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“But he knew no other way; it was part of a short but 

inflexible personal code of ethics that he had carried with 

him all his adult life: do the job and do it well.” 

Robert Galbraith, The Silkworm 
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ABSTRACT 
 

Optical fiber sensors have experienced an important progress in recent years with the 

employment of structures based on gratings, interferometers or electromagnetic 

resonances, among others; and the development of nanotechnology, that has enabled 

the deposition of coatings at the micro- and nanometric level on the fiber. These 

advances have allowed the manufacture of optical fiber sensors for measuring 

physical variables, chemical parameters or biosensing applications. 

This thesis contributes to the analysis and optimization, both theoretical and 

experimental, of different configurations and structures in optical fiber, applied to the 

development of sensors. Several structures are studied in this thesis, including Lossy 

Mode Resonances (LMRs) and optical fiber gratings: FBGs (fiber Bragg gratings), 

LPGs (long period fiber gratings) and TFBGs (tilted fiber Bragg gratings). The main 

research lines that are presented in this thesis are the fabrication of multisensing 

devices based on LMRs and the enhancement of the mode transition in optical fiber 

gratings: LPGs in double clad fibers and TFBGs. The common element between both 

research lines is the employment of thin films of high refractive index materials: tin 

oxide (SnO2), indium tin oxide (ITO) and titanium dioxide (TiO2). The results shown 

in this thesis reveal the potential of combining several structures and/or phenomena 

in optical fibers to improve the performance of optical fiber sensors. 

RESUMEN 
 

Los sensores de fibra óptica han experimentado un importante progreso en los 

últimos años con el empleo de estructuras basadas en redes de Bragg, interferómetros 

o resonancias electromagnéticas, entre otras; y el desarrollo de la nanotecnología, que 

ha permitido la deposición de recubrimientos a nivel micro y nanométrico sobre la 

fibra. Estos avances han posibilitado la fabricación de sensores de fibra óptica para 

medir variables físicas, parámetros químicos o aplicaciones de biosensado. 

Esta tesis contribuye al análisis y optimización, tanto teórica como experimental, de 

diferentes configuraciones y estructuras en fibra óptica, aplicadas al desarrollo de 

sensores. En esta tesis se estudian varias estructuras, incluidas las Lossy Mode 

Resonances (LMRs) y redes en fibra óptica: FBGs (redes de Bragg en fibra), LPGs 

(redes de período largo en fibra) y TFBGs (redes de Bragg inclinadas en fibra). Las 

principales líneas de investigación que se presentan en esta tesis son la fabricación 

de dispositivos multisensores basados en LMRs y la mejora del fenómeno de la mode 

transition en redes de fibra óptica: LPGs en fibras con doble cladding y TFBGs. El 

elemento común entre ambas líneas de investigación es el empleo de películas 

delgadas de materiales de alto índice de refracción: óxido de estaño (SnO2), óxido de 

indio y estaño (ITO) y dióxido de titanio (TiO2). Los resultados mostrados en esta 

tesis revelan el potencial de combinar varias estructuras y/o fenómenos en fibras 

ópticas para mejorar el desempeño de los sensores de fibra óptica. 
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Chapter 1 

Introduction 

1.1. Motivation and objectives 

Optical fiber sensors have gained relevance in recent years due to the inherent 

advantages of optical fiber, including its light weight, electromagnetic immunity, low 

transmission losses, large bandwidth, multiplexing capability and resistance to harsh 

environments [1–3]. However, there are also important concerns, which are being 

progressively solved as the technology matures, like cost, complexity in interrogation 

systems and unfamiliarity of the end user with the technology. Different structures 

have been developed in optical fibers for sensing purposes, such as interferometers 

[4], gratings [5], electromagnetic resonances [6] or photonic crystal fibers [7], among 

many others.  

The development of nanotechnology has widened the range of applications of optical 

fiber sensors, as it has enabled the deposition of coatings at the micro- and nanometric 

level on the fiber [8]. These coatings are made of materials sensitive to the parameters 

to be measured and modify the properties of the light traveling through the fiber, 

leading to the manufacture of sensors for applications such pH sensing [9], gas 

detection [10], or biosensing [11–13], among others. Some of the employed 

deposition techniques are dip coating [14], layer by layer nanoassembly (LbL) [15], 

sputtering [16], and electrospinning [17].  

Metal oxides can be found among the materials deposited on optical fibers for the 

development of sensors. Metal oxides are characterized by their thermal and 

mechanical robustness, good resistance to chemical degradation and the fact that their 

properties are not affected by aging. Examples of this type of materials include tin 

oxide (SnO2), indium tin oxide (ITO), zinc oxide (ZnO) or titanium dioxide (TiO2). 

The first sensors that exploited metal oxides were based on resistance measurement 

[8]. In the case of optical fiber, one of the techniques that can be employed for 

manufacturing sensors with metallic oxides is the deposition of a thin film on 

cladding removed multimode fibers (CRMF) [18,19], cladding etched single mode 

fibers [20] or D-shaped fibers [21,22]; generating resonances known as Lossy Mode 

Resonances (LMRs) [23]. 

LMRs are obtained when the real part of the permittivity of the thin film material is 

positive and higher in magnitude than both its imaginary part and the real part of the 

permittivity of the material surrounding the thin film. Metal oxides as well as 

polymers fulfill previous conditions [23]. Under these conditions, one or several 

resonances will appear in the transmission spectrum at certain wavelengths. The 

wavelength at maximum attenuation at which an LMR is observed, known as 

resonance wavelength, depends on the optical properties on the thin film, its thickness 

and the refractive index of the surrounding medium [24]. For instance, if the first two 

parameters are fixed, a relationship can be established between the wavelength of the 

resonance and the surrounding medium refractive index (SRI), enabling the 
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development of refractometers [25]. LMRs possess some advantages over the well 

known Surface Plasmon Resonances (SPRs), such as the possibility of being 

generated with both transverse electric (TE) and transverse magnetic (TM) polarized 

light or obtaining several resonances in the same spectrum [23].  

On the other hand, one of the main concerns in the field of optical sensors in the last 

years is the development of platforms that allow the simultaneous measurement of 

several magnitudes [26–28], such as temperature, relative humidity, pressure, 

refractive index, etc. This matter also extents to the biosensing field [29–31], where 

the detection of multiple biomarkers can improve considerably the accuracy in the 

diagnosis or monitoring of a disease [32–34]. Nevertheless, regarding LMRs, the 

manufacture of multisensing devices is still in its infancy and very few sensors, 

mostly based on planar waveguides, have been recently developed with this purpose, 

such as a multichannel refractometer [35] or a sensor for measuring simultaneously 

the relative humidity and the temperature based on a dually nanocoated waveguide 

[36]. 

Following such considerations, the aim of this thesis is to develop sensors for 

measuring several parameters based on LMRs, combining them or not with other 

technologies; as well as continue exploring the possibilities offered by metal oxide 

nanocoatings, responsible for the generation of LMRs, in other optical structures. For 

that purpose, the main objectives of this thesis are: 

• Developing multisensing devices through the combination of LMRs with other 

optical structures such as gratings. 

• Obtaining several independent LMRs on a single optical fiber for multisensing 

purposes. 

• Studying the enhancement of the sensitivity in optical fiber gratings through the 

deposition of metal oxide thin films, which is strongly linked to the LMR effect. 

• Acquiring the knowledge to simulate all the proposed structures in order to perform 

numerical analysis, be able to optimize the studied devices and predict their 

response. 

1.2. Organization 

This thesis has been organized in chapters as follows. First of all, Chapter 2 presents 

a review of wavelength based optical sensing structures that have been employed, 

individually or combined, during the development of this thesis, such as LMRs and 

optical fiber gratings. The latter include fiber Bragg gratings (FBGs), long period 

fiber gratings (LPFGs or LPGs) and tilted fiber Bragg gratings (TFBGs). For each 

structure the main characteristics, operation, types, fabrication techniques and typical 

applications are discussed. 

The next chapter (Chapter 3) is focused on the study and development of different 

structures and configurations based on LMRs that enable measuring more than one 

variable or parameter simultaneously, with the purpose of obtaining multisensing 

platforms. In the first place, the employment of different grating patterns on thin films 
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deposited on two distinct substrates, coverslips and D-shaped optical fibers, is 

theoretically analyzed. The idea behind these structures is to generate an LMR with 

the thin film while producing bands in the reflection spectrum due to the grating 

pattern. Two different thin film patterns are studied: a pure grating pattern and the 

combination of a section of constant thickness and a grating section. The parameters 

of the different structures are assessed in order to find their optimum values for their 

implementation, focusing on the case of a pure grating pattern on a D-shaped optical 

fiber. 

Then, the combination of an LMR and an FBG is implemented on a D-shaped optical 

fiber for measuring the surrounding medium refractive index (SRI) and the 

temperature at the same time with a single device. The LMR is obtained through the 

deposition of a TiO2 thin film while the FBG is inscribed on the core of the optical 

fiber. The device response to changes in the SRI and temperature is characterized and 

its performance is compared with other sensors with similar characteristics. 

The last device that is studied in this chapter, both theoretically and experimentally, 

is a D-shaped optical fiber where two independent LMRs are obtained through the 

deposition of a nanocoating with two sections of different thickness. The possibility 

of obtaining several independent LMRs in a single device has been previously 

demonstrated in the case of planar waveguides [37], but not in the case of optical 

fibers. The fabrication process is explained in detail and it is studied how to optimize 

the length of the sections of the nanocoating so both resonances have a similar depth. 

Finally, the performance of the device as a refractometer is assessed. 

Chapter 4 is focused on the study of the mode transition in different types of optical 

fiber gratings. First, this phenomenon is analyzed in LPGs inscribed on double clad 

fibers where the refractive index of the second cladding is lower than that of the first 

cladding. It was numerically shown that a second cladding can enhance the mode 

transition in LPGs in [38] but this analysis lacked an experimental demonstration 

until now. Initially, the etching process to obtain LPGs with a second cladding with 

different thicknesses is described. Then, the mode transition is experimentally studied 

in these fibers through the deposition of a TiO2 thin film, assessing the impact of the 

second cladding thickness on the sensitivity to the thin film thickness. These results 

are supported with simulations of the wavelength shift of the resonances and the 

evolution of the effective indices of the cladding modes as a function of the thin film 

thickness, as well as simulations of the optical field intensity distribution. Finally, the 

sensitivity to the SRI in liquids (1.33 - 1.47 range) is evaluated for LPGs with 

different values of the second cladding thickness.  

In the second part of the chapter, the mode transition is theoretically studied and 

experimentally demonstrated in TFBGs through the deposition of high refractive 

index thin films (ITO, TiO2). The mode transition is first shown in an ITO deposition 

employing a sputtering deposition system. Then, two TiO2 depositions are carried out 

with an atomic layer deposition (ALD) system, each one with a separate TFBG and 

a different polarization state (P-polarization, corresponding to EH modes; and S-

polarization, corresponding to HE modes; respectively). The evolution of the 

effective indices of the cladding modes and the power distribution of the mode fields 
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during the mode transition are simulated to support the previous results and 

understand the differences between both polarizations. The mode transition is also 

tested as a method to recover the thickness of the deposited thin films by comparing 

the experimental results with the simulated mode transitions using for the thin film 

the refractive index value given by the ellipsometer. The results are compared with 

the ones obtained by the ellipsometer and the scanning electron microscope (SEM). 

Finally, Chapter 5 summarizes the principal results obtained in this thesis, presenting 

the main conclusions that can be extracted from this work and the lines that have been 

opened and can be continued in the near future. 
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Chapter 2 

Lossy Mode Resonances and Optical Fiber Gratings: State 

of the Art 

2.1. Introduction 

Optical fiber sensors are devices in which a physical, chemical or biological variable 

affects light propagation through an optical fiber, producing a modulation of the 

optical signal that is related to the variable to be measured [1]. The interest of these 

sensors is based on the outstanding advantages of optical fiber including 

electromagnetic immunity, small size, lightweight, low transmission losses, high 

sensitivity, large bandwidth, multiplexing capability or resistance to harsh 

environments [1–3]. These properties have enabled the development of optical fiber 

sensors for measuring physical variables (temperature, strain, pressure), chemical 

parameters (pH, gas detection) or biosensing (proteins, viruses, DNA sequences) [4–

8].  

Regarding the light property in which the sensor operation is based, four main 

categories of optical fiber sensors can be distinguished: intensity modulated sensors, 

phase modulated (interferometric) sensors, polarization modulated (polarimetric) 

sensors and wavelength modulated (spectrometric) sensors [1]. Intensity modulated 

sensors are based on monitoring the intensity changes at a certain wavelength and 

they are cheap and simple, but they require a stable reference signal [1]. With respect 

to interferometric sensors, they employ the interference between two beams that have 

propagated though different optical paths, within the same or in two different optical 

fibers [9]. Interferometry is traditionally based on measuring the phase difference 

between these two beams [1], although interferometers can also make use of changes 

in wavelength, intensity or frequency in the interferometric signal for sensing 

purposes [9]. In the case of polarimetric sensors, they measure how the state of 

polarization of light is affected by the variable of interest [10]. Finally, wavelength 

modulated sensors track the shift of the transmission or attenuation bands in the 

optical spectrum. They are expensive, as they need a spectrometer or an interrogator 

to monitor the wavelength shift, but they are robust, reliable in terms of noise and 

they offer a high versatility [11]. The current thesis is focused on the development of 

wavelength modulated sensing structures 

Concerning wavelength based optical fiber sensors, there are three main types [12]: 

sensors based on gratings (fiber Bragg gratings, long period gratings, tilted fiber 

Bragg gratings), interferometers (Fabry Pérot, Mach-Zehnder, Michelson, Sagnac) 

and resonance-based sensors (surface plasmon resonances and lossy mode 

resonances). Gratings consist of a periodic modulation of the refractive index along 

the core of an optical fiber [13–15]. Regarding interferometers, in this case only the 

spectral response is considered. Resonance based sensors rely on the utilization of a 

thin film that affects the propagation of the light through the fiber thus generating a 

resonance [16,17]. 
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This chapter presents a review of wavelength based optical fiber sensing structures 

that have been used, individually or combined, during the development of this thesis, 

such as lossy mode resonances (LMRs) and optical fiber gratings. The latter case 

comprises fiber Bragg gratings (FBGs), long period fiber gratings (LPFGs or LPGs) 

and tilted fiber Bragg gratings (TFBGs). For each structure the main characteristics, 

operation, types, fabrication techniques and typical applications are discussed. 

2.2. Lossy Mode Resonances (LMRs) 

When an optical fiber in which the cladding has been totally or partially removed is 

covered with a thin film, light propagation is affected due to the interaction of the 

evanescent field of the fiber with the thin film, which can lead to the generation of 

different types of resonances depending on the relationships between the refractive 

indices of the optical fiber and the thin film material. 

Before establishing the conditions for the generation of the different types of 

resonances, the employed notation must be introduced. For a certain material, the 

refractive index N, the permittivity  and the relationship between both are given by: 

                                                              𝑁 = 𝑛 + 𝑘 · 𝑖                                                        (2.1) 

                                                               = ′ + ′′ · 𝑖                                                       (2.2) 

                                  = 𝑁2 = (𝑛 + 𝑘 · 𝑖)2 = (𝑛2 − 𝑘2) + (2𝑛𝑘) · 𝑖                      (2.3) 

where n and k are the real and imaginary parts of the refractive index respectively 

and ’ are ’’  are the real and imaginary parts of the permittivity. From the previous 

equations it can be deduced that ′ = 𝑛2 − 𝑘2 and ′′ = 2𝑛𝑘 respectively. 

A surface plasmon resonance (SPR) is generated when the real part of the permittivity 

of the thin film material is negative and higher in magnitude than both its imaginary 

part and the real part of the permittivity of the material surrounding the thin film. In 

case the second condition if fulfilled but the real part of the permittivity of the thin 

film material is positive, a second type of resonance, called lossy mode resonance 

(LMR), is generated [17,18]. These conditions are summarized in the table in Fig. 

2.1, where the subindex ‘TF’ refers to the thin film material and the subindex ‘SM’ 

to the surrounding material. The map kTF vs nTF is plotted assuming a silica substrate 

with a refractive index of 1.45 [19] and that air is the surrounding medium (refractive 

index of 1 [20]). 

This section will be mainly focused on LMRs since several sensors based on them 

have been developed in this thesis. However, the differences between LMRs and 

SPRs will be briefly introduced in the next subsection. The following subsections 

will describe the main characteristics of LMRs, the different techniques to generate 

them and their applications. 
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Fig. 2.1 Conditions for the generation of SPR and LMR. Adapted from [17]. Copyright 2017, 

with permission from Elsevier. 

2.2.1. Main characteristics of LMRs and differences with SPRs 

LMRs are generated because a mode that is guided in the optical fiber starts to be 

guided in the thin film with losses. This phenomenon occurs when this lossy mode is 

near the cutoff condition. The described transition is recognizable because the 

effective index of this mode begins to increase for wavelengths below that of the 

maximum LMR depth in the transmission spectrum, until surpassing the refractive 

index of the optical fiber. This implies that the mode is guided by the thin film, whose 

refractive index is higher than that of silica (material of the optical fiber), for shorter 

wavelengths while it is guided by the core for longer wavelengths [17,18,21].  

