the variety of
materials and the flexibility of the approach, molecular imprinting in organic

Fig. 10 Schematic illustration of the molecular imprinting procedure. Adapted from [35]
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matrices is more effective than it is in inorganic matrices [37]. Several approaches
for the creation of MIP materials have been developed and are classified as covalent
and non-covalent, depending on the nature of the binding between template and
polymer matrix.

4.2.2 Inorganic MIPs

Molecular imprinting technique employing inorganic materials is generally based
on the same principle as that of organic materials, consisting of covalent and/or
non-covalent interaction between template and functional monomer, polymerization
and template removal. Instead of organic monomer inorganic precursors, metal
alkoxides, are usually used to form inorganic matrices via sol-gel process that
incorporates template molecules, as shown in Fig. 11 [37].

The ability to deposit such materials in the form of a thin film is of significance
for sensor applications. In comparison with bulk materials, ultrathin films provide
faster binding, better accessibility of the imprinted sites, higher binding efficiency
and improved adsorption rate [37].

Fig. 11 Schematic illustration of the molecular imprinting using sol-gel process; R-alkyl radical;
M represents a network-forming element such as Si, Ti, Zr, Al etc. Adapted from [37]
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5 Experimental Results

5.1 Ammonia Sensors

An LPG of period 100 μm, with a mesoporous coating of PDDA/SiO2 nanoparti-
cles (NPs) (SNOWTEX 20L (40–50 nm), Nissan Chemical) deposited using the
LbL process and infused with TSPP as the functional compound, was used for the
detection of ammonia in the gas phase and in solution [6].

For the detection of ammonia in solution, the LPG the deposition process used is
illustrated in Fig. 12. The sensitivity to ammonia in water of an LPG coated with a
TSPP infused (PDDA/SiO2)10 film was characterized by sequential immersion of
the coated LPG into ammonia solutions with concentrations 0.1, 1, 5 and 10 ppm.
The lower ammonia concentrations were prepared by dilution of the stock solution
of 28 wt%. In order to assess the stability of the base line, the coated LPG was
immersed several times into 150 μL of pure water. The decrease of attenuation of
the second resonance band, LP021, at 800 nm, suggests the partial removal of the
adsorbed TSPP molecules [6]. The equilibrium state was achieved after several
exposures into water. For the ammonia detection, the LPG fibre was exposed into a
150 μL ammonia solution of 0.1 ppm, followed by drying and immersion into
ammonia solutions of 1, 5 and 10 ppm [6].

The response of the transmission spectrum to varying concentration of ammonia
is shown in Fig. 12a. The dynamic response of the sensor was assessed by moni-
toring the transmission at the centre of the LP021 resonance band at 800 nm. The
response is shown in Fig. 12b, where the “air”, “H2O” and “NH3” regions corre-
spond to the transmission recorded at 800 nm after drying the LPG and immersing
the device into water and ammonium solutions, respectively. After repeating the
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Fig. 12 a Transmission spectra of the LPG coated with a TSPP -nfused (PDDA/SiO2)10 film due
to immersion into water and into ammonia solutions of different concentrations: “H2O”, LPG
exposed into water; “air”, LPG in air after drying with N2 gas; “NH3 x ppm”, LPG exposed into a
x ppm ammonia solution, where x = 0.1, 1, 5 and 10. b Dynamic response to water and ammonia
solutions (0.1, 1, 5 and 10 ppm) recorded at 800 nm; LP020 and LP021 are labelling the linear
polarized 020 and 021 modes, respectively. Adapted from [6]
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process of immersion in water and drying 4 times, the recorded spectrum was
stable, demonstrating the robustness and stability of the employed molecules in
aqueous environments (H2O regions indicated in Fig. 12b). On immersion in
1 ppm and 5 ppm ammonia solutions, the transmission measured at 800 nm
increased. The transmission when the coated LPG was immersed in a 10 ppm
ammonia solution exhibited a further increase, reaching a steady state within 100 s,
as shown in Fig. 12b [6]. The resonance feature corresponding to coupling to the
LP020 cladding mode exhibited additional small red shifts of 0.5 and 1.5 nm when
subsequently immersed in solutions of 1 and 10 ppm ammonia concentration,
respectively, along with decreased amplitude, as shown in Fig. 9a. The limits of
detection (LOD) for the 100 μm period LPG coated with a (PDDA/SiO2)10 film that
was infused with TSPP were 0.14 and 2.5 ppm when transmission and wavelength
shift were measured respectively. The LOD was derived from the calibration curve
and the following equation [6, 38].

LOD=3 ⋅ σ m̸ ð4Þ

where σ is the standard uncertainty obtained as a symmetric rectangular probability
[39]; m is the slope of the calibration curve.

For ammonia detection in gas phase, the LPG was coated, using the LbL
approach with, an thin film composed of alternate layers of PAA, (Mw:4000000)
and PDDA, as shown in Fig. 13. PAA is a promising candidate for the creation of
ammonia sensors, of which free carboxylic acid groups lead to the high sensitivity
and selectivity toward amine compounds [40]. A quartz crystal microbalance
(QCM) gas sensor based on the alternate deposition of TiO2 and PAA for the
sensitive detection of amine odors has been reported, [34]. However, QCM sensors
still have a weakness that the sensor response can be affected easily by humidity.
The operation of the coated LPG sensor here is based on the acid-base interaction of
amine odors to the COOH moiety of PAA under humid conditions, which showed
no sensitivity to humidity.

On exposure of the coated LPG to increasing ammonia concentration, a linear
wavelength shift of the resonance band was observed (Fig. 14a). The selectivity of
the sensor was investigated using several amine and non-amine compounds

(a) (b)

Fig. 13 a Schematic illustration of an LPG and its surface modification using coating of PDDA
and PAA deposited using the LbL approach. Adapted from [40]
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(Fig. 14b). When the coated LPG was exposed to saturated non-amine compounds,
no measurable changes were observed. The sensor demonstrated superior sensi-
tivity towards ammonia as compared to other amine compounds (as saturated gases)
such as triethylamine (TEA) and trimethylamine (TMA), which show relative
wavelength shifts less than 40 % of that measured in response to exposure to the
ammonia gas at 100 ppm [40]. The limit of section of the LPG sensor coated with
the 7 layer thick film was 10.7 ppm [5].

The detection of ammonia was also investigated using an LPG of period 100 μm
that was coated with a multilayer film consisting of 15 layers of PDDA and TSPP
(Fig. 15) [41]. This device exhibited a limit of detection of 0.67 ppm for ammonia
gas. TSPP molecules in the film acted as ammonia receptors because the TSPP
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Fig. 14 a Changes of the transmiossion spectrum of the LPG modified with a 7-cycle PAH/PAA
film at the exposure to different concentrations of ammonia gas and b Relative wavelength shifts of
the resonance bands in the TS of the LPG modified with a 7-cycle PAH/PAA film at the exposure
to ammonia (100 ppm) and other analytes (saturated gas). Adapted from [5]

(a) (b)

Fig. 15 a Transmission spectra of LPG sensor of period 100 μm and 4 cm length modified with
PDDA/TSPP films produced using fifteen deposition cycles before (blue lines) and after (red lines)
the sensors were exposed to 100 ppm ammonia. b Comparison of the wavelength shifts and the
transmission changes obtained using the sensors with films produced using six, nine, and fifteen
deposition cycles. Adapted from [41] (Color figure online)
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morphologically changed from J- or H-aggregates to free base monomers when it
was deprotonated by being exposed to ammonia. It was found that HCl vapour
could be used to increase the relative amount of J-aggregation in the TSPP and to
restore the sensor response. The reversibility of the morphological change in the
TSPP allowed reversible changes to occur in the properties of the coating, including
the refractive index, film thickness and density, and electrostatic interactions; these
influenced the transmission spectrum of the LPG [41].

5.2 Detection of Aromatic Carboxylic Acids

The infusion of a functional compound into a mesoporous thin film coating an LPG
can be used to tailor the selectivity of the LPG sensor. This section will provide
several examples on how various functional compounds can be used to detect
aromatic carboxylic acids [33], volatile organic compounds [42] and polyamines,
which are cancer biomarkers. Aromatic carboxylic acids (ACAs) play an important
role in the metabolizing process and their concentration in living organisms is
strongly linked with some diseases [43]. For instance, a glycine conjugate of
benzoic acid (BA) has been used in occupational medicine to monitor exposure to
toluene [44]. The detection of ACAs using a coated LPG was reported in [33].
Mesoporous thin films were fabricated using a layer-by-layer self-assembly of poly
(allylamine hydrochloride) (PAH) and SiO2 with a diameter in the range of 40–
50 nm as described in Sect. 5.1. The amino (NH2) functional group of PAH was
used as binding site for the detection of ACAs. High sensitivity, with binding
constants of 1.36 ± 0.01 × 106 and 5.6 ± 0.01 × 108 M−1 for benzoic acid and
mellitic acid, respectively, was achieved. The lowest measured concentration of
1 nM of mellitic acid was achieved selectively over structurally (phenol) and
functionally (acetic acid) related compounds.

The transmission spectrum of the (PAH/SiO2)10 film coated LPG was changed
drastically by the adsorption of BA, as shown in Fig. 16a. In particular, the reso-
nance band at 663 nm corresponding to coupling to the LP020 cladding mode,
shifted in wavelength by 0.5, 1, 1.5 and 6 nm when exposed to BA with concen-
trations of 1, 10, 100 and 1000 μM, respectively. In addition, a second resonance
band corresponding to the coupling to the LP021 cladding mode developed at ca.
825 nm, at the PMPT. As the concentration of BA increased, the change in the TS
became more pronounced, indicating the increase of the amount of BA adsorbed
inside the (PAH/SiO2)10 film. The sensor response was fast and saturated within
300 s for lower BA concentrations (<1000 μM), as shown in Fig. 16b. For the
higher concentration (1000 μM), however, the time to reach equilibrium was more
than 1500 s, indicating that interaction process was not completed for these values
of concentration.
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5.3 Detection of Polyamines

The infusion of PAA into a mesoporous thin film consisting of SiO2 NPs and an
organic moiety of a PAH polycation, was employed for the sensitive detection of a
cancer biomarker, spermine (SPM), Fig. 17a. The sensing mechanism is based on
the measurement of the RI change induced by the binding of the SPM to the PAA.
The lowest detected concentration of SPM was 1 μM with a relatively fast, within

(a) (b)

Fig. 16 a Evolution of the transmission spectra of the optical fibre LPG coated with a
(PAH/SiO2)10 film at different concentrations of BA and b time-dependence of the intensity
measured at 825 nm. Adapted from [33]

(a)

(b)

Fig. 17 a Schematic illustration of the infusion of the PAA into PAH/SiO2 thin film; and
b evolution of the TS at the exposure to different concentrations of the SPM
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few minutes, sensor response time achieved using an LPG modified with 5 cycles
(SiO2 NPs/PAH)5PAA film, Fig. 17b.

5.4 Detection of VOCs

An LPG modified with a mesoporous film of SiO2 NPs, infused with a calixarene as
a functional compound, was employed for the detection of a volatile organic
compounds (VOCs) mixture [42]. The sensing mechanism is based on the mea-
surement of the RI change of the coating induced by the complexion of the VOCs
with the calixarene. The LPG, modified with 5 cycles of SiO2 NPs/PAH that was
infused with a calixarene [3], was exposed to chloroform, benzene, toluene and
acetone vapours, Fig. 18. Calixarene molecules contain of a number of phenol or
resorcinol aromatic rings connected together to a larger ring and the molecule is
shaped like a bowl [45]. The analyte of the interest reacts with calixarene and
becomes temporarily entrapped via gas state complexion. As only weak interactions
occur (no covalent bond is created) the analyte is liberated easily from the cavity,
with the result that the sensor is reversible. The sensitivity of the reaction depends
on the morphology and charge of the molecule of interest and for this reason
semi-specific reactions to different VOCs has been reported [46, 47].

5.5 Development of Biosensors

The fast, reliable and highly sensitive detection of proteins and antigen-antibody
reaction kinetics are desired in biology and medicine because it can facilitate
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prompt disease diagnosis. The presence of various proteins, or changes in their
concentration, can be linked with alterations in physiology and act as an indicator of
problems in the organism [48].

An LPG, modified with a coating of silica core gold shell (SiO2:Au) nanopar-
ticles (NPs) (Fig. 19a) deposited using the layer-by-layer method, was employed
for the development of a biosensor [49]. The SiO2:Au NPs were electrostatically
assembled onto the LPG with the aid of a PAH polycation layer. The LPG sensor
was designed to operate at the phase matching turning point, to provide the highest
sensitivity. The SiO2:Au NPs were modified with biotin, which was used as a
ligand for streptavidin (SV) detection. The sensing mechanism is based on the
measurement of the refractive index change induced by the binding of the SV to the
biotin. The effect on sensitivity of increasing the surface area by virtue of the SiO2:
Au nanoparticles’ diameter and film thickness was studied. The lowest measured
concentration of SV was 2.5 nM, achieved using an LPG modified with a 3 layer
(PAH/SiO2:Au) thin film composed of SiO2 NPs of 300 nm diameter with a
binding constant of k = 1.7 (pM−1), sensitivity of 6.9 nm/(ng⁄mm2) and limit of
detection of 19 pg/mm2, Fig. 19b.

5.5.1 Vancomycin Detection

An LPG modified with molecularly imprinted polymer nanoparticles (nanoMIPs)
for the specific detection of antibiotics was reported in [35]. The operation of the
sensor was based on the measurement of changes in refractive index induced by the
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interaction of nanoMIPs deposited onto the cladding of the LPG with free van-
comycin (VA). The binding of nanoMIPs to vancomycin was characterised by a
binding constant of 4.3 ± 0.1 × 10−8 M. The lowest concentration of analyte
measured by the fibre sensor was 10 nM. In addition, the sensor exhibited selec-
tivity, as much smaller responses were obtained for high concentrations (∼700 µM)
of other commonly prescribed antibiotics such as amoxicillin, bleomycin and
gentamicin. In addition, the response of the sensor was characterised in a complex
matrix, porcine plasma, spiked with 10 µM of VA, Fig. 20.
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Fig. 20 Schematic illustration of the protocol used to immobilize nanoMIPs. a Transmission
spectrum of the nano-MIP coated LPG measured in air after exposure to VA concentrations
ranging from 10 nM to 700 μM; b Dependence of the transmission at the centre of the resonance
band corresponding to coupling to the LP019 mode (square) and wavelength shift of the resonance
band corresponding to coupling to the LP018 mode (circle) on the concentration of VA. The red
and black lines are fits using the Langmuir adsorption isotherm. The inset shows the logarithmic
dependence of transmission at the centre of the resonance band corresponding to coupling to the
LP019 mode on VA concentration. Adapted from [35] (Color figure online)
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5.6 Applications

Examples of the practical application of the LPG sensors reported in literature are
rather limited. This is related to the complexity in fabricating of the reliable and
reproducible devices that can operate at optimal sensitivity regime, i.e., at the phase
matching turning point. Perhaps one of the first examples of practical application of
the LPG sensor was reported by Falate et al. [50] to measure the soybean oil
concentration in samples obtained from the mixture of pure biodiesel and com-
mercial soybean oil. The operation of the device was based purely on the sensitivity
of the LPGs to the surrounding medium refractive index, which led to measurable
modifications in the transmission spectrum. The sensor did not possess any
specificity and was measuring only the RI change. The proposed analysis method
results in errors in the oil concentration of 0.4 and 2.6 % for pure biodiesel and
commercial soybean oil, respectively. Techniques including total glycerol, dynamic
viscosity, density, and hydrogen nuclear magnetic resonance spectroscopy were
also employed to validate the method [50]. This section will describe the appli-
cation of LPGs modified with sensitive thin films for measurement of indoor air
quality (IAQ) and for assessment of the quality of beverages.

5.6.1 Indoor Air Quality Assessment Using LPG Sensors

One of the key advantages of fibre optic sensors is the ability to multiplex an array
of sensors, sensitive to the same or to different parameters. This can be of signif-
icant benefit in real environments, where the influence of interfering factors such as
temperature or relative humidity should be reduced. Simultaneous detection of
several parameters at the same location using a single optical fibre offers additional
information that allows correction for changes of the interfering parameters [2].

Urrutia et al. [51] demonstrated simultaneous measurements of the humidity and
temperature using novel dual-wavelength based sensing method. The LPG was
partially coated with the humidity sensitive thin film in such a way that the main
attenuation band was split into two different contributions allowing observing
humidity and temperature change. The method however was based purely on the
refractive index change.

Alternatively, a more tradition WDM approach can be adopted by fabricating an
array of LPGs, each with different grating period, in a single optical fibre The LPGs
can be functionalised to measure simultaneously several parameters, such as tem-
perature, relative humidity and concentration of VOCs. The experimental
arrangement is illustrated in Fig. 21.

The LPGs have periods selected such that they all operate near the phase
matching turning point and that differ by up to 1 µm to facilitate wavelength
division multiplexing, Fig. 22. A mesoporous coating of silica nanospsheres was
deposited onto LPG1, such that it was sensitive to RH. The surface of LPG2 was
left unmodified and was used to measure temperature. A functional material,
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calixarene [3], was infused into a mesoporous silica nanospshere coating deposited
onto LPG3 to sensitise the LPG to VOCs [46, 47].

The sensors were calibrated in the laboratory and the simultaneous measurement
of the key indoor air quality parameters such as temperature, relative humidity and
VOC was undertaken in laboratory and office environments. It was demonstrated
successfully that the data produced by the LPG sensor array under real conditions
was in a good agreement with that produced by commercially available sensors.
The average differences between values obtained by the optical fibre sensor and
standard temperature and RH sensors were better than 0.5 °C and 5 % respectively,
Fig. 23. Further, the potential application of fibre optic sensors for VOCs detection
at high levels has been demonstrated.

5.6.2 Beverage Quality Assessment

An LPG functionalized with a mesoporous thin film was employed for the iden-
tification and quality assessment of beverages [52]. The principle of the discrimi-
nation of beverages using an LPG sensor is based on the measurement of the
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Fig. 21 Schematic illustration of the LPG sensor array. The individual LPGs were used to
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change in refractive index of a sensitive film, induced by the binding of the
chemical compounds present in the beverage. The sensitive film deposited onto the
LPG consisted of PAH and SiO2 NPs with diameters ranging from 40 to 50 nm.
PAH imparts selectivity, while the SiO2 NPs endow the film with high porosity and
enhanced sensitivity. In this study, five different types of beverages, red and white
wines, brandy, nihonshyu (sake, a Japanese rice wine), and shochu (a Japanese
distilled beverage), prepared via distillation and fermentation, were used to assess
the capability of the sensor to identify the origin of the beverages. In addition, a
selection of red wines was used to evaluate the use of the sensor in the assessment
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of the quality of beverages. The results obtained were benchmarked against those
obtained using gas chromatography–mass spectrometry for the determination of
volatile compounds contributing to the flavours of a set of red wines, Fig. 24a.
Principal component analysis (PCA) was employed for data analysis, Fig. 24b. This
approach enabled both quality assessment of beverages and identification of the
methods and materials used for their preparation.

6 Conclusion

In summary, in this chapter we have presented a comprehensive review of the
development and fabrication of LPG chemical for application in sensing. The de-
position of a sensitive coating onto the surface of an LPG creates a prospect for the
development of highly sensitive sensor with the wide range of applications. LPG
operating at the phase matching turning point has highest sensitivity to the range of
measurands such as temperature, bending, strain and refractive index. Specificity,
however, becomes an issue that limits practical application of the optical fibre LPG
sensors operating at the PMTP. The possible solution for this is multiparameter
measurement system that is based on the multiplexing of the array of sensors in the
wavelength domain. This technique has been extensively employed in the inter-
rogation of the fibre Bragg gratings. Its application with LPG hasn’t been explored
the same extent. The main reason for this is an ability to fabricate reliably and
reproducibly LPGs at the PMTP. Fabrication methods based on the point-by-point
and amplitude masks allow reliability and reproducibility of the LPGs, opening up
opportunities for real world application of the LPG sensors. In this chapter we have
provided examples of the practical application of LPG chemical sensors.
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Magnetic Field Sensors Based on Optical
Fiber

J. Ascorbe and J.M. Corres

Abstract This chapter is focused in the different optical structures and materials
that have been used for the development of optical fiber magnetic field sensors and
optical fiber current transducers. First of all, this chapter starts with a short intro-
duction of the main fields of application of these sensors and where they are used,
and how materials can be classified with regard to their magnetic behavior. Then, a
brief review of different ways of measuring magnetic fields will be made. It will be
also introduced the main magneto-optical effects. A brief summary of the different
options that have been developed by now will be made, showing the evolution of
this research field. Then, a deeper look at the most used structures, the most
common materials and the devices having greater sensitivity and resolution will be
made.

1 Introduction

1.1 Application Fields

Electric current measurement is a basic and important technique for the control and
supervision in most facilities sustaining industry and community, such as the power
facility [1] or metallurgy industry [2]. The production of metals such as aluminum,
copper, zinc, etc. requires dc currents as high as 500 kA. Electric current must be
measured for process control and equipment protection. Conventional transducers
for the measurement of high dc currents are based on the Hall Effect [2]. However,
the followings are recognized as problems of these devices [1]:

• Current transformers are heavy and bulky.
• It is difficult to install them to thick and/or high voltage conductors and also is

difficult to install them in the existing apparatus.
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• The measurement signals are influenced by the electromagnetic induction noise.
• It is difficult to measure the large current, especially the low frequency com-

ponent, which flows in a power system under the accident condition.

Furthermore, an analysis of the magnetic field distribution is necessary to
minimize errors due to asymmetries in the field or other sources of error. Erroneous
output can result for example from inhomogeneous heat dissipation in the mea-
surement head and amplifier saturation at local field maxima or from a local reversal
in the field direction caused by neighbor currents [2].

In the 1960s, as a hopeful solution for the problems, the optical current sensing
method applying the Faraday-effect was proposed [3]. Since then, the research and
development of the current sensing technique using the proposed principle has been
carried out in many institutes worldwide.

Fiber optical current sensor (FOCS) is a technique considered to be also com-
patible with the ITER nuclear environment. The measurement of the plasma current
and eddy currents in thermonuclear fusion reactor is considered as a fundamental
parameter for plasma diagnostic. Until now, the measurement of the plasma current
in existing tokamaks is carried out by inductive coils of various forms (Rogowski
coils, pick-up coils) placed all around the vacuum vessel. FOCS presents several
advantages such as high frequency bandwidth, high linearity over a wide current
range, sufficient radiation resistance, low installation volume and a measurement of
the plasma current independent on the plasma pulse duration [4].