The wavelength where the cutoff condition takes place, thus the position of the 

resonance or resonance wavelength, depends on the real part of the refractive index 

of the material of the thin film, its thickness and the surrounding medium refractive 

index (SRI). In general, these parameters have to be increased to achieve a higher 

sensitivity [22]. In practice, the SRI value is usually fixed by the application and the 

real part of the refractive index of the coating is the parameter that tends to be 

increased to improve the sensitivity [17]. 

Regarding SPRs, they are obtained when the evanescent field couples to a surface 

plasmon polariton. However, although LMRs and SPRs are generated by different 

physical phenomena, their operation and applications are similar. In both cases, a 

resonance is obtained in the optical spectrum (reflection or transmission, depending 

on the configuration) and its position depends on the properties of the thin film and 

those of the surrounding medium, therefore both types of resonances are utilized for 

the development of highly sensitive refractometric devices [17]. Nevertheless, there 

are important differences between LMRs and SPRs that will be explained in the 

following paragraphs. 
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In the first place, LMRs and SPRs appear with different materials due to the 

conditions they have to fulfil. In general, LMRs are generated with metal oxides (tin 

oxide, SnO2; titanium dioxide, TiO2) and polymers [23] while SPRs are obtained with 

pure metals, such as gold or silver [24]. However, there are hybrid materials, for 

instance indium tin oxide (ITO) [25], that are able to generate both type of resonances 

at different wavelengths.  

The second difference between LMRs and SPRs is the optimum incidence angle. In 

the case of LMRs, the best incidence angle approaches 90º [26] making the optical 

fiber the most adequate structure for LMR generation. On the other hand, SPR 

excitation is favored by angles in the 40 - 75º range [24], which leads to the 

employment of the Kretschmann configuration [27] as well as optical fibers for the 

generation of SPRs. Both configurations are shown in Fig. 2.2. The Kretschmann 

configuration consists of an optical prism where a thin film is deposited and in which 

light is coupled and reflected with a variable incidence angle. Kretschmann 

configuration can also be employed to generate LMRs [28]. 

In an optical fiber configuration, the resonance will be monitored as a dip in the 

transmitted power as a function of the wavelength, while in the Kretschmann 

configuration the resonance will be monitored as a dip in the reflected power as a 

function of the incident angle or as a function of the wavelength. It is also worth 

mentioning that both type of resonances can be obtained in a planar waveguide 

consisting of a coverslip, as it has been recently demonstrated [29]. 

 

Fig. 2.2 Configurations for the generation of SPRs and LMRs: a) Kretschmann configuration, 

b) Optical fiber. Adapted from [17]. Copyright 2017, with permission from Elsevier. 

Another important difference is that LMRs can be generated with both TE (transverse 

electric) and TM (transverse magnetic) polarized light, while SPRs can only be 

generated with TM polarized light [30,31]. Finally, several resonances can be 

obtained with LMRs when the thin film thickness is progressively increased and a 

higher number of modes are near the cutoff condition, whereas in the case of the SPR 

the resonance shifts to higher wavelengths and no additional resonances appear [30].  
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2.2.2. Thin film deposition techniques 

In order to generate a LMR, it is necessary to fabricate a thin film on the 

corresponding substrate (usually an optical fiber). Different techniques are used for 

this purpose [32]:  

• Dip coating: this technique consists in immersing a substrate in one or more liquids 

to produce a thin film and it does not usually require very complex instruments. 

The most common dip coating methods employed in the case of LMR based sensors 

are Sol-gel and Layer-by-Layer nano assembly (LbL). In the first case the substrate 

is dipped in the sol (dispersion of colloidal particles) and then extracted to produce 

a gel, which will solidify after drying, thus producing a thin film. Regarding LbL, 

the process consists in immersing the substrate alternatively in cationic and anionic 

solutions with an intermediate washing step for eliminating the excess of material 

[32]. 

• Physical vapor deposition (PVD): this process involves vaporizing atoms or 

molecules from a solid or liquid source, transporting them as vapor through a 

vacuum or low pressure gas environment and condensing them on a substrate. It is 

a line-of-sight-process, which means that complex pieces have to be rotated in order 

to obtain a uniform coating [33]. There are different techniques including 

sputtering, electron beam deposition, ion beam deposition, cathodic arc deposition 

and thermal evaporative deposition [32]. Only the first two methods are described 

in detail as they are the ones that have been used in this thesis:  

− Sputtering: in this process a gas (typically argon or xenon) is ionized in a vacuum 

chamber, generating plasma, by applying a high voltage between the cathode 

(located behind the target) and the anode (connected to the chamber). The ions 

impact on the target, causing the detachment of atoms of the material from it, 

which are then deposited onto the substrate to produce a thin film, see Fig. 2.3a. 

Nowadays, it is common the use of a magnetron (magnetron sputtering) to confine 

the electrons near the surface of the target, leading to higher deposition rates. 

Different types of sources can be used to generate the voltage difference, 

including DC, pulsed or radio frequency (RF), depending on the material to be 

deposited. It is also worth mentioning reactive sputtering, where a reactive gas 

such as oxygen is employed so that it chemically reacts with the sputtered material 

[34]. 

− Electron beam deposition: in this process an electron beam is focused on a target, 

thus vaporizing atoms which then condense on the substrate generating the thin 

film. The process takes place in a vacuum chamber that is usually heated for 

improving the bonding between the coating and the substrate. Before the 

deposition, an ionized beam (ion beam etching) can be directed towards the 

substrate to remove contamination [33]. 

• Chemical vapor deposition (CVD): this process is based on the chemical reaction 

of gaseous precursors on or in close proximity to a heated substrate [32]. There are 

several methods based on CVD, such as atomic layer deposition (ALD), plasma 

enhanced CVD (PECVD), photo-assisted CVD, electrochemical vapor deposition 
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(EVD), metal-organic CVD, flame assisted CVD, aerosol assisted CVD or 

electrochemical vapor deposition [32,35]. Only ALD is explained as it is the only 

CVD technique that has been utilized in this thesis. 

− Atomic layer deposition (ALD): most ALD processes are based on surface binary 

reaction sequences using two gaseous precursors, to which the substrate is 

exposed alternately, see Fig. 2.3b. These reactions are self-limiting, meaning that 

they stop once all available surface area has been covered. As a result, a binary 

compound film with a very controlled thickness is obtained, at the Ångstrom 

(10- 10 m) or monoatomic level [36]. Its main drawback is its slow deposition rate. 

It can be distinguished between thermal ALD and plasma or radical-enhanced 

ALD. The first type is the most basic one. In this case, the substrate is successively 

and individually exposed to two reactants. It is mainly used for metal oxides, such 

as Al2O3, TiO2 or ZnO. On the other hand, plasma ALD is used for single element 

materials that can be deposited in a binary sequence, such as metals and 

semiconductors (Si, Ge) [36]. 

 

Fig. 2.3 a) Diagram of the key elements in a sputtering deposition process. Reprinted from 

[37]. Copyright 2010, The Authors. Published in open access b) Schematic diagram of the 

ALD technique. Reprinted from [36] (copyright 2010, American Chemical Society) and 

adapted from [38] (copyright 1996, American Chemical Society). 

2.2.3. Applications 

One of the most common applications in the case of LMR-based sensors has been the 

development of refractometers [17,18,39,40]. Nevertheless, there are also other 

applications including gas detection [41–45], humidity sensors [46–49], pH sensors 

[50–52], or biosensors [53–58]. 

• Refractive index sensing: although LMRs can be generated with both polymers 

and metallic oxides, most LMR based refractometers employ metallic oxides 

because its refractive index is higher (which increases the sensitivity [22]) and 

because refractometers are usually characterized with oil or glycerol solutions, 

which adhere to the surface of the polymer and prevent a proper testing [17]. 

The best sensitivities have been achieved with the employment of a D-shaped fiber 

configuration, as it is the case of the following works. Regarding the water region 

(refractive index around 1.321), the best reported result corresponds to [39], where 

a sensitivity of 14.501 nm/RIU is obtained in the 1.321 - 1.326 with SnO2. In the 
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same work a sensitivity of 136.276 nm/RIU is reached in the 1.4474 - 1.449 range 

by employing ITO, see Fig. 2.4a. SnO2 is also utilized in [40], where a sensitivity 

of 95.012 nm/RIU is achieved with a LMR with TE polarization in the 1.4415 - 

1.4447 range and a value of 829.636 nm/RIU is obtained with a LMR with TM 

polarization in the 1..4481 - 1.4487. 

• Gas detection: gas monitoring has gained importance in recent years for 

controlling industrial processes, detecting dangerous compounds or assessing the 

health of patients through biomarkers present in human breath. LMR-based sensors 

have been developed for detecting several gases, including ammonia [41], volatile 

compounds (VCs) [42], hydrogen sulfide (H2S) [43] or nitrogen oxides (NOx) [44] 

among others. It is common the use of plastic multimode optical fibers, mainly 

PMMA (polymethyl methacrylate); and the employment of metal oxides for 

generating the LMR, such as ZnO [45]. 

• Humidity sensing: it could be considered a subcategory within gas detection as 

measuring humidity is equivalent to measuring water vapor gas concentration. The 

first humidity sensor based on LMR was developed in [46], employing an ITO thin 

film and a poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) 

multilayer overlay fabricated using LbL technique. Changes in the relative 

humidity (RH) induce thickness changes in the structure, therefore producing a 

wavelength shift. A sensitivity of 1.5 nm/%RH was obtained in the humidity range 

from 40% to 80%.  

Recent advances include the utilization of materials such as graphene oxide (GO) 

[47] or the employment of planar waveguides instead of optical fibers as sensing 

structure [48]. It is also worth mentioning the LMR-based sensor developed in [49] 

where gold nanoparticles (Au NPs) embedded in polymeric thin films were 

deposited on a cladding removed optical fiber, generating two Localized Surface 

Plasmon Resonances (LSPRs), associated to the Au NPs; and a LMR, whose 

sensitivity to the relative humidity is 11.2 nm/%RH in the 45% - 90 % range. 

• pH sensing: pH sensors based on LMRs generally employ PAH/PAA thin films as 

those are weak polyelectrolytes whose degree of ionization is modified with the pH 

value. The thickness of the polymeric structure increases if the degree of ionization 

of one of the polymers is reduced and achieves its minimum if both polymers are 

fully ionized, thus affecting the resonance wavelength [17]. The first sensor of this 

type was developed in [50] by using a cladding removed multimode fiber and was 

studied in the 3 - 6 pH range. Subsequent sensors of this type were developed on a 

tapered single mode fiber [51] (studied in the 4 - 6 pH range) and a D-shaped optical 

fiber [52] (maximum sensitivity of 69 nm/pH unit in the 4 - 5 pH range). 

• Biosensing: the high sensitivities achieved with LMR-based refractometers have 

motivated the development of biosensors based on this technology. In [53] a sensor 

based on a D-shaped fiber coated with SnO2 for the detection of immunoglobulin 

G (IgG) achieved a limit of detection (LOD) of 0.15 ng/L (1 fM), see Fig. 2.4b; 

whereas in [54] the same structure was employed for detecting the D-dimer, a 

biomarker for venous thromboembolism (VTE), obtaining a LOD of 100 ng/mL, 

five times below the clinical cutoff value. Other biomolecules that have been 
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detected by means of LMRs include the Tau Protein (an Alzherimer’s biomarker) 

[55] and perfluorooctanoic acid [56]. 

LMR based biosensors have also been utilized for detecting miRNAs, which are 

small and non-coding RNAs (ribonucleic acids) involved in the regulation of gene 

expression. It is the case of [57], where a miRNA associated with Huntington 

disease is detected or in [58], in which the same study is carried out with a miRNA 

linked with rheumatoid arthritis.  

 

Fig. 2.4 a) Calibration curve of LMR-based refractometers using SnO2 (water region) and ITO 

(1.4474 - 1.449 range) as coating materials. Reprinted from [39]. Copyright 2016, with 

permission from Elsevier. b) Calibration curve of an LMR-based biosensor for detecting IgG. 

The inset shows the enlargement of the calibration curve for the lower concentration range. 

Reprinted from [53]. Copyright 2018, American Chemical Society. 

• Multiparameter sensing: multiple resonances can be obtained in the same 

spectrum by increasing the thickness of the thin film [30] but these resonances 

cannot be employed to sense different parameters as they are all associated with the 

same thin film. This problem has been recently overcome by the development of 

sensors based on planar waveguides in which several independent thin films are 

deposited and each one can be used for sensing a different parameter [59]. The 

thicknesses of the different thin films have to be controlled in order to avoid the 

overlap of the corresponding resonances in the spectrum. 

For instance, in [60] a LMR sensor for measuring simultaneously refractive index 

and temperature based on a coverslip is presented. The coverslip is coated with a 

CuO thin film and then partially coated with PDMS, generating two resonances in 

the spectrum, each of them sensitive to one of the parameters of interest. A similar 

approach is employed in [61] where two independent thin films are deposited on 

the same coverslip to develop a multirefractometer. A variant of this configuration 

is introduced in [62] where the thin films are deposited on both sides of the 

coverslip, obtaining a sensor for measuring simultaneously temperature and 

humidity. 

In chapter 3, it is addressed the development of LMR-based sensors for 

multiparameter sensing applying the same approach that is utilized in the previous 

works, but employing an optical fiber instead of a planar waveguide as the sensing 

structure. 
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2.3. Optical fiber gratings 

Optical fiber gratings consist of a periodic modulation of the refractive index along 

the core of an optical fiber [13–15], typically a single mode optical fiber with a 8 µm 

thick core and a 125 µm thick cladding [63]. There are two main types of optical fiber 

gratings according to the grating period length: short period fiber grating, usually 

called fiber Bragg gratings (FBG) and with a period in the order of 500 nm; and long 

period fiber gratings (LPFG or LPG), with periods in the order of the hundreds of µm 

[64]. In FBGs, there is a coupling between the core mode propagating in the forward 

direction and counter-propagating modes; while in LPGs there is a coupling between 

the core mode and the co-propagating cladding modes [3]. Among FBGs, it can be 

distinguished between the devices where the coupling takes place between the core 

mode and the counter-propagating core mode (the term FBG is usually employed to 

refer to these devices although it is actually broader) and those where the coupling 

occurs between the core mode and the counter-propagating cladding modes. The 

latter receive the name of tilted fiber Bragg gratings (TFBG) [65,66] as the gratings 

are angled with respect to the perpendicular to the optical fiber axis in order to 

achieve this coupling. Due to their importance, TFBGs are considered most of the 

time a category on their own instead of a subtype of FBGs. 

2.3.1. FBGs 

FBGs are characterized for presenting a narrow band in the reflection spectrum (seen 

as a dip in the transmission spectrum), known as the Bragg resonance, which is 

centered on the Bragg wavelength (B), given by the phase matching condition: 

                                                     𝐵  = 2 · 𝑛𝑐𝑜𝑟𝑒(𝐵) ·                                                (2.4)  

where ncore (B) is the effective refractive index of the core mode at the Bragg 

wavelength (close to the refractive index of silica, 1.44 at 1550 nm [19]) and  is the 

grating period or grating pitch. The schematic representation of an FBG as well as 

the transmission and reflection spectra of an FBG approximately centered at 1560 nm 

can be observed in Fig. 2.5. The Bragg resonance is visible in both the transmission 

and the reflection spectra. 

 
Fig. 2.5. a) Schematic representation of a fiber Bragg grating (FBG). b) Transmission spectrum 

of an FBG. c) Reflection spectrum of an FBG. b), c) reproduced from [65]. Copyright 2012, 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Both the effective refractive index of the core and the grating period are affected by 

changes in strain and temperature, therefore causing a shift of the Bragg wavelength. 
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The sensitivities for a Bragg resonance located at approximately 1550 nm to the strain 

and the temperature are 1.2 pm per 1 µ (1 µ = 1 µm/m) and 13.7 pm/oC respectively 

[15]. On the other hand, FBGs are not sensitive to SRI variation, since light coupling 

occurs between core modes and the core is separated from the external medium by 

the fiber cladding [3].  

2.3.1.1. Fabrication techniques 

The externally written fabrication techniques for inscribing Bragg gratings in 

photosensitive optical fibers include the interferometric technique [67], the phase-

mask technique [68,69] and the point-by-point technique [70,71].  

• Interferometric technique: it employs an interferometer that splits the incident 

ultraviolet (UV) into two beams and them recombines them to create an interference 

pattern. The optical fiber is exposed to this pattern, therefore producing a refractive 

index modulation of the core [15]. Two types of interferometers have been used: 

the amplitude splitting interferometer and the wave-front splitting interferometer. 

In the first case, the UV incident light is divided into two equal intensity beams and 

then they are recombined after travelling through two different optical paths. The 

main advantage of this technique is that the Bragg wavelength can be easily tuned 

by varying the intersecting angle between the two beams, while the most important 

drawback is that the setup is highly affected by mechanical vibrations. With respect 

to wave-front splitting interferometers, they include the prism interferometer [72] 

and Lloyd’s interferometer [73], see Fig. 2.6a. They are less sensitive to vibrations 

than amplitude splitting interferometers as they only utilize one optical component, 

but both the grating length and the wavelength tunability are limited in these setups. 

Finally, one disadvantage that is common to all interferometric methods is that the 

laser sources must have good temporal and spatial coherence [15]. 

• Phase mask technique: the mask consists of a flat slab of silica glass in which one 

of the flat surfaces has been etched by means of photolithographic techniques in 

order to create a one dimensional periodic surface relief structure [68,69]. The 

optical fiber in which the grating is going to be inscribed is placed close to the 

surface of the slab where the relief structure has been etched. The manufacturing 

process consists in illuminating the phase mask with UV light (KrF excimer lasers 

are the most common sources [15]), which propagates through the mask 

(transparent to UV light) and is diffracted by its periodic corrugations. The depth 

of the corrugations is chosen so the diffraction into the zero-order is almost 

suppressed and the  1 diffracted order beams produce a periodic pattern that is 

photoimprinted in the optical fiber, creating the gratings, as it can be observed in 

Fig. 2.6b. The period of the fiber gratings is half the period of the mask gratings 

[68]. The advantages of the phase mask technique include easy alignment of the 

fiber, no critical dependence on the stability of the setup or the coherence of the UV 

laser beam (as it happened in the interferometric methods), and the possibility of 

manufacturing the gratings on several fibers at the same time by placing them in 

parallel under the phase mask [68]. 
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Fig. 2.6. a) Schematic of Lloyd interferometer for fabricating fiber Bragg gratings. b) 

Schematic of the phase mask technique for photoimprinting an FBG. a), b) reproduced from 

[15]. Copyright 1997, AIP Publishing. 

• Point-by-point technique: one grating period is fabricated at a time, as opposed to 

the phase mask technique. A small section of the optical fiber is exposed from the 

side to a collimated beam of UV light passing through a mask containing a slit 

whose width is typically equal to half the grating period . The incident light 

slightly increases the refractive index of the core in the exposed fiber section. This 

way, one grating period is manufactured. The fiber is then displaced along its axis 

a distance equal to  and the exposure step is repeated [71]. This process continues 

until the required number of gratings has been manufactured. The main advantage 

of the point-by-point technique is the flexibility, making easy to introduce 

variations in grating length, grating period, and spectral response; while the most 

important drawback is that it is not a practical method to manufacture grating with 

an important number of periods [15,68,71]. 

The previously described techniques can also be employed with a femtosecond laser 

source (a laser that emits pulses with a duration in the order of the femtoseconds, with  

1 fs = 10-15s) instead of an UV laser [74]. The advantages of femtosecond lasers 

include their flexibility in producing different FBG configurations, the fact that they 

do not require the fibers to be photosensitive for inducing a refractive index 

modulation and the stability of the manufactured FBGs at high temperatures, which 

makes them ideal for sensing applications in harsh environments [75].  

2.3.1.2. Classification of FBGs 

In order to do a first classification of the FBGs, it is necessary to introduce the concept 

of photosensitivity. Photosensitivity can be understood as the change in the refractive 

index of the core produced after the exposure of UV light, with a higher 

photosensitivity causing a larger change [15]. The interest in increasing this change 

is due to the fact that it leads to a higher reflectivity of the Bragg resonance, although 

it also broadens the peak. The methods for increasing the photosensitivity include 

hydrogen loading or hydrogenation (diffusing hydrogen molecules into fiber cores at 

high pressures and temperatures), flame brushing (diffusing hydrogen into the core 

by means of a hydrogen-rich flame that is brushed over the fiber), boron codoping 

(addition of boron to the core of the fibers) or employing ArF excimer lasers [15]. 
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Depending on the photosensitivity of the fiber and the writing conditions of the 

gratings, FBGs can be classified into [74,76–78]:  

• Type I: standard gratings with a low refractive index modulation (in the order of 

10-5), generated when the pulse energy of the writing UV beam is below 

approximately 30 mJ, which is the threshold that enables to distinguish between 

type I and type II gratings [15]. They are fabricated in most types of germanosilicate 

fibers. The refractive index change associated with this process is usually positive. 

− Type IH: similar to type I, these gratings are manufactured in hydrogenated fibers 

to enhance the photosensitivity thus the strength of the grating [74]. 

− Type IHp (formerly Type IA): gratings written after the generation and erasure of 

a Type I grating in a hydrogenated fiber [19]. Initially, a Type I grating is 

generated and the Bragg resonance increases in strength and shifts towards the 

red. Then, if the UV exposure continues, the index variation saturates and the 

grating decreases in strength. After a while, a Type IHp grating is formed, with 

the Bragg resonance regaining in strength and shifting towards the red. The 

refractive index change is in the order of 10-2 higher than that of the initial type I 

grating [79]. These gratings stand out for having a lower temperature sensitivity 

than the other types (7 pm/ºC) [19]. 

− Type In (formerly Type IIA): gratings written after the generation and erasure of 

a Type I grating (like type IHp gratings) in a hydrogen-free germanosilicate fiber 

[19]. The generation process is the same that has been described for Type IHp 

gratings, but after the saturation the Bragg wavelength increases in strength but 

shifts towards the blue [80]. 

− Type IHs (hypersensitized): grating made in a fiber that has been pretreated to 

maintain the photosensitivity increase gained with hydrogenation [74] (in normal 

cases this is not a permanent effect, as the hydrogen diffuses out [15]). 

− Type Id: gratings written with a 193 nm ArF laser operating just below the damage 

threshold of the glass. They do not require the use of a doped fiber. They usually 

have higher scattering losses than other Type I gratings but lower than the Type 

II gratings [74]. 

• Type II: gratings with a high refractive index modulation (in the order of 10-3, 

achieving values up to 0.006) created with a pulse energy of the writing beam above 

30 mJ. In these type of gratings, it is characteristic the presence of damage in the 

core-cladding interface. Type II gratings produce resonances with high reflectivity 

and large bandwidth, as expected for a high modulation [15]. Other important 

feature is that they are stable up to 1000ºC, much higher than Type I gratings. 

• Regenerated gratings: gratings produced after subjecting a Type I grating to an 

annealing process at temperatures of 1000ºC. The original grating is erased and a 

new grating generates at a longer wavelength, gaining in strength and shifting 

towards the red during the rest of the process [81]. Their reflection peak is weak 

but they are stable at temperatures up to 1000ºC, so they are gaining importance in 

extreme sensing applications [74].  
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A second classification of FBGs can be done based on the refractive index 

modulation done in the core of the fiber [13,76,82]: 

• Uniform FBG: the core refractive index modulation and the grating period are 

constant, see Fig. 2.7a. It is the basic case that has been analyzed until this point, 

producing a narrow band in the reflection spectrum. 

• Apodised FBG: the core refractive index is modulated with a certain function, such 

as a Gaussian-apodised grating (see Fig. 2.7b) or raise-cosine apodised gratings. 

This way, the side lobes surrounding the Bragg resonance in an uniform grating can 

be suppressed or greatly attenuated, as in the zero DC case in Fig. 2.7b. 

Nevertheless, if the apodisation implies a change in the mean value of the effective 

refractive index of the core in the grating region, sides lobes appear again. A 

positive index change causes a side lobe on the short wavelength end while a 

negative index change produces a side lobe on the long wavelength one [82] and 

the latter can be observed for the non-zero DC case in Fig. 2.7b. 

• Chirped FBG: the grating period varies along the grating length, typically in a 

linear trend, see Fig. 2.7c.  As a result, the Bragg wavelength changes along the 

grating, since each part of the grating reflects a different spectrum. Therefore, the 

reflected spectrum is broader than in uniform FBGs, with a full width half 

maximum (FWHM) that ranges between a few and tens of nanometers [83]. The 

most important feature of chirped FBGs compared with uniform FBGs is that the 

spectrum depends on the temperature/strain distribution along the grating, so they 

do not only measure these variables, but they also detect the point where they 

change [84]. 

• Phase-shifted FBG: a phase shift is introduced in the core refractive index 

modulation, producing a spectral notch in the reflected spectrum or, what is the 

same, a narrow band transmission filter, as it can be observed in Fig. 2.7d. The 

position of the resonance wavelength depends on the value of the phase change 

[85].  

• Sampled or superstructured grating: the effective refractive index or the grating 

pitch are varied at intervals with a period much larger than the nominal grating 

period, conforming a periodic “superstructure” [82], see Fig. 2.7e. As a result, these 

gratings possess side-band resonances that are equally spaced in frequency around 

the fundamental resonance [13]. If the period of the superstructure is S, the 

wavelength spacing of the side-band resonances λS is calculated as [86]: 

                                                     𝑆 
𝜆𝐵

2

2 · 𝑛𝑐𝑜𝑟𝑒(𝐵) · 𝑆

                                              (2.5) 

 

• Eccentric FBG: they have been included in this classification in absence of a better 

place, although they are not typically considered part of it. In eccentric FBGs, also 

called highly localized FBGs, the refractive index modulation is shifted from the 

fiber core center and is only done in part of the core section. As a result, there is a 

coupling between the core mode and the counter-propagating cladding modes, as 

in TFBGs. Therefore, its spectrum consists of hundreds of cladding mode 
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resonances spreading over several hundred nanometers, from the Bragg wavelength 

to the cut-off wavelength, that corresponds to the resonance whose effective 

refractive index matches that of the surrounding medium [63,87]. 

 
Fig. 2.7 Types of gratings according to the refractive index modulation (top) and the 

corresponding reflection spectra (bottom): a) uniform, b) Gaussian-apodised (red lines in the 

refractive index profile indicate the average change), c) chirped (linear), d) phase shifted, e) 

sampled or superstructured. Reproduced under the terms of the Creative Commons 

Attribution-Non Commercial 3.0 Unported License [82]. Copyright 2017, the Authors. 

2.3.1.3. Applications 

The main variables measured with FBGs are temperature [88,89] and strain [90–92]. 

However, other variables such as pressure [93–96], liquid level [97–99], or 

displacement [100] can also be measured by the translation of these parameters into 

an axial strain applied to the fiber. Finally, although it is necessary to reduce or 

remove the fiber cladding, sensors based on FBGs for measuring the SRI [101–103], 

or biosensing applications [104–108] have also been developed. 

• Temperature sensing: the development of temperature sensors is one of the most 

basic applications of FBGs [88,89]. Nowadays, efforts regarding temperature 

sensing with FBGs are focused in developing sensors for extreme temperatures 

(higher than 1000ºC or cryogenic) for applications such as power plants, turbines, 

combustion or aeronautics [76,109]. 

Techniques to develop high temperature resistant FBGs include modifying the glass 

composition, thermal annealing or cycling processes or inscribing grating by means 

of femtosecond infrared lasers (the previously explained inscription techniques are 

based on UV photosensitivity) [110,111]. Silica fiber can be used in applications 

for measuring up to 1000ºC, whereas sapphire fibers are employed for higher 

temperatures [109]. In [112], FBGs written in sapphire fibers are employed to 

measure temperatures up to 1745ºC with repeatability better than 1ºC, while in 

[113] the same type of fibers are used to measure temperatures up to 1900ºC and 

temperature distribution is studied in an inductive furnace at 1500ºC. 

Regarding cryogenic temperatures, the thermal coefficient of silica tends to 0 at 4 

K, so metal coatings are employed for enabling measurements at these temperatures 

[114,115]. In [114], the best results are obtained with a Pb electrocoated FBG, with 



Imas, J.J. 

25 

a sensitivity of 8.7 pm/K in the 4.2 - 35 K range. Additional cryogenic sensors have 

been developed in recent years. Although the latter do not achieve temperatures as 

low as 5 K, they cover a wide range (up to ambient temperature) with a good 

sensitivity. In [116], a TiN coated FBG is able to measure temperatures in the -195 

ºC (78 K) - 25ºC range with  10.7 pm/ºC sensitivity, while in [117] a sensitivity of 

48 pm/ºC is achieved in the -180ºC (93 K) - 25ºC range with a polymer-coated FBG 

that measures strain simultaneously. 

• Strain sensing: as in the case of temperature, measuring strain is a common use of 

FBGs, as it is demonstrated by the existence of several reviews about this topic [90–

92]. Nowadays, strain sensors based on FBGs have acquired importance thanks to 

their utilization in structural health monitoring (SHM) applications, that is, a set 

techniques implemented for damage detection in aerospace, civil and mechanical 

engineering infrastructures [118]. FBGs are embedded in reinforced concrete 

beams, composite materials or piles or in structures such as bridges for monitoring 

strain. They are encapsulated to ensure their durability. It is common the use of 

different methods, such as a second FBG, to compensate the effect of the 

temperature change on the Bragg wavelength [90]. 

• Pressure sensing: when a fiber is compressed, it suffers an axial strain, therefore 

pressure can be measured with an FBG. One of the first sensors of this type was 

developed in [93], with a linear sensitivity of -3 pm/MPa in the 0 - 70 MPa range. 

The sensitivity can be increased by using coatings, such as a carbon fiber laminated 

composite in [94] (sensitivity of 100 pm/MPa in the 0 - 70 MPa). Sensitivity has 

been further increased by employing differential FBG sensors, as in [95] (340 

pm/MPa in the 0 - 10 MPa range, including temperature compensation and based 

on a diaphragm-cantilever structure, see Fig. 2.8) and [96] (821.87 pm/MPa in the 

-11.6 – 11.6 MPa range, also measuring temperature), although the dynamic range 

is reduced compared with previous sensors. 

 

Fig. 2.8 a) Schematic diagram of the FBG pressure sensor including detailed diagrams of the 

flat diaphragm and the cantilever. b) Average difference values for several essays in the 

wavelength shifts between the two FBGs under pressure values ranging from 0 to 10 MPa. 

Reproduced from [95]. Copyright 2017, with permission from Elsevier. 

It is also worth mentioning the employment of FBGs inscribed in air-hole fibers for 

measuring high temperatures and pressures simultaneously [109]. When applying 
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an external pressure to the fiber, the air holes suffer a deformation, producing 

internal stress inside the fiber and inducing birefringence, which separates the FBG 

peaks for both polarization states. These two peaks are used for sensing both the 

temperature and the pressure. This structure has been employed both with Type II 

[119] (0.1 - 13.8 MPa range for temperatures above 800 ºC) and regenerated 

gratings [120] (0.1 - 16.5 MPa range for temperatures in the 24 - 800 ºC range), that 

correspond to the FBG types that support high temperatures.  

• Liquid level sensing: there are two basic options when measuring the liquid level 

with FBGs [121]. The first one is to measure the wavelength shift produced by the 

SRI change that takes place when the FBG is progressively submerged in the liquid, 

although the measurement level range is limited to the grating physical length. An 

example is found in [97], where a chirped FBG is employed, achieving a high 

sensitivity of 1214 pm/nm but only having a level range of 5.6 mm. The second 

option are the pressure based sensors, where the liquid level is measured through 

the subsequent change in pressure, that causes a strain in the fiber, affecting the 

Bragg wavelength. The sensors are encapsulated in different kinds of structures, 

including diaphragms, as in [98,99], with sensitivities lower than 3 pm/mm but 

level ranges between 0.5 and 1 m. 

• Displacement sensing: measuring displacement is important in the field of 

structural health monitoring, in structures, such as buildings, dams or bridges [76]. 

In this case, sensors are designed so the displacement causes a deformation of a 

certain element and this produces a strain on the FBG, generating a shift of the 

Bragg wavelength. It is common the use of cantilever structures or springs in this 

type of sensors [122]. For example, in [100] an FBG is employed combined with a 

wedge-shaped sliding block a T-shaped cantilever beam to measure displacements 

up to 2 mm with a sensitivity of 2086.27 pm/mm in the 1 mm - 2 mm range and a 

resolution of 0.48 µm, see Fig. 2.9. 

 
Fig. 2.9 a) Schematic diagram of the FBG displacement sensor. b) Wavelength shift of the 

FBG for several essays for displacements in the range 0 - 2 mm. The sensitivity in the linear 

range is 2086.27 pm/mm. Reproduced from [100]. Copyright 2017, IEEE. 

• Refractive index (RI) sensing: FBGs are insensitive to the surrounding medium 

refractive index (SRI), as previously mentioned. Nevertheless, by reducing the 

cladding thickness by means of etching methods, the evanescent field of the core 

mode begins to penetrate the surrounding medium, therefore inducing a sensitivity 

to the SRI [3]. The first sensor of this type was developed in [101], etching the fiber 
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diameter down to 11 µm and achieving a poor sensitivity of 0.087 nm/RIU. The 

sensitivity is improved by further reducing the fiber diameter, as in [102] 

(sensitivity of 16 nm/RIU for a diameter of 8.5 µm) and [103] (sensitivity of 237.5 

nm/RIU for a diameter of 3 µm, etching both the cladding and an important part of 

the core) but the obtained values are still far from the results achieved with other 

technologies. It must also  be considered that the fiber becomes more fragile when 

further etching the fiber. 

• Biosensing: the limitations of FBGs regarding RI sensing condition the 

development of biosensors, based on measuring a surface RI change. Therefore it 

is necessary to reduce or remove the fiber cladding through etching or polishing, or 

directly write FBGs in microfibers (fibers with a diameter of a few µm) in order to 

manufacture biosensors based on FBGs [123].  

Sridevi et al. have developed several biosensors based on etched FBGs and 

functionalized with graphene oxide or reduced graphene oxide for the detection of 

different biomarkers, such as C-reactive protein [104], protein concanavalin A 

[105], glucose and glycated hemoglobin [106]. C-reactive protein is also detected 

in [107] by means of a femtosecond-pulsed laser written and etched FBG, but 

improving the detection limit in [104] by more than 6 orders of magnitude (0.82 

pg/L in [107] vs 10 µg/L in [104]). Another biosensor based on an etched FBG is 

reported in [108], where thrombin is detected after applying a silanization process 

to the fiber. On the other hand, Bertucci et al. have manufactured several sensors 

for detecting DNA sequences by using FBGs inscribed on microstructured optical 

fibers and functionalized with peptide nucleic acids [124,125].  