1.2 Materials

Materials can exhibit diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, or
antiferromagnetic behavior. Every material presents at least one of those kind of
magnetism and the final behavior depends on the response of the atomic and
electronic magnetic dipoles when an external magnetic field is applied [5].

Diamagnetism is a non-permanent weak form of magnetism and it appears in all
materials. It is the tendency of a material to oppose an applied magnetic field, and
therefore, to be repelled by a magnetic field. Diamagnetic behavior is observed only
in a purely diamagnetic material and it can be explained by the Lorentz force that
experience electrons while circling the nucleus. This results in a small bulk mag-
netic moment, with an opposite direction to the applied field [6]. Some materials
that exhibit diamagnetism are bismuth, hydrogen, water, noble gases, sodium
chloride, copper, carbon, gold, silica, mercury and antimony. Diamagnetic materials
have a relative magnetic permeability that is less than or equal to 1, and therefore a
magnetic susceptibility less than or equal to 0, and they have not unpaired electrons.

Paramagnetic can be considered as the opposite behavior of diamagnetism.
Paramagnetic materials are weakly attracted by a magnetic field or by a magnet.
Paramagnetic properties are due to the presence of some unpaired electrons, and
from the realignment of the electron paths caused by the external magnetic field.
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When an external magnetic field is applied paramagnetic materials form internal,
induced magnetic fields in the direction of the applied magnetic field that are not
permanent because thermal motion randomizes the spin orientations. Paramagnetic
materials include magnesium, molybdenum, lithium, and tantalum [5, 7]. Param-
agnetic materials have a small, positive susceptibility to magnetic fields and a
relative magnetic permeability greater than or equal to 1. Most chemical elements
and some compounds presents paramagnetism.

Ferrimagnetic and antiferromagnetic behavior are considered subclasses of fer-
romagnetism because all of them have permanent magnetic domains [5]. The spin
of the electrons in atoms is the main source of ferromagnetism and it generates
magnetic dipoles. When these magnetic dipoles in a piece of matter are aligned,
their individually tiny magnetic fields add together to create a much larger
macroscopic field. Ferromagnetic materials have a large, positive susceptibility to
an external magnetic field. They exhibit a strong attraction to magnetic fields and
are able to retain their magnetic properties after the external field has been removed.
Ferromagnetic materials have some unpaired electrons so their atoms have a net
magnetic moment. They get their strong magnetic properties due to the presence of
magnetic domains. When a magnetizing force is applied, the domains become
aligned to produce a strong magnetic field within the part. Iron, nickel, and cobalt
are examples of ferromagnetic materials [8]. The susceptibility of ferromagnetic
materials is positive, much greater than 1. Examples of these materials are iron,
cobalt and nickel and several rare earth metals and their alloys [9].

1.3 Conventional Magnetometers

A magnetometer is a device used for measuring the magnetic field or the magne-
tization of a material. From an induction coil to the superconducting quantum
interference devices (SQUIDs), there are a lot of ways to measure magnetic field
[10], each one with its own application field. Here, we are going to classified them
and make a brief explanation of the most relevant (Fig. 1).

Magnetic field sensors are called gaussmeters when they measure magnetic
fields greater than 1 mT and magnetometers for magnetic fields lower than 1 mT.
Gaussmeters include those based on Hall Effect, those based on magnetoresistance,
magnetodiodes and magnetotransistors. The Hall Effect is the production of a
voltage difference across an electrical conductor, transverse to an electric current in
the conductor and a magnetic field perpendicular to the current [11, 12]. It is
especially useful for measuring extremely high fields. The magnetoresistive sensors
cover the middle ground between the low- and high-field sensors [10]. They are
based on changes on the resistance caused by an external magnetic field, which may
influence the material resistivity in several ways, i.e. altering the current path length
by Lorentz force [13]. Magnetoresistance magnetometers are very attractive for low
cost applications [14]. Magnetodiodes are semiconductor diodes with current-
voltage characteristic changing in the magnetic field. The magnetodiode is different
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from a simple p-i-n diode because one of its faces has been treated to form a surface
at which electrons and holes readily recombine. When a bias voltage is applied,
electrons are injected from the n+ electrode into the intrinsic region, as are holes
from the p+ region. In the presence of a magnetic field as shown, the Lorentz force
acting on both types of carrier pushes them in the same direction. If the two types of
carrier are deflected by the magnetic field towards the face with high recombination
rate, they recombine there and the current flow is impeded. If they are deflected
toward the other face, much less recombination takes place and more current flows
[15].

Inside magnetometers it can be differentiated those named scalar and those
named vectorial, which allow to determine the components of the magnetic field.
Nuclear or proton precession and the optically pumped magnetometer are included
inside scalar magnetometers. The nuclear precession magnetometer works on the
principle that a spinning nucleus, which has both angular momentum L and a
magnetic moment, will precess about a magnetic field like a gyroscope. The pre-
cession frequency is proportional to the applied field. When the magnetic field H is
applied to the nucleus, it will produce a torque on the nucleus. Because the nucleus
has angular momentum, this torque will cause the nucleus to precess about the
direction of the field. The optically pumped magnetometer is based on the Zeeman
Effect. This effect is most pronounced in alkaline vapors (rubidium, lithium,
cesium, sodium, and potassium). The Zeeman Effect is the effect of splitting a
spectral line into several components in the presence of a static magnetic field [10].
Inside vectorial magnetometers are the search or induction coil, which is based on
Faraday’s Law of induction, the fluxgate magnetometer, superconducting quantum
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Fig. 1 Classification of magnetic field sensors
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interference device (SQUID), some magnetoresistive magnetometers and those
based on optical fiber. There are more magnetometers that might be included on this
category, as Lorentz force MEMS [15] or those based on electron tunneling [16].
Fluxgate magnetometers are based on changes on the permeability of an easily
saturable ferromagnetic material when it is saturated. They are rugged, reliable,
physically small, and requires very little power to operate [10]. SQUIDs magne-
tometers are based on the Josephson Effect which says that a superconducting
current can flow between two superconductors that are separated by a thin insu-
lation layer. The magnitude of that current through this “Josephson junction” is
affected by the presence of a magnetic field and forms the basis for the SQUID
magnetometer. SQUIDs magnetometers are currently the most sensitive instruments
available for measuring magnetic field strength [10]. Finally, there are some
magnetometers based on optical fiber which will be explained in detail in following
sections (Fig. 2).

1.4 Magneto-Optical Effects

There are two well-known magneto-optical effects which are the magneto-optic
Kerr Effect (MOKE) and the Faraday rotation. MOKE is named like that to dis-
tinguish it from the electro-optic Kerr Effect, which refers to changes on the

Fig. 2 Schematic representation of a Hall Effect, b magnetoresistive effect, c search coil and
d fluxgate magnetometer and e SQUID
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refractive index of a material when it is subjected to an external electric field. The
magneto-optical Kerr effect (MOKE) describes the change of polarization state of
light reflected from magnetized media while the Faraday rotation refers to changes
on the polarization plane when the light goes through a magnetic field. Main
difference between these effects is that MOKE needs a magnetized surface where
light can reflect, while for Faraday rotation light must go through the medium,
which does not need to be ferromagnetic, where the magnetic field is applied.
Faraday rotation depends on the Verdet constant of the medium, which is strongly
dependent of the wavelength, on the path length and on the magnetic flux density
on the direction of light propagation [17] (Fig. 3).

However, there are other effects that are becoming extensively studied for this
purpose, as it can be magnetostriction and the magneto refractive effect that occurs,
for example, in magnetic fluids. Magnetostrictive materials change their size when
an external magnetic field is applied. It has its electrical comparison with the
piezoelectric effect. Magnetic fluids are dispersions of magnetic nanoparticles and
their refractive index changes when a magnetic field is applied.

2 Optical Fiber Magnetic Field Sensors

In this section we are going to make a tour around the different configurations that
have been used for developing optical fiber magnetic field sensors (OFMFS). This
section is divided in several parts classified by the kind of optical fiber or the optical
phenomena used. First of all, we will start with a brief review of the first optical
fiber magnetic field sensors developed. Then, some sensors developed by Faraday
Effect and MOKE will be shown. Other optical phenomena that will be explained
are interferometers, including Fabry-Pèrot, Mach-Zehnder and modal interferome-
ters. Next part will include Long Period Fiber Gratings (LPFGs) and Bragg

Fig. 3 Faraday effect
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gratings. In the third part adiabatic tapered single mode optical fiber will be
commented.

2.1 First Optical Fiber Magnetic Field Sensors

First OFMFS reported date from 1980 [18–23]. Some of them use magnetostrictive
jackets in conjunction with Mach-Zehnder interferometry [18], others take advan-
tage of changes on the state of polarization of the light when the optical fiber is
deformed by the action of a magnetostrictive cylinder at which it is attached [19,
20]. Faraday Effect [21] and MOKE [22] has been also investigated in these first
papers. Finally, it must be commented that magnetic fluids or ferrofluids were also
studied on this period for their application in OFMFS [23, 24]. All these different
configurations will be explained in more detail in next sections for newer research.

2.2 Optical Fiber Current Transducers: Faraday Effect

Faraday Effect has been used to develop optic fiber current transducers (FOCTs).
As it has been mentioned before, Faraday Effect consists on a rotation of the
polarization plane when the light is subjected to a magnetic field. According to the
method of Faraday rotation detection, there are two major approaches, namely
polarimetric [25, 26] and interferometric [27, 28] configurations. The polarimetric
configuration is a direct way to measure these changes in polarization, while in the
interferometric configuration this rotation of the polarization plane is converted into
changes of amplitude. In order to measure the rotation of the azimuth φ of the
output light from an optical Faraday current sensor, a considerable number of
different detection schemes have been proposed and reported [29]. One commonly
used detection schemes is the so-called dual-quadrature polarimetric configuration.
This set-up consists on a light source, a polarizer, the optic fiber coil enclosing the
current conductor, a polarization beam splitter and two photodetectors. The
arrangement of the basic detection scheme is illustrated in Fig. 4. In the basic
scheme [30] of polarimetric readout, a linearly polarized wave is launched in the
fiber and the output is analyzed by a polarization beam-splitter (e.g. a Glan or a
Wollaston prism) with the principal axes oriented at 45° with respect to the input,
and hence the intensity of the light which is detected after propagating through the
system is given by,

I = I0 2̸ð Þ 1+ sinð2φÞð Þ ð1Þ

where I, is the input intensity of the light. In order to eliminate the above depen-
dence on the light intensity, the final output can be obtained by dividing the ac
component of Eq. (1) by the dc component, and S, the ratio, can be given by,
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S= 1+ sinð2φÞð Þ, ð2Þ

The nonreciprocal Faraday phase shift 2Φ between orthogonal circularly
polarized waves propagating in the same direction or, equivalently, between parallel
polarized waves propagating in opposite directions, can be read by a variety of
interferometric configurations. However, to cancel the reciprocal birefringence that
is residual in the fiber, the Sagnac interferometer is the mandatory choice. The
measurement configuration based on this interferometer is well established and
readily adapted to current sensing, as shown in Fig. 5. In the interferometric readout
two right (or left) handed circularly polarized waves are launched in opposite
directions in the sensing coil by inserting quarter-wave retarders oriented at 45°
with respect to the linear polarizer P. After propagation, the two waves exhibit a
relative phase shift 2φ and, because of the folding in the winding, reappear at the
quarter wave retarders as left (or right) handed circular polarization. Thus, they are
retransformed back to linear polarized waves, parallel to the launched one, and
recombine on the photodetector yielding a beating signal I0(1 + cos2φ). Other
components in Fig. 5, as the gyroscope, serve to ensure the reciprocity in

Fig. 4 Basic polarimetric detection scheme

Fig. 5 Interferometric readout
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splitting/recombining scheme (the two coupler), to discriminate against spurious
mode errors (the polarizer P), and to impress a phase modulation PM [31] which
overcomes the difficulty of measuring φ and its sign from the signal cos 2φ [30].

The Faraday rotation is not the only effect that will modify the state of polar-
ization (SOP) of the light travelling in the fiber. Intrinsic and induced linear bire-
fringence inherent to single-mode optical fibers will indeed generate an unwanted
birefringence that will affect the SOP. The random nature of linear birefringence,
inherently present as a result of intrinsic manufacturing imperfections (core ellip-
ticity, drawing-induced anisotropic stresses), or induced by mechanical and tem-
perature perturbations, cancels the possibility of a predetermination and results in
an important distortion of the sensor output [4] when using a typical transmission
set-up. Besides, Faraday Effect is quite small, so several turns of optical fiber must
be enclosing the current conductor, increasing the induced birefringence. The most
used technique for minimization the induced birefringence is the employment of
specific optical fibers such as high birefringence and spun fibers [32–34]. Com-
pensation techniques also rely on the non-reciprocity properties of the Faraday
Effect, and that is the reason why the most used set-up is based on reflective Sagnac
interferometer [2] or two-pass optical scheme with a Faraday mirror used as a
reflector [4].

Recent research based on Faraday Effect is focused on its use as current trans-
ducer. For example, the device developed in [35] consists of a magnetic ring core
which can open and enclose the electric conductor. This sensor head acts as a flux
concentrator. The magnetic field induced by the conductor in this magnetic circuit is
concentrated in the gap containing the receptive crystal. This crystal is made of a
material with a high Verdet constant. Faraday crystal (Gadolinium Gallium Garnet
doped with Terbium) is placed in the air gap between the polarizer and analyzer and
optical fibers transmit the light to and from sensing element. The device is com-
pleted with the optoelectronic components which consist of the light source, the
polarizer, the analyzer and all the electronics needed to signal conditioning and
processing.

Another device is the one developed by the people of ABB [2]. Measurements
up to 500 kA can be accomplished with this device. Here, the basis is also the
Faraday Effect, but they do not use a Faraday crystal, just optical fiber. As the
standard SMF has a very low Verdet constant, this device has to form a coil
consisting of several turns around the electric conductor. Due to the length of the
optical fiber, low birefringence must to be used for avoiding undesired rotations of
the polarization plane. Other scheme of a polarization-rotated reflection interfer-
ometer and fiber gyroscope is used here to measure the magneto-optic phase shift. It
has some advantages as the sensor can be installed without opening the
current-carrying bus bars and that subsequent re-calibration is not necessary
(Fig. 6).
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2.3 Fabry-Pèrot Interferometers

Fabry-Pèrot interferometers are based on the multiple reflections suffered by light
when it crosses two reflective surfaces. When a light beam goes through a surface
that separates one medium from another, it is well-known that part of this beam is
reflected while other part is refracted. The refracted beam crosses the second
medium and when it reaches the second surface, that separates the second medium
from the third one, it is reflected and refracted again. This reflected beam cross the
medium and the first surface, being refracted, and it interferes with the reflected
beams of the first surface, creating a pattern of interference.

Interference pattern of Fabry-Pèrot interferometers is given by the difference of
refractive index between the different mediums, by the path length of the inter-
ferometer and by the wavelength of the light. Then, there are different ways to
change the pattern of interference of a Fabry-Pèrot interferometer: changing the
path length of the interferometer or changing the refractive index of the medium.

The first option has been used by Zhang et al. [36] for the development of an
extrinsic fiber optic Fabry-Pèrot interferometer (EFFPI). The EFFPI was simply
formed by placing two well-cleaved single-mode fibers with carefully designed
spacing and it was bonded to the surface of a Terfenol-D slab by epoxy resin.
Terfenol-D is an alloy compound of terbium, iron and dysprosium, and it presents
the highest magnetostriction of any alloy. The maximal sensitivity of magnetic field
measurement we obtained is 854.73 pm/Oe (Fig. 7).

The same phenomena has been used by Oh et al. [37], but in this case the second
surface has been chosen to be the magnetostrictive material, amorphous metallic
wire Unitika A F-10 (Fe77.5B15Si7.5). In that paper, the measurement have been
done for just one wavelength, 1310 nm, and they have obtained a resolution of 50
nT over a range of 50–40,000 nT (Fig. 8).

Fig. 6 Scheme of a polarization-rotated reflection interferometer and fiber gyroscope used in [2]

278 J. Ascorbe and J.M. Corres



2.4 Mach-Zehnder Interferometers

Although there are some modal interferometers which can be considered as MZI,
those ones will be explained in the section named Modal Interferometers and here
we are going to focus on classical concept of MZI.

Fig. 7 Schematic of an extrinsic Fabry–Perot interferometry-based dc magnetic field sensor.
Reprinted from Ki D. Oh, Anbo Wang, Richard O. Claus, “Fiber-optic extrinsic Fabry–Perot dc
magnetic field sensor,” Opt. Lett. 29, 2115–2117 (2004); https://www.osapublishing.org/ol/
abstract.cfm?uri=ol-29-18-2115, with permission of OSA Publishing

Fig. 8 Simulated results of a Fabry-Pèrot interferometer for different length of the air cavity
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Mach-Zehnder interferometers (MZI) are based on the phase difference in a light
beam that has been split into two different paths of different lengths. Both beams are
equals at the beginning of the experiment. Then, both beams arrive photodetector 1
in phase, so this photodetector will see constructive interference. On the other hand
at detector 2, in the absence of a sample, the sample beam and reference beam will
arrive with a phase difference of half a wavelength, yielding complete destructive
interference. When introducing a sample in the sample beam, the intensities of the
beams entering the two detectors will change, allowing the calculation of the phase
shift caused by the sample. All-fiber MZI sensor is built on a similar way, having
two equal arms. Then, only one of the arms is subjected to the physical parameter
which needs to be measured. Examples of both kind of MZI will be shown.

By utilizing the magnetically tunable refractive index of magnetic fluid films as
one arm, a Mach–Zehnder interferometer is designed and its feasibility is demon-
strated. The modulation of the interfered intensity was observed when an external
magnetic field was applied to the magnetic fluid film. It was further observed that
the modulation behavior can be adjusted by using magnetic fluids of various
concentrations [38] (Fig. 9).

Fig. 9 a Scheme of Mach–Zehnder interferometer with a magnetic fluid film located in one of the
arms of the MZI and b Temporal variations of (a) applied magnetic field, and the corresponding
(b) transmitted intensity through the magnetic fluid film and c interfered intensity of the Mach–
Zehnder interferometer. Reprinted from Journal of Magnetism and Magnetic Materials, vol.
297 C.-Y. Hong, S.Y. Yang, K.L. Fang, H.E. Horng, and H.C. Yang, pp. 71–75, (2006) with
permission from Elsevier
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An optical fiber MZI for magnetic field sensing consists of two single mode
optical fiber coated with a magnetostrictive jacket [39]. Spinel oxide thin film
materials included magnetite or Fe3O4, sodium modified λ–Fe2O3, nickel ferrite or
NiFe2O4 and cobalt doped nickel ferrite or Ni0.97Co0.03Fe2O3. A typical coated
fiber length ranged from 20 to 30 cm. One of the optical fiber was housed in two
solenoid coils which were used to generate the AC and DC components of the
applied external field. A function generator was used to generate the AC signal field
intensity up to 3.2 kA/m. This signal was superimposed to the DC bias field up to
13.4 kA/m. A minimum detected field of 2.5 × 10–3 A/m for an optical fiber
jacketed with 2-mm-thick and 1-m-long cobalt doped nickel ferrite was achieved.
The dimensions of this MZI make it useless as a commercial device, but it was a
first approach of all-fiber MZIs. MZIs have been also used to characterize the
magnetostrictive properties of some materials [40, 41] (Fig. 10).

Fig. 10 a Figure 1. General experimental setup of the Mach–Zehnder magnetometer; the inner
solenoid provides the high frequency signal, the outer solenoid is used to bias the ceramic-coated
optical fibre to reach higher sensitivity. BS: beam-splitter, O: objective, OSC: oscilloscope and DC
magnetic field response of the NAF jacketed fibre (b) and of the NCF2 jacketed fibre (c), higher
output is achieved with greater AC amplitude. Reprinted from Sens. and Actuators A, 84(3), 297–
302, Sedlar, M., Matejec, V., and Paulicka, I. (2000), Optical fibre magnetic field sensors using
ceramic magnetostrictive jackets, with permission from Elsevier
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2.5 Modal Interferometers

There are different ways to obtain a modal interferometer. Modal interferometers
are devices where different modes interact between them, generating an interference
pattern, that can be or not periodic.

2.5.1 Non-adiabatic Tapered Optical Fiber

One way to obtain a modal interferometer is making a non-adiabatic tapered optical
fiber. A tapered optical fiber is considered adiabatic when the transition region has a
determined slope. In general, the tapered segment of a single-mode fiber functions
like a multimode fiber that supports LP0m modes. In the analysis of a
uniform-waist SMTF, however, only the fundamental LP01 modes taken into
account. Note that excitation of the modes in the taper uniform-waist region is
produced from an adiabatic transition between this and a single-mode fiber. In this
kind of transition the excitation of the LP01 mode from the fundamental fiber mode
can be carried out with an efficiency as high as 99.5 %. Thus, the contribution of
higher-order modes is insignificant and is not used to be taken into consideration
[42]. A non-adiabatic tapered optical fiber (NATOF) operates like a Mach-Zehnder
interferometer due to the difference of the optical path between the fundamental
core mode and the higher order cladding modes. At the NATOF, the fundamental
core mode in SMF is partly coupled to the LP0m cladding modes. Passing through
the interferometer arm, part of the light traveling inside the cladding is coupled back
into the core at the end part of taper. Due to the difference between the propagation
constants of core and cladding modes, the device can be considered as a modal
interferometer [39]. NATOF used by Layeghi et al. [43] were in the range of 1.0–
1.5 cm of length and 7–11 μm of diameter. Then, this NATOF surrounded by a
water-based magnetic fluid was placed in the middle of the poles of the electro-
magnet, which generates a uniform magnetic field in the waist region of the
NATOF and perpendicular to the fiber axis. Here, wavelength shifts of 2.8 nm for
applied magnetic fields of 45 mT have been obtained, which implies a sensitivity of
7.17 × 10–2 nm/mT.