• Multiparameter sensing: common FBG multiparameter sensors are designed to 

measure temperature and a second magnitude that is usually strain or a variable that 

is connected with strain such as pressure, bending or displacement. The sensor 

design is usually based on a configuration with two FBGs whose sensitivities to the 

variables of interest are different [126]. The purpose of measuring the temperature 

can be the temperature on itself or compensating the temperature drift when 

measuring the other variable. Another possibility of multiparameter FBG sensing 

is measuring simultaneously the SRI and the temperature [127,128]. In this case, 

an FBG is made sensitive to the SRI by polishing or etching the fiber while a second 

FBG is inscribed in a standard SMF section and only measures the temperature. 

This possibility, but employing an LMR for measuring the SRI instead of an FBG, 

is explored in chapter 3. 

2.3.2. LPGs 

In LPGs, there is a coupling between the core mode and the co-propagating cladding 

modes. The high attenuation of the cladding modes leads to the appearance of 

attenuation bands in the transmission spectrum, each one corresponding to the 

coupling to a different cladding mode [129], see Fig. 2.10b. The position of each 

attenuation band is given by the phase matching condition:  

                                          = (𝑛𝑐𝑜𝑟𝑒() −  𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑖 ()) ·                                       (2.6) 
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where ncore () is the effective refractive index of the core mode at , ni
cladding () is 

the effective refractive index of the ith cladding mode at , and  is the grating period. 

The grating period has typically a value between 100 µm and 1 mm. 

 

Fig. 2.10 a) Schematic representation of a long period grating (LPG). b) Transmission 

spectrum of an LPG. 

In this case of LPGs, it is important the description of two phenomena that enable an 

increase in sensitivity: the dispersion turning point (DTP) (also known as turn-around 

point (TAP) or phase matching turning point (PMTP)) and the mode transition. 

The dispersion turning point was proposed for the first time in [130] and is connected 

with the appearance of two resonances in the transmission spectrum linked with a 

single cladding mode. This phenomenon can be better understood if equation (2.6) is 

graphically represented. By using equation (2.6), it can be calculated the theoretical 

grating period that produces a resonance at a certain wavelength for a certain cladding 

mode i by simply simulating ncore () and ni
cladding () and solving . Then, the 

resonance wavelength can be plotted as a function of the grating period for each 

cladding mode, as it has been done in Fig. 2.11a for a standard single-mode fiber.  

In general, it can be observed that for a grating period value (graphically a vertical 

line) and each cladding mode curve, there is only one wavelength that verifies the 

equation (one intersection point). However, for high order cladding modes, there are 

grating period values that produce two intersection points, therefore two resonances, 

that is, the dispersion turning point. For instance, this happens in Fig. 2.11a for the 

11th cladding mode and a period of approximately 190 µm. Each of these resonances 

possesses a very high sensitivity and shifts in a different direction as a function of the 

refractive index, as it can be observed in Fig. 2.11b. Therefore, sometimes their 

separation is employed as a parameter for sensitivity instead of the shift of a single 

resonance, leading to sensitivities that are approximately the double [3]. More 

information will be given in the applications subsection. 

Regarding the mode transition, the term was introduced in [131], although this 

phenomenon was first observed in [132]. In this work, a thin film with a higher 

refractive index than that of the cladding was deposited on an optical fiber with an 

LPG written on its core, producing a wavelength shift and an amplitude change of 

the attenuation bands as a function of its thickness.  
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Fig. 2.11 Simulation with FIMMWAVE software of an LPG written on a standard single-mode 

fiber. a) Calculated variation of resonance wavelength with grating period. b) Transmission 

for LPG working at DTP immersed in different SRIs. Reproduced from [3]. Copyright 2019, 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

It was later demonstrated that the wavelength shift is caused by the gradual transfer 

of energy from a cladding mode to a leaky mode of the thin film as it becomes thick 

enough to support one, causing a reorganization of the cladding modes. Each 

cladding mode i shifts its effective refractive index value towards the effective index 

of the immediate lower order cladding mode i-1 [133,134]. Both effects can be 

observed in Fig. 2.12a where mode transitions take place at thicknesses of 300, 1200, 

2100 and 3000 nm and modes LP0,2, LP0,3, LP0,4, LP0,5 become guided respectively, 

causing at each transition a reorganization of the remaining modes. The range of 

thicknesses where this effect takes place is also connected with an apparent fiber 

mode loss (a decrease of the amplitude of the grating resonance) since the power 

transfer from the fiber core to the coating reduces the power density in the fiber core 

and consequently the coupling coefficient of the grating. The term “Lossy Mode 

Resonance” (LMR) can be used to describe such effects [17].  

Furthermore, the fast shift of the cladding modes effective index in this region leads 

to an increase in the sensitivity of the attenuation bands (both are linked through the 

phase matching equation (2.6)), which was demonstrated in [134]. This can be 

observed in Fig. 2.12b, in which the fastest wavelength shift of the resonances occurs 

for a thin film thickness of around 300 nm, which corresponds to the mode transition 

in this work [133]. It can also be noted that each resonance shifts until reaching the 

original position of the resonance corresponding to the immediately lower cladding 

mode.  

Nevertheless, the first works on this phenomenon had to face the problem that the 

resonances faded during the transition because the deposition techniques employed 

(Langmuir Blodgett and Layer by Layer self-assembly) produced coatings with 

strong losses [132,133]. This problem can also be appreciated in Fig. 2.12b, where 

there are almost no experimental points in the mode transition region. This obstacle 

was solved by using the dip coating technique, which provided higher quality films, 

demonstrating the applicability for sensing [135].   
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Fig. 2.12 a) Effective index evolution as a function of the thin film thickness (refractive index 

value 1.67) for the first ten cladding modes in a standard single-mode fiber at 1200 nm. 

Reproduced under an Open Access License [134]. Copyright 2005, Optica Publishing Group. 

b) Shift in the wavelength of the resonances associated to the 8th (top) and the 7th (bottom) 

cladding modes as a function of the thin film thickness (refractive index value 1.62) in a 

standard single-mode fiber. Open squares, experimental values; solid curves, theoretical 

values. Reproduced from [133]. Copyright 2005, Optica Publishing Group. 

Before finishing this section, it is worth mentioning the existence of helical long 

period gratings (HLPGs), which have a periodic spiral refractive index modulation 

along the axis direction, as opposed to conventional LPGs [136]. Helical structures 

are generally manufactured by twisting and/or heating the optical fiber. Their main 

difference with standard LPGs is that they are more sensitive to torsion [137], being 

torsion sensors one of their main applications [136]. 

2.3.2.1. Fabrication techniques 

The most common method for manufacturing LPGs is UV irradiation (using for 

instance KrF excimer lasers), being the main techniques the phase mask technique, 

the point-by-point technique, and interferometry; which have already been described 

in the case of FBGs [129]. However, there are other methods including: ion 

implantation [138], irradiation by femtosecond laser pulses (already explained for 

FBGs) [139], irradiation by CO2 lasers [140,141], electrical arc discharge [142], 

etching [143] and mechanically induced gratings [144]. The methods that have not 

been aforementioned will be described below these lines. 

• Ion implantation: the method consists in implanting protons (H+) or He2+ ions in 

the core of the optical fiber, producing a refractive index modulation due to the 

densification of the silica glass. This densification is induced by the atomic 

collisions through which the implanted ions lose their energy. The refractive index 

increase achieved by ion implantation is in the order of 10-2 [138]. 

• Irradiation by CO2 lasers: in the case of conventional glass fibers, the method 

consists in periodically irradiating with a CO2 laser sections of the fiber, which is 

progressively moved along its axis direction, that is, a point-by-point technique. 

The main mechanisms behind the refractive index modulation in LPGs inscribed 

with a CO2 laser are residual stress relaxation, glass densification and physical 

deformation [140,141]. A schematic diagram of a setup for inscribing LPGs by 

irradiation with a CO2 laser can be observed in Fig. 2.13a. 
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• Electrical arc discharge: an uncoated fiber is placed between the electrodes of a 

splicing machine, being subjected to an electric current between 7 and 15 mA 

during a time interval of 200 ms - 2s. This way one grating period is manufactured. 

Then the fiber is displaced a distance equal to the grating period and the process is 

repeated, continuing until the required number of periods has been fabricated. The 

mechanisms that play a role in the refractive index modulation produced during the 

arc discharge are residual stress relaxation, glass densification and 

microdeformations [142]. An example of setup to manufacture arc-induced LPGs 

is shown in Fig. 2.13b. 

 

Fig. 2.13 a) Schematic diagram of an LPG fabrication system based on two-dimensional 

scanning of focused high-frequency CO2 laser pulses. Reproduced from [141] (copyright 2010, 

AIP Publishing), adapted from [145] (copyright 2003, IEEE). b) Experimental set-up used to 

fabricate arc-induced LPGs. Reproduced under the terms of the Creative Commons Attribution 

4.0 International License [142]. Copyright 2016, the Authors. 

• Etching: a corrugated structure is obtained by chemically etching sections of the 

cladding that are periodically spaced. This is achieved by protecting some sections 

of the cladding with a metallic thin layer while leaving others uncoated, which will 

be the ones that will be etched when immersing the fiber in a hydrofluoric acid 

solution. The refractive index modulation is low unless the etching removes almost 

all the cladding. Nevertheless, the index modulation can be increased by applying 

stress [143]. 

• Mechanically induced gratings: the refractive index modulation can be 

mechanically induced by, for instance, pressing the fiber between a periodically 

grooved plate and a flat plate. The pressure points produce a periodic index 

modulation due to the photoelastic effect [144].  

2.3.2.2. Applications 

Sensors with similar applications as the ones described for FBGs can be developed 

with LPGs. Attention will be focused on temperature [146–148] and strain sensing 

[149–151] (basic variables to which LPGs are also sensitive) as well as on SRI 

sensing [152–155] and biosensing [123,156–159], applications that lately attract 

much attention. However, there are also sensors based on LPGs for measuring 

pressure [160], liquid level [161] or displacement [162], among others. 
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• Temperature sensing: the magnitude and sign of the temperature sensitivity of an 

LPG depend on the material of the fiber, the grating period and the order of the 

cladding mode that is associated to the resonance, being possible to produce 

attenuations band that are not sensitive to temperature [129]. Typical values in a 

single mode fiber range from 30 pm/ºC to 90 pm/ºC [163], higher than in FBGs 

(13.7 pm/oC [15]). Methods to increase the temperature sensitivity include the use 

of different fiber compositions, geometries or the employment of polymer coatings 

[129]. 

For example, in [146] the temperature sensitivity of LPGs in boron germanium 

fibers codoped fibers is studied in the 0 - 60ºC range for different grating periods 

(from 34 to 550 µm) and cladding modes (from 5th to 30th), obtaining sensitivities 

with different sign ranging in absolute value from 75 pm/ºC to 1750 pm/ºC. The 

employment of a polymer coating to enhance the temperature sensitivity is shown 

in [147], where a PDMS coated LPG achieves a sensitivity of 255.4 pm/ºC in the 

20 - 80 ºC range. Finally, in [148] it is proposed a temperature sensor based on an 

isopropanol filled photonic crystal fiber (PCF) LPG, where a sensitivity of -1356 

pm/ºC is achieved in the 20 - 50 ºC range. The air holes of the PCF are filled with 

isopropanol in order to improve the sensitivity (around 150 times compared with 

the air filled PCF-LPG), as this liquid possesses a high thermo-optic coefficient. 

• Strain sensing: as in the case of the temperature, the strain sensitivity of an LPG 

depends on the material of the fiber, the grating period and the order of the cladding 

mode, being possible to generate attenuation bands with positive, negative or zero 

sensitivity to strain [129].  

In recent years, high strain sensitivities are achieved by using different fiber 

geometries and particular methods for inscribing the gratings. For instance, in [149] 

a sensitivity of -5.62 pm/µ is achieved with an inflated LPG, obtained by inflating 

periodically air holes along the axis of a solid core PCF with a CO2 laser. In [150] 

periodic grooves are carved on the surface of a large-mode-area PCF, producing an 

LPG with a strain sensitivity of -7.6 pm/µ. A similar strategy to generate the LPG 

is followed in [151] but in this case there is an angle rotation (6º/mm) between 

consecutive grooves, reaching a linear sensitivity of 106.7 pm/µ in the range 0 - 

600 µ. 

It is also worth mentioning that the sensitivity of LPGs to transverse strains and 

torsion has also been studied [129]. When a transverse load is applied to an LPG, 

birefringence is induced in the fiber. The separation between the resonances 

corresponding to each polarization depends on the transverse load, thus it can be 

used to develop a sensor [164]. Torsion has been analyzed in corrugated LPGs, 

where axial strain produces a change only in the resonance loss while torsion affects 

both the wavelength and the amplitude of the attenuation band [165]; and in LPGs 

written with CO2 lasers, where both the twist rate and the twist direction can be 

determined [166], see Fig. 2.14. 
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Fig. 2.14 a) Resonance wavelength shift vs twist rate applied. b) Amplitude of the attenuation 

band vs twist rate applied. Reproduced from [166]. Copyright 2004, The Institution of 

Engineering and Technology. 

• Refractive index sensing: three phenomena (individually or combined) are 

generally employed to enhance the SRI sensitivity in the case of LPGs: the 

dispersion turning point, (DTP) the mode transition (both have been previously 

explained in the introduction about LPGs) and etching, which was already a method 

for enhancing the SRI sensitivity in the case of FBGs. In the case of the DTP, 

sensitivity is usually calculated considering the separation between the two peaks 

as a function of the SRI. 

An example of the combination of these phenomena is found in [153], in which the 

DTP and etching are employed together to obtain a 16.044 nm/RIU sensitivity in 

the 1.333 - 1.3335 range (see Fig. 2.15a). Also, in [154], the DTP and the mode 

transition (obtained through the deposition of TiO2 thin films) are combined to 

optimize the sensitivity in specific SRI ranges, achieving for example a sensitivity 

of 10.000 nm/RIU in the 1.336 - 1.3397 range and a sensitivity of 42.000 nm/RIU 

in the 1.4526 - 1.4561 with different grating periods and thin film thicknesses. In 

[155], the combination of all three phenomena (DTP, mode transition and etching) 

in a single LPG is studied, and a sensitivity of 40.000 nm/RIU for  SRI = 1.41 is 

reached considering only a single band. 

• Biosensing: the techniques that are employed to enhance the performance of the 

biosensors are the mode transition and the DTP, being the latter the most utilized 

one [123,156]. For instance, in [157] a biosensor is developed based on an LPG 

operating at the mode transition (thanks to a thin film of atactic polystyrene with a 

suitable thickness) for the detection of anti-human IgG. In [158], goat anti-mouse 

IgG is detected employing an LPG working at the DTP, achieving a limit of 

detection of 70 µg/L in human serum (see Fig. 2.15b). Regarding LPG-based 

biosensors for detecting anti-IgG, it is also worth mentioning the work described in 

[159], where another strategy is used, that is, inscribing the LPG in a photonic 

crystal fiber (PCF) for detecting anti-mouse IgG. Biosensors based on LPGs have 

been developed for the detection of different targets, including the previously 

mentioned anti-IgG, BSA (bovine serum albumin), glucose, Escherichia coli or 

DNA sequences [156]. 
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Fig. 2.15 a) Sensitivity analysis of the sidelobes of cladding mode LP0,2 at the dispersion 

turning point (DTP). The greatest sensitivity (16.044 nm/RIU) is achieved if the separation 

between the two sidelobes is considered. Reproduced under the terms of the Creative 

Commons Attribution 4.0 International License [153]. Copyright 2022, the Authors.                     

b) Calibration curve of the bioassay performed with an LPG working at the DTP for detecting 

anti-mouse IgG in human serum in concentrations ranging from 1 μg/L to 100 mg/L. 

Reproduced from [158]. Copyright 2014 Elsevier. 

• Multiparameter sensing: the differential shift in two or more attenuation bands in 

an LPG can be used for multiparameter sensing, assuming that the sensitivities to 

the parameters under study are different for each of the bands. One of the first 

sensors of this type measured simultaneously strain and temperature [167]. More 

recent examples of multiparameter sensing with LPGs include [168], where an LPG 

is inscribed in a Panda fiber (fiber with high refringence due to the stress rods of 

boron doped glass on opposite sides of the core) and three attenuation bands are 

utilized for measuring simultaneously the SRI, the temperature and the strain; or 

[169], where three different LPGs are manufactured in series in a single mode fiber 

for measuring temperature, relative humidity and volatile organic compounds 

(VOCs), parameters linked with air quality monitoring. Each LPG is optimized for 

measuring the corresponding parameter and operating next to the DTP. 

LPGs have also been combined with FBGs for multiparameter sensing. A 

configuration that was initially used consisted in employing one LPG and two 

FBGs measured in reflection (the LPG spectrum is not seen in reflection). One of 

the monitored parameters was the wavelength shift of one of the FBGs while the 

other was defined by the relationship between the reflectivities of both FBGs, which 

were affected by the LPG shift with the variables of interest, as in [170] (strain and 

temperature are measured) or [171] (SRI and temperature are monitored). More 

recent sensors include other configurations, as in [172], where an LPG and an FBG 

are superimposed to measure simultaneously SRI and temperature. The sensor 

works in the mode transition region of the LPG and both wavelength shifts are 

measured in transmission. 
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2.3.3. TFBGs 

In TFBGs the gratings are angled with respect to the perpendicular to the optical fiber 

axis, as opposed to FBGs, where the gratings are perpendicular to the optical fiber 

axis. As a result, in each grating plane part of the light is reflected towards the 

cladding, contributing to the enhancement of the counter-propagating cladding 

modes and the corresponding resonances in the transmission spectrum [65]. 

 

Fig. 2.16 a) Schematic representation of a tilted fiber Bragg grating (TFBG). b) Transmission 

spectrum of a TFBG. c) Reflection spectrum of a TFBG. b), c) reproduced from [65]. 

Copyright 2012 by WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

In the TFBG transmission spectrum, several resonances can be observed, see Fig. 

2.16b. In the first place, the Bragg resonance, which is located at the highest 

wavelength and corresponds, as in the case of the FBG, to the coupling of the core 

mode to the counter-propagating core mode (therefore its wavelength continues to be 

calculated with equation (2.4)). The closest resonance to the Bragg wavelength, 

which is usually deeper than the neighboring resonances, is named “ghost” mode 

resonance [173], because it has many properties in common with the Bragg resonance 

but it consists of the superposition of several low order cladding mode resonances. 

Then, to the left of the ghost mode, there is a spectral comb where each resonance is 

the result of the coupling between the core mode and a group of counter-propagating 

cladding modes. There is a discontinuity in the comb that establishes the frontier 

between the guided cladding modes (effective refractive index higher than the SRI) 

and the leaky cladding modes (effective refractive index lower than the SRI) [65]. 

The wavelength at which the coupling occurs for each cladding mode is given by the 

following equation:  

                                     = (𝑛𝑐𝑜𝑟𝑒() + 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑖 ()) ·



𝑐𝑜𝑠
                                    (2.7) 

where ncore () is the effective refractive index of the core mode at , ni
cladding () is 

the effective refractive index of the ith cladding mode at ,  is the grating period 

and  is the tilt angle. Regarding the reflection spectrum (see Fig. 2.16c), only the 

Bragg resonance is clearly visible. Cladding modes do not usually appear in the 

reflection spectra because they are highly attenuated by scattering and absorption at 

the cladding boundary [65]. 

When  < 45º, the term weakly tilted FBG (or simply TFBG) is used. When  > 45º,  

the term excessively tilted FBGs is employed [63,174]. In the latter case, due to the 

high tilt angle, there is coupling between the core mode and the co-propagating 
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cladding modes, so excessively tilted FBGs present a mixed behavior between 

TFBGs and LPGs. Their spectrum in transmission consists of several cladding mode 

resonances with a FWHM of a few nanometers spread over a wavelength range of 

several hundred nanometers. 

Returning to the standard TFBG, the Bragg resonance possesses the same 

temperature and strain sensitivities as the ones mentioned for standard FBGs, while 

being insensitive to changes outside the cladding. Considering that the cladding mode 

resonances possess a very similar temperature sensitivity to that of the Bragg 

resonance [175], the Bragg resonance can be employed to remove the temperature 

cross sensitivity in most sensing applications by simply subtracting the wavelength 

shift of the Bragg resonance from the shift of the cladding resonances. Regarding the 

strain sensitivity, it is not the same for all the cladding resonances, being higher as 

they are close to the Bragg wavelength [175]. 

It must be mentioned that although the spectral sensitivity of TFBGs is low in 

comparison with other technologies such as LPGs, this fact is compensated by the 

spectral width of the resonances (two orders of magnitude lower than LPGs). As a 

result, the figure of merit (FOM) of TFBGs, which is the spectral sensitivity divided 

by the FWHM and is a measure of the resolution of the sensor, is the same as for 

LPGs [65]. 

2.3.3.1. Fabrication techniques 

Regarding the fabrication techniques, they are the same as the ones previously 

described in the case of fiber Bragg gratings, although some modifications are 

required in order to “introduce” the tilt angle [65]. In the case of the interferometric 

techniques, the change consists in simply tilting the fiber with respect to the fringe 

pattern, as it can be observed in Fig. 2. 17a. Concerning the phase mask technique, 

there are two options: tilting both the phase mask and the fiber with respect to an axis 

perpendicular to the writing beam (see Fig. 2. 17b) or keeping them perpendicular to 

the beam and rotating the phase mask around the axis of the incident beam (see Fig. 

2. 17c). Between these two options, the first one is preferred as it provides very strong 

and narrow cladding mode resonances. 

 
Fig. 2. 17 TFBG fabrication techniques a) Interferometric technique, b) Phase mask technique 

tilting both the phase mask and the fiber with respect to an axis perpendicular to the writing 

beam, c) Phase mask technique keeping the phase mask and the fiber perpendicular to the beam 

and rotating the phase mask around the axis of the incident beam (in this case the incident light 

is perpendicular to the plane of the page). Reproduced from [65]. Copyright 2012 by WILEY‐

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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2.3.3.2. Applications 

Apart from the basic magnitudes to which all the fiber gratings are sensitive 

(temperature and strain [175,176]), TFBGs are very sensitive to bending [177,178], 

leading to the development of sensors for bending measurement [179], or bending-

based, such as an accelerometer [180], or a vector inclinometer [181]. Sensors for 

measuring the SRI [182–187], as well as biosensors [188–191] (mostly based on the 

combination of TFBGs with SPRs) have also been manufactured employing TFBGs. 

Finally, TFBG-based sensors have recently acquired great relevance for monitoring 

the electrochemical and thermal activity in batteries [192,193]. 

• Temperature and strain: in most cases temperature is not measured as an end in 

itself, but to eliminate the effect of the temperature drift on the measurement of 

another parameter. This is usually done by taking into account that the temperature 

sensitivity of all the resonances is very similar and that temperature only produces 

a wavelength shift, but not a change in intensity. This way temperature independent 

sensors for different purposes are manufactured, such as refractive index sensing 

[194], vibration monitoring [195] or twist detection [196]. 

Considering that the wavelength shift associated with strain is different for each 

resonance and the approximately constant shift with temperature, TFBG based 

sensors for both strain and temperature can also be developed [175,176]. An 

example of how to measure the strain is shown in Fig. 2.18a [175]. The same 

approach, but characterizing in detail the temperature and strain sensitivities of the 

core mode and a cladding mode is applied in [197]. 

 

Fig. 2.18 a) Strain dependence of the relative wavelength shifts between the cladding mode 

resonances and the Bragg peak. Reproduced from [65] (copyright 2012 by WILEY‐VCH), 

adapted from [175] (copyright 2006 The Institution of Engineering and Technology).                   

b) Nonpolarized TFBG spectra in saline solutions with concentration ranging from 0% to 26%. 

The position of the cutoff mode is marked with a black triangle. Inset: detailed spectrum of the 

cutoff mode resonance for the concentration of 14%. Reproduced from [185]. Copyright 2015, 

Optica Publishing Group. 
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• Bending: the Bragg peak is insensitive to bending, while the ghost mode and low 

order cladding modes are very sensitive to bending [177,178]. The ghost mode is 

more useful for measuring small curvatures, while higher order modes are more 

suitable for stronger bends [65]. An example of a sensor of this type is presented in 

[179], where a directional bend sensor is developed based on a regrown TFBG 

written in a small core single mode fiber with UV overexposure. 

The bending sensing capability of the TFBGs can be employed to manufacture 

more complex sensors, such as an accelerometer [180], or a vector inclinometer 

[181]. In [180], a TFBG is combined with an abrupt biconical taper in an optical 

fiber, creating a structure that is very sensitive to microbending, see Fig. 2.19a. The 

acceleration can be determined by monitoring the reflected power level, obtaining 

a sensor with a linear response in the range from 0.5 to 12.5 G, see Fig. 2.19b. A 

similar configuration is employed in [181], where a vector inclinometer is 

introduced, being capable of measuring both the amplitude and tilt direction of 

bends on a 2-mm-long flexure joint in an optical fiber. 

 

Fig. 2.19 a) Schematic diagram of the abrupt-tapered TFBG accelerometer. b) Linear power 

response of the sensor vs applied acceleration. Reproduced under an Open Access License 

[180]. Copyright 2009, Optica Publishing Group. 

• Refractive index: when the SRI increases, the cladding mode resonances 

progressively disappear as the modes reach the cut-off point and they become lossy 

(their effective refractive index is lower than the SRI) [182]. The first methods for 

measuring the refractive index with TFBGs were based on the area of the envelope 

of the cladding mode spectrum [182]. Another proposed method was based on 

measuring the shift of cladding mode resonances as they approached cut-off, where 

the sensitivity is the highest, achieving values of around 100 nm/RIU [183]. The 

combination of TFBGs with SPRs by means of metallic coatings can be employed 

to enhance the sensitivity, as in the case of [184], where a value of 571.5 nm/RIU 

is achieved in the 1.332 - 1.338 RI range with a gold coating.  

It is also worth mentioning the development of refractometers based on TFBGs that 

detect absolute values of refractive index, as opposed to standard refractometers 

that detect variations of the refractive index. In [185], a method based on 

monitoring the cutoff wavelength (see Fig. 2.18b) and contrasting it with 

theoretical simulations is employed to calculate the refractive index of the solution 

a device is immersed in, achieving an accuracy of 10-3 for the SRI value. This 
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method is improved in [186] by employing all the resonances of the spectral comb, 

reaching an accuracy of  5·10-5. An even lower limit of detection (2·10-5) is 

obtained in [187] by tracking the shift of 27 cladding mode resonances, although in 

this case the refractometer does not measure absolute values. 

• Biosensing: most biosensors are based on the combination of TFBGs with SPRs 

for improving the sensitivity. For instance, in [188] a TFBG is coated with gold to 

generate a SPR and then additional layers of graphene oxide and staphylococcal  

protein  A  (SPA) are added to increase the sensitivity, achieving a LOD of 0.5 

µg/mL for human IgG. A gold layer is also employed for generating the SPR in 

[189], where polydopamine (PDA)-immobilized concanavalin A (Con A) is 

utilized in the biofunctionalization of the sensor for detecting D-glucose. A limit of 

detection close to 10-7 M was obtained. In [190], a gold coated TFBG is employed 

to detect HER2 (Human Epidermal Growth Factor Receptor-2) proteins. The main 

features of this sensor are the employment of an FBG superimposed on the TFBG 

spectra and a demodulation technique based on the intersection of the upper and 

lower envelopes of the TFBG spectra. 

The utilization of nanoparticles, as in [191], also provides the possibility of 

generating a Localized Surface Plasmon Resonance (LSPR) instead of a SPR. In 

this case, gold nanospheres and gold nanocages enable to reduce the LOD for 

detecting biotin from 90 nM (without gold nanoparticles) to 11 pM and 8 pM 

respectively, that is, an improvement of more than three orders of magnitude. 

• Battery monitoring: in recent years, battery monitoring has experienced important 

advances thanks to the use of fiber gratings. For instance, in [198] FBGs are 

employed to measure with high accuracy both the temperature and the pressure, as 

well as several thermodynamic parameters (enthalpy potential, entropy), in 

commercial sodium-ion and lithium-ion cells. 

The utilization of TFBGs has increased the number of variables that can be 

measured in real time. In [192] TFBGs are used to simultaneously monitor the 

temperature and refractive index inside the batteries, parameters that are linked to 

the chemical evolution of the electrolyte, and to measure the turbidity of the 

electrodes. On the other hand, a gold-coated TFBG is employed in [193] to monitor 

the electrochemical kinetics of aqueous zinc-ion batteries. 

2.4. Conclusions 

In this chapter, the optical fiber structures employed along the development of this 

thesis have been analyzed and described in detail, considering their main 

characteristics, operation, existing types, fabrication techniques and principal 

applications. 

Regarding lossy mode resonances, they stand out because of their sensitivity, which 

has led to the development of several biosensors. However, several biomarkers have 

to be simultaneously detected for precisely diagnosing diseases. In this sense, 

multiparameter sensors based on LMRs on planar waveguides have already been 
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developed but prior to the development of this thesis, there was no similar structure 

based on LMRs on an optical fiber. This configuration will be covered in chapter 3. 

In the case of optical gratings, different considerations have to be made for FBGs, 

LPGs and TFBGs. Concerning FBGs, and taking into account their characteristics, it 

is difficult to develop sensors with a high sensitivity. However, FBGs show a great 

potential to be combined with other structures for temperature compensation and 

improvement of their operation. The possibilities of combining FBGs with LMRs to 

enhance their performance will also be treated in chapter 3. 

LPGs seem to have achieved their full potential thanks to the dispersion turning point 

(DPT) and the mode transition phenomena, which have played a key role in the 

development of refractometers and biosensors with high sensitivity based on LPGs. 

Nevertheless, there is still room for improvement, as it will be demonstrated in 

chapter 4 by studying the mode transition in double clad LPGs and showing that 

sensitivity can still be increased by employing these type of fibers. 

Finally, TFBGs present an enormous potential due to their temperature compensating 

capability (thanks to the Bragg resonance), narrow linewidth and high figure of merit. 

The numerous cladding resonances in their transmission spectra also make them 

attractive for multiparameter sensing. TFBGs have also been combined with SPRs 

for enhancing their properties, so it was decided to study the deposition of a metallic 

oxide (material that generates LMRs) on an optical fiber with a TFBG inscribed on 

it. As a result, the mode transition phenomena has been studied on TFBGs and will 

be described in chapter 4. 
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Chapter 3 

Optimization of Optical Structures Based on LMRs for 

Multisensing Purposes 

3.1. Introduction 

Lossy mode resonance (LMR) based sensors have multiple applications including 

refractive index sensing [1], gas detection [2], humidity sensing [3], pH sensing [4] 

or biosensing [5]. However, most of the sensors employed in these applications can 

measure only one parameter or variable. Only with the recent utilization of planar 

waveguides for developing LMR based sensors, the possibility of measuring two 

variables simultaneously with this type of sensors has become a reality. Several thin 

films can be deposited to generate independent resonances, as demonstrated in [6], 

each of which can be used for sensing a different parameter. The thicknesses of the 

different thin films have to be controlled in order to avoid the overlap of the 

corresponding resonances in the spectrum. 

For instance, in [7] a LMR sensor for measuring simultaneously refractive index and 

temperature based on a coverslip is presented. The coverslip is coated with a CuO 

thin film and then partially coated with polydimethylsiloxane (PDMS), generating 

two resonances in the spectrum, each of them sensitive to one of the parameters of 

interest. A similar approach is employed in [8] where two independent thin films are 

deposited on the same coverslip to develop a multichannel refractometer. The shift 

of each LMR is separately controlled through its own microfluidic system, while the 

optical part of the setup is common. This way, the refractive indices of two different 

liquids were independently and simultaneously measured. A variant of this 

configuration was introduced in [9], where the thin films are deposited on both sides 

of the coverslip. Both faces are deposited with CuO and the upper face is coated with 

PDMS while the lower face is coated with agarose in order to make the resonances 

sensitive to temperature and humidity, respectively; variables that can be 

simultaneously measured. 

In this sense, the purpose of this chapter is to find and study different structures and 

configurations based on LMRs that enable measuring more than one variable at the 

same time apart from the ones that had been previously mentioned. 

As LMRs are generated with the deposition of a thin film of a metallic oxide or a 

polymer on a waveguide [10], such as an optical fiber or a coverslip, the first 

possibility that it was decided to explore was introducing a grating pattern on the thin 

film. It was expected that the thin film would continue generating the LMR in the 

transmission spectrum while the grating pattern would produce bands in the reflection 

spectrum, being the first time that these two phenomena are studied together. Having 

different effects in the same device could be employed for multisensing purposes. 

This way, several thin film grating patterns are analyzed in this chapter for two types 

of substrate: a coverslip (planar waveguide) and a D-shaped optical fiber. In the first 

place, the use of a pure grating pattern is assessed, being more focused in the case of 
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the D-shaped optical fiber, whose parameters (neck, thin film thickness, length) are 

optimized in order to improve the power, the sensitivity to the surrounding medium 

refractive index (SRI), and the figure of merit (FOM) of the reflection bands. Then, 

the combination of a section of constant thickness and a grating section on the thin 

film pattern is also studied, being capable of generating both an LMR in the 

transmission spectrum and reflection bands. 

On the other hand, an important number of optical fiber refractometers based on 

LMRs and employing different materials such as ITO [11], SnO2 [11,12] or TiO2 

[13], have been developed, but none of them includes a temperature compensation 

mechanism, being temperature a parameter that deeply impacts the measurement of 

the refractive index [14].  

Gratings are a common choice for measuring the temperature and compensating its 

effect when evaluating the SRI. For example, a hybrid fiber grating configuration 

combining a long period fiber grating (LPG) and a fiber Bragg grating (FBG) in series 

is utilized in [15]. The LPG is used to monitor the SRI change while the FBG enables 

to measure the temperature. There are also FBG-based sensors for multi-parameter 

sensing, as in [16], where temperature and SRI are measured with a point by point 

FBG; or [17], in which a highly localized FBG (also known as eccentric FBG) is 

employed for measuring these two variables and the liquid level. Tilted fiber Bragg 

gratings (TFBGs) are also used in hybrid configurations for measuring both the SRI 

and the temperature. For example, in [18], where a  LPG is employed for measuring 

the temperature while the TFBG enables to monitor the SRI, or in [19], in which a 

surface plasmon resonance (SPR) is combined with a TFBG for measuring the SRI 

while compensating the temperature. It is also common the use of TFBGs on its own 

to develop refractometers with temperature compensation, as in [20] (based on 

measuring the shift of the cladding modes) or in [21] (absolute refractometer that 

tracks the cutoff cladding mode). However, in the previous TFBG refractometers the 

temperature drift is compensated but the temperature is not directly measured.  