2.5.2 Single Mode-Multimode-Single Mode Structure

Other way to obtain a modal interferometer is by splicing a multimode optical fiber
between two single mode optical fibers. Single mode-multimode-single mode
(SMS) fiber structure is a well-known optical configuration, which is obtained by
splicing a multimode fiber segment (coreless MMF) between two single-mode fiber
(SMF) segments. The basic physical principle of the device is that light transmitted
through the fundamental mode of the SMF segment is coupled to several modes
into the MMF section and recoupled to the fundamental mode of the SMF at the end
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of the MMF segment [44]. Due to the phenomenon of multimodal interferometry
[45], both transmission and attenuation bands are obtained in the optical spectrum
[44, 46]. SMS structure relies on the self-imaging [44]. The principle can be stated
as follows: Self-imaging is a property of multimode waveguides by which an input
field profile is reproduced in single or multiple images at periodic intervals along
the propagation direction of the guide [45]. Particularly, the transmission bands
obtained by the self-image effect exhibit minimum losses [45], and its central
wavelength can be controlled as a function of the MMF segment dimensions,
mainly the MMF segment length and diameter [44].

Multimode interferometry in SMS devices can be used for the development of
interesting applications [44, 47–60]. Optimization of this structure has been also
studied [61]. In the research domain of sensors, devices have been developed that
permit to detect, among others, displacement, strain, pressure, temperature, relative
humidity or refractive index [46–53, 61, 62]. More recently it has been designed to
be used as a magnetic field sensor [54–58] using magnetic fluids (MF). Most of
them consists on a SMS structure and MF sealed in a capillary tube as the magnetic
sensitive media. Some variations can be found between this devices, as the type of
multimode fiber used, that can be cylindrical or square fiber, or the optical set-up
which can be a transmission or a reflective set-up. Here, we have select the most
typical magnetic field sensor based on SMS structure to show how it works.

There is also another way to develop magnetic field sensors based on SMS
structure and it consists on coating it by a thin film of a magnetic alloy [60]. Two
reasons justify the application of an additional coating. The first one is the ability to
improve the performance of the same devices without coating [60]. As an example
it has been possible to obtain a 10 fold increase in long-period fiber grating
refractometers [46]. The second reason is the possibility to use thin-films that are
sensitive to chemical compounds or physical magnitudes [63]. Thus, the presence
of a thin-film can improve the sensitivity of the measurements done with optical
devices [59].

Then, for developing an OFMFS based on SMS structure, the optical fiber was
coated with a thin film of a magnetic alloy by means of sputtering. The dimensions,
length and diameter, of the MMF segment are the critical parameters for the design
of the device. The first step to fabricate this device is to cut a 58 mm length piece of
multimode coreless optical fiber (POFC, Inc.) at 90° in both sides. Its length was of
58 mm, because it permits to obtain a higher transmission than for smaller segments
[48, 62]. Then, this segment was spliced to two standard SMF from Telnet, Inc. The
diameter of all fibers is 125 µm. The SMS structure was glued with epoxy to a
U-holder for next steps.

In [48] it has been studied the sensitivity of a SMS structure coated with a
complex refractive index material as a function of the thickness of the coating.
Materials with a complex refractive index means that they have an extinction
coefficient different from zero. When the nanocoating thickness increases the
transmission and attenuation bands present a wavelength shift, whose rate is
maximum in the proximity of a fading region. This fading region is caused by
coupling to a lossy guided mode in the nanocoating [64]. After the fading region the
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bands reappear and experiment a wavelength shift rate that is reduced as the coating
increases.

The SMS optical fiber was introduced to the vacuum chamber of a Pulsed DC
Sputtering System. The SMS was coated with a magnetic alloy of cobalt and nickel.
The materials that conform the alloy present magneto-optic properties and the alloy
is also magnetostrictive. The sputtering process was done with argon as the noble
gas. The pressure was maintained at 3 × 10–1 mbar and the current for the sput-
tering process was 40 mA. The process was monitored to stop at the exact moment
when the greatest sensitivity is achieved, which happens just before the fade region
[44]. Optical spectra acquired during the sputtering process are shown in next
figure, Fig. 11. As it can be seen, at the end of the sputtering process there is a
change on the rate of the wavelength shift, which implies that the device has its
maximum sensitivity.

Then, by placing the optical fiber inside the air gap of an electrical transformer, a
magnetic field is applied to the device. Two different experimental set-ups have
been used as a function of the measurement phenomena we are interested in. For
measuring changes in the spectrum, a DC power supply (Agilent E3614A), con-
trolled by a function generator (Hameg HM 8130), was used to apply DC current to
a transformer and the spectra were then collected by an optical spectrum analyzer
(HP 86142A). The light source was a broadband light source which consists of four
LEDs at 1200, 1310, 1430 and 1550 nm (Agilent 83437A). The current which
flows through the winding was collected by a data acquisition unit (HP 34970A).
This experimental set-up is shown in Fig. 12.

DC magnetic fields were applied to the SMS based OFMFS, and changes on the
transmitted spectrum are shown in Fig. 13. The transmission bands shift to greater

Fig. 11 Evolution of the transmitted optical spectrum as the thin film thickness increases
collected during the sputtering process
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wavelengths when an external magnetic field is applied. This is due to changes on
the refractive index of the coating. Wavelength shifts of 0.67 nm/A have been
obtained for a SMS structure coated by an alloy of cobalt and iron.

As it can be seen there is a wavelength displacement of the transmission bands as
well as changes in the optical power transmitted. Transmission bands increases their
optical power transmitted while attenuation bands decreases it. Wavelength shifts of

Hameg HM8130 Func on 
generator 

Agilent E3614A power supply 

Data Logger Agilent 34970A 
HP 86142A Op cal Spectrum 
Analyzer 

Agilent 83437A light source Transformer 

Fig. 12 Experimental set-up for the characterization of the thin-film coated SMS

Fig. 13 Optical spectrum of a SMS structure coated with a magnetic thin film and subjected to
different magnetic fields
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3 nm and changes in the optical power transmitted of 3 dB have been achieved. In
Fig. 14 it is shown changes on the transmitted optical power (measured with a
similar set-up, but changing the OSA by an optical power meter and the broadband
light source by a laser transmitter) when several current pulses were applied to the
transformer winding.

Other configuration consists of a SMS structure sealed inside a capillary tube
filled with magnetic fluid [55]. A scheme of this configuration can be seen in the
next figure, Fig. 15.

This optical structure was connected from one side to a broadband light source
and the other side to an optical spectrum analyzer. Then, an external magnetic field
has been applied to the device by means of a permanent magnet. Sensitivities of
905 pm/mT have been obtained. The wavelength of the left dip shifts monotoni-
cally from 1534.5 to 1542.5 nm when H changes from 0 and 120 Oe. Over 120 Oe,

Fig. 14 Changes on the transmitted optical power of a SMS coated with Co-Ni alloy for several
pulses of magnetic field

Fig. 15 Schematic of the magnetic field sensor. Reprinted from Optics Letter, Vol. 38 (20),
Yaofei Chen, Qun Han, Tiegen Liu, Xinwei Lan, and Hai Xiao, Optical fiber magnetic field sensor
based on single-mode–multimode–single-mode structure and magnetic fluid, (2013),
pp. 3999–4001, with permission of OSA Publishing
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the dip almost disappears. The response of the wavelength shift to H is generally
nonlinear, but between 40 and 100 Oe the response has fairly good linearity.
Spectrum collected for different values of magnetic field are shown in Fig. 16.

2.6 Fiber Gratings

2.6.1 Long Period Fiber Gratings

Long period fiber gratings (LPGs) has some desirable characteristics for their use as
optical fiber sensors. LPGs structure consists on a periodic modification of the
refractive index of the optical fiber. Several approaches have been followed to
develop LPGs. Modification of the refractive index of the optical fiber can be
obtained by exposing to UV radiation hydrogen-loaded germanosilicate fibers [65,
66], or by methods based on the physical deformation of the fiber [67], diffusion of
the core dopants in special nitrogen-doped Ge free fibers [68, 69], or refractive

Fig. 16 a Response of the transmission spectra of the sensor to magnetic field strength, b dip
wavelength, and c transmission loss change as a function of magnetic field strength. Reprinted
from Optics Letter, Vol. 38 (20), Yaofei Chen, Qun Han, Tiegen Liu, Xinwei Lan, and Hai Xiao,
Optical fiber magnetic field sensor based on single-mode–multimode–single-mode structure and
magnetic fluid, (2013), pp. 3999–4001, with permission of OSA Publishing
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index variation produced by CO2 lasers [70], CO laser [68], infrared femtosecond
laser pulses [71], ion implantation [72], or electrical discharges [68, 73–75]
(Fig. 17).

In LPGs there is a coupling of light between the guided core mode and various
co-propagating cladding modes. This coupling produces a series of attenuation
bands in the optical fiber transmission spectrum, each one centered at a different
resonant wavelength (see Fig. 10). These resonant wavelengths depend mainly on
the effective index of the coupled modes and the grating pitch [76, 77]. Although
LPGs were initially developed as rejection-band filters [78], they also present
interesting characteristics for sensing. The central wavelength of each LPG reso-
nance depends critically on the refractive index difference between the core and the
cladding, and hence any variation caused by strain, temperature, or even changes in
the external refractive index may cause large wavelength shifts in the resonances
[76, 79, 80].

Maybe the most advantageous characteristic is their small full width at half
maximum (FWHM). FWHM provides a relative measurement of the quality of the
attenuation band. LPGs have been studied for its application as humidity sensors
[80], as gas sensors [81], as biosensors [82], for strain measurements [83] and they
have been also used for magnetic field measurements [84–87].

Work developed in [84] involves the fabrication of a LPG onto a microstructured
optical fiber (MOF). MOFs with air holes running along the fiber axis provide the
possibility of filling them with functional materials. LPGs were successfully
inscribed in MOF filled with ferrofluid using a scanning CO2 laser, and a highly
sensitive magnetic field sensor was proposed based on MOF-based LPG filled with
ferrofluid. When the magnetic field strength is less than 300 Oe, is when this device
is more sensitive and there is a linear relationship between wavelength shift and
magnetic field, with a sensitivity of 1.946 nm/Oe. When the magnetic field is
greater than 300 Oe, the shift of the resonant wavelength changes slowly, as the
refractive index of magnetic fluid gets saturated.

Other set-up is that one used in [86, 87] and [88], where the LPG is sealed inside
a capillary tube and immersed into a magnetic fluid. Wavelength shifts of 7.4 nm
have been obtained in [86] for applied magnetic fields of 1700 Oe, with a maximum
sensitivity of 0.02 nm/Oe in the 0–300 Oe range. In [85, 87] it has been also studied
the wavelength position dependence of the resonance wavelength as a function of

Fig. 17 Diagram of the magneto-optical tunable filter used in [86]
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the length of the LPG that is covered by the magnetic fluid, which make it usable as
a tunable wavelength filter (Fig. 18).

2.6.2 Fiber Bragg Grating

Fiber Bragg grating (FBGs) are formed on the core of a single mode fiber by
changing its refractive index. When a broadband light goes through an FBG, the
light at a certain wavelength will be reflected while all the other light will go
through [88]. Main difference between LPGs and FBGs is the grating period which
leads to changes on the physical phenomena suffered by the light. In FBGs the light
is successively reflected while in LPGs light is coupled from a guided mode into
forward propagating cladding modes.

By using a magnetostrictive material to change the strain of an FBG according to
the magnetic field, many FBG magnetic field sensors have been developed [89–98].
Some of these devices have been developed by mounting the FBG on a magne-
tostrictive base [90, 91]. For example, in [91] the sensor head consists of an FBG
mounted on a base made of two metal alloys, Terfenol-D and MONEL 400, which
are bonded together. These materials have similar thermal expansion coefficients
while only Terfenol-D has magnetostriction. This situation allows to measure
magnetic field with temperature compensation.

Fig. 18 Transmission spectra of the magneto-optical tunable filter based on long-period fiber
gratings and magnetic fluids. Reprinted from Applied Physics Letters, 91(12), 121116, Liu, T.,
Chen, X., Di, Z., Zhang, J., Li, X., and Chen, J. (2007). Tunable magneto-optical wavelength filter
of long-period fiber grating with magnetic fluids, with permission of AIP Scitation
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But the magnetostrictive material can be also coated onto the FBG allowing to
reduce the size of the device, as in [93]. FBG has been etched with hydrofluoric
acid to reduce the cladding diameter. Then, thin films of giant magnetostrictive
material TbDyFe were coated on the etched FBG by means of sputtering. Sensi-
tivity increases for thinner FBGs achieving a maximum sensitivity of 1.08 pm/mT
(Fig. 19).

2.7 Microresonators (Whispering Galleries Modes)

There are other kind of optical structures that allows to achieve great Q factors and
that have been studied as a magnetic field sensor. Q factor is a measure of the
quality of the device as a filter and it is the ratio of the wavelength to the full width
at half-maximum [88]. Resonators are devices which consists of two optical
structures. One of them acts as the waveguide and the other acts as a coupler. Then,
light at certain wavelength guided by the first optical structure is evanescently
coupled to the second structure in the so called whispering galleries modes
(WGMs). Another point of view of the same phenomena is that the sensor is just the
coupler, and the waveguide is the way to interrogate the sensor.

WGMs are electromagnetic surface oscillations supported by dielectric mi-
croresonators with circular structures such as spheres, cylinders, disks, or toroids.
WGMs arise as a result of the trapping of light within the microresonator by almost
total internal reflections from the resonator’s curved surface. Such reflections force
the light to take on a polygonal path within the curved structure, effectively

Fig. 19 a Central wavelength shift of three FBGs deposited with the same 0.8 μm TbDyFe
coating, but with different chemically-etched cladding thickness and b Central wavelength shift of
four standard single-mode FBGs (unetched) deposited with 1 μm FeNi, 0.8 μm TbDyFe, 1 μm
TbDyFe, and 0.5 μmTbDyFe/0.5 μmFeNi respectively. Reprinted from Optics express, 17(23),
Yang, M., Dai, J., Zhou, C., and Jiang, D. (2009). Optical fiber magnetic field sensors with
TbDyFe magnetostrictive thin films as sensing materials. 20777-20782, with permission of OSA
Publishing
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confining its energy to very small volumes and thus, leading to high power densities
and high-quality (Q) factors [99]. The spectral positions of the transmission dips are
strongly dependent on the geometry of the resonator, the optical properties of the
resonator material, and its effective refractive index (RI).

Two different approaches are going to be explained here. Both of them achieve
their sensitivity to the magnetic field using magnetic fluids and are based on res-
onances, but there are some differences. The first device [99] consists on a photonic
crystal fiber (PCF) infiltrated with magnetic fluid as the sensor head. The PCF is
formed by a section of silica-fiber cylinder (LMA-10 PCF from NKT Photonics),
which has a solid core with a radius of 5 μm and a cladding with an outer radius of
62.5 μm. The cladding has an outer region formed by solid silica and an inner holey
region formed by a periodic seven-ring lattice of hollow capillaries surrounding the
core and running through the entire length of the fiber cylinder, parallel to its axis.
The hollow capillaries have a diameter (d) of 3.04 μm and are arranged in a
triangular pattern so that d=Λ = 0.5. Such a configuration can be approximately
treated as a ring resonator formed by a cylindrical silica wall with an outer radius of
62.5 μm and an inner radius of ∼45 μm (Fig. 20).

For sensor interrogation, a fiber taper with a waist diameter of 1 μm was fab-
ricated from a short length of a single-mode fiber (SMF-28). Then, one end of the
tapered fiber was connected to a superluminescent diode (SLED) and the other to an

Fig. 20 Schematic diagram of the experimental setup for the magnetic-field sensor characteri-
zation. Reprinted from Optics letters, 40(21), 4983-4986, Mahmood, A., Kavungal, V., Ahmed, S.
S., Farrell, G., and Semenova, Y. (2015), Magnetic-field sensor based on whispering-gallery
modes in a photonic crystal fiber infiltrated with magnetic fluid, with permission of OSA
Publishing
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optical spectrum analyzer. PFC and tapered fiber are in direct contact to achieve
high coupling efficiency.

Then, the device was subjected to varying magnetic fields by changing the
distance between a permanent magnet and the PFC. That varying magnetic field
causes changes on the refractive index of the MF and thus, on the characteristics of
the resonator. Then, the resonator with its new characteristics produces the reso-
nance at a different wavelength. The maximum spectral shift values observed for
each of the samples are 4.15 nm for applied magnetic fields of 40 mT. The MF
saturates at this value of magnetic field due to the complete alignment of the
nanoparticles. This lead to a sensitivity of 110 pm/mT in the range 0–40 mT.

Other approach to develop an optical fiber resonator is the followed in [100].
There, a microfiber knot resonator (MKR) has been developed. For this purpose, a
coupler fabrication device has been used to taper the fiber to diameters up to
2.92 µm. Then, a knot was made into the fiber and it was stretched until it reaches a
diameter of 500 µm. It was coated with Teflon® to protect the MKR without
sacrificing its evanescent wave interaction. It was placed into a MgF2 crystal and
then inserted into a small glass cell filled with ferro-fluid. In next figure, Fig. 21, it
can be seen a scheme of the proposed device as well as a real photo of the final
packaged device (Fig. 22).

The magnetic field was applied by placing the structure between to coils. The Q-
factor of the resonance wave of the sensor is 12400 and the resonance wavelength
in sensor transmission spectra redshifted approximately 90 pm when the magnetic
field was varied in the range from 0 to 300 Oe. The change of resonance wave-
length tends to be saturated gradually when the magnetic-field strength exceeds 300
Oe (Fig. 23).

Fig. 21 a WGM spectra generated by the LMA-10 PCF infiltrated with the MF containing 5 nm
diameter nanoparticles in the absence of a magnetic field (0 mT) and at 38.7 mT; b WGM spectra
generated by the LMA-10 PCF infiltrated with the MF containing 10 nm diameter nanoparticles in
the absence of a magnetic field (0 mT) and at 57.3 mT. Reprinted from Optics letters, 40(21),
4983–4986, Mahmood, A., Kavungal, V., Ahmed, S.S., Farrell, G., and Semenova, Y. (2015),
Magnetic-field sensor based on whispering-gallery modes in a photonic crystal fiber infiltrated
with magnetic fluid, with permission of OSA Publishing
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3 Conclusions

Development of optical fiber magnetic field sensors attract great interest, especially
for using them as current transducers in industries such as the power facility or
metallurgy industry. Several researching groups are actually working in the
development of this kind of sensors, with more than 160 groups having published
some research related to optical fiber magnetic field sensors, including universities,
researching groups and companies.

Recent research has been done taking advantage of the high changes on the
Refractive index of magnetic fluids. These materials are relatively easy to develop

Fig. 22 Transmission spectra
of the sensor under different
magnetic-field strength.
Reprinted from Optics letters,
37(24), 5187–5189, Li, X.,
and Ding, H. (2012), All-fiber
magnetic-field sensor based
on microfiber knot resonator
and magnetic fluid, with
permission of OSA
Publishing

Fig. 23 Transmission spectra
of the sensor under different
magnetic-field strength.
Reprinted from Optics letters,
37(24), 5187–5189, Li, X.,
and Ding, H. (2012), All-fiber
magnetic-field sensor based
on microfiber knot resonator
and magnetic fluid, with
permission of OSA
Publishing
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and they have been proved successfully for their use as the cladding of several
optical fiber structures and the development of magnetic field sensors. However,
they have some disadvantages as the need of introducing the optical fiber inside a
capillary tube and sealing it. This set-up gets worse one of the advantages of the use
of optical fibers as sensors: their small size. Nevertheless, their weak point is their
long-time behavior and their response to hard environmental conditions.

On the other hand, there are some optical fiber magnetic field sensors that have
been developed by thin film coatings over an optical fiber structure. Probably, these
kind of sensors have a longer useful life and better behavior for hard environmental
conditions, but they show lower sensitivity to external magnetic fields than mag-
netic fluids.

Regarding sensitivities of the different structures commented here a table is
shown, trying to resume the most important parameters (Table 1).

Although Faraday Effect was discovered in 1845, there still are some research
involving this phenomenon. Main research about this kind of devices is related to
improvements about the accuracy of the measurements as well as more precise and
simpler ways to measure the rotation of the plane of polarization.

Finally, it should be commented that the magneto optic Kerr effect has not been
mentioned here because there are relatively few devices developed exclusively on
optical fiber. For measuring MOKE other configurations, as the Kretschmann
configuration [101], are usually used. However, it can be used for measuring
electric current measurement [102] although it is not the most habitual approach.

Table 1 Different structures, materials and characteristics of the devices

Optical
structure

Material Effect Sensitivity
(pm/mT)

FWHM Range
(mT)

References

Fabry-Pèrot Terfenol-D Magnetostriction 8547 ∼3 nm 0–90 [36]
NATOF Magnetic

fluid
Magnetorefractive 71.7 >20 nm 45 [43]

SMS Magnetic
fluid

Magnetorefractive 905 ∼10 nm 12 [55]

LPG Magnetic
fluid

Magnetorefractive 160 ∼10 nm 160 [86]

FBG TbDyFe Magnetostriction 1.08 – 50 [93]
Resonator
PCF

Magnetic
fluid

Magnetorefractive 110 ∼2 nm 40 [99]

µK not
resonator

Magnetic
fluid

Magnetorefractive 3.3 ∼250 pm 50 [100]
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Sensing at Terahertz Frequencies

P. Rodríguez-Ulibarri and M. Beruete

Abstract In this chapter a review of sensing applications working at terahertz
(THz) frequencies is performed. Firstly, an introductory section putting in context
the THz regime and highlighting particularities and potential applications at this
frequency band is outlined. Then, a comprehensive examination of sensing solu-
tions following different technologies investigated during the last two decades is
presented. Special attention is given to the fibre optics solutions and free-space
approaches based on metasurfaces. Finally, plasmonic sensing platforms and
waveguide solutions are discussed as well.