Among the different gratings available (FBGs, LPGs, TFBGs), FBGs seem the 

simplest and most adequate option for compensating the temperature drift when 

measuring the SRI. FBGs are insensitive to SRI, since light coupling occurs between 

core modes and the core is separated from the external medium by the fiber cladding 

[22]. Therefore, the development of an LMR-based refractometer on a D-shaped 

optical fiber with temperature compensation by means of an FBG inscribed on its 

core is explored here for the first time in order to  obtain a sensor capable of 

measuring simultaneously the SRI and the temperature. 

The last part of this chapter describes for the first time the procedure to obtain several 

resonances in a D-shaped optical fiber and shows experimentally two different 

resonances within the same D-shaped optical fiber with independent resonance 

wavelength shift as a function of the SRI. In order to achieve this, a nanostructure 

with different thicknesses must be used. This strategy, previously tested with planar 

waveguides [6], was adopted for D-shaped optical fiber. The employment of different 

coating thicknesses takes advantage of the property of LMRs to progressively redshift 

the resonance position in the spectrum when increasing the thin film thickness [23]. 
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3.2. Analysis on the combination of LMRs and Bragg gratings on thin 

films 

3.2.1. Theory and methods 

In this section, two different optical structures (coverslip and D-shaped single mode 

optical fiber) with different thin film patterns deposited on them are theoretically 

analyzed with the purpose of optimizing their parameters and determining which of 

them can be implemented. Four structures are studied: 

1. Coverslip with a grating pattern on a thin film (see Fig. 3.1a) 

2. Coverslip with a thin film with a section of constant thickness and a section with 

a grating pattern (see Fig. 3.1b) 

3. D-shaped fiber with a grating pattern on a thin film (see Fig. 3.1d) 

4. D-shaped fiber with a thin film with a section of constant thickness and a section 

with a grating pattern (see Fig. 3.1e) 

 

Fig. 3.1  a) 3D schematic diagram of a coverslip with a grating pattern on a thin film. b) Same 

as a) for a coverslip with a thin film with a section of constant thickness and a section with a 

grating pattern.  c) Section of the coverslip and top view of the Bragg gratings. d) Same as a) 

but with an optical fiber as substrate instead of a coverslip. e) Same as b) but with an optical 

fiber as substrate instead of a coverslip. f) Section of the optical fiber and top view of the Bragg 

gratings. Dimensions not to scale. d,f) Reproduced under the terms of the CC BY 4.0 

International License [24]. Copyright 2021, the Authors. Licensee MDPI, Basel, Switzerland. 
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In Fig. 3.1c and Fig. 3.1f, a close up of the section and a top view of the Bragg 

gratings are shown for the coverslip and optical fiber structures respectively. In 

Fig. 3.1f, in the case of the D-shaped optical fiber, the ‘neck’ is defined as the 

cladding thickness between the core and the flat surface of the D-shaped fiber, and is 

the term that will be used from here on. 

The idea is to generate both an LMR and reflection bands with these structures to 

obtain multisensing platforms where several parameters can be measured at the same 

time. The material employed for the films is SnO2, which fulfils the conditions for 

generating LMRs [10,25]. The gratings patterned on the thin films are known as 

Bragg gratings [26,27] (other names are also used such as Bragg stacks [28], 

multilayer stacks [29,30], or microgratings [31]) and they produce bands in the 

reflection spectrum whose central wavelength is given by the Bragg-Snell equation 

for normal incidence [28]:  

                                           𝑚𝜆 = 2(𝑛𝑒𝑓𝑓𝐻𝑤𝐻 + 𝑛𝑒𝑓𝑓𝐿𝑤𝐿)                                           (3.1) 

where m is the diffraction order and 𝑛𝑒𝑓𝑓𝐻, 𝑛𝑒𝑓𝑓𝐿, 𝑤𝐻  and 𝑤𝐿  are the effective 

refractive indices and widths of the sections with the high- (H) and low- (L) refractive 

index materials respectively (see again Fig. 3.1c and Fig. 3.1f). In the performed 

analysis, it has been always used a 50% duty cycle (only half of each pitch is covered 

by the thin film), that is, 𝑤𝐻 = 𝑤𝐿 . 

In the structures under study, 𝑛𝑒𝑓𝑓𝐻 and 𝑛𝑒𝑓𝑓𝐿 correspond to the effective refractive 

index of the sections with and without thin film, respectively. Nevertheless, the SnO2 

thin film does not appreciably affect the effective refractive index of the 

corresponding section. Therefore, it can be considered that 𝑛𝑒𝑓𝑓𝐻 = 𝑛𝑒𝑓𝑓𝐿 = 𝑛𝑒𝑓𝑓, 

where 𝑛𝑒𝑓𝑓 is the effective refractive index of the structure (which is different for the 

optical fiber and the coverslip). If it is taken into account that the addition of 𝑤𝐻  and 

𝑤𝐿  is equal to the pitch of the grating (Λ), then (1) can be simplified in our case to: 

                                                        𝑚𝜆 = 2 · 𝑛𝑒𝑓𝑓 · Λ                                                       (3.2) 

The structures studied in this work were analyzed with the commercial software 

FIMMWAVE® (Photon Design Inc.). The propagation was calculated with 

FIMMPROP®, a module integrated with FIMMWAVE®. For Bragg grating 

sections, the finite difference method (FDM) with the Rigorous Coupled Mode 

Theory (RCMT) algorithm was employed because it enables efficient modeling of 

gratings. In most cases, a uniform mesh with 100 elements was employed in the X 

direction (horizontal axis in Fig. 3.2) while a non-uniform mesh of around 500 

elements was utilized in the Y direction (vertical axis in Fig. 3.2). The non-uniform 

mesh is used in the Y direction because the SnO2 thin film is much thinner (between 

25 and 160 nm depending on the case) than the rest of the layers (from several µm to 

more than 100 µm) in both structures (optical fiber and coverslip). 

The sections that are employed in FIMMWAVE® for modeling the coverslip and the 

D-shaped fiber are shown in Fig. 3.2a and Fig. 3.2b respectively. The mesh is not 

shown, as it would prevent us from distinguishing the shapes. In the case of the D-
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shaped fiber, as it was demonstrated in [11], the results calculated with the employed 

section are equivalent to the ones obtained with the whole D-shaped section, but in 

this case computational time was saved. With respect to the boundary conditions, no 

perfectly matched layers (PML) were employed. In the case of the D-shaped fiber, 

electric walls were placed at the left and right boundary conditions and magnetic 

walls were used at the top and bottom boundary conditions; while for the coverslip, 

electric walls were utilized in all the boundaries.  

 

Fig. 3.2 a) Coverslip section as modeled in FIMMWAVE®. b) D-shaped fiber section as 

modeled in FIMMWAVE®. Please note that different scales are employed for each axis. b) 

Reproduced under the terms of the CC BY 4.0 International License [24]. Copyright 2021, the 

Authors. Licensee MDPI, Basel, Switzerland. 

Regarding the materials, for the SnO2 thin film, a refractive index of 1.9 + 0.01i was 

used based on ellipsometric measurements in [5]. In the case of the optical fiber, the 

model for SiO2 was obtained from [32]. With respect to the coverslip, since the 

simulations are performed under the assumption that the coverslip is made of soda 

lime glass, the refractive index model was taken from [33]. The coverslip is placed 

on a poly(methyl methacrylate) (PMMA) substrate whose model is obtained from 

[34]. 

A schematic diagram of the setup that would be used for interrogating the structures 

under study is depicted in Fig. 3.3, although variations would have to be introduced 

in the setup depending on the particular structure under consideration. In the first 

place, it has to be taken into account that multimode fibers would be used in the setup 

for the coverslip case while single mode fibers would be employed for the D-shaped 

fiber case. In the measuring setup, a broadband light source (halogen for the coverslip 

and SLD for the D-shaped fiber) would be connected to input 1 of an optical 

circulator. Concerning light polarization, a linear polarizer (not shown) would be 

placed between the output of the optical fiber that couples the light into the coverslip 

and the coverslip itself [9]. Regarding the D-shaped fiber, a linear polarizer and a 

polarization controller, which enables selecting the TE- or TM-polarized state of light 

[5]; would be employed between the light source and input 1 of the optical circulator 

(they are not shown). One end of the device under study would be connected to output 

2 of the optical circulator and the other end (if the transmitted power has to be 

monitored) would be connected to a spectrometer (coverslip) or an optical spectrum 

analyzer, OSA (D-shaped fiber). Output 3 of the optical circulator would be 
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connected to another spectrometer (coverslip) or OSA (D-shaped fiber) in order to 

measure the reflected power.  

The values used for the parameters of each structure will be described in their 

corresponding results subsection. However, in all cases the grating pitch Λ is in the 

order of the µm. This way, the structures under study could be then implemented by 

means of a mask-assisted photolithography manufacturing process using an 

ultraviolet laser writer with a resolution below the µm, which is thought to be 

repetitive enough for this step. Once the mask has been fabricated, the rest of the 

process would consist of depositing the SnO2 thin film by sputtering [11] or atomic 

layer deposition [35], and finally removing the mask to obtain the desired pattern on 

the deposited thin film.  

 
Fig. 3.3. Schematic diagram of the setup that would be employed for interrogating the devices 

under analysis. The elements required for light polarization are not shown. 

3.2.2. Results  

3.2.2.1. Coverslip (grating pattern) 

In the first place, it was decided to check if the coverslip with a thin film having a 

grating pattern was able to generate an LMR, see Fig. 3.1a. In order to test it, a total 

grating length of 20 mm with different grating pitches (4 µm, 8 µm, 10 µm, 50 µm, 

80 µm, 100 µm, 500 µm, 800 µm, 20,000 µm) and therefore a different number of 

periods (from 500 periods in the case of the 4 µm pitch down to 1 period for the 

20,000 µm pitch) was simulated. The SnO2 thin film has a thickness of 160 nm (this 

thickness has been selected so the LMR is centered in the studied window, 1200 - 

1800 nm). Transverse electric (TE) polarized light is employed and the surrounding 

medium is air (SRI equal to 1). It has been decided to use TE polarization as it gave 

better results than TM (transverse magnetic) polarization in the case of the D-shaped 

optical fiber (see subsection 3.2.2.3) and similar results are expected here. The 

transmitted power for each value of the grating pitch is shown in Fig. 3.4. In all the 

cases, the transmission spectrum has been obtained after subtracting the transmitted 

power corresponding to the blank device (coverslip with a length of 20 mm and no 

thin film). The reflection bands for some cases are shown in Fig. 3.5a (pitch of 4 µm, 

8 µm, and 10 µm) and Fig. 3.5b (pitch of 50 µm, 500 µm, and 20,000 µm) 

Regarding the results in transmission, it can be seen in Fig. 3.4 that with the lowest 

pitch values that have been tested (4 µm, 8 µm, and 10 µm), it is not possible to 
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generate an LMR. If the grating pitch is increased by one order of magnitude (50 µm, 

80 µm, and 100 µm cases), it seems that some kind of LMR effect starts to appear, 

but it still is not very clear. It is required to increase the pitch another order of 

magnitude (500 µm, 800 µm) to clearly see the generation of an LMR. If the grating 

pitch is further increased (20,000 µm; which corresponds to only one period and can 

be hardly considered a grating), the LMR gains in definition and it can be observed 

that it has shifted to the red in comparison with the previous cases. 

 

Fig. 3.4  Transmitted power for the coverslip with a thin film with a grating pattern for different 

values of the grating pitch (from 4 µm to 20,000 µm) over a total grating length of 20 mm. 

In the case of the reflection bands, it can be checked in Table 3.1 that their positions 

are the ones expected by using equation (3.2). Only the reflection bands 

corresponding to the cases with pitch values of 4 µm, 8 µm, and 10 µm (shown in 

Fig. 3.5a) are included in the table. The theoretical wavelengths have been calculated 

by employing 𝑛𝑒𝑓𝑓 = 1.508, which is the average refractive index value of soda lime 

glass in the studied range (from 1200 nm to 1800 nm) [33], as the refractive index of 

the structure will be close to this value. For clarity purposes, only the values that 

belong to the studied wavelength range are shown in the table. 

 

Fig. 3.5 Reflection bands for the coverslip with a thin film with a grating pattern for different 

values of the grating pitch over a total grating length of 20 mm. a) Results for a pitch of 4 µm, 

8 µm, and 10 µm. b) Results for a pitch of 50 µm, 500 µm, and 20,000 µm. 
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Table 3.1 Theoretical and simulated wavelengths for the reflection bands generated with the 

grating pattern on the thin film deposited on the coverslip for different values of the grating 

pitch. 

 

It can also be observed in Fig. 3.5a that the reflected power of the bands with odd m 

is higher than that of the bands with even m (see the values of m in Table 3.1). For 

instance, for a grating pitch of 4 µm, the reflection bands at 1723 nm (m = 7) and 

1340 nm (m = 9) are more powerful than the ones at 1508 nm (m = 8) and 1206 nm 

(m = 10), with this last band hidden by the one located at the same wavelength 

corresponding to a grating pitch of 10 µm (more powerful because it corresponds to 

m = 25, odd value). Considering this distinction between bands with odd and even m, 

there are no relevant differences among the bands corresponding to different values 

of the grating pitch (peak values of around -70 dB for odd m values and -90 dB for 

even m values). 

If the grating pitch is increased up to 50 µm (see Fig. 3.5b), the reflection bands are 

still visible, but as the pitch value is higher, these reflection bands correspond to 

higher values of m and are much closer together. It can still be appreciated the 

difference in power between the bands with odd and even m (although this difference 

is less important at shorter wavelengths). If the grating pitch is further increased to 

500 µm (see again Fig. 3.5b), the reflection bands are so close to each other that they 

are no longer distinguishable with the employed resolution. It has to be considered 

that it was necessary to use this value for the grating pitch in order to generate an 

LMR (return to Fig. 3.4). For the largest grating pitch value that has been employed 

 
Theoretical wavelengths  

from formula (nm) 

Wavelengths obtained in 

simulation (nm) 

m 
Pitch Pitch 

4 µm 8 µm 10 µm 4 µm 8 µm 10 µm 

7 1723   1718   

8 1508   1506   

9 1340   1341   

10 1206   1208   

11-13       

14  1723   1717  

15  1609   1605  

16  1508   1506  

17  1419 1774  1419 1768 

18  1340 1676  1341 1671 

19  1270 1587  1271 1584 

20  1206 1508  1208 1506 

21   1436   1435 

22   1371   1371 

23   1311   1312 

24   1257   1258 

25   1206   1208 
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(20,000 µm), no effect can be observed in Fig. 3.5b, except for some resonances that 

are considered artifacts without relevance. 

In conclusion, after the performed analysis, to generate an LMR with the studied 

grating pattern it is necessary to employ a grating pitch (value around 500 µm) for 

which the reflection bands are no longer visible in the reflection spectrum. Therefore, 

this design is not adequate for generating both type of phenomena at the same time.  

3.2.2.2. Coverslip (constant thickness section + grating pattern) 

As a consequence of the problems that had been observed in the previous structure, 

it was decided to employ two different parts in the thin film pattern on the coverslip: 

a first homogeneous section without grating to generate the LMR and a second 

section with a grating pattern to produce the reflection bands, see again Fig. 3.1b. As 

in the previous case, TE polarization is used, the SnO2 thin film thickness is 160 nm 

and SRI = 1. The length of the first section is 10 mm and the grating length of the 

second section is also 10 mm, where three cases had been assessed: grating pitch of 

3 µm (3333 periods), 4 µm (2500 periods), and 5 µm (2000 periods). The reflections 

bands and the transmission spectrum for each of the cases are shown in Fig. 3.6a and 

Fig. 3.6b respectively.  

It can be observed that the desired response is obtained, that is, bands appear in the 

reflection spectrum due to the gratings and an LMR is generated in transmission 

thanks to the homogeneous section. It can also be checked in Table 3.1 that the 

positions of the reflection bands are the ones expected by using equation (3.2), 

calculated employing the same assumptions as in the previous case. 

 

Fig. 3.6 Coverslip with a thin film with a section of constant thickness and a section with a 

grating pattern. a) Reflection bands for pitch values of 3 µm, 4 µm, and 5 µm. b) Transmission 

spectrum for pitch values of 3 µm, 4 µm, and 5 µm. 

Nevertheless, it has to be considered that the LMR resonances are not very deep 

(between 2 and 2.5 dB depending on the value of the pitch) and the reflection bands 

are not very strong (the highest bands achieve values between -70 dB and -60 dB, 

which are not enough for a practical implementation of this device). In the case of 

the reflection bands located at around 1500 nm, the LMR resonances probably affect 

negatively their strength, but it is not the case of the other resonances. It has to be 
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remarked that it is not a question of resolution, as the resonance bands have been 

simulated with a precision of 10 pm. These problems could be solved, or at least 

attenuated, by increasing the length of the homogeneous section (the LMR 

resonances will get deeper) and the length of the grating section (the reflection bands 

will be stronger). However, this study has not been performed yet. 

Table 3.2 Theoretical and simulated wavelengths for the reflection bands generated with the 

grating pattern on the thin film deposited on the coverslip for different values of the grating 

pitch. 