1 Introduction

The terahertz (THz) band is usually defined as the spectral region that lies between
microwaves and far-infrared. It is generally accepted that it extends from 0.1 to 10
THz [1], but there is not a total consensus about its exact limits yet. For example, some
scientists extend the upper limit up to 30 THz, in contradiction with the classical
infrared band limits used in optics that puts the far-infrared boundary at 1 THz.
Likewise, the lower limit of 0.1 THz does not agree with the classical band classifi-
cation of microwave engineering, wherein millimetre-waves cover the frequency
span from 30 to 300 GHz. This disagreement comes from the intrinsic multidisci-
plinary character of THz, with scientists and technologists of multiple and varied
disciplines sharing knowledge and working together to devise new devices and
concepts in this relatively new band. That being said, and being aware that it is still
under debate, in this chapter we will consider that the THz band goes from 0.1 to 10
THz, which is the most accepted definition so far. Figure 1 shows the electromagnetic
spectrum wherein the different frequency ranges are delimited. Since depending on
the background of the reader, he or she might be used to work in terms of wavelength,
wavenumber, or frequency, the correspondence units are also outlined.
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Until recently, the THz range was known as the “THz gap” due to the lack of
efficient and cost-effective generators and detectors. In fact, for a long time there
were only two main niches for THz applications, astronomy and spectroscopy. The
classical THz sources were based on tubes (carcinotrons, klynstrons and backward
wave oscillators) and free electron lasers (FEL). Those solutions were bulky,
expensive and had low efficiency. Similarly, classical THz detectors usually relied
on bolometers which need to be cooled at cryogenic temperatures. The situation
changed completely with the emergence of new THz generation techniques based
on optical rectification and photomixing plus new genuine THz sources like
quantum cascade lasers (QCLs) as well as the improvement of classical microwave
up-converters based on solid state multipliers, on the one hand, and new, cheaper,
and user-friendly detectors as those based on photomixing or microwave hetero-
dyne detection, on the other hand. These discoveries paved the way towards
affordable complete THz systems leading soon to Time Domain Spectroscopy
devices working at THz (TDS-THz) that contributed decisively to the populariza-
tion of THz research. In practice, one should find the most appropriate
generation/detection approach depending on the application. The evaluation of
these methods is beyond of the scope of this chapter, so the reader is encouraged to
consult excellent review articles and books treating the subject [1–3].

Bridging the THz gap has opened many potential applications. This has gen-
erated a feedback process where applications push technology leading to a constant

Fig. 1 Electromagnetic spectrum and its associated applications
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improvement. For example the revolutionary space applications envisioned with
THz have led to significant advances in sources, detectors and other THz compo-
nents [4] producing a cross-fertilization that has been also transferred to ground
applications. An example of massive modern technology that can get a direct benefit
of the advances in THz research is the field of communications. Nowadays there is
an increasing demand of high data rates for multimedia applications in portable
electronic devices like tablets and smartphones. This requires high-capacity, as
derived from Shannon’s theorem. The THz band offers a wide bandwidth with the
capability to achieve terabyte data rates communications, improving by a factor of
more than 103 the fastest communication systems currently available. However,
there are some hurdles that limit the performance of THz waves for data trans-
mission. First, the atmospheric absorption is very high at these frequencies (mainly
due to the presence of water vapour absorption bands). Secondly, even in absence of
absorption loss, the short wavelength of THz radiation entails short wireless prop-
agation distances, as deduced from the direct application of the Friis transmission
formula. For these reasons, THz communications are still in a research stage and
have not been exploited yet but the perspectives are very promising, especially at
certain scenarios such as indoor communications, short-distance devices or point to
point communications, short range secure communications, and so on [5, 6].

Another field that has experienced a rapid development is THz spectroscopy. At
THz waves some large-size molecules of biological and biomedical interest such as
amino-acids have special fingerprints which allow their identification in this band.
In particular, THz waves have a wavelength comparable to vibrational motion
modes of bending, stretching or torsion of macromolecules. This opens up new
possibilities for detection and sensing applications in a variety of sectors such as
security [7], pharmaceutical [8], biomedicine [9], etc.

Although an exhaustive compilation is impossible due to space restrictions, it
should be clear from the previous paragraphs that the THz range holds promise in
numerous and diverse applications. Here, in conformity with the subject of the
book, we will concentrate on sensing applications. In this context, THz comple-
ments other frequency bands, offering new opportunities for detection of substances
and materials. As mentioned above, with THz waves one can collect and extract
valuable information (molecular bonds, concentration …) from
transmittance/reflectance and absorbance measurements thanks to their microscale
wavelength. This information can be obtained from direct characterization on the
target sample followed by a data analysis post-processing. With this approach it
might be necessary to prepare sample pellets as an intermediate step, which is a
timely task and subject to experimental errors, increasing the degree of uncertainty
in the experiment. This type of sensing will be covered in the first part of the
chapter.

Alternatively, a more “engineer-oriented” approach can be taken, in which
engineered platforms (devices, reactive substances…) are employed to enhance the
response of the measured material. Furthermore, adequate sample channels can be
designed and optimized depending on the sample form (solid, fluid, liquid or
gaseous) to minimize the amount of the required analyte for a successful detection.
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This approximation definitely expands the possibilities of THz sensor design,
enabling different perspectives and technologies, so we will dedicate a significant
part of this chapter to cover it in detail.

This chapter is organized as follows: Sect. 2 presents a review of some bio-
logical, chemical and security sensing applications with direct detection. In Sect. 3,
sensors based on THz fibre optics solutions are outlined. Section 4 deals with
metasurfaces, i.e. resonant thin-film devices with a metallic pattern that provide a
strong field concentration allowing for an enhancement of detection of the material
under test. This is a very active field with very promising perspectives. Therefore,
we will perform a detailed review of the latest achievements. Section 5 is devoted
to the discussion of sensing solutions based on guiding structures such as metallic
and dielectric guides or surface waves platforms relying of surface plasmons
polaritons (SPP). Finally, Sect. 6 covers other THz sensor alternatives based on
microwave classical components such as waveguides and transmission lines.

2 THz Sensing: Biosensing, Imaging

As mentioned in the introduction, THz waves are promising in biosensing appli-
cations given that their wavelength is comparable with intramolecular vibrational
modes. For this reason, an exhaustive research activity has been carried out in
chemical, biological and biomolecular sensing. Another discipline where THz
science has had a great impact is in security applications. For example, THz waves
have been used to detect hazardous materials, such as explosive compounds. This
topic has strong bonds with THz imaging techniques [10] of major importance in
multiple applications such as dental caries detection, observation of water content in
leaves or see-through-cloth cameras, able to detect concealed weapons that are
nowadays operating at some airports. In this section a literature review of works
related with these topics is presented. Due to the vast amount of bibliography, this
list cannot and does not pretend to be exhaustive. In turn, some selected examples
have been extracted which in the authors’ opinion, are representative of the great
deal of effort made by worldwide scientists in the development of the THz tech-
nology and applications. Of course, this appreciation is completely subjective and
hence we apologize in advance in case we have overlooked relevant works that
should have been included here.

2.1 THz Biosensing: Studying DNA

The analysis of deoxyribonucleic acid (DNA) macromolecules by means of THz
spectroscopy was a very active research topic at the beginning of the 21st century.
Several research groups focused their efforts on the THz regime searching for a
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spectral evidence of DNA phonon resonances below infrared (IR) frequencies. The
motivation of these studies was triggered by previous investigations on DNA
macromolecules conducted at far/mid IR frequencies [11] and microwave regimes
[12–14], devoted to either finding or refuting spectral fingerprints of DNA mole-
cules in those regimes. In addition, although theoretical calculations predicted DNA
phonon resonances at THz, the absence of an experimental evidence was an extra
stimulus to inspect it in detail. In this context, two different experimental approa-
ches were followed: Fourier Transform Interferometry (FTIR) spectroscopy and
TDS-THz. FTIR offers broadband measurements and a well-stablished technology,
borrowed from infrared. Nevertheless, with this technique, THz radiation is usually
detected using bolometers which need cryogenic cooling for operation. On the
contrary, TDS-THz is a more recent technology developed specifically for the THz
band. It has narrower operation bandwidth than FTIR but a clear advantage is its
capability to retrieve the magnitude and phase of the transmitted and reflected
signals [15].

An example of FTIR characterization of commercial DNA chains, among other
materials, between 0.3 and 0.75 THz can be found in Ref. [16]. Figure 2 shows the
transmission derivative with respect to the frequency of 20 averaged spectra for
herring and salmon DNA samples measured between 10 and 25 cm−1 (0.3 and 0.75
THz) obtained for identical orientation of the DNA chains. It can be observed that
although many common resonance modes exist in the DNA of both species, there
are also differences that can lead to species identification with the appropriate data
post-processing. In fact, the same authors studied the applicability of artificial
neural network in the quest of discrimination and recognition between different
DNA molecules [17].

Another route for THz spectroscopy analysis of DNA biomolecules was
investigated in the framework of TDS systems [18–21]. In these studies, label-free
probing of the binding state of DNA molecules was pursued in contrast to tradi-
tional labelling techniques with fluorescent chromophores [19–21]. While in Ref.
[19] the capability of THz techniques for discerning between hybridized (double

Fig. 2 Differential
transmission averaged over 20
spectra for herring and salmon
DNA samples. Reprinted
from [16] with the permission
of AIP Publishing
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stranded) and denatured (single stranded) hybridization states was demonstrated, in
Refs. [20, 21] a passive THz resonator based on planar waveguide technology
working as a transducer was proposed. Figure 3a shows a schematic of the sensor
device and the response with and without a DNA sample with different binding
states. In the spectrum of Fig. 3b, it can be observed a redshift and a reduction of
the transmitted level when the DNA is present. Moreover, the redshift is larger for
the hybridized DNA than for the denatured case, in concordance with the refractive
indexes evaluated in Ref. [19]. However, it should be mentioned that Ref. [22]
noted some skepticism about the results obtained in previous references. The main
objections were related to the amount of sample (layer thickness) that was sufficient
to be observed. However, additional experiments [23, 24] support the results of

Fig. 3 a Top Bird’s-eye view of the applied THz device structure. Middle Cross section of the
thin-film microstrip line using gold for the signal lines and benzocyclobutene (BCB) as a low-
k dielectric substrate. Bottom Bird’s-eye view of the bandpass filter. b Magnitude of transmission
parameter S21 of the band-pass filters unloaded and loaded with denatured or hybridized DNA
films. Reprinted from [20] with the permission of AIP Publishing
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Ref. [20]. In any case, these works are good examples to demonstrate the potential
application of a resonant structure for sensing purposes.

Aside from DNA characterization, multiple examples of other kinds of
biosensing applications can be found in the literature. For instance, two different
strands of artificial ribonucleic acid (RNA) were characterized and identified via
THz-TDS techniques [25]. In the same work, THz imaging was also applied for
identification purposes. The spatial resolution obtainable with the THz-TDS system
under free-space propagation and apertureless focusing of the THz beam was close
to the diffraction limit. This limit could be overcome by applying confining tech-
niques of the THz electric field. A thorough review on chemical spectroscopy and
imaging with THz-TDS compiling the previous examples and other works can be
found in a publication from the same authors [26].

2.2 THz Sensing for Security and Health Applications

Security and public health applications are very important for obvious reasons.
Early detection of hazardous materials is crucial in crowded public areas, such as
airports or railway stations. On the other hand, human rights of people in terms of
privacy and healthcare must be preserved. In this way, non-invasive and
non-ionizing radiation techniques are preferable for security scanners. THz radia-
tion fulfils these requirements and hence it has been a very active application field
since the beginning. A quite complete compilation of examples can be found in Ref.
[7]. Here, only some relevant cases will be outlined.

THz-TDS and FTIR techniques were tested for THz security applications in
[27]. There, a comparison between both approaches was made to ascertain the
absorption features of the explosive 1,3,5-trinitro-s-triazine in the THz band
working in transmission mode, with good agreement between both methods.
However, it is important to note that transmission measurements have some limi-
tations for characterizing bulky samples, as most of the energy might absorbed
leaving only a tiny part at the detector and making the detection very challenging.
For this and other reasons, working in the reflection mode is usually preferred, as
was done in [28, 29] also for explosive material detection. THz radiation is also
ideally suited for see-through-cloth imaging, able to detect weapons (knifes, guns,
explosives, etc.) under several layers of clothing. This was analyzed in detail in [30,
31]. Finally, another application related with public healthcare issues where THz
spectroscopy has been demonstrated to be promising, is the detection and identi-
fication of illicit drugs [32, 33]. For instance, a multispectral pattern analysis has
been effectively applied to distinguish between methamphetamine, MMDA and
aspirin samples concealed in mail envelopes [32].

In this section a concise overview of THz spectroscopy and imaging applications
investigated during the last 20 years has been provided. Most of the mentioned
examples relied on transmission, reflection, or imaging results of the bare substance
to be detected or alternatively, mixed with other compounds in pellet forms.
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Currently, some of the revolutionary ideas based on these principles are already
implanted and working (e.g. 3D-THz scanners). THz for security and health
application is thus very promising, but more research is still needed to achieve
faster, cheaper and more sensitive sensor platforms. In the subsequent sections, THz
sensors based on different technologies will be presented.

3 Sensing THz with Dielectric Waveguides (Fibres)

Throughout all this book, different fibres optics based sensor solutions have been
proposed for a large number of applications in different ranges of the electro-
magnetic spectrum. In this chapter, we focus on the THz band. From an electro-
magnetic point of view, optical fibres are dielectric waveguides. As is well-known,
the light confinement and guidance is due to the index contrast between the core
and the cladding. Thanks to their geometry, they are flexible and bendable, which
are highly desirable features for sensing applications since it permits to insert them
in places difficult to reach. For instance, it is relatively easy to design an endoscope
for medicine applications using optical fibres.

Due to the different operation regime, one can expect a very different behaviour
of standard optical fibres at THz. To begin with, the materials that compose the
fibres are dispersive (the constitutive parameters of any natural material change
with frequency) and one can find that materials with low loss at optics have sig-
nificant absorption peaks at THz. This implies that standard optical fibres are not
directly applicable to THz and new strategies and materials must be found. His-
torically the first dielectric waveguides at THz were proposed in the early years of
the 21st century by using sapphire and plastic ribbon materials [34, 35]. To date,
photonic crystal fibres (PCF) [36, 37], subwavelength plastic fibres [38], low-index
discontinuity fibres [39], anti-resonant pipe waveguides [40–42], ferroelectric
cladding [43], micro-structured cladding with air core [44, 45] and porous core
fibres solutions [46, 47] have been also investigated. From this succinct list, it is
clear that THz guiding using solutions inspired by optical fibres is a quite active
field of research in the field of communications. However, sensing applications
have not received as much attention yet. In the following, we will present some
examples of sensors based on dielectric waveguides at THz frequencies.

To begin with, biochemical sensing by means of photonic crystal waveguides
(PCW) [48] and a coupled resonator optical waveguide (CROW) were investigated
by Kurt et al. [48, 49]. In the former solution, the propagation characteristics of the
PCW can be modified by introducing an analyte material inside the holes of the
PCW. The CROW is the resonant version of the PCW and is achieved by including
defect holes of different radii and filling them afterwards with the analyte material.
Sensing is achieved by measuring the shift of the resonance frequency.

Another example that has been theoretically analysed as fibre-based THz sensing
device for gases is an air-porous Teflon fibre coated with a ferroelectric
polyvinylidene fluoride (PVDF) layer [50, 51]. The sensing principle here relies on
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a surface wave (plasmon) that is excited at the PVDF/air interface when a phase
matching condition is satisfied. This condition is sensitive to changes of refractive
index of the analyte and therefore can be used for sensing purposes.

An experimental demonstration of a sensor device based on an anti-resonant
reflecting waveguide (ARRHW) can be found in Ref. [52]. The sensing device
consists of a hollow polypropylene (PP) tube that allows sensing fluids by measuring
the spectral variation of the resonance when the fluid is injected inside the tube. The
same authors proposed another fibre-based dielectric pipe waveguide in which
sensing can be done by loading the porous cladding with powder sample or by
injecting a gas inside the hollow inner core [53]. The cross section of the dielectric
pipe waveguide is shown in Fig. 4a. A bird’s eye view of the porous cladding
showing the hole diameter (a) and the dimensions of the triangular lattice (b and c),
is presented in Fig. 4b. The dimensions can be found in the figure caption. Exper-
imental and simulation results are shown in Fig. 4c. There, the normalized trans-
mission power obtained for powder compositions of melamine and tryptophan with
different concentrations are shown. The shift of the resonance varies depending on
the effective refractive index with different melamine/tryptophan concentrations.

Fig. 4 a Cross section of a PP-pipe-waveguide sensor with an inner diameter Din = 12 mm.
b Top view of the porous PVC adsorber. Dimensions: a = 1.1 mm; b = 1.4 mm and c = 2.7 mm.
c Top Measured spectral positions of 1st-order resonant waves for different adsorbed powders in
the outer cladding. Bottom Simulated spectral positions of 1st-order resonant waves. Reprinted
from [53] with permission of the Optical Society of America
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Simulation results with show a good agreement with the experiments, as it can be
proven by comparing the upper and bottom plots of Fig. 4c.

Finally, another structure that was borrowed from optics and transferred to the
THz regime, are filters based on Bragg gratings printed on a polymer fibre. They
were developed at THz in Ref. [54] and used as sensing devices for paper quality
monitoring and temperature distributed sensing [55, 56]. A stop-band is created by
the Bragg grating which can be shifted in frequency when successive paper layers
are added. It was observed that as the number of paper layers was increased, a larger
frequency shift was obtained along with a reduction in the transmission level.

From the previous paragraphs, it can be concluded that devices based on fibres
have an enormous potential for sensing applications within the THz range. As
described above different sample forms can be sensed (powders, fluids and gases)
with relatively simple architecture. This is the main advantage with respect to the
metallic waveguide approaches that will be shown later. Fibres offer flexibility and
conformability of the device which is a critical feature in medicine applications, for
example.

4 THz Sensing with Frequency Selective Surfaces
and Metasurfaces

In this section a review of different devices based on resonant structures for
thin-film sensing THz applications is performed. Here the approach is radically
different to fibre solutions. Instead of having a guided wave we work with waves
travelling in free-space that hit an engineered screen producing a response (typically
a resonance) that can be used for sensing. It is worth mentioning that this approach
is currently one of the most active and popular fields of research for sensing
applications at the THz regime. For this reason, we give it a great deal of attention
in this chapter. Before getting into details, a short introduction about the funda-
mentals and brief history of these structures is presented. This introduction would
be helpful for contextualize the growing relevance of this sensing solutions within
the last few years.

The first group of structures treated here are the so-called Frequency Selective
Surfaces (FSS). FSS are two-dimensional periodic resonant structures, usually
composed of metallic elements (slots or patches), which can have band-pass or
band-stop behaviour, and whose element dimensions are comparable with the
resonant wavelength (typically about half or one wavelength). They have been
classically used in radar systems since the 1970s as antenna hybrid radomes to
deflect the frequencies out of the range of interest, reducing the radar cross section
(RCS). Other classical applications for FSS are dichroic subreflectors (transparent at
the operation frequency and opaque for other frequencies), circuit analog absorbers
and meanderline polarizers [57]. All these examples have in common that a
broadband operation is usually sought to optimize communication systems.
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In sensing applications the peak or dip (depending on the character of the FSS,
one can have either band-pass or notch response) that takes place at resonance is
used as a reference. Ideally, the resonance frequency should be shifted when an
analyte sample is placed near the structure. The performance on the sensor is
customarily evaluated in terms of the maximum frequency shift and the linewidth of
the resonance. Hence, for optimal sensing, narrowband FSS devices are preferred.

Metasurfaces are the second group of devices considered in this section. Meta-
surfaces evolve from metamaterials and can be considered the two dimensional
version of them. Metamaterials are usually defined as manmade structures that
exhibit exotic electromagnetic responses that cannot be observed in nature. They
have received a great attention, becoming one of the most active fields of research
since their advent at the beginning of 21st century, leading to important break-
throughs such as the experimental demonstration of negative refraction [58, 59] and
invisibility cloaks [60, 61]. Metasurfaces are the ultimate hot topic in this field and
are nowadays used for a variety of exotic applications like cloaking devices,
polarizers, chiral structures, beam-steerers, analog computing and also for sensing
[62–66]. In essence they are very similar to FSS, being the most substantial differ-
ence the element size. While in FSS the dimensions are comparable to the operation
wavelength, for metasurfaces the dimensions are eminently subwavelength. In some
occasions, the term metasurfaces and FSS are used interchangeably, given that both
usually consist of a thin dielectric substrate with a metallic pattern printed on it.1

Here we will ascribe to this trend and will not distinguish between metasurfaces and
FSS in the upcoming sections. In favour of this decision is the fact that the appli-
cation of FSS for sensing purposes is relatively new and has been boosted by
metasurfaces research. Therefore, in the next lines, FSS and metasurface terms will
be used depending on the references cited. The reader should just keep in mind that
they are used equally as free-space and thin-film solutions for sensing applications.

Before going into an exhaustive description of the different FSS/metasurfaces
sensing platforms we briefly define the parameters used to evaluate their perfor-
mance. We will use the sensitivity, S, which in resonant systems is given by the
frequency/wavelength shift of the resonance as a function of the sample index of
refraction (S = Δf/Δn = Δλ/Δn). The units are [Hz/RIU] or [m/RIU] (RIU: refrac-
tive index unit). However, S, is also related to loosely-defined parameters such as
the required “amount” of sample for operation. In this context, it can be the film
thickness or the concentration of the chemical component to be detected [67].
Another important parameter of a sensor is the spectral linewidth. To enhance the
selectivity of a sensor, narrowband resonances are required which is equivalent to
having a small full wave at half maximum (FWHM) parameter or high Q-factor.
A figure of merit (FoM) can be defined as the ratio (product) between S and FWHM
(Q). With the FoM the overall performance of the sensor can be evaluated in a
single number.

1This definition is not general, as fully dielectric metasurfaces are also becoming very popular for
THz and infrared applications.
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4.1 FSS and Metasurfaces Based on Resonant Rings

Both FSS and metasurfaces are presented here as high sensitivity and free-space
sensor solutions. In contrast with waveguide sensors, metasurfaces can lead to
sensor implementations with sensing and the readout in different positions, a feature
which is very convenient for disposable sensors in applications where contamina-
tion between samples is critical and must be avoided. One of the very first refer-
ences devoted to FSS THz sensors came out in 2007 [68]. There, a two dimensional
array whose elements were asymmetric double spring rings was proposed for
thin-film sensing application. It was observed that the FSS resonance was redshifted
in presence of a layer of biological material (simulated as an homogeneous layer
with constant permittivity) placed on top of the patterned substrate. Additionally, a
study of the position of the analyte was performed confirming that it should be
within the area of high E-field confinement to effectively shift the resonance. In the
case studied there, the E-field at resonance is strongly confined at the ring gaps.
Figure 5 shows a summary of the main results. The shift of the resonance, denoted
as dual resonance feature (DRF) is shown for two different scenarios: one with the

Fig. 5 DRF frequency shift upon dielectric loading (εr = 3.2) with a 10-nm-thick film. a Loading
covers the complete surface. b Partial loading (27.5 × 27.5 µm2 area) at the position of maximum
E-field concentration. Inset The E-field in the resonator plane shows a strong concentration (white)
at the ends of the arcs. Parameters: f = 875 GHz, amplitude of excitation 1 V/m. Reprinted from
[68] with the permission of AIP Publishing
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analyte covering the whole unit cell area (see Fig. 5a) and another with a small
brick lying on top of the ring gaps (see Fig. 5b). Additionally, the field distribution
at resonance is depicted in the inset confirming high concentration of E-field within
the gaps of the rings.