 

3.2.2.3. D-shaped fiber (grating pattern) 

As opposed to the previous two cases, here a D-shaped optical fiber was employed 

as substrate instead of a coverslip. In this subsection, the results obtained with a thin 

film with a grating pattern deposited on the D-shaped fiber (see Fig. 3.1d) are 

analyzed. A study of the impact of varying parameters from both the fiber and the 

grating is performed. For this device, only the reflection bands were studied, as it was 

not expected to be able to generate an LMR with an adequate pitch value for 

producing the reflection bands, based on the results that had been obtained for the 

coverslip. 

It has to be remarked that the analysis that was performed for this structure is much 

deeper than the ones that have been carried out for the rest of devices. More 

parameters were assessed and not only the power but also the full width half 

maximum (FWHM) of the reflection bands (not studied for the rest of devices) was 

evaluated. Although it was desired to perform a study as detailed as the following 

one for the rest of the devices, the lack of time and the limited number of available 

software licenses narrowed the scope of the simulations for the rest of the structures. 

However, the results obtained for the current device enable to extract conclusions 

that are also valuable for the rest of structures. 

 
Theoretical wavelengths  

from formula (nm) 

Wavelengths obtained in 

simulation (nm) 

m 
Pitch Pitch 

3 µm 4 µm 5 µm 3 µm 4 µm 5 µm 

5 1810   1803   

6 1508   1506   

7 1293 1723  1294 1718  

8  1508   1506  

9  1340 1676  1341 1672 

10  1206 1508  1208 1506 

11   1371   1371 

12   1257   1258 

13   1160   1162 
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An important difference between this study and those performed for the rest of 

structures is that in this case the surrounding medium is water (SRI = 1.33) as it was 

desirable to optimize this structure for its employment in biosensing applications. It 

would not be very problematic to repeat the analysis for the rest of devices using 

water instead of air as the surrounding medium and it is expected that their response 

would be very similar. The only relevant required change would be modifying the 

SnO2 thin film thickness so the LMR (in the devices in which it is generated) was 

centered in the studied wavelength range in the new medium (a lower thickness 

would be needed in this case).  

Initial results 

The reflection bands obtained with this device are shown in Fig. 3.7 for different 

pitches: 3 µm, 3.5 µm, 4 µm, 4.5 µm, 5 µm. These values were chosen because lower 

pitch values will increase the difficulty of manufacturing the structure while higher 

pitch values will lead to weaker resonances. The grating length is 20 mm (a typical 

length for the D-shaped section of the fiber [11]), the SnO2 thin film thickness is 125 

nm, the neck is 4 µm and TE polarized light is employed. It has to be remarked that 

the value of the neck (see again Fig. 3.1f) in a standard D-shaped fiber is 6.5 µm, but 

it has been decided to work with a 4 µm value because the reflection bands become 

stronger, as it will be seen afterwards. 

 

Fig. 3.7 D-shaped fiber with a thin film with a grating pattern. Reflection bands obtained for 

different values of the grating pitch from 3 µm to 5 µm and TE polarization. Reproduced under 

the terms of the CC BY 4.0 International License [24]. Copyright 2021, the Authors. Licensee 

MDPI, Basel, Switzerland. 

In the analyzed wavelength range (1200 - 1800 nm), the refractive index of fused 

silica is approximately 1.445 [32] and the effective refractive index of the core mode 

(𝑛𝑒𝑓𝑓) is close to this value. The theoretical values for the position of the reflection 

bands, obtained by substituting 𝑛𝑒𝑓𝑓 = 1.44 in equation (3.2) and the different pitch 

values, are shown on the left side of Table 1. For the sake of clarity, only the points 

that fall in the studied range are shown. On the right side of Table 3.3, the values 
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obtained from the simulations are included, showing that there is a high 

correspondence between those values and the ones calculated with (2). It can be 

appreciated in Fig. 3.7 that the reflected power of the bands with odd m is higher than 

that of the bands with even m (see the values of m in Table 3.3), a result that had 

already been observed in the case of the coverslip (see again Fig. 3.5). 

Table 3.3 Theoretical and simulated wavelengths for the reflection bands generated with the 

grating pattern on the thin film deposited on the D-shaped optical fiber for different values of 

the grating pitch. 

 

In Fig. 3.8, the three reflection bands in the 1200 - 1800 nm range for a pitch of 4 µm 

are shown in detail for both polarizations. Fig. 3.8a corresponds to TE polarization 

and Fig. 3.8b to TM polarization. In the latter (TM), the reflection bands are lower 

in power (around 20 dB for m = 7 and m = 9, and 35 dB in the case of m = 8) and 

slightly blueshifted (the shift is between 5 and 20 pm and it is not perceptible in Fig. 

3.8) compared to the former case (TE). Due to the better results obtained with TE 

polarization, the study will be focused on this case, to which Fig. 3.7 corresponds.  

For the following results, the simulations will be performed with a pitch of 4 µm, TE 

polarization, and focusing on the band located at 1650 nm as it is the most powerful 

one for the selected wavelength range and pitch. The study will focus on how the 

reflection band varies in power, wavelength, and FWHM by changing the different 

parameters of the structure (thickness of the thin film, neck, length). The optimum 

device will be selected considering the magnitude of the reflection, the FWHM, the 

sensitivity to the SRI, and the FOM. 

 

 
Theoretical wavelengths  

from formula (nm) 

Wavelengths obtained 

in simulation (nm) 

m 

Pitch Pitch 

3.0 

µm 

3.5 

µm 

4.0 

µm 

4.5 

µm 

5.0 

µm 

3.0 

µm 

3.5 

µm 

4.0 

µm 

4.5 

µm 

5.0 

µm 

5 1734     1732     

6 1445 1686    1447 1684    

7 1239 1445 1651   1242 1447 1650   

8  1264 1445 1626 1806  1268 1447 1625 1802 

9   1284 1445 1606   1288 1447 1605 

10    1301 1445    1304 1447 

11     1314     1317 

12     1204     1208 



Imas, J.J. 

65 

 

Fig. 3.8 D-shaped fiber with a SnO2 thin film with a grating pattern with a pitch of 4 µm a) 

Close-up of the reflection bands for the TE polarization in the 1200 - 1800 range. b) Same as 

b) for the TM polarization. Reproduced under the terms of the CC BY 4.0 International License 

[24]. Copyright 2021, the Authors. Licensee MDPI, Basel, Switzerland. 

Variations of the thin film thickness and the neck 

In the first place, the effects of varying the thin film thickness and the neck were 

assessed. This analysis was carried out for SRI = 1.33 (water) and a length of the D-

shaped zone of 20 mm (typical value). In Fig. 3.9a, the peak power of the reflection 

band is shown for values of the neck in the range from -2 µm to 6 µm and thin film 

thicknesses from 25 to 125 nm. 

Regarding the neck, negative values mean that part of the core has been etched. For 

instance, a neck of -1 µm implies that 1 µm of the core has been etched. Lower (more 
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negative) values of the neck are not studied because they produce large mode loss 

and the peak is no longer recognizable in the reflection spectrum. Values of the neck 

higher than 6 µm are not assessed because the reflection band power decreases when 

the neck increases (see Fig. 3.9a). This is why it was decided to avoid working with 

D-shaped fibers standard neck value (6.5 µm). In the case of the thin film thickness, 

thicker values than 125 nm are not analyzed because the FWHM starts becoming 

higher (values of several tenths of nm), especially for low necks, which decreases the 

FOM and, hence, the performance of the device as a sensor. 

In Fig. 3.9a, for a certain thin film thickness, in general, the peak power of the band 

slightly increases when the neck varies from -2 to -1 µm while it maintains a similar 

value for 0 µm and it clearly decreases in the range from 1 to 6 µm with a linear 

tendency of around -5dB/µm. The maximum occurs for a neck of -1 μm or 0 µm, 

with power values that are between -2.5 dB and -4.5 dB for thicknesses between 75 

and 125 nm, around -7 dB for a thickness of 50 nm and -14 dB for a thickness of 25 

nm. This behavior can be explained by the fact that with a lower neck the effective 

index of the core is more influenced by the thin film, and as the neck increases, the 

perturbation is reduced and hence the reflection band is not so clearly visualized in 

the optical spectrum. 

 

Fig. 3.9 a) Reflection band peak power (dB) versus neck (µm), b) Reflection band central 

wavelength (nm) versus neck (µm), and c) Reflection band FWHM (nm) versus neck (µm), 

for different values of the thin film thickness. d) Reflection bands for different necks and a thin 

film thickness of 125 nm. Reproduced under the terms of the CC BY 4.0 International License 

[24]. Copyright 2021, the Authors. Licensee MDPI, Basel, Switzerland. 
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In addition, in the case of a fixed neck, the power increases with the thin film 

thickness, which is again related to a higher perturbation in the effective index of the 

core mode with a thicker coating, closer to the mode transition region [36,37]. Here, 

two cases can be distinguished: for necks between -2 and 0 µm, the power variation 

as a function of thickness is not very relevant when the thickness is high (75 - 125 

nm), whereas for positive values of the neck, the power difference among the 

different thicknesses tends to remain constant. 

Regarding the central wavelength of the reflection band, it can be seen in Fig. 3.9b 

that this parameter is sensitive to the D-shaped fiber neck as well as to the deposited 

SnO2 thickness. For a fixed thin film thickness, the band redshifts. This is much more 

evident for negative necks (0.4 - 0.5 nm) than for higher values of the neck (few pm), 

where the wavelength converges to 1651.2 nm. The higher sensitivity for lower necks 

is explained by the higher interaction of the core mode with the outer medium, which 

leads to a reduction of the core mode effective index [38]. On the other hand, the 

redshift drops with the thickness, as can be observed by comparing the wavelengths 

for the different thicknesses for a neck of -2 µm and a neck of 6 µm, where all the 

wavelengths have converged to 1651.2 nm. The higher sensitivity for lower 

thicknesses is explained by the countereffect produced by the mode transition 

phenomenon, which induces a higher increase in the core mode effective index as the 

coating thickness increases, reducing in this way the sensitivity induced by the 

reduction of the neck [36]. 

Another aspect that must be studied is the FWHM, which is shown in Fig. 3.9c. The 

FWHM increases with the thickness, but decreases with the neck, converging to 

values of around 45 pm. FWHM values start to be higher than 100 pm for negative 

values of the neck and thicknesses between 100 and 125 nm. FWHM could be even 

higher if the thickness is increased (points not shown).  

As the main conclusion of this section, the highest power is achieved for thicker thin 

films (100, 125 nm) and low necks (0, -1 µm), but these values lead to wider FWHM. 

This increase in the FWHM has also been observed in the case of FBGs where the 

diameter of the cladding has been reduced [22], which is analogous to reducing the 

neck for the structure under study. In addition, it must be pointed out that, even 

though greater thin film thicknesses and lower necks have been avoided in order to 

prevent FWHM from further broadening, the FWHM is much more affected by the 

SRI, an effect that will be later studied along with the sensitivity. 

To end this section, the reflections bands for a thickness of 125 nm and different 

values of the neck are included in Fig. 3.9d. This figure enables us to show some of 

the previously commented  aspects. As the neck increases, the band decreases in 

power, shifts towards the red (the shift is greater for the lower necks), and its FWHM 

is reduced. 

Variations of the length of the D-shaped zone 

Until this point, the study has been carried out with a constant length of the D-shaped 

zone, 20 mm, a typical value for this parameter. Next, we describe the effect of 

varying the length of the D-shaped zone. 
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Simulations were carried out for thicknesses of 25, 75 and 125 nm with a neck of 0 

µm and SRI = 1.33 (water). In Fig. 3.10a, it is shown that the power increases with 

the length, quickly achieving convergence for a thickness of 125 nm (length of 30 

mm), requiring a bit more in the case of 75 nm (length of 50 mm) and still with some 

margin of improvement in the case of 25 nm (length of 80 mm). For all the 

thicknesses, it is notable that they tend to converge to a reflected power between -2.5 

and -3 dB, although depending on the reflected power achieved for shorter lengths, 

they will require a smaller or greater increase in the length to converge. This agrees 

well with the conclusion obtained in the previous subsection, where thicker coatings 

led to reflection bands with higher power. Here, a higher perturbation was induced 

by a thicker coating, and with more periods, as it is analyzed in Fig. 3.10a, this lower 

reflected power observed with a thinner coating is progressively compensated. 

 

Fig. 3.10 a) Reflected band peak power (dB) vs. length (mm), and b) Reflected band FWHM 

(nm) vs. length (mm), for a neck of 0 µm and several thin film thicknesses. Reproduced under 

the terms of the CC BY 4.0 International License [24]. Copyright 2021, the Authors. Licensee 

MDPI, Basel, Switzerland. 

On the other hand, in Fig. 3.10b, it can be observed that the FWHM decreases with 

the length, achieving a more or less constant value for a length of 40 mm: 80 pm for 

a thickness of 125 nm, 40 pm for 75 nm, and 20 pm for 25 nm. In the case of the 

thicknesses of 75 and 25 nm, the FWHM still drops a bit while the length continues 

increasing.  

The main conclusion of this section is that the effect of increasing the length of the 

D-shaped zone is an increase in the power of the reflection band and a decrease in 

the FWHM width. This can also be observed in Fig. 3.11, where the reflection bands 

are shown for a thickness of 25 nm, neck of 0 µm, and lengths from 10 to 80 mm. 

However, it has been previously observed that a point is always reached where the 

power ceases increasing and the FWHM stops reducing. Finally, another aspect worth 

mentioning in Fig. 3.11, which had not appeared until now, is that the central 

wavelength of the reflection band is not sensitive to the length value. 
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Fig. 3.11 Reflection bands for different values of the length of the D-shaped zone for a thin 

film thickness of 25 nm and a neck of 0 µm. Reproduced under the terms of the CC BY 4.0 

International License [24]. Copyright 2021, the Authors. Licensee MDPI, Basel, Switzerland. 

Variations of the SRI 

First, the sensitivity to the SRI and the FOM of the reflection bands have been studied 

for a variation of the SRI between 1.33 and 1.4 for necks of -2, 0, and 2 µm. The D-

shaped zone length was 20 mm because although increasing the grating length 

improves the reflected peak power, in practice it is not very realistic to work with 

lengths longer than 20 mm. The thickness of the SnO2 thin film was fixed to 125 nm, 

a value that was selected because it leads to the reflection bands with the highest 

reflected power among the studied thicknesses.  

In Fig. 3.12a the sensitivity increases with the value of the SRI and when the neck is 

thinner. This is coherent with the fact that FBGs have a greater sensitivity when the 

cladding diameter reduces [22], which happens because the effective index of the 

core is more affected by the external medium as the core is closer to it. 

 

Fig. 3.12 a) Sensitivity to the SRI (nm/RIU) vs. SRI (RIU), and b) FWHM (nm) vs. SRI (RIU), 

for a thin film thickness of 125 nm and necks of -2, 0, and 2 µm. Reproduced under the terms 

of the CC BY 4.0 International License [24]. Copyright 2021, the Authors. Licensee MDPI, 

Basel, Switzerland. 
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Each point in the graph represents the sensitivity between the two refractive indices 

that are immediately below and above that point. It can be observed that for low 

values of the SRI, the sensitivity is around or below 5 nm/RIU. In the case of the 

highest SRI, the values achieved are in the 5 - 10 nm/RIU range for a neck of 2 µm, 

10 - 20 nm/RIU for 0 µm, and 15 - 40 nm/RIU for -2 µm. 

As it previously happened with the power, the main drawback of the sensitivity is 

that when it increases, the FWHM grows, achieving values of several tenths of nm 

for sensitivities that are above 10 nm/RIU if the corresponding points in Fig. 3.12a 

and Fig. 3.12b are compared. 

In order to condense the information regarding the sensitivity to the SRI and the 

FWHM, the FOM was calculated for SRI = 1.34 and SRI = 1.40 (see Table 3.4). The 

lowest FOM values correspond to a neck of 2 µm, with values achieving at most 

26.31 RIU−1 because, although the FWHM values are lower than for the rest of the 

neck values, the sensitivities are much lower. For a neck of 0 µm, the FOM increases 

from 26.08 to 45.54 RIU−1 between SRI = 1.34 and SRI = 1.40, while for a neck of -

2 µm the FOM increases from 30.00 to 49.47 RIU−1. The FOM values are similar 

because the higher sensitivities for a neck of -2 µm are compensated by narrower 

FWHMs in the case of the neck of 0 μm, although they are slightly better in the case 

of -2 μm. 

Table 3.4 FOM (RIU−1) for a thin film thickness of 125 nm. 

 Neck  

SRI -2 µm 0 µm 2 µm 

1.34 30.00 26.08 11.76 

1.40 49.47 45.54 26.31 

 

Consequently, both a thin film thickness of 125 nm and a neck of -2 μm or 0 μm 

constitute a good parameter selection to implement a real device, as they have similar 

high FOMs and high power, as it was seen in Fig. 3.9a. The final choice between the 

neck of -2 μm or 0 μm depends on whether the sensitivity (higher for -2 μm) or the 

FWHM (narrower for 0 μm) is prioritized. 

In Fig. 3.13, the FBG bands are shown for a thin film thickness of 125 nm and a neck 

of 0 µm for SRI ranging from 1.33 and 1.4. It is clear, as has been previously 

described, that the sensitivity rises with the SRI (the redshift in Fig. 3.13 increases 

with the SRI), but the FWHM widens. The reflected power does not significantly 

change. 

Finally, to end this study, the effect of reducing the thin film thickness was analyzed. 