This work paved the way for an intensive research on asymmetric periodic
structures for sensing applications. Only a year later, thin-film sensors based on
asymmetric rings were proposed in the microwave regime [69]. Recently, more
advanced structures have been explored in the quest for high Q-factor sensing at
THz, also based on asymmetric rings configurations [70–72].

Traditional split ring resonators (SRR) with a single axis of symmetry have been
also investigated [73]. There, silicon (Si) nanospheres of 50 nm diameter (corre-
sponding to 0.004λ at 1.2 THz) were spin-coated on a thin film SRR metasurface,
producing a displacement of the resonance. In this case, it is important to highlight
the reversibility of the system since the deposition can be removed to return to the
original response of the SRR metasurface. Furthermore, other SRR based examples
can be found for determination of solution concentration in aqueous solutions in the
THz band [74]. In the context of SRR metasurfaces, it is worth mentioning a very
interesting article by J. O’Hara et al, in which the strengths and limitations of this
technique are discussed in detail [75]. There, for instance, a limit for the maximum
analyte thickness to reach frequency shift saturation is given. This feature is con-
nected with the maximum effective permittivity that permits to consider the sub-
strate thickness of the FSS/metasurface semi-infinite at the operation frequency
[57]. Additionally, the sensing limitation for analytes with small thicknesses is also
described and compared to optical solutions. At difference with optical solutions,
THz thin-film sensors are able to sense large changes of permittivity offering a great
perspective for advanced sensor applications.

Aside from SRR, other ring shapes can be found in the literature for THz
metasurface sensors. For instance, a metasurface composed of subwavelength
metallic square rings with a capacitive gap in the middle was proposed for the
detection of microorganisms [76]. Figure 6a shows a schematic of the metasurface
with the microorganisms on top. An enhanced SEM-microscope image of the unit
cell and a magnified image of the micro-gap are shown in Fig. 6b. The metasurface
elements were designed to have gap dimensions of the order of the size the
microorganisms deposited (penicillia, yeasts, etc.). The strong field concentration at
resonance allowed for a detection of the microorganisms laying near the
gap. A numerical study confirmed the dependence of the microorganism position on
the detection capability. To improve the design and make it less sensitive to the
exact analyte location, it could be proposed the enlargement of the area with strong
field confinement by implementing more complex ring shapes. From the previous
examples, it is beyond any doubt that this type of devices are a great step forward
towards future high performance lab-on-a-chip biosensors. Although these are just
the initial steps towards practical applications in areas as diverse as biological and
chemical sensing, one can envision the future development of high-performance
and advanced devices based on these ideas.
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4.2 Classical Dipole FSS Based on Sensors

In the previous section, we have presented metasurface sensors based on ring
elements with diverse geometries and features. In occasions the design of the rings
entail very small details that may be difficult to fabricate due to tolerance errors. For
these reasons, simpler FSS classical structures have been proposed as an alternative
[77]. A popular example is the cross-dipole array. The design process is relatively
straightforward as the resonance frequency occurs when the length of the cross arm
is approximately equal to a half-wavelength. In addition, under normal incidence
excitation, this structures is polarization independent, which might be advantageous
in some cases where polarization of the wave cannot be controlled. Moreover,
under oblique incidence the performance of the sensor can be enhanced thanks to
the excitation of additional resonance dips which can be extremely narrow.
Specifically, for transverse magnetic (TM) incidence a mode is excited leading to a
small and narrow resonance, with high Q factor and hence high FoM. On the other
hand, for transverse electric (TE) incidence this mode cannot be excited. Figure 7a,
b show simulation results of a cross-dipole operating around 0.7 THz under oblique
incidence TM and TE, respectively (θ = 45º), designed for thin-film sensing, using
as analyte a thin photoresitive layer of permittivity εa ≈ 2.855 loss tangent tanδa ≈

Fig. 6 a A schematic
presentation of THz
metamaterials sensing of
microorganisms. b A
color-enhanced SEM image
of metamaterials coated by
penicillia. (Inset) Magnified
image of the fungi located in
the micro-gap. Reprinted by
permission from Macmillan
Publishers Ltd: Scientific
Reports [76], © (2014)
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0.05 and two different thicknesses ha = 9 and 20 µm. Figure 7c shows the fre-
quency shift (Δf) for the dipole resonance (fres) in percentage ([Δf/fres] × 100)
versus the angle of incidence (θ). The maximum obtained FoM value versus θ is
shown in Fig, 7d. As it can be seen, the maximum frequency shift (Δf) for the dipole
resonance (fres) is about 18 and 24 % for ha = 9 and 20 µm respectively. It is
remarkable the enhancement of the FoM value (up to 0.6 for θ = 70º and ha =
20 µm) under TM oblique incidence due to the appearance of the bent mode
resonance (that occurs at f = 0.832 THz for a refractive index n = 1), as shown in
Fig. 7a.

This is only an example of a classical FSS based on dipole arrays working at
THz. It serves to put in context the potential of FSS structures to develop sensing
platforms with a good performance and polarization independent features under
normal incidence. Moreover, oblique incidence opens up new possibilities for
sensing, due to the appearance of new resonances which might be narrower, giving
as a result a better FoM.

Fig. 7 a Simulated transmission results for the prototype with an analyte of thickness ha = 9 µm
and θ = 45º (TM polarization) Insets Simulated surface currents for the fundamental (left) and
bend mode (right) resonances. b Same as (a) for TE incidence. c Maximum frequency shift versus
angle of incidence for ha = 9 and 20 µm under TE (solid lines) and TM (dashed lines) excitation.
d Maximum FoM vs. angle of incidence for ha = 9 and 20 µm under TE (solid lines) and TM
(dashed lines). Reprinted from [77] with the permission of AIP Publishing
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4.3 Metallic Grid Meshes

Another set of FSS structures that can be found in the literature as sensing platforms
are metallic meshes with holes. This kind of structures have their roots in the
seminal works of Ulrich, published back in the 1960s [78, 79] and present a
band-pass character. Metallic meshes were proposed for sensing by Miyamaru et al.
some years ago [80, 81]. In [80] the sensing performance of a metallic hole array
(MHA) working at 0.25 THz was demonstrated by placing clear and printed paper
sheets on top of the device and measuring their response. It was demonstrated that
printed paper could be identified by observing the transmission band redshift even
though the ink thickness was approximately only 5 µm. In [81] a similar approach
was used for protein detection. An electroformed nickel MHA was designed
operating at 2.8 THz. Different concentrations of horseradish peroxidase protein
were dissolved in water and printed on top of the MHA. It was observed that the
shift of the transmission dip was larger at higher protein concentrations.

More recent works involving metallic-meshes for other THz biosensing appli-
cations such as the determination of molecular binding states at approximately 0.7
THz have been investigated by Hasebe et al. [82, 83]. In these studies a narrow dip
that appears at the transmission band due to asymmetric modes excited under
oblique illumination of the structure is exploited for detection. Figure 8 shows a
schematic and some results extracted from Ref. [83]. There a metallic mesh with
square holes was studied. A dielectric film of 125 µm of thickness was placed on
top of the structure and its response was calculated by finite difference time domain
(FDTD) simulations. A plot showing the relation between the refractive index of the
analyte and the frequency shift of the dip is shown in Fig. 8d. In [84] similar
devices were proposed operating at THz and far infrared (1, 10 and 40 THz).

As it can be seen, bandpass structures by means of metallic sheets with drilled
holes can be used as free-space sensing devices. To date relatively thick metallic
meshes have been used. However, the combination of a dielectric substrate with
thin metallic plates could open new possibilities that could be investigated in the
future for sensing applications.

4.4 Metasurfaces Based Absorbers for Sensing

Electromagnetic absorbers have been traditionally used at microwaves for different
applications. Perhaps the most important ones are reducing the radar cross section
(RCS) of objects as well as avoiding unwanted reflections in anechoic chambers for
antenna testing. With the advent of metamaterials, this field has been revisited and
new and more sophisticated absorber solutions have been proposed [85, 86].

In previous subsections, FSS/metasurfaces have been introduced as two
dimensional arrays of metallic patches (or the complementary elements, slots on
metallic sheets) patterned on a dielectric substrate. By backing the dielectric
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substrate with a ground plane and choosing judiciously the substrate thickness,
perfect absorption can be achieved at the resonance frequency. In these conditions,
the reflection coefficient from the metasurface is ideally zero and the energy is
dissipated by the losses of the metallic layer and the dielectric substrate. This
response can be exploited for thin-film sensing, since the absorption peak is usually
very narrow and sensitive to an analyte placed on top of the surface.

Cross dipole arrays absorbers, in both patch and slot versions, have been pro-
posed for sensing at THz with very competitive FoM values with respect to
ground-free metasurfaces [87]. The main drawback in this particular case is the
bulkiness of the devices since the ground plane is printed on top of a Si substrate.
Nevertheless, lately, this issue has been overcome by using thin flexible polymers
and optical lithography. In this way, an ultrathin flexible absorber sensing device
with multispectral response at the THz has been successfully demonstrated [88].
The unit cell elements are small metal strips surrounded by two additional C-shaped

Fig. 8 a Schematic representation of the metallic mesh structure. b Transmission spectrum in the
THz region of the metallic mesh with g, b, and t values of 302, 74, and 6 µm, respectively, for
vertical polarization incidence. c Dependence on dielectric constant of the transmission spectrum
of the metallic mesh attached to the dielectric film in FDTD simulations. d Dependence on
refractive index of the frequency dip. Reprinted from [83] with the permission of AIP Publishing
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strips with a mirror symmetry. Then, four resonances can be excited by a vertically
polarized incident wave.

Absorber based solutions are very promising candidates for high-performance
future free space sensors. Their design process is similar to FSS/metasurfaces
working in transmission mode. In general this type of absorbers exhibit resonances
which are spectrally narrow, a convenient feature for high selectivity sensing
applications. The main drawback, if it can be considered so, is that they only can
operate in reflection mode.

5 Surface Waves and Plamonics Oriented Solutions
at THz Sensing Applications

Probably, after FSS/metasurfaces the next technology in terms of popularity are the
sensors based on surface wave/plamonics. Plasmonics is the science branch that
studies the propagation of surface plasmons. The drift of plasmonic community
towards the THz regime responds to a natural phenomenon given its spectral
proximity to the infrared and optical regime which are the regimes where the
discipline originally developed. In this section sensing solutions based on surface
wave excitation at THz will be treated. These structures often evolve from or are
inspired by plasmonics. Although strictly speaking, surface plasmon polaritons
(SPP) in a metal-dielectric interface only exist in the optical regime, other metallic
structures can be proposed at THz to emulate the propagation of SPP at this fre-
quency regime. The waves supported are usually called spoof-SPPs.

The first demonstration of SPP at THz frequencies was done in Ref. [89]. There,
a TDS-THz system was used for generation and detection of THz waves. These
waves impinged on a metal sheet coated with a thin dielectric layer by means of
diffractive apertures in order to have tangent wave vector matching and launch the
surface wave. Other strategies to excite surface waves are edge-diffraction and
hump-coupling in metal polished plates and metal wires coated with thin dielectrics
[90, 91]. In these works, the potential capability of this kind of technology in
sensing applications was already highlighted. Nevertheless, the first investigations
on surface wave excitation on the THz regime were devoted more towards
waveguiding rather than to sensing applications.

Metal wires for surface wave propagation supposed a breakthrough, as these
THz waveguides have both low loss and low dispersion [92]. Low loss appears due
to the very small metal area, and the low dispersion is a consequence of the field
distribution of the guided mode along the wire which resembles the TEM mode
from coaxial line. Soon after these findings, a metal wire based solution for lactose
powder spectroscopy was proposed [93]. There, the lactose powder was deposited
along the wire and by measuring the THz pulse and comparing it with the case
without the lactose, the absorption bands of lactose was identified.
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More recent sensing solutions based on surface wave excitation on metal plates
can be found in the works of Theuer et al. [94, 95]. In [94] a surface wave was
launched on top of a metal surface via a modified parallel plate waveguide
(PPW) against a metallic cylinder coated with the analyte material. By analysing the
measured delay of the THz pulses the thickness of the analyte sample was deter-
mined. In [95] a similar mechanism was used for a two-cylinder waveguide sensor.

Recently, solutions inspired by plasmonics have been proposed for sensing
applications. These are based on corrugated surfaces which is a classical solution
for spoof-SPP excitation [96, 97]. In [96] a hybrid dielectric-metallic plasmonic
waveguide was presented. While the surface wave/plasmon can be excited on the
dielectric (i.e. a plastic ribbon) film the metallic grating creates transmission dips
according to Bragg type resonances. Different plastic films and granular analytes
were successfully identified by means of the spectral shifts recorded for the reso-
nance dips.

The corrugated wave solution presented in [97] is particularly interesting.
A thick layer of commercial photoresist material corrugated with subwavelength
grooves was coated with a gold layer of 600 nm (almost 9 times the skin depth at
the operation frequency). In order to couple the THz radiation to the corrugated
surface, a classical Otto prism configuration was used. The grooves in the pho-
toresist provide an adequate platform for analytes in liquid form. The liquid can be
easily poured onto the sensor covering the grooves uniformly by volume occupa-
tion principle. In this way, various substances as gasoline, liquid paraffin, water,
glycerine or nitrogen in liquid form were successfully sensed with high FoM val-
ues. Figure 9 shows the reflectivity spectra for different values of separation

Fig. 9 Experimental reflectivity spectra for g = 20 µm (black), 40 µm(blue), 60 µm (red), 70 µm
(green), 80 µm (cyan), 100 µm (magenta) and 120 µm (yellow). Simulated (dashed-cross, black)
reflectivity spectrum at strongest spoof plasmon coupling point (g = 70 µm) is also shown for
comparison. The fluid in the grooves is nitrogen. Inset Simulated field distribution at 1.70 THz for
g = 70 µm. The white line demarcates the prism-coupling gap interface. Reprinted from [97] with
permission from Wiley Company
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distances (g) between the prism and the corrugated surface. In the case shown in the
figure, the grooves were filled with nitrogen. The experimental results were in good
agreement with simulations. This structure is a good example of THz sensing based
on surface waves. The main drawback is the need of the prism coupler which
complicates the integration within a final system.

6 Other Alternatives: Metallic Waveguides and Planar
Technology

In this section alternative sensing solutions are discussed. These solutions rely on
classical components used in the microwave regime such as waveguides and
transmission lines [98]. Their translation to the THz band is not straightforward.
Firstly, the dimensions of such devices at THz frequencies pushes the fabrication to
the edge of the technology. In addition, losses due to finite conductivity in metals
and absorption loss in dielectrics are much higher in the THz range in comparison
with the microwave regime. Despite these drawbacks, many microwave concepts
like filters and resonators integrated in waveguides and planar devices can be
transferred to the THz for sensing purposes.

6.1 Metallic Waveguides

Metallic waveguides are classical components for wave propagation in the micro-
wave regime. They are usually hollow metallic tubes in which the cross-section
shape determines the electromagnetic modes than can be excited and actually
propagate along the guide. Extrapolating classical waveguides used at microwaves
to THz frequencies is very challenging because the dimensions of the guides are
very small pushing standard fabrication techniques to the limit. Nevertheless,
rectangular and circular THz waveguides were demonstrated by Gallot et al. back in
2000 [99].

A more practical waveguide in terms of fabrication is the classical parallel plate
waveguide (PPWG). This guide consists of two conductor sheets and supports a
transverse electromagnetic (TEM) mode which is ideally dispersion-free and
exhibits low loss. The electric and magnetic field distribution of the TEM mode for
a PPWG is shown in Fig. 10a. The separation between conductive sheets can be
filled with a dielectric material (with relative permittivity, εr) for practical realiza-
tion purposes. However, this has two direct effects: the cut-off frequency of the first
evanescent mode is decreased by a factor of √εr, and the absorption losses are
higher. At THz, usually this dielectric substrate is avoided by using plastic spacers
at the edges of the PPWG. Its implementation at THz frequencies was demonstrated
in 2001 [100]. This work opened the path and nowadays THz sensing based on
metallic waveguides are mainly based on PPWG solutions. In this context, organic
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materials, thin water layer contents and explosives have been successfully detected
using this approach [101–103]. A thorough article that describes PPWG sensors and
their application to the detection of explosives can be found in Ref. [104]. The main
advantage of PPWG sensing systems is their long interaction length between THz
waves and the analyte under test, which leads to an increased sensitivity, allowing
ultimately for the detection of ultra-thin layers of material.

Other examples of PPWG sensors have also been proposed [24, 105]. In [24] the
upper plate of the PPWG was corrugated to obtain a Bragg type filter. With this
strategy, high-Q resonant modes can be excited. These modes are then redshifted in
the presence of an analyte sample. In [105] a resonance was synthesized by
machining a rectangular groove across one of the plates of the PPWG. In order to
excite this groove, the TE1 mode of the PPWG must be used instead of TEM mode.
By filling the groove cavity with different materials a variation of the resonance
frequency was observed.

6.2 Planar Technology

In this section a short review of sensor devices based on planar technology is done.
Prior to sensing applications, planar technology has been crucial for the develop-
ment of low-cost waveguides at microwaves. Planar technology is ubiquitous and is
employed to produce cost-effective microwave components such as antennas,
transitions, feeders, power dividers, filters, resonators, etc. The most popular planar
technologies are microstrip, stripline, slotline and coplanar transmission lines [98].

A microstrip line consists of a conductive sheet and a strip separated by a
dielectric substrate. While the sheet acts as a ground plane the strip serves as the

Fig. 10 Top Field distribution of the TEM mode of PPWG. Bottom Field distribution of the
quasi-TEM mode of microstrip line. The number and size of lines and arrows denotes the field
intensity in the area
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signal conductor. This transmission line supports a quasi-TEM mode where the
electric field is strongly confined between the conductive strip and the ground plane
and the magnetic field revolves around the strip. A sketch of the field distribution on
the microstrip line is presented in Fig. 10b. Microstrip lines are by far less popular
than FSS/metasurfaces for THz sensing. However, one can find in the literature
some interesting sensors for vibrational absorption spectroscopy, polar liquids and
biomolecular systems characterization [67, 106–108]. Further details and a com-
pilation of examples regarding this topic can be found in Ref. [109].

The mentioned examples rely on direct deposition of the sample analyte on top
of the microstrip line and the detection is done by comparing the response with and
without sample. By inspecting Fig. 10b, it can be seen that the stronger field
interaction in the microstrip line occurs within the substrate between the strip and
the ground plane, and it vanishes in the air region. To improve the sensor perfor-
mance one could think of other strategies beyond simple transmission lines such as
implementing filters and/or resonators. In both cases, a high electric field concen-
tration appears at resonance enhancing the detection. In fact, there are microstrip
designs [110–112] similar to the sensing solutions based on integrated resonators
already introduced in [20–22]. In [110] a set of different bandpass and stopband
filters based on loops and meanders of the microstrip line were proposed for DNA
sensing. In that work, effective sensing was numerically demonstrated even with
much less amount of sample than previous solutions. Another set of solutions based
on stopband stub filters were presented in [111, 112]. The main advantage in these
works was the possibility of cascading several filters along the same microstrip line
enhancing the integration and fabrication costs of the sensor. All in all, the main
drawback of microstrip solutions are the high losses they present at THz waves. In
fact, this kind of solutions have not been demonstrated beyond 1.2 THz yet.

7 Conclusions

To sum up, in this chapter we have presented the first approaches and latest
advances towards the development of THz sensors. Given that this range is rela-
tively new and unexplored, there is plenty of room for joint efforts from many
different scientific communities, microwaves, plasmonics, infrared, optics, biology,
chemistry, etc. This multidisciplinary character brings about a growing activity
giving birth to a wide range of new applications in a very fast pace.

In this chapter, we have put the focus on sensing applications. Solutions ranging
from fibre-oriented solutions to classical microwave components platforms have
been outlined. From all of them, probably the solutions based on fibre, metasurfaces
and surface-wave/plasmonics are the most promising in terms of performance and
its future realization and integration in real-systems can be optimistically envisaged.
Hence, if the research flow keeps on working with such intensity on sensing
applications at THz frequencies one can foresee that the perspectives for advanced,
label-free, low cost and efficient sensors are excellent.
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Multimode Interference Fiber Sensors
for the Monitoring of Gasoline/Ethanol
Blends

A.J. Rodriguez-Rodriguez, D.A. May-Arrioja, I. Hernandez-Romano
and Ignacio R. Matías

Abstract Multimode interference (MMI) devices have attracted a great deal of
interest due to their simplicity of fabrication. The MMI device is ready for testing
after splicing a section of multimode fiber (MMF) between two single-mode fiber
(SMF). In this chapter we provide an overview of the fundamentals behind the
formation of self-images in MMI fiber devices, as well as the basic mechanisms for
tuning their operational wavelength which is related with their application for
sensing applications. The sensitivity enhancement of these MMI fiber sensors is
also investigated by reducing the diameter of the MMF via wet chemical etching, as
well as coating the MMF with a high refractive index overlay. The MMI fiber
sensors are applied to the quality control of gasolines and in particular the real time
monitoring of gasohol, mixtures of gasoline and ethanol, which is critical for the
proper operation of flexible-fuel vehicles (FFV). The results demonstrate that MMI
fiber sensors are well suited for such applications, as well as other applications were
the binary mixture of liquids has to be controlled or monitored.
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1 Introduction

Refractive index (RI) sensors based on different optical fiber configurations have
been extensively studied in the past decade [1, 2]. Over these years, RI sensors have
been developed using different fiber structures such as fiber Bragg gratings (FBG),
long period gratings (LPG), in-fiber Fabry-Perot cavities, interferometric devices,
and microfiber resonators [3–11]. A common feature in such RI sensors is that in
order to fabricate the sensor they require either complex fabrication processes or
rather expensive equipment. Additionally, although most of the RI sensors devel-
oped to date focus on large sensitivities for potential applications related to
bio-sensing, there are several applications related to the real time monitoring of
binary liquid mixtures where large sensitivities are not required. For instance, the
real time monitoring of gasoline and ethanol blends is becoming increasingly
important for flexible-fuel vehicle (FFV) which are designed to run on more than
one fuel, usually gasoline blended with either ethanol or methanol fuel. Knowledge
of the ethanol concentration in the gasohol blend allows modern FFV to adjust the
fuel injection and spark timing according to the actual blend detected by a fuel
composition sensor. Since the mixture of gasoline and ethanol involve liquids with
a significant RI difference, a sensor with moderate sensitivity can be used to
monitor the blend composition.

A particular fiber structure that has received a great deal of interest in the last
10 years is related to multimode interference (MMI) devices. The advantage of
MMI devices relies on the fact that their fabrication is quite simple, since we only
need to splice a section of multimode fiber (MMF) between two single-mode fibers
(SMF), and they exhibit a band-pass spectral response with minimal transmission
loss at the peak of the band. Such band-pass response is convenient for sensing
applications since we can easily correlate either spectral shifts or intensity changes
of the band-pass peak with the physical variable under measurement. This chapter
provides an overview of the fundamentals behind the operation of MMI devices and
their application to monitor gasolines and gasoline/ethanol blends.

2 Fundamentals of MMI Devices

MMI devices have been developed employing different platforms such as integrated
optics (semiconductors, polymers, and plasmonics) and optical fibers. The versa-
tility of MMI devices relies on the fact that we only need a multimode waveguide,
which can have either a two or three dimensional geometry, in order to observe
MMI effects. Since this requirement is easily achieved in optical fibers, the MMI
structure has been widely investigated for the development of several optical fiber
sensors.
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2.1 Multimode Interference Effect

The basic structure to obtain a MMI device is shown in Fig. 1a. It consists of a
MMF with a specific length, which is sandwiched between two SMF. The MMF
must have a diameter that allows the propagation of more than three modes, which
is easily achieved with any commercial MMF. The operation of the MMI device is
quite simple. Light with a wavelength of λ0 is coupled at the input SMF and when
the fundamental mode reaches the SMF-MMF interface the radially symmetric
modes supported by the MMF are excited. During the propagation of the modes
along the MMF they interfere between each other and give rise to an interference
carpet as the one shown in Fig. 1b. If we monitor the intensity of the interference
carpet along the axis of the optical fibers, we can notice that there are certain
positions where the light is being concentrated. Nevertheless, optimum light con-
centration with minimal insertion losses occur at the fourth concentration point, and
repeats in a periodic fashion. At this particular position an exact image of the input
field is formed and is known as self-image. The self-image position corresponds to
the distance at which the phase difference between the propagating modes is the
closest to an exact multiple of 2π.

Since MMI devices have been around for a while, the analysis to obtain an
analytical expression to determine this self-image position can be found elsewhere
[12]. The expression that correlates the MMF parameters and the wavelength of
light with the self-imaging position is given by,

LMMF =m
nMMFD2

MMF

λ0
withm=0, 1, 2, . . . , ð1Þ

where LMMF is the physical length of the MMF, λ0 is the free space wavelength, nMMF

and DMMF are the effective RI and diameter of the fundamental mode of the MMF,
respectively. The factorm is an indicative of the periodic nature of the imaging process

Fig. 1 a Fiber structure of the MMI device, b Intensity distribution of the light inside the MMF,
and c MMI spectral response in air.
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along theMMF. Therefore, at every fourth image (m = 4, 8, 12,….) we obtain the real
self-image, and this is typically the position that we use for MMI applications. Any
other self-image for other values of m correspond to pseudo-images where losses are
significantly higher. The pseudo-images with higher losses are correlated with bigger
phase errors between the propagating modes as compared to the required phase
difference of 2π to reproduce the inputfield, and thus the intensity of the pseudo-image
is reduced. Therefore, the MMF is cleaved such that its length is equal to LMMF (with
m = 4) and an output SMF is spliced at this end.

An interesting effect occurs when light with a wavelength different than λ0 is
transmitted through the MMI device. As dictated by Eq. (1), when light with a
larger wavelength than λ0 is coupled to the MMI device, the self-image will be
formed before the output MMF-SMF interface and the intensity coupled to the
output SMF will be reduced. A similar situation occurs for wavelengths shorter than
λ0, with a self-image formed beyond the output MMF-SMF interface and reduced
coupled intensity to the output SMF. Therefore, when a light source with a wide
wavelength range is coupled to the MMI device, the transmitted spectrum exhibits a
band-pass response as shown in Fig. 1c. This type of response is adequate for
sensing applications because any change induced to the optical properties of the
MMF will modify either the peak spectral response or the transmitted intensity.

2.2 Fiber Sensors Based on MMI Devices

In order to use MMI devices for sensing applications, the physical variable of interest
should be able to either modify the MMF parameters or interact with the propagating
modes. Since the peak wavelength λ0, as shown in Eq. (1), is directly related to the
effective refractive index and diameter of the fundamental mode and inversely
proportional to the MMF length, we can modify the MMI peak wavelength response
in two ways. The simplest case is related to changes on the length of the MMF.
Although this is not quite obvious, an approach to change the MMF length in real
time involves using a liquid core multimode waveguides (LCMW). By filling a
ferrule, with an inner diameter of 127 µm, with liquid having a higher RI than that of
the ferrule we obtain a LCMW. Instead of splicing one of the SMF-MMF interfaces
of the MMI device we insert the SMF into one end of the ferrule and the MMF on the
other end. Therefore, the MMF of the MMI device is now formed by the solid MMF
plus the length of the LCMW, and by changing the separation between the fibers
inside the ferrule we effectively change the length of the composite MMF and the
peak wavelength should be also modified. Using this principle a micro-displacement
sensor [13] and different tunable fiber lasers have been demonstrated [14, 15].

Another scenario involves modifying the effective RI and diameter of the fun-
damental mode of the MMF, nMMF and DMMF , respectively. In fact, since both
parameters are related with the RI value of core and cladding a simple option can be
implemented. The key element is the use of a MMF without cladding known as
No-Core MMF, i.e. air is the cladding, which allows that when the fiber becomes in
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contact with a liquid both parameters will be affected. The only condition is that
the RI of the liquid has to be less than that of the No-Core MMF to maintain
waveguiding conditions. Therefore, different fiber sensors using a variety of liquids
have been developed using this approach [16, 17]. Since the No-Core MMF is
exposed to the environment some applications have been also developed to realize
fiber biosensors that operate via the evanescent field [18].

3 MMI Refractometer

The spectral response of the MMI sensor based on the No-Core MMF under the
influence of external liquids with different RI can be estimated using Eq. (1) with
m = 4. In order to do this, we obtain the effective RI and diameter of the funda-
mental mode of the No-Core MMF when is surrounded by each liquid, and using
Eq. (1) we can then estimate the resulting MMI peak wavelength. The effective RI
and diameter are calculated using the finite element software COMSOL Multi-
physics. The No-Core MMF parameters used in COMSOL consider a core RI of
1.444 and a No-Core MMF diameter of 125 µm, operating at a wavelength of
1540 nm. The effective diameter is taken at the position where the field of the
fundamental mode has decreased to a value of 1/e−2 = 0.135 times the maximum
value. Using these values, and the air as the cladding, we then calculate using
Eq. (1) the length of the No-Core MMF to exhibit a peak at 1540 nm. This provides
a value of 58.60 mm, which will be used in the following calculations when we
replace the air cladding by different liquids.

After we replace the air for a specific liquid we then recalculate the effective RI and
diameter of the fundamental mode, and we use these values and the length of
58.60 mm to calculate the newMMI peakwavelength. The RI of the liquid used in the
simulations is allowed to change from 1.318 to 1.420. As shown in Fig. 2, the MMI
peak wavelength is shifted to longer wavelength as the RI of the liquid is increased.
We can also notice that the wavelength shift is small for RI values smaller than that of
theNo-CoreMMF, but is larger as the RI becomes closer to that of theNo-CoreMMF.
The shape of Fig. 2 exhibits a quadratic behaviorwhich is correlatedwith the diameter
to the square of Eq. (1). In fact, this is correct since the effective RI barely changes and
does not have a major effect in theMMI wavelength shift. By inspection of Fig. 2, we
can estimate a sensitivity of 133.65 nm/RIU for the RI range from 1.318 to 1.373, and
a sensitivity of 390.88 nm/RIU for the RI range from 1.373 to 1.420. Such sensitivity
should be good enough for gasoline and ethanol blend identification.

The No-Core MMF was provided by the company Prime Optical Fiber Cor-
poration. The MMI sensor was fabricated by cleaning the polymer cladding of the
No-Core MMF and splicing one end to a SMF. The No-Core MMF is then cleaved
to have a total length of 58.60 mm using a setup combining a micrometer and a
cleaver. The cleaved end is spliced to another SMF and the MMI sensor is fabri-
cated. The MMI sensor is immersed in a piranha solution (sulfuric acid and
hydrogen peroxide) during 1 min to remove any organic residue, rinsed with
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deionized water and dried with nitrogen. The experimental setup for testing the
MMI sensors is shown in Fig. 3. The optical source is a superluminescent diode
(SLD) with a wavelength range from 1465 to 1650 nm. The SLD is connected to
the input SMF of the device using FC/PC connectors, and the output SMF is then
connected to an optical spectrum analyzer (OSA) Anritsu MS9740A to capture the
transmitted spectrum.

As shown in Fig. 3, the MMI sensor was fixed into a liquid chamber engraved
into a Delrin plate which was then covered by an acrylic plate and glued to the
Delrin plate to seal the chamber. The chamber included liquid inlet and outlet
plastic tubes to facilitate insertion and removal of the liquids. The measurements
were performed at a controlled temperature of 23 °C and a humidity of 26 %. In
order to evaluate the spectral response as a function of the external RI we prepared
different mixtures of water and ethylene glycol (EG) at different volume propor-
tions. Using these mixtures we can cover a RI ranging from n = 1.318 (water) to
n = 1.420 (EG), this RI value was calculated by using the equations in Ref. [19], at
a wavelength of 1550 nm.

Fig. 2 MMI peak wavelength response as a function of the RI of the liquid around the No-Core
MMF

Fig. 3 Experimental setup for testing of the MMI sensors. The MMI sensor is fixed into a channel
to facilitate insertion and removal of the liquids
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The spectral response of the MMI fiber sensor in air is shown in Fig. 4a. We can
observe that the MMI peak wavelength is quite close to the design wavelength of
1540 nm. The mixtures of water/EG were inserted into the channel going from the
lowest to the highest RI. As shown in Fig. 4a, we can observe that the spectral
response of the MMI fiber sensor is shifted to longer wavelengths as the RI is
increased, i.e. the amount of EG is increased in the water/EG mixture. We should
mention that in Fig. 4a we only show the response of certain number of mixtures to
better observe the shifting of the MMI spectral response. As shown in Fig. 4b, the
MMI peak wavelength response is red shifted as the RI of the surrounding media is
being increased, which is expected according to our simulations. We also observe
quadratic behavior resulting from the diameter being the dominating factor. We can
estimate from Fig. 5b sensitivities of 179.62 nm/RIU for RI range from 1.318 to
1.379 and 344.12 nm/RIU for a RI range from 1.379 to 1.420. Although such
sensitivities are good enough for our application, in the next section we explore
some options to increase the sensitivity of MMI fiber sensors.

4 Sensitivity Enhancement of MMI Sensors

As shown in the last section, the critical parameter that determines the sensitivity of
a MMI fiber sensor is related to the effective diameter of the fundamental mode.
Therefore, in order to enhance the sensitivity of MMI fiber sensors we need to
either modify the MMF structure or incorporate a film that could increase the
effective diameter of the mode. A simple way to achieve this is by tapering the
MMF section [20]. However, this requires special equipment if we want to obtain
reproducible results among fabricated devices. In this section we experimentally
demonstrate two options to enhance the sensitivity of MMI sensors. Firstly, by
reducing the diameter of the No Core MMF using a wet chemical etching process
[21, 22], and secondly by incorporating a high RI thin film coating on the MMF
section [23, 24].

Fig. 4 a Spectral response of the MMI sensor for different external RI liquids and b MMI peak
wavelength shift as a function of the RI of surrounding media
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4.1 MMI with Reduced Core

As we demonstrated in section three, when the liquid RI around the No-Core MMF
is increased the effective diameter of the fundamental mode is also increased.
Therefore, in order to increase the sensitivity of MMI devices we need to enhance
this effect. A simple way to achieve this is by reducing the diameter of the No-Core
MMF. When the diameter of the No-Core MMF is reduced the confinement of the
fundamental mode is also reduced, which makes it more sensitive to external per-
turbations. In our particular situation, when the RI of the liquid is increased and
approaches the RI of the core, the effective mode diameter will be increased as well
and should be larger as compared to the No-Core MMF before reducing its diameter.

The diameter of the No-Core MMF was reduced using a buffered oxide etching
(BOE) solution, which is a mixture of hydrofluoric acid and ammonium fluoride as
the buffer agent. The advantage of BOE is that the etching rate is relatively slow
(∼130 nm/min), which allows us to have good control of the amount of removed
material. In order to observe a self-image after the etching, we design the MMI fiber
sensor using Eq. (1) for a wavelength of 1540 nm and a No-Core MMF diameter of
90 µm with a core RI of 1.444 at 1540 nm. This provides a No-Core MMF length
of 30.38 mm. The MMI fiber sensor was fabricated as explained in section two,
using a No-Core MMF length of 30.38 mm and was fixed inside a Delrin channel.
When the transmitted spectrum is observed at the OSA we observe a random
spectrum, since we are not at a self-image position, but we are able to locate a
dominant peak to monitor during the etching. After the BOE is poured into the
channel, we can observe that the selected peak is being shifted to shorter wave-
lengths because the diameter of the No-Core MMF is being reduced. After certain
time we observe a well-defined peak, which corresponds to the self-image, on the
long wavelength range of the transmitted spectrum. The No-Core MMF is left in the
BOE until the MMI peak wavelength is located at 1540 nm when the fiber is in air.

Fig. 5 a Spectral response of the MMI sensor with a MMF diameter of 90 µm for different
external RI liquids and b MMI peak wavelength shift as a function of the liquid RI for different
NC-MMF diameters
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This corresponds to a No-Core MMF diameter of 90 µm, and a total etching time
close to 135 min was employed. The spectral response of the MMI sensor in air is
shown by the black line of Fig. 5a.

The reduced core MMI sensor was tested using the same liquid mixtures of
water and EG of section three. As shown in Fig. 5a the MMI spectral response is
shifted to longer wavelengths as expected. Again, only certain RI values were
plotted to better observe the MMI peak wavelength shift. By plotting the peak MMI
wavelength as a function of liquid RI we can compare the response to the MMI
sensor with a diameter of 125 µm. We can observe that the sensitivity is slightly
increased from 185.22 to 206.58 nm/RIU for the RI range from 1.318 to 1.379, and
from 344.12 to 462.74 nm/RIU for the RI range from 1.379 to 1.420. Since the RI
of gasoline is approximately 1.42 this enhancement should be beneficial for testing
gasoline/ethanol blends.

4.2 ITO Coated MMI Devices

The application of an external coating in extrinsic fiber sensors have been mainly
focused to perform the specific measurement of several physical variables such as
temperature and humidity [24, 25], different gasses [26], pH [27], and
chemical/biological materials [28, 29]. External coatings with high RI values,
higher than that of the optical fiber, have been also used to enhance the evanescent
field in optical fibers [30]. This is related to the fact that the sensitivity of extrinsic
fiber sensors to external RI variations is enhanced as the evanescent field propa-
gating in the fiber is also enhanced. Although different materials can be used as a
high RI external coating [31, 32], Indium Tin Oxide (ITO) has been used in
different fiber sensors because is a material that is electrochemically stable, com-
pared to traditional materials, as well as the ease with which it can be deposited as a
thin film [31]. The only drawback, since we are operating in the near infrared region
(1550 nm), is related to the losses due to absorption of the ITO film in this region.
Therefore, the thickness of the film has to be carefully controlled.

The fabrication process of the ITO coated MMI sensor is slightly different as our
previous process. The cladding from an 80 mm long section of No-Core MMF is
completely removed using acetone. The fiber is then cleaned using a Piranha
solution, rinsed with deionized water and dried using nitrogen. The fiber is then
attached to a rotation mechanism based on a DC motor which is adapted to clamp
the fiber from one end and rotate the fiber throughout the whole deposition process.
The ITO deposition process was performed using a sputtering system (K675XD
Quorum Technologies Ldt.) operating with an Argon partial pressure between
6.1 × 10−3–9.6 × 10−3 mbar and an applied current of 150 mA, which allowed
us to achieve deposition rates of 0.3 nm/s [33]. Two No-Core MMF were coated
with ITO with sputtering times of 1 and 2 min, which correspond to ITO film
thickness of approximately 18 and 36 nm, respectively. After the sputtering process
the ITO coated No-Core MMF is cleaved in one end and spliced to a SMF. Using a
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micrometer system the ITO coated No-Core MMF is then cleaved with a length of
58.60 mm, which corresponds to a MMI peak wavelength of 1540 nm, and this end
is also spliced to another SMF. During all the process care is taken to avoid
contamination of the ITO surface. The optical properties of the ITO film were
evaluated using an ellipsometer (UVISEL Horiba Jobin). The optical properties at
1550 nm provide a complex RI with a real value close to 2.13 and an imaginary
value close to 2.

The spectral response of the ITO coated MMI sensor is obtained by using
mixtures of water and glycerin to cover a RI range from 1.318 (water) to 1.408
(80 % Glycerin and 20 % water). Glycerin was used in these experiments because
glycerin residues are easily removed from the MMI device surface. The response of
a MMI sensor without ITO coating is shown in Fig. 6a, where a maximum spectral
shift of 16.5 nm is observed when going from an external RI of 1.318–1.408. As
shown in Fig. 6b, when the MMI sensor is coated with ∼18 nm of ITO a maximum
spectral shift of 27 nm is observed within the same RI range. This corresponds to an
increment of more than 50 % from the original maximum spectral shift. We should

Fig. 6 Spectral response of the MMI refractometer for different RI liquids considering: a MMI
ordinary structure, bMMI ITO coated structure (∼18 nm), cMMI ITO coated structure (∼36 nm);
d MMI refractometer peak wavelength shift as a function of the water/glycerin blends RI for the
MMI without ITO (black), MMI + ITO 18 nm (red line) and MMI + ITO 36 nm (green line)
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also notice that the transmitted signal is reduced due to absorption losses from the
ITO film. In the case of the MMI sensor coated with ∼36 nm of ITO, we can
observe that the transmitted signal is significantly reduced and it almost vanished
for the RI of 1.408. Nevertheless, we can observe a spectral shift of 25.85 nm for
the RI range from 1.318 to 1.391, which is a 124 % enhancement as compared to
11.5 nm spectral shift obtained with the MMI sensor without ITO. This corresponds
to a sensitivity enhancement of 476.66 nm/RIU for the MMI coated with ∼36 nm
of ITO, as compared to 223.33 nm/RIU from the MMI sensor without ITO, for the
RI range from 1.361 to 1.391, which is within the RI values for gasoline and
ethanol. Therefore, the ITO coated MMI sensor should perform quite well for the
discrimination of gasohol blends.

5 Monitoring of Gasohol Blends

Methanol and ethanol are typically used as fuel especially when they are mixed with
gasoline. However, the use of methanol has been reduced because it is extremely
volatile, highly toxic, and therefore increases the risk of fire or explosion [34].
Ethanol has become a choice as fuel in many countries like Brazil with the advantage
that combustion is less polluting and highly oxygenated. This combustible comes
typically from sugar cane and corn as well as cellulosic biomass, grass and trees.
Ethanol is also employed as additive in gasoline to replace the Methyl Tert-Butyl
Ether (MTBE), responsible for significant contamination of soil and groundwater.
The resulting fuel mixture of gasoline and ethanol is called gasohol [35, 36]. Gasohol
blends have “E” numbers to describe the percentage of ethanol fuel in the mixture by
volume, for example, E85 is 85 % ethanol and 15 % gasoline, and so on. Gasohol
has become very popular in several countries and modern flexible-fuel vehicles
(FFV) are now designed to run on more than one fuel, usually gasoline blended with
either ethanol or methanol fuel. Therefore, it is important to know the ethanol
concentration in gasoline for modern FFV in order to adjust the fuel injection and
spark timing according to the actual blend detected by the fuel composition sensor.
Optical fiber sensors are an attractive option due to their inherent characteristics, and
some approaches have been investigated using traditional optical fiber sensing
techniques [37–41]. However, the main inconvenient in these systems is the need for
a special preparation of the fiber or the deposition of a sensitive material. Since the
mixture of gasoline and ethanol involve liquids with a significant RI difference, the
MMI fiber sensor could be used to monitor the blend composition.

5.1 Octane Rating

The octane rating in fuels is related to their performance withstanding higher
compression before ignition, i.e. the higher the octane rating the higher the
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compression. In general, high octane gasolines are typically used in applications
that require higher compression ratios such as high performance engines. For
commercial applications, gasolines are offered to the public with different octane
ratings depending on the particular country. For example, in the USA three different
octane ratings are available from the company Exxon (octane rating of 87, 89, and
91–93), but in México two different octane ratings (87 and 92) are provided by the
oil national company Petroleos Mexicanos (PEMEX). Knowing the octane rating is
important because the use of a lower octane rating may lead to issues related with
engine knocking [42]. Even more important is the fact of knowing that we are
receiving the octane rating that we are buying. A common malpractice in some
gasoline stations is related with the adulteration of gasolines to obtain a major profit
by selling cheap gasoline instead of the advertised high octane rating. The adul-
teration is performed by receiving a lower octane rating than the high octane rating
that is expected, mixture of gasolines with different octanes ratings, and even
adding other products to the gasoline. Therefore a sensor to monitor in real time the
octane rating should be highly beneficial for automotive vehicles.

The spectral response of the MMI fiber sensor for gasolines of 87 and 92 octanes
is shown in Fig. 7a. These measurements were obtained using a No-Core MMF
with a diameter of 90 µm. As shown in this figure a peak wavelength separation of
6 nm is clearly observed between the gasolines with 87 octanes (G87) and 92
octanes (G92), with the higher octane rating at longer wavelengths, which allow
their identification using the MMI fiber sensor. We expect that it should be feasible
to identify gasolines with higher octane content as the ones used in Europe and Asia
using the MMI fiber sensor. In fact, a simple way to increase the octane content in
gasolines is by adding gasoline additives (GA). There are other advantages asso-
ciated with the use of GA. Oxygenated compounds such as methyl tert-butyl ether
(MTBE), tert-amyl methyl ether (TAME) and Ethyl tert-butyl ether (ETBE), among
others, are used as additives in replacement of tetraethyl lead that is highly pol-
lutant. These oxygenated additives are added to gasoline providing greater

Fig. 7 Spectral response of MMI refractometer with reduced core (D ∼ 90 μm): a identification
of different octane gasoline (G87 and G92), b 87 octane gasoline (G87) and mixtures with a
commercial gasoline additive (GA)
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oxygenation, which directly provides a complete combustion and improved engine
performance increasing the gasoline octane number, and providing more power to
the engine using the same amount of gasoline.

We employed a commercial GA from the company AKRON which was added
to the 87 octane gasoline. Mixtures of 90/10 and 80/20 % of gasoline/AKRON GA
were prepared and measured using the same MMI fiber sensor. As shown in Fig. 7b
when the mixture contains 10 % by volume of GA the MMI peak wavelength is red
shifted by almost 7 nm as compared to pure G87 gasoline. This value is compar-
ative to the G92 gasoline. The sample with 20 % of GA, as expected, exhibits a
larger redshift since we have an even higher octane rating in the mixture. We should
highlight that the redshift observed by adding GA to gasoline does not necessarily
means that any higher octane mixtures will shift to longer wavelengths. This only
means that the RI of the GA is higher than that of the gasoline and because of this
the MMI peak wavelength shifts to longer wavelengths. As will be shown in the
next section, the addition of ethanol to gasoline also increases the octane rating [43,
44], but because of its lower RI value the MMI sensor exhibits a blueshift in its
spectral response when the gasohol mixture is measured.

5.2 Gasohol Quality Control

In this section we will evaluate the application of MMI fiber sensors for monitoring
different gasohol blends. Before performing any gasohol measurement we first have
to measure each separate compound. As shown in the inset of Fig. 8a when
anhydrous ethanol (EtOH) is inserted in the channel we can observe a wavelength
shift of 19.3 nm as compared to the sensor response in air. When the sensor is
exposed to G87 gasoline the MMI peak wavelength is shifted another 20.3 nm with
respect to the peak wavelength exhibited by the EtOH. This peak wavelength

Fig. 8 a Absolute wavelength shift as a function of gasohol blends (Inset MMI spectral response
for ethanol and gasoline), and b absolute wavelength response for different gasohol blends and
different water percentages (Inset E10 Gasohol with water content of 1, 5, and 10 % going from
left to right)
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separation is wide enough to identify the different gasohol blends. It is important to
notice that the peak wavelength of EtOH has a lower value than the G87 gasoline.
This means that the addition of EtOH to the G87 gasoline should experience a blue
wavelength shift, since the RI of the mixture will be reduced.

We prepared different mixtures of EtOH and G87 gasoline at different volume
percentages going from E50 to pure G87 gasoline. After mixing, the gasohol was
inserted into the channel and the spectral response of the MMI sensor was acquired
with the OSA. As shown in Fig. 8a, we can observe that the MMI peak wavelength
of the MMI sensor is shifted to longer wavelengths as the amount of EtOH is
reduced from the gasohol blend. Such response is correlated with the fact that the
G87 gasoline has a higher refractive index that the EtOH. We can also notice that
the response is highly linear, which is related with fact that the RI change of the
blends is very small.

A major effect in gasohol blends is related with the natural ability of ethanol to
absorb water. There is an upper limit of 4 % of water that can be dissolved in
ethanol in order to avoid phase separation between EtOH/water and gasoline. This
effect is shown in the inset of Fig. 8b. The bottles are filled with E10 gasohol with
water volumes in EtOH of 1, 5 and 10 % going from left to right. The bottles are
shown after agitation and a settling time of 30 s. As we can see in the inset, the
bottle with 1 % of water is well mixed with the gasoline. Nevertheless, the gasohol
with 5 % of water is not homogeneously mixed and is very cloudy, which is
indicative of a colloidal suspension. The gasohol sample with 10 % of water
experience phase separation very rapidly, which can be observed by the gasoline on
the top and the EtOH/water mixture at the bottom.

The key question is if the MMI fiber sensor should be capable of seeing such
phase separation effects. Therefore, for each gasohol blend we prepared a set of
samples with different contents of water from 0 to 6 % with 1 % increments relative
to the total volume of EtOH. The samples were agitated before being inserted into
the channel and the MMI spectrum is acquired with the OSA. As shown in Fig. 8b,
all gasohol mixtures with water content from 0 to 4 % exhibit a similar response as
compared to 0 % water content. However, in the case of the gasohol blends with
5 % of water we can observe a deviation of more than 10 nm for the E10 gasohol
blend. As we raise the water content to 6 %, the deviation from the linear response
is also observed for the E20 and E30 gasohol blends. This behavior can be
explained due to the formation of droplets of gasoline and EtOH/water resulting
from the phase separation which effectively reduces the RI of the gasohol.

The above results suggest that an ideal position for the MMI fiber sensor should
be at the bottom of the gasohol container, because after phase separation it should
be covered by the EtOH/water mixture and we should be able to detect exactly
when phase separation occurs. We placed the MMI fiber sensor at the bottom of a
container, and the E10 gasohol with 1 % of water concentration was agitated and
poured into the container. A first measurement was acquired right after pouring the
gasohol, and the second one after 60 s. As shown in Fig. 9a, the MMI peak
wavelength remains the same at any time indicating that the mixture is well mixed
without phase separation. When the E10 gasohol has a water volume at 5 %, the
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MMI peak wavelength does not reach the maximum value achieved when the water
volume is 1 %. As shown in Fig. 9b, the MMI peak wavelength is shifted 5.4 nm to
shorter wavelengths. This wavelength shift results from the effective RI index
difference related to the droplet formation due to phase separation. After 60 s, phase
separation can be observed in the container and the MMI peak wavelength has
shifted another 5.2 nm to shorter wavelengths. This additional wavelength shift
occurs because the MMI fiber sensor is completely immersed in an EtOH/water
mixture and its refractive index is even lower than the gasohol right after agitation.

6 Conclusion

Some of the basic concepts behind the operation of MMI fiber devices, as well as an
overview of the potential parameters that can be modified to achieve an MMI fiber
sensor, have been investigated in this chapter. Two different schemes to enhance the
sensitivity of MMI fiber sensors was also covered. We found that the ITO film
provides the highest enhancement, but losses need to be tolerated. On the other
hand, reducing the diameter provides a small improvement for lower external RI
and a bit higher for higher external RI that are close to the RI of the MMF core.
The MMI fiber sensors were successfully applied for the monitoring of gasohol
blends, which includes the ability to detect when the upper limit of 4 % of water
content in ethanol has been exceeded. This type of applications is very important
for FFV, and should be very useful for the detection of adulterated fuels, either
gasohol or gasolines.

Fig. 9 MMI peak wavelength of the MMI sensor for E10 gasohol with water percentage of a 1 %
and b 5 % acquired right after shaking and when the gasohol has been settled during 60 s
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Fiber Optic Sensors Based on Multicore
Structures

D.A. May-Arrioja and J.R. Guzman-Sepulveda

Abstract We present a review of the fundamentals and applications of fiber optic
sensors based on multicore coupled structures. The fundamentals of these coupled
structures are approached in general for arbitrary distributions of N cores on the
foundations of coupled mode theory. The principle of operation of fiber optic
sensors using this type of architectures is illustrated via numerical simulations of the
simplest coupled structure—the two-core fiber. Illustrative experimental results
using fiber optic sensors based on two- and seven-core multicore fibers are shown
for a number of applications including temperature, curvature, and refractive index
sensing. The main aspects of the performance of multicore fiber sensors are high-
lighted throughout this chapter and their characteristics, especially their sensitivity,
are compared to those of other existing fiber sensing architectures such as fiber
Bragg gratings, long period gratings, and photonic crystal fibers, among others.

1 Introduction

Fiber optic sensors (FOS) have numerous advantages as compared to conventional
sensors such as their small size and light weight, multiplexing capabilities, long
range operation, immunity to external electromagnetic interference, and the ability
to operate in harsh environments. Because of these advantages they are unique for
certain types of applications, especially where the deployment of conventional
sensors is either difficult or quite challenging. Over the years, different configura-
tions have been employed to develop FOS such as fiber Bragg gratings (FBG), long
period gratings (LPG), tapered fibers, and multimode fibers. The aim for testing
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different fiber devices is the need to achieve higher sensitivities. This triggered the
use of specialty fibers with non-standard structures, such as D-shaped fibers,
photonic crystal fibers (PCF), and microstructured optical fibers (MOF), which are
specifically designed to achieve higher sensitivities for specific applications. The
main features of these different fiber sensors are described throughout this chapter.

A particular configuration that can enhance the performance of FOS is related to
the coupling of two or more cores within an optical fiber. Such configuration offers
several advantages. First of all, due to the coupling between the cores they exhibit
sinusoidal spectral response. This allows correlating the variable under measure-
ment with either spectral shifts or intensity changes over the linear section of the
sinusoidal. In addition, it is well known that optical couplers are highly sensitive to
changes of the effective refractive index of the modes, which in turn affects the
coupling coefficient. Therefore, FOS based on multicore fiber structures are being
employed for sensing applications. This chapter provides an overview of the fun-
damentals behind the operation of multicore fibers, including different applications
for measuring refractive index of liquid solutions, temperature, and curvature.

2 Fundamentals of Multicore Fibers

The linear interaction between the modes of N arbitrary, single-mode waveguides
as they propagate can be described by the following dynamic equation according to
the coupled mode theory [1]:

i
d
dz

A=MA ð1Þ

where A= a0 a1 a2 . . . aN − 1½ �T is a vector whose elements are the complex
amplitudes of the electric field, at position z, for each core and M is the coupling
matrix describing the interaction between pairs of cores. In its more general form,
the coupling matrix M can be written as:

M=

β0 κ01 κ02 ⋯ κ0 N − 1ð Þ
κ10 β1 κ12 ⋯ κ1 N − 1ð Þ
κ20 κ21 β2 ⋯ κ2 N − 1ð Þ
⋮ ⋮ ⋮ ⋱ ⋮

κ N − 1ð Þ0 κ N − 1ð Þ1 κ N − 1ð Þ2 ⋯ β N − 1ð Þ

0
BBBB@

1
CCCCA ð2Þ

where βi is the propagation constant of the fundamental mode in the i-th waveguide
and κij is the coupling coefficient between the i-th and j-th cores. In the most general
situation, all the modes in the independent waveguides have different propagation
constant i.e. βi ≠ βj, at the same time that all of them interact with one another i.e.
κij ≠ 0 (Fig. 1).
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The dynamic equation Eq. (1) can be solved if all the elements of the coupling
matrix and the initial complex amplitudes of the electric field are known. The
matrix M entirely describes the interaction between the waveguides for any given
initial condition of the field amplitude in a pair-wise manner such that modeling an
arbitrary coupled system can be reduced to the task of calculating the propagation
constants of the modes in each waveguide, βi = 2π λ̸0ð Þneff , i, and the coupling
coefficient between pairs of waveguides, κij = κji.

For calculating the coupling coefficient between the i-th and j-th waveguides,
one could appeal to the rigorous definition in terms of the overlap integral [2]:

κij = κji =
ωε0

R+∞

−∞

R+∞

−∞
n2 − n2n
� �

E*
i ⋅Ejdxdy

R+∞

−∞

R+∞

−∞
uz E*

i ×Hi +Ei ×H*
ið Þdxdy

ð3Þ

This is typically not the case and the calculation of both the propagation constant
and the coupling coefficient for arbitrary configurations is usually performed by
means of numerical approaches e.g. finite-element or finite-differences, or by using
analytical approximations, or a combination of both. Commonly, the calculation of
the coupling coefficient when the interacting waveguides have similar optical
properties is performed in terms of the propagation constants of the even and odd
coupled modes, βeven and βodd, respectively [3]:

κ≈
βeven − βodd

2
= k0 neff , even − neff , odd

� � ð4Þ

where k0 is the free-space wave vector, k0 = 2π/λ0, and neff,even and neff,odd are the
effective refractive index of the coupled modes. Equation (4) is useful and

Fig. 1 General scheme of a linear coupled system consisting of N single-mode waveguides with
different propagation constants and all the waveguides coupled to one another
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computationally cost-effective when the response of the system is to be evaluated at
a single wavelength. However, if the spectral response of a coupled structure is to
be studied, as it is the case when modeling spectrally operated fiber optics sensors,
analytical models are preferred in order to evaluate a continuum of wavelengths
within certain spectral window.

According to the formulation of the mutual light-wave interactions between two
parallel single-mode waveguides in the weakly guiding approximation, the cou-
pling coefficient κ for two similar cores can be approximated analytically by the
following expression [4–7],

κ=

ffiffiffiffiffiffi
2Δ

p

a
U2K0

sW
a

� �
V3 K1 Wð Þ½ �2 ð5Þ

where a is the radius of the cores, s is the center to center separation distance
between them, and Δ is the relative refractive index difference. K0 and K1 are the
modified Hankel functions of order 0 and 1, respectively. The normalized frequency
V, and the normalized transverse propagation constants of the LP01 mode in the
core and cladding, U and W, respectively, are defined as follows [2, 7]:

V = k0nra
ffiffiffiffiffiffi
2Δ

p
=

2π
λ0

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r − n2c

q
ð6Þ

U≈2.405 exp −
1− σ 2̸ð Þ

V

� �
, σ =1−

nc
nr

� �2

ð7Þ

W =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 −U2

p
ð8Þ

Figure 2a shows the effective refractive index of the even and odd coupled
modes for a two-core coupled structure, embedded into an infinite medium of
uniform refractive index, as a function of the center-to-center separation distance
between the cores at a single, fixed wavelength. For this particular example, the
cores are 8.6 µm in diameter and the refractive index of the cores and the cladding
is 1.448 and 1.443, respectively, at a free-space wavelength of 1550 nm. For this
two-core coupled structure, the coupling constant calculated from numerical sim-
ulations (Eq. (4)) and the weakly-guiding analytical model (Eqs. (5)–(8)) is shown
in Fig. 2b by the markers and the continuous line, respectively.

The interaction between the cores exponentially weakens with increasing sepa-
ration distance due to a smaller overlap of the evanescent tails and eventually the
structure decouples as can be seen from the zero-coupling asymptotic limit in Fig. 2b.
In this particular example, in which the two cores have the same optical parameters,
the effective refractive index of the coupled modes asymptotically reaches the
same effective refractive index of the independent waveguides (see Fig. 2a).

It is clear that the closer the cores the stronger the interaction (see Fig. 2b),
however, from Eq. (4) (see Fig. 2a) it can be seen that the stronger coupling is the
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result of a larger difference in the effective indices of the coupled modes. This leads
to propagation constant mismatch that imposes some limit in the strength of the
interaction in practical cases due to, for instance, the contrast reduction in the
spectral response of the device, as it will be shown later in the experimental sections
specially in the case of refractive index sensing.

From Eq. (4) and (5) one can readily note that any change in the optical and/or
geometrical parameters will influence the effective refractive index of the coupled
modes and therefore will lead to variations in the coupling coefficient. These
variations will reflect in the changes in the overall response of the coupled system
and can be used for sensing applications thanks to the underlying dependence of the
coupling coefficient on the external parameters.

It is always convenient to have in hand analytical expressions for the coupling
constant like Eq. (5) especially for modeling spectrally operated devices in which
the response of coupled structures is evaluated for a continuum of wavelengths
within certain spectral window. However, it is important to clarify the conditions in
which these expressions can be safely used. In general, the weakly-guiding
approximation is valid in situations where the refractive index contrast between the
core and the cladding is ‘low’ such as it is typically the case in doped silica cores
embedded in a silica cladding where the difference is on the order of Δn = 5
10−3. Also, Eq. (5) assumes the interaction between circular cores with the same
size and the same optical parameters. This is also commonly encountered in real
structures. Typical conditions in which the weakly guiding approximation has
proved valid can be found in the context of optoelectronic devices [5], communi-
cation structures [8], and sensing devices as the ones that will be discussed in the
following sections.

Fig. 2 Two-core coupled structure as a function of the separation distance between the cores (core
diameter of 8.6 µm and indices of the core and the cladding of 1.448 and 1.443, respectively, at
free-space wavelength of 1550 nm). a Effective refractive index of the even and odd coupled
modes. b Coupling constant obtained from numerical simulations (Eq. (4)) and the weakly guiding
approximation (Eq. (5))
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3 Two- and Seven-Core Fibers

Here we will focus our attention to two particular multicore fibers (MCF) that have
been exploited in a number of applications—the two-core and seven-core struc-
tures. The two-core fiber (TCF) is an asymmetrical design in which one of the cores
is located at the center of the fiber while the other core is off-axis, while the
seven-core fiber (SCF) consists of an array of 6 cores symmetrically disposed
around a central core.

The TCF and SCF can be considered as part of a subset of MCFs consisting of a
central core surrounded by N cores symmetrically disposed around it, as shown in
Fig. 3.

For the case in which all the cores have the same size and they are symmetrically
disposed around the central core such that there are only two characteristic coupling
coefficients in the structure i.e. one for the coupling between external cores and
another for the coupling between the central and external cores, the N-by-N system
of coupled differential equations obtained from Eq. (1) reduces to two equations
that can be solved analytically for the amplitude of the electric field in the central
and (any of the) external cores [9]:

a zð Þ= eiCz a0 cos qzð Þ− iC
q
sin qzð Þ

� �
+ b0

inκ
q

sin qzð Þ
� �� �

ð9Þ

b zð Þ= eiCz a0
iκ
q
sin qzð Þ

� �
+ b0 cos qzð Þ+ iC

q
sin qzð Þ

� �� �
ð10Þ

where q=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 + nK2

p
with n the number of cores around the central one, C and K

are the coupling coefficients for the external-external and external-central interac-
tion, respectively, and a0 and b0 are the initial i.e. at z = 0, amplitudes of the field in

Fig. 3 N-core coupled
structure consisting of (N-1)
cores symmetrically disposed
around a central core. For
similar cores, two coupling
constants characterize the
entire system
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the central and the external cores. In the typical experimental situation in which a
section of MCF is spliced between two single-mode fibers (SMF) for sensor
interrogation only the central core is excited at z = 0 i.e. a0 = 1 and b0 = 0. The
usefulness of analytical expressions like Eq. (9) becomes evident when the spectral
response of the coupled structure is to be modeled.

The experiments referred throughout this chapter were performed with a TCF
and a SCF kindly provided by ACREO and the Microstructured Fibers and Devices
Group at CREOL-UCF, respectively. Figure 4 shows pictures of the cross-sections
of these fibers with the relevant dimensions indicated and the refractive index of the
core and cladding, nr and nc, respectively, provided by the manufacturers at
free-space wavelength of 1550 nm.

From the experimental standpoint MCFs having the structure of Fig. 3, such as
TCF and SCF, have the advantage of having a core at the center of the structure.
This permits direct splice to standard single-mode fibers e.g. SMF-28, which not
only simplifies the fabrication and ensures the reproducibility of sensing devices but
also allows for a direct interrogation of the interaction between the MCF and its
surroundings via the external cores through the central one.

4 Refractive Index Sensing: Two-Core Fiber
Refractometer

Refractive index (RI) sensors are useful in a number of applications ranging from
quality control and industrial processing, mainly in the food industry and envi-
ronmental contamination monitoring, to chemical and biological analysis,
biomedical applications, and specimen detection [10, 11]. A general overview of
the state of the art including the largest sensitivity reported for a variety of tech-
niques using different types of fibers (not only MCF) can be found in Ref. [12].

Fig. 4 Pictures of the cross sections of the two- (TCF) and the seven-core fiber (SCF)
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More detailed reviews for the specific cases of fiber gratings and photonic crystal
fibers can be found in Refs. [13–15].

Briefly, the main characteristics of the most common RI sensing architectures are
highlighted below. RI sensors based on photonic crystal fibers (PCF) have been
demonstrated in both transmission and reflection configurations. These sensors are
capable of operating over a wide range of RI with linear response. The drawbacks
are mainly the large interaction lengths required to achieve appreciable changes and
the overall low sensitivity (190.9 nm/RIU and 6.67 nm/RIU for transmission and
reflection configurations, respectively) [16, 17]. Grating-based RI sensors also
exhibit low intrinsic sensitivity for both long-period (LPFG) and Bragg (FBG) fiber
gratings. This sensitivity has been enhanced significantly by improving the cou-
pling between the core and cladding modes by means of tilted gratings
(340 nm/RIU) [18], and even more when these gratings are inscribed into PCFs
(2000 nm/RIU) [19]. In terms of in-fiber interferometers for RI sensing, Michelson
and Mach-Zehnder architectures are the most commonly exploited since the fab-
rication process can be done in a relatively simple way by abrupt tapering and
micro-machining. In this sense, micro-machined cavities (9,300 nm/RIU) [20, 21]
provide a sensitivity that is orders of magnitude larger than the one that can be
achieved by tapering (30 nm/RIU) [22–24].

Other RI sensing schemes have been demonstrated by using liquid-core struc-
tures [25]. These techniques operate based on the changes observed in the propa-
gating modes transmitted through the structure such that the RI of the liquids used
to fill the capillaries has to be larger than the RI of the capillary tube. These sensors
exhibit large sensitivity (3250 nm/RIU) but the main drawbacks are the long
interaction length and the limited operation range for sensing. Overall, these
architectures are suitable for high-index sensing but cannot be used in most bio-
logical applications where the RI of aqueous solutions is commonly measured.

A first attempt for sensing RI employing a MCF was reported using a twin-core
fiber [26]. This sensing architecture has a central core and a side core, which are not
coupled, with the side core exposed to the external medium via chemical etching.
By properly splicing this twin-core fiber to a SMF a Michelson interferometer is
realized with a sensitivity of 826.8 nm/RIU. In this section we demonstrate different
RI sensing applications of the TCF shown in Fig. 4a, which demonstrate the
advantage of the coupled multicore geometry.

4.1 Principle of Operation

The principle of operation of RI sensing with MCF is illustrated with the simplest
coupled system—the two-core structure. Recall arbitrary coupled systems are
described on a pair-wise basis so the principle of operation shown below can be
extended to N cores.
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Figure 5a shows the effective RI of the even and odd modes of a two-core
coupled structure as it interacts with a surrounding medium of variable RI. The
cores are embedded into a finite-size, circular cladding of diameter D and the whole
coupled system i.e. cores and cladding, is surrounded by an infinite medium of
uniform RI next (see inset of Fig. 5b). In order to resemble realistic structures, one
of the cores is located at the center of the cladding while the other is asymmetrically
located off-axis. Similarly to how it was done previously, once the effective RI of
the coupled modes are calculated, the coupling constant can be estimated by means
of Eq. (4), as shown in Fig. 5b.

In this particular case, the cores are 8.6 µm in diameter and the refractive index
of the cores and the cladding is 1.448 and 1.443, respectively, at a free-space
wavelength of 1550 nm. The separation distance between the cores is kept fixed
and only the RI of the external medium is allowed to vary. The plots show the
effective indices and coupling constant for different diameters of the cladding as
indicated. The dashed lines in Fig. 5a indicate the limit at which the RI of the
surrounding media reaches the RI of the cladding.

From Fig. 5 it is important to realize that there is a maximum size for the
cladding in order to interact with the surroundings. In other words, if the cladding it
too thick the fiber does not ‘see’ the surrounding medium. Thus, the cores have to
be exposed in order to induce this interaction. Naturally, with decreasing cladding
diameter the strength of the interaction increased and larger changes in the coupling
constant can be achieved.

From Fig. 5b, it is clear that the smaller the cladding the stronger the interaction
with the surroundings. However, as it was shown before (see Fig. 2), the stronger
interactions are the result of larger differences in the effective indices of the coupled
modes. This produces a propagation constant mismatch whose effects are in
complete analogy with the dephasing effects in standard directional couplers [2, 7].

Fig. 5 Interaction between a two-core coupled system with finite-size cladding and an infinitely
extended surrounding medium. a Effective refractive index of the even and odd coupled modes
and b coupling coefficient, as a function of the refractive index of the surrounding media for
different cladding diameters as indicated
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A more insightful explanation can be pursued in terms of the intensity or energy
flow distribution in the coupled structure, as it is shown in Fig. 6a for the odd
coupled mode of the above-described structure. Two main things happen when the
RI of the external medium decreases. First, as the RI of the external medium
decreases, both the extent of the evanescent tail above the off-axis core decreases
and the position of the maximum power within the off-axis core slightly moves
towards the central core, as shown in the insets of Fig. 6a. In other words, the field
distribution of the coupled mode in the region of the off-axis core is ‘pushed’
towards the central core as the RI contrast increases thus producing a larger overlap
in the region between the cores which results in a larger coupling coefficient. On the
other hand, the power carried by each core dramatically unbalances due to the
propagation constant mismatch.

Figure 6b shows the general spectral response of the two-core coupled system in
RI sensing applications. The spectral response of this coupled system is expected to
experience a red spectral shift as the RI of the external surrounding media increases.
This shift is what is typically followed in spectrally operated RI sensors. Addi-
tionally, the contrast of the spectral response is expected to improve as the RI of the
surrounding media increases. Again, this relates to the fact that the dephasing
effects vanish in symmetric structures [2, 7].

The experimental setup employed for testing the performance of MCF-based
spectrally operated RI sensors is schematically shown in Fig. 7. A fiber pigtailed
broadband light source e.g. super luminescent diode (SLD), is used to spectrally
interrogate the MCF sensor. After the optical signal propagates through the MCF
sensor, the transmitted spectrum is acquired using a standard optical spectrum
analyzer (OSA) (Anritsu MS9740A). This setup allows not only testing the sensors

Fig. 6 a Power flow profile of the odd coupled mode, along the dashed line in the inset, for
decreasing RI of the external medium. The insets show that the extent of the evanescent tail
reduces and the position of maximum power flow moves towards the central core as the RI of the
external core decreases. b In general, in RI sensing the spectral response of the coupled system
exhibits both spectral shift associated to changes in the coupling constant and contrast variations
due to mismatch between the propagation constants of the coupled modes
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but also monitoring their response as the fiber cladding is being removed via
chemical etching, which can be correlated with the amount of material being
removed.

4.2 Binary Mixtures

A particular application where the ability to measure RI is important is related to
binary mixtures. When two liquids are mixed the RI of the mixture has in general a
RI that is different from that of the compunds and is related to the volume fraction
of each constituent of the mixture. Therefore, by measuring the RI of the solution
one could detect alterations in the composition and also control the mixture of two
different liquids.

In order to test the performance of the TCF-based RI sensor to identify binary
mixtures, we prepared a set of different solutions that gradually change from water
to ethylene glycol. The water–ethylene glycol binary mixtures exhibit RI ranging
from 1.331 (water) to 1.395 (ethylene glycol) at 1550 nm. The TCF-based RI sensor
was slowly etched, and at different etching times we measured the transmitted
spectrum for the set of binary mixtures. Figure 8a shows the net shift of the spectral
response of the TCF-based RI sensor retrieved from the experiments. The net shift
exhibits an exponential dependence on the refractive index of the external media.
Net spectral shifts as large as 90 nm can be achieved for the deeper etching in this
refractive index range, which is large enough to detect small changes in the binary
mixture.

The sensor sensitivity can be tuned by means of the etching depth i.e. with the
duration of the etching process, in order to optimize the free-spectral range of
operation and avoid ambiguity in the measurements. Figure 8b shows the charac-
terization of the sensitivity curve for different etching times. The characteristic

Fig. 7 Schematic of the experimental setup for spectrally operated refractive index multicore fiber
sensors. The off-center cores of the MCF are exposed by etching material from the fiber cladding
in order to induce the interaction with the surrounding medium. The sensitivity and contrast of the
sensor response increase and decrease, respectively, with the etching depth
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S-shape confirms that when the cladding is too thick the MCF does not interact with
the surroundings. It also shows that the sensitivity saturates which is expected as the
sensitivity will not further increase once the cladding is entirely removed. The
largest sensitivity experimentally demonstrated for this asymmetrically etched TCF
is 3119 nm/RIU for the RI range from 1.3160 to 1.3943. From the fitting of the
sensitivity curve (Fig. 7b) an even larger sensitivity (>3480 nm/RIU) can be
achieved in the limit where the cladding around the external core is removed
completely. Other experimental details, such as the actual spectra measured in the
experiments, can be found in Ref. [12].

4.3 Salinity

Conceptually, salinity is related to the quantity of dissolved salt content in water.
Although this is a simple fact, there are two main areas where salinity sensors are
needed. Firstly, earth scientists are required to constantly monitor the salinity of
seawater because even small variations of the ocean surface salinity can have
dramatic effects on the water cycle and ocean circulation. On the other hand,
contamination of freshwater aquifers with saline seawater is a major issue in coastal
areas, where the aquifer is the main resource of drinking water. In both situations,
since the amount of dissolved salt will effectively change the RI of the water,
fiber-based RI sensors have been used to measure salinity of water solutions.

The majority of fiber optic salinity sensors are based on FBG structures [27–29].
There are, however, some other reports using PCF [30], displacement and differential
measurements [31, 32], in-fiber interferometers [33], and fiber resonators [34, 35],

Fig. 8 Characterization of the TCF-based RI sensor. a Absolute wavelength shift, after different
etching times, for sensing the refractive index of water-ethylene glycol binary mixtures.
b Sensitivity curve as a function of the thickness of the cladding around the off-axis core (Data
points from Ref. [12])
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that have proved to be suitable for salinity sensing. Some of the drawbacks commonly
encountered in these type of sensors is the low sensitivity, which of course can always
be improved by using enhancing mechanisms e.g. polyamide coatings. One should
exert care in choosing adequate materials to avoid degradation of the coatings when
immersed in the saline solutions for long periods of time.

In order to evaluate the performance of our TCF-based RI sensor for salinity
measurements, saline solutions with different salt concentrations were prepared in
order to cover regimes of low (0–1 M) and high concentration (0–5 M). Figure 9a
shows the experimental results for salinity sensing for different etching times as
indicated. The main plot in Fig. 9a spans the salinity range up to typical values of sea
water while the inset shows the performance in the low-concentration regime
(dashed rectangle). In both scenarios the spectrum red-shifts with increasing salt
content, and the spectral shift can be directly correlated to the solution concentration.
It can also be noticed that the response is highly linear for both concentration ranges.
We should also highlight that even in the low-concentration regime, which has
smaller RI variations, an absolute wavelength shift of 15 nm for the largest etching
time (302 min) can be observed and each saline solution in the low-concentration
range can be clearly identified. Similar to the case of binary mixtures, the sensitivity
is increased as the cladding thickness around the external core is reduced. As shown
in Fig. 9b, the sensitivity as a function of the cladding thickness is also highly linear,
achieving a maximum sensitivity of 16.7914 nm/(mol/L) for the high-concentration
and 14.0917 nm/(mol/L) for the low-concentration measurements. The experiments
demonstrate the capability of the TCF-based sensor to perform salinity measure-
ments with high sensitivity over a wide range of concentrations. The highest

Fig. 9 a Absolute wavelength shift of the TCF sensor response for salinity sensing in the high
concentration range up to 5 M. The inset shows the sensor response in the low-concentration regime
highlighted by the dashed rectangle. b Sensitivity curve of the TCF salinity sensor as a function of
the thickness of the cladding around the off-axis core in the high- and low-concentration regime. In
both cases, the sensor sensitivity has a linear dependence on the thickness of the cladding and,
similarly to the previous case, the sensor sensitivity can be tuned by means of the etching depth i.e.
with the duration of the etching process (Data points from Ref. [36])
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sensitivity of 16.7914 nm/(mol/L) is more than 20 times larger than that recently
reported for polyamide-coated PCF and polyamide-coated FBG. Other experimental
details, such as the actual spectra measured in the experiments, can be found in Ref.
[36].

4.4 Other Applications

Based on the previous results it is evident that the TCF-based RI sensor can be
useful in other applications where measuring RI is critical. Other common appli-
cations of RI sensing of great interest in industrial environments include the
detection of poisonous specimens e.g. ammonia [37], adulterated fuels e.g. gasoline
[38], and altered commercial products e.g. alcoholic beverages [39].

The performance of the TCF-based RI sensor presented in the previous sections
in the particular context of adulteration of alcoholic beverages is summarized in
Fig. 10.

In order to test the TCF-based sensor for the detection of adulterated beverages,
we prepared a set of solutions of Tequila diluted with water. The commercial tequila
used in the experiments was Jose Cuervo Tradicional™, which was verified to be a
certified tequila. The set of solutions ranges from pure tequila to a 50/50 volume
percent diluted solution. Taking into account reported RI values for tequila, we
estimate the RI of the tested solutions to be in the range from 1.3338 to 1.3518 at
1550 nm. The absolute wavelength shift of the TCF-based sensor as a function of the
tequila concentration for different etching times is shown in Fig. 10a. We can
observe that the response is highly linear, with a maximum sensitivity of

Fig. 10 a Absolute wavelength shift of the TCF sensor response for adulterated alcoholic
beverages. b Sensitivity curve of the TCF sensor as a function of the thickness of the cladding
around the off-axis core. In both cases, the sensor sensitivity has a linear dependence on the
thickness of the cladding and, similarly to the previous case, the sensor sensitivity can be tuned by
means of the etching depth i.e. with the duration of the etching process (Data points from Ref.
[12])
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−0.42871 nm/% for an etching time of 302 min. As shown in Fig. 10b, this sensi-
tivity is good enough to easily discriminate changes of 1 % of water adulteration,
which can be critical if other adulterant such as ethanol or ethylene glycol is used
instead of water. The experimental results and the sensor sensitivity show that these
sensing platforms are feasible for developing adulteration-detection devices for law
enforcement purposes. Other experimental details, such as the actual spectra mea-
sured in the experiments, can be found in Ref. [12].

5 Temperature Sensing

Spectrally operated fiber optics temperature sensors have been demonstrated using
FBG and LPFG, specialty fibers such as D-shaped fibers and PCF, multimode fibers
(MMF), and more recently MCF. A general overview of the state of the art
including the largest sensitivity reported for a variety of techniques using different
types of fibers can be found in Ref. [40].

A common feature in all these sensors, regardless of the sensing mechanisms and
the type of fibers used, is their low sensitivity. Grating-based temperature sensors
(FBGs and LPFGs) have sensitivities of only of a few tens of pm/°C (<100 pm/°C)
in the low temperature regime for the case of bare gratings [41–43]. This sensitivity
can be increased by inscribing chirped LPFGs (up to 150–300 pm/°C) [44] or by
inscribing the grating on fibers with special doping such as boron-germanium
(B-Ge) co-doped fibers (3.4 nm/°C) [45].

Interferometric techniques are well known for having high sensitivities and
compact architectures in most applications. However, for temperature sensing
applications using in-line schemes they have in general low sensitivity regardless of
the configuration of the interferometer i.e., Fabry-Perot, Fizeau, and Mach-Zehnder,
(<50 pm/°C up to 200 °C and about 100 pm/°C for higher temperatures) [46–50].
Similarly to grating-based sensors, the sensitivity can be enhanced by using special
fibers e.g. highly birefringent fibers (0.25 nm/°C) [51]. The largest improvement for
interferometric temperature sensing has been achieved by means of the interference
of multiple modes (9.9 nm/°C) [52, 53].

Sensing structures based on PCFs also exhibit low sensitivity in spite of the
implementation of sensitivity enhancement approaches such as tapering
(<100 pm/°C) [54, 55]. In the particular case of PCF, there is also the drawback
that long interaction lengths (on the order of tens of centimeters) are needed to
induce appreciable changes in the spectral response. Temperature sensors based on
MMFs permit compact sensing schemes but they also have low sensitivity
(<50 pm/°C for low temperature and on the order of 100 pm/°C for high tem-
perature) [56–60]. Similar sensitivities are obtained even if the interference is
restricted to only a few modes by using graded-index MMF [57].

MCF are not the exception. The use of MCFs has also been demonstrated in
high-temperature applications [61, 62] and similarly to the above-mentioned fiber
optics sensors their sensitivity remains low (50 pm/°C) regardless of the number of
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cores of the MCF. The reason why the vast majority of optical fiber temperature
sensors, including those using ‘bare’MCFs, exhibit low sensitivity regardless of the
technique and the type of fiber is that they rely on the inherently low thermo-optic
coefficient (TOC) of silica (1 × 10−5 °C−1). Nevertheless, large temperature
response i.e. high sensitivity, is desired especially in biological and medical
applications in which a tight temperature control is mandatory and small temper-
ature changes are to be detected [11, 63].

It has been recognized that this limitation can be overcome, and therefore the
sensitivity can be increased dramatically, by involving other elements in the
experimental setup with stronger temperature dependence in order for the optical
signals to experience larger changes. For instance, by taking advantage of the large
thermal expansion of metallic elements i.e. V-groove fiber holders, a Fabry-Perot
configuration has been reported with sensitivity up to 260.7 nm/°C [64]. This is
orders of magnitude larger than what is obtained when only the thermal properties
of bare fibers come into play.

Other possibilities include using materials with large thermo-optic response
instead. Significant enhancement of the sensitivity has been demonstrated using
PCF-based temperature sensors infiltrated with alcohol and index matching liquids
(up to 42.818 nm/°C) [65–68]. Large enhancements have also been reported for
sensors based on MMI effects using polymer coatings (−3.195 nm/°C) [69], and
liquid-core (up to 20 nm/°C) [40]. In the case of this liquid-core MMI device it was
shown that the sensitivity for operating in a specific temperature range can be tuned by
simply selecting the liquid in order to optimize the free-spectral range of the device.

Proof-of-concept experiments for temperature sensing were performed using a
SCF. Figure 11 summarizes the results. In these experiments temperature sensing is

Fig. 11 a Absolute wavelength shift of the SCF temperature sensor for two different etching
times. The experiments were performed using the setup from Fig. 7, using refractive index
matching oil with large TOC as the surrounding medium. The insets show the actual spectral
response obtained in the experiments for some of the measured temperatures. b SEM picture of the
cross section of the SCF after 375 min of etching showing that the thickness of the cladding is of
only 2 µm. The interaction between the etched SCF and the surroundings is strong due to the thin
cladding
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performed based on thermo-optic effects via the interaction of an etched SCF with a
surrounding medium with large TOC i.e. the cores of the SCF are exposed by
removing material from the cladding. These experiments were carried out by using
the same setup shown in Fig. 7 for RI sensing but, unlike the asymmetric etching
performed in the case of the TCF, here the SCF was uniformly etched. The sur-
rounding medium used in the experiments was Cargille index matching liquid
(Series AA, 1.452 at 653 nm and 25 °C, TOC −3.9 × 10−4 °C−1).

As shown in the insets of Fig. 11a the spectrum is blue shifted as the temperature
is increased, which is expected due to the negative value of the TOC. We can also
notice that the sensitivity increases about four times, from −0.3 to −1.25 nm/°C,
approximately, when the etching time is increased from 360 to 375 min.

Figure 11b shows a SEM picture of the cross section of the SCF after 375 min
of etching. The SEM picture shows that the thickness of the cladding around the
external cores is only 2 µm. It is worth highlighting that having tight control on the
etching process is required to achieve this thickness since the etching rate dra-
matically increases close to the cores.

Although the maximum sensitivity achieved with the SCF sensor is not as large
as compared to other temperature sensors, the sensitivity can be increased by simply
using surrounding media with larger TOCs and the operation range can be pushed
towards higher temperatures by using solid surrounding media e.g. polymer coat-
ings. Nevertheless the sensitivity can be enhanced dramatically by inducing longer
evanescent tails that result in a stronger interaction with the surrounding medium.
This can be done by using high-index thin layers as it has been done in fiber devices
based on multimode interference effects [70–73], or by using metal coatings as in
the case of in-fiber plasmonic devices [74–77].

It is important to highlight that the above-mentioned sensitivities can be esti-
mated in terms of RI units by simply taking the nominal TOC of the surrounding
medium. For a TOC of 1 × 10−4 RIU/°C the sensitivities are estimated to be
3 × 103 nm/RIU and 1.25 × 104 nm/RIU for etching times 360 min to 375 min,
respectively. The sensitivity value of 1.25 × 104 nm/RIU, when the cladding
around the cores is only 2 µm, is about three times larger than the maximum
sensitivity achieved with the TCF (see Fig. 8b). With this sensitivity it can be
estimated that in principle RI changes on the order of 10−5 could be detected with a
lab scale OSA with resolution of 0.1 nm, which strongly suggests that MCF could
be suitable for biological applications.

6 Curvature Sensing

Monitoring the structural health of buildings and bridges has gained wide accep-
tance in order to avoid catastrophic accidents. A simple way to do this is to measure
the deformation of the structure, which can be transferred to a device attached to the
structure and thus the deformation can be measured via the stress experienced by
the attached device. In this respect, fiber optics sensors are being used to perform
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this task. Stress-based fiber optics sensors including bending or curvature sensors
are typically tested by isolating the section of fiber containing the responsive
structure from the rest of the fiber and loading it in a controllable manner [78]. In
the case of bending sensors there are a number of different configurations com-
monly used. For instance, in order to induce a pure bending stress, the fiber can be
point-like supported at the extremes and loaded at the center [79–83]. Other
configurations include inducing a constant radius of curvature by coiling the fiber
[84–88] and bending the fiber in a beam-like fashion i.e. cantilever, for reflection
configurations [89–91]. Nevertheless, the most common configuration consists on
clamping both ends of the fiber to translation stages and displacing controllably one
of these stages, in a step-like fashion, towards the other stage therefore bending the
section of fiber containing the sensing region into a static configuration of known
curvature [92–110]. The experimental results shown in this section refer to this
particular configuration, which is schematically depicted in Fig. 12.

Figure 13 shows some experimental results regarding the performance of a TCF-
and SCF-based curvature sensor. In these experiments the interaction length i.e.
length of MCF, is 50 mm and 10 mm for the TCF and SCF, respectively. Further
details on the experiments and modeling can be found in Ref. [106]. The results
shown in Fig. 13 do not intent to directly compare between these two sensors as the
interaction length is different in each case. Instead, these results show that different
MCF can be used for optimum operation depending upon the curvature range, the
sensitivity required for the measurement, and the size restrictions imposed by
the conditions in which the sensor is to operate. In the particular case shown here,
the TCF curvature sensor exhibits much larger sensitivity in the small-curvature
regime at the expense of having longer interaction length while the more compact
SCF sensor is capable to operate over a larger curvature range at the expense of
exhibiting low sensitivity.

It is worth mentioning that, unlike other stress-related scenarios in bending there
are several stress contributions in general e.g. axial compressive and bending

Fig. 12 Schematic experimental setup for curvature sensing using a fixed ends configuration for
the evaluation of static states of curvature
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component. The net effect of these contributions depends not only on the actual
curvature but also on the type of support at the ends e.g. point-like ends or fixed
ends. In practically all the above-mentioned reports it has been recognized, not only
for the numerical modeling and the derivation of theoretical expressions but also in
the experiments, that when using MCFs in bending applications the situation dra-
matically complicates if the fiber is not limited to bend in a single plane and/or
twisting is not completely avoided. Experimentally, when the fiber is allowed to
bend in more than one plane, a plateau in the shift-curvature response curve appears
at initial stages of the experiment i.e. small curvatures, until the bending component
significantly dominates over the others [107, 109]. This unusual ‘delay’ in the
sensor response is rather a detrimental effect for sensitive operation in the
small-curvature regime [91, 106, 110]. To emphasize this point one can compare
the experimental results from Fig. 12 with those from Ref. [107]. In both cases the
same SCF was used and yet the sensitivity is more than 2 times larger when the
fiber is carefully restricted to bend in a single plane. Together with the increase in
sensitivity one can have spectral response with larger contrast (>20 dB) when the
competition between the stress components is avoided i.e. single-plane bending,
such that these MCF-based structures can be suitable in other applications such as
bending-tuned band rejection filters. Some other aspects that are to be taken into
account in MCF-based stress sensors involving bending components refer to the
variations of the contrast in the spectral response as the experiment progresses. This
includes the increase in the contrast of the spectral response with increasing cur-
vature due to stress homogenization across the optical fiber. Further details on the
stress homogenization mechanisms that drive the contrast characteristics in spec-
trally operated multicore fiber optic bending sensors can be found elsewhere [111].

Fig. 13 Performance of TCF- and SCF-based curvature sensors with interaction length of 50 mm
and 10 mm, respectively. The insets show the actual spectral response measured in the
experiments. The free-spectral range of the curvature sensor can be optimized not only from the
sensitivity perspective but also from the stand point of the interaction length such that compact and
maximally sensitive sensors can be fabricated (Data points for the TCF from Ref. [106])
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7 Summary

Fiber optic sensors based on multicore coupled structures were reviewed in this
chapter. The advantage of the coupled MCF is that the coupling mechanism is
highly sensitive to small changes of the effective RI of the propagating mode.
Therefore, their implementation to perform different sensing applications is widely
investigated. As demonstrated in this chapter, they can be used to measure several
physical variables, but there are some applications where multicore fibers offer
certain advantages as compared to conventional fiber sensors. Currently, MCF
sensors are based on symmetric configurations, i.e. same coupling constant between
cores. However, future developments should incorporate asymmetric designs and
also their combination with microstructured designs to provide more versatility to
the MCF sensors.
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