From previous results, diminishing the thickness will lower the power and the 

FWHM but it is still unknown what will occur with the sensitivity and the FOM. In 

this last part of the analysis, the sensitivity of the reflection bands and the FOM were 

analyzed for a variation of the SRI between 1.33 and 1.4 for a neck of -2 µm and 

thicknesses of 25 nm, 75 nm, and 125 nm, while the length of the D-shaped zone was 

fixed to 20 mm. 
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Fig. 3.13 Reflection band for different SRI for a thin film thickness of 125 nm and a neck of 0 

µm. Reproduced under the terms of the CC BY 4.0 International License [24]. Copyright 2021, 

the Authors. Licensee MDPI, Basel, Switzerland. 

It can be observed in Fig. 3.14a that the sensitivity increases as a function of the SRI 

and the thin film thickness, an effect that is related to the higher proximity to the 

mode transition region when the thin film is thicker [36]. For a thickness of 25 nm, 

the sensitivity is below 5 nm/RIU for most of the points, achieving a value of 6.67 

only between SRI of 1.39 and 1.4. In the case of the 75 nm thickness, for an SRI 

between 1.33 and 1.37, the sensitivity is below 5 nm/RIU, while values between 5 

and 15 nm/RIU are achieved between SRI of 1.38 and 1.4. With a thickness of 125 

nm the highest sensitivities are obtained, with values between 5 and 10 nm/RIU 

between SRI of 1.33 and 1.36 that quickly rise for higher SRI, even reaching values 

of 39 nm/RIU. 

 

Fig. 3.14 a) Sensitivity to the SRI (nm/RIU) vs. SRI (RIU), and b) FWHM (nm) vs. SRI (RIU), 

for a neck of -2 µm and thin film thicknesses of 25nm, 75 nm, and 125 nm. Reproduced under 

the terms of the CC BY 4.0 International License [24]. Copyright 2021, the Authors. Licensee 

MDPI, Basel, Switzerland. 

 



Chapter 3: Optimization of Optical Structures Based on LMRs for Multisensing Purposes 

72 

Again, the weakest point in attaining a high sensitivity is that the FWHM of the 

corresponding reflection band widens, as it can be seen in Fig. 3.14b. Nevertheless, 

in the case of the 75 nm thickness, the sensitivities are between 3 and 15 nm/RIU for 

FWHM between 70 and 200 pm, which can be considered an adequate trade-off 

between sensitivity and FWHM. 

To summarize the information provided by the sensitivity to the SRI and the FWHM, 

the FOM is calculated for SRI = 1.34 and SRI = 1.40 (see Table 3.5). In this case, 

the FWHM has more influence in the comparison between the results for the different 

thicknesses. The best FOM values are achieved for a thickness of 25 nm due to their 

very low FWHMs, varying from 28.57 to 114.29 RIU−1 between SRI = 1.34 and 

SRI = 1.40. In the case of the thickness of 75 nm, the FOM increases for 42.10 to 

80.95 RIU−1 in this range, while for 125 nm it varies from 30.00 to 49.47 RIU−1 as 

has been previously seen in Table 3.4. 

Table 3.5 FOM (RIU−1) for a neck of -2 µm. 

 Thin film thickness  

SRI 25 nm 75 nm 125 nm 

1.34 28.57 42.10 30.00 

1.40 114.29 80.95 49.47 

 

Therefore, it can be concluded that the FOM increases when the thin film is reduced. 

Consequently, doubt may arise as to whether a thickness of 125 nm and a neck of -2 

μm constitute a good choice of parameters, as was previously mentioned, or whether 

it is better to reduce the thickness. It has to be considered that greater FOMs for low 

thicknesses are achieved thanks to lower FWHMs, while the sensitivities are much 

lower. As a result, a trade-off solution would be choosing a thickness of 75 nm with 

a neck of -2 μm. The sensitivities are not the highest ones (between 3 and 15 

nm/RIU), but the power is high (see again Fig. 3.9a) and the FOM is high (between 

40 and 80 RIU−1).  

In Fig. 3.15, the FBG bands are shown for a neck of -2 µm and a thin film thickness 

of 75 nm with SRI between 1.33 and 1.4. The sensitivity rises with the SRI (the 

redshift in Fig. 3.15 increases with the SRI) but the FWHM broadens. 

The first conclusion of this section is that the sensitivity is favored by a thicker thin 

film, a low (negative) neck and a high SRI. It is not difficult to reach sensitivities 

between 5 - 10 nm/RIU and even higher if the different parameters are properly 

combined to achieve the optimum. However, sensitivities higher than 10 nm/RIU 

come at the cost of increasing the FWHM up to several tenths of nanometers. 

Regarding the FOM, it increases with a low (negative) neck and reduces with the thin 

film thickness. High values (between 40 and 80 RIU−1) are obtained but they require 

a high sensitivity (which will have the disadvantage of a wide FWHM) or a narrow 

FWHM (which will present, as a drawback, a low sensitivity).  
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Comparing the results for the structure under analysis obtained in this section with 

the FBG-based sensors studied in [22], in the case of the maximum sensitivity (39 

nm/RIU), it would be an acceptable value in spite of being far from the top 

sensitivities, which can reach values of hundreds or even thousands of nm/RIU. 

Regarding the FOM, values between 40 and 80 RIU−1 (the highest one was 114.29 

RIU−1) are quite high, only being surpassed by very few sensors from [22]. In the 

case of the FWHM, the lowest values, around 45 pm, are better than those attained 

with any FBG-based sensor in [22]. It has to be considered that not all the parameters 

(sensitivity, FOM, FWHM) of the structure can be optimized at the same time, so 

some of them will have to be prioritized. 

 

Fig. 3.15 Reflection band for different SRI for a neck of -2 µm and a thin film thickness of 75 

nm. Reproduced under the terms of the CC BY 4.0 International License [24]. Copyright 2021, 

the Authors. Licensee MDPI, Basel, Switzerland. 

3.2.2.4. D-shaped fiber (constant thickness section + grating pattern) 

Initial results 

Finally, the second thin film design (a section of constant thickness and a section with 

a grating pattern) has been simulated on the D-shaped optical fiber. TE polarization 

is employed, the SnO2 thin film thickness is 150 nm (it has been selected so the LMR 

is centered in the studied wavelength range), the neck of the D-shaped fiber is 4 µm 

and SRI = 1. The length of the first section is 10 mm, the same as the grating length 

of the second section. As it is expected in this case, both the reflection bands (due to 

the grating pattern) and the LMR (thanks to the section of constant thickness) are 

generated, as it is shown in Fig. 3.16a and Fig. 3.16b, respectively, for values of the 

grating pitch of 3 µm, 4 µm, and 5 µm.  

In the case of the reflection bands, they are obtained at the same wavelengths as in 

the previous device (see the cases corresponding to a grating pitch of 3 µm, 4 µm, 

and 5 µm in Table 3.3). The only exception are the bands located at 1447 nm, whose 

disappearance is considered to be caused by the LMR, which is approximately at 

1500 nm. Regarding the LMR, the same result is obtained for all three cases, which 
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means that the grating section does not have any impact on its generation. Its great 

depth (around -70 dB) is due to the value chosen for the neck (-4 µm), selected to 

obtain powerful reflection bands, but the LMR would not be so deep in a real 

implementation. 

 

Fig. 3.16 D-shaped fiber with a thin film with a section of constant thickness and a section 

with a grating pattern. a) Reflection bands and b) Transmission spectrum, obtained for different 

values of the grating pitch from 3 µm to 5 µm.  

Variations of the length of the sections 

The length of both sections of the thin film has been varied to check their effect on 

the peak power of the reflection bands and the depth of the LMR. These analysis have 

been performed with a grating pitch of 4 µm and studying the reflected power of the 

bands located at 1289 nm (m = 9) and 1651 nm (m = 7).  

In the first place, the length of the grating section has been varied from 5 mm to 

35 mm (equivalent to increasing the number of grating periods from 1250 to 8750) 

while maintaining the length of the section of constant thickness equal to 10 mm. It 

can be observed in Fig. 3.17a that the peak power of the reflection bands rises with 

the grating length, being the increase very similar for both bands. The peak at 

1289 nm goes from around -45 dB to -28 dB nm when varying the grating length 

from 5 mm to 35 mm (the increase is faster for the shorter lengths) and the peak at 

1651 nm from approximately -46 dB to -29 dB. The reflection bands at 1289 nm for 

the different grating lengths are shown in Fig. 3.17b. Here, it can be noted that the 

peak wavelength does not change with the grating length. Moreover, it is important 

to note that the increase of the reflected power with the grating length is accompanied 

with a reduction of the FWHM. The same conclusions had been obtained for the 

gratings shown in the previous device.  

Regarding the LMR, it can be appreciated in Fig. 3.17c that the general tendency 

when enlarging the grating length is an increase in the depth of the resonance, with a 

value of -69 dB for a grating length of 5 mm and a value of -90 dB for a grating length 

of 35 mm. However, the depth of the resonance reduces from 15 to 20 mm and from 

25 to 30 mm. These changes in the tendency are attributed to the fact that the 

spectrum starts to deteriorate and present strange peaks (see Fig. 3.17d) with the 

increasing grating length, which is a common result when simulating resonances that 
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are far deeper than real ones. In a real implementation, it would be expected to have 

an increase in the depth of the resonance with the grating length without these 

artifacts, although the resonances would be not as deep as the ones seen in simulation.  

 

Fig. 3.17 Results for a variation of the grating length from 5 mm to 35 mm a) Peak power of 

the reflection bands at 1289 nm and 1651 nm. b) Reflection band at 1289 nm. c) Depth of the 

LMR resonance. d) Transmission spectrum. 

Then, the length of the section of constant thickness has been increased from 5 mm 

to 35 mm while maintaining the grating length equal to 10 mm (2500 grating periods). 

It can be observed in Fig. 3.18a that the power of both studied reflection bands 

decreases with the length of the section of constant thickness. In particular, the band 

at 1651 nm is much more affected (decrease from -33.6 dB to -70 dB from 5 mm to 

35 mm in an almost linear trend) than the band at 1289 nm (from -37.5 dB to -43.5 

dB, also following a linear tendency). Previous observation is in accordance with the 

fact that the resonance located at 1651 nm is nearer to the LMR central wavelength 

(around 1500 nm) than the resonance located at 1289 nm (149 nm vs 211 nm). The 

reflections bands at 1651 nm as a function of the length of the section of constant 

thickness are shown in Fig. 3.18b, where it can be appreciated that neither the central 

peak wavelength nor the FWHM change. However, for lengths greater than 25 mm, 

the reflection band begins to distort.  

At the same time, the depth of the LMR resonance increases with the length of the 

section of constant thickness (see Fig. 3.18c), as it was expected, with a value of 

- 40 dB for a length of  5 mm and a value of -119 dB for 35 mm. Again, in the case 

of the LMR, these results have to be mostly interpreted in a qualitative way. They 
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cannot be considered reliable as the transmission spectrum starts to distort as the 

length is increased (see Fig. 3.18d), because the resonances are too deep. In a real 

implementation, it would be expected to have an increase in the depth of the 

resonance with the length of the section of constant thickness without these artifacts, 

although the resonances would be not as deep as the ones seen in simulation. This 

increase in the depth would be larger than the one achieved by increasing the grating 

length by the same amount (previously studied case) as the effective length of 

material that is added in this case is half (the duty cycle of the grating is 0.5). 

 
Fig. 3.18 Results for a variation of the length of the section with constant thickness from 5 mm 

to 35 mm a) Peak power of the reflection bands at 1289 nm and 1651 nm. b) Reflection band 

at 1651 nm. c) Depth of the LMR resonance. d) Transmission spectrum. 

To summarize this section, two different thin film grating patterns have been studied 

on two different substrates: a coverslip and a D-shaped optical fiber. The first design 

consisted of a pure grating pattern and it has been demonstrated that the position of 

the bands in the reflection spectrum can be predicted with the Bragg-Snell equation 

for normal incidence. The influence of the different parameters over the reflection 

bands has been studied in more depth in the case of the D-shaped optical fiber. The 

second design consisted of the combination of a thin film section with constant 

thickness and another one with a grating pattern and it has been shown that this design 

is capable of generating both an LMR in transmission and bands in the reflection 

spectrum in both substrates, which was the original purpose behind this study. The 

next steps would be the practical implementation of these devices and the 

characterization of both phenomena (LMR and reflection bands) for different 

parameters (temperature, strain, SRI), in order to develop multisensing platforms. 
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3.3. LMR based refractometer with FBG temperature compensation 

In this section, the combination of an LMR and an FBG is implemented on a D-

shaped optical fiber for measuring simultaneously the SRI and the temperature with 

a single device. The LMR is obtained through the deposition of a TiO2 thin film while 

the FBG is inscribed on the core of the optical fiber. First, the employed materials 

and methods are described and then, the device response to changes in the SRI and 

temperature is characterized. Finally, its performance is compared with other sensors 

with similar characteristics. 

3.3.1. Materials and methods 

D-shaped fibers were purchased from Phoenix Photonics LTD and consist of standard 

single mode fibers (Corning® SMF-28) with a cladding/core diameter of 125/8 µm 

and a polished length of 10 mm. These fibers are polished until obtaining an 

attenuation peak of 0.5 dB at 1550 nm in high refractive index oil (RI = 1.5).  

Firstly, FBGs were inscribed in the core of the D-shaped region of the fiber with the 

FBG peak located around 1533 nm. Fiber writing was performed using the phase 

mask method (period of 529.8 nm over a length of 3 mm ) using a Coherent® Xantos 

XS laser at 193 nm emission wavelength, 250 Hz repetition rate and 1.5 mJ/pulse.   

Afterwards, a thin film of 60 nm of TiO2 is deposited onto the D-shaped zone using 

the atomic layer deposition (ALD) technique with the Savannah G2 ALD System 

from Veeco Inc. The final structure can be observed in Fig. 3.19. TiO2 has been 

selected because this material provides a good SRI sensitivity (4122 nm/RIU for a D-

shaped LMR based refractometer with the resonant wavelength at 1300 nm in 

[13]).This thickness was chosen in order to obtain a first order LMRTE (electric 

polarization) at a wavelength of around 1400 nm. This means that the FBG peak is 

far enough to guarantee that the resonance does not affect the intensity of the FBG. 

 

Fig. 3.19 Designed structure consisting of an FBG inscribed in the core and a TiO2 nano-film 

covering the D-shaped region (top) and section view of the device (bottom). Reproduced under 

an Open Access License [39]. Copyright 2022, Optica Publishing Group. 

In the measuring setup, see Fig. 3.20, a multi-SLD light source (FJORD-X3-1330-

1650, Pyroistech S.L.) is connected to input 1 of an optical circulator through an in-

line polarizer and a polarization controller (Phoenix Photonics Ltd), which enables 

selecting the TE- or TM-polarized state of light [5]. One end of the D-shaped optical 
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fiber is connected to output 2 of the circulator and the other end of the fiber is 

connected to an optical spectrum analyzer (MS9740A from Anritsu) to monitor the 

power in transmission. Once the polarization state has been adjusted, the fiber is fixed 

so the polarization state does not change. Output 3 of the optical circulator is 

connected to an interrogator (I-MON 512 USB from Ibsen Photonics A/S) that 

enables to monitor the FBG peak in reflection. 

The D-shaped region is placed inside a microfluidic system that is thermo-stabilized 

by means of two Peltier cells, as in [40]. It consists of two equal-size bars, the upper 

one is made of ULTEM® and the lower one is made of stainless steel. A microfluidic 

channel is engraved on both bars with dimensions 1 mm × 1 mm × 50 mm (volume 

of 50 μL), with the D-shaped region fitting in this channel. A peristaltic pump allows 

to control the flow through the cell. 

 

Fig. 3.20 Schematic representation of the experimental setup. Reproduced under an Open 

Access License [39]. Copyright 2022, Optica Publishing Group. 

3.3.2. Results 

Two assays were carried out with the setup shown in Fig. 3.20. In the first 

experiment, the device response to SRI was monitored, while the temperature was 

stabilized at 25oC. The LMR response is shown in Fig. 3.21 whilst the FBG response 

is shown in Fig. 3.22. The first refractive index corresponds to ultrapure water and 

the remaining correspond to solutions of glucose in ultrapure water with values of 

1.3324, 1.3367, 1.3407, 1.3445 and 1.3479 respectively, measured at 589.3 nm with 

refractometer Refracto30GS (Mettler Toledo Inc). The device was tested with these 

indices because the aim is to use it with liquids of refractive index close to that of 

water. 

In Fig. 3.21 it can be observed that the resonance wavelength shifts linearly with a 

sensitivity of 3725.2 nm/RIU in the studied range. In Fig. 3.22, it can be seen that the 

FBG peak shift with refractive index is very small. In particular, the variation of the 

FBG peak in the studied SRI range was of only 12 pm, which corresponds to a 

sensitivity lower than 1 nm/RIU, which is negligible in comparison with the LMR 

sensitivity to the SRI. The FBG peak is slightly sensitive to the SRI as the cladding 

thickness between the core and the polished surface of the fiber is very thin (6.5 µm), 

as it happens in the case of FBGs inscribed in etched fibers [22].The axis limits in 

Fig. 3.22 have been chosen in order to enable a direct comparison with Fig. 6. Before 

performing the second experiment, in which the temperature is varied, the system 
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returns to the initial operating conditions (ultrapure water). It can be checked that the 

starting operation points of both experiments (LMR resonance located at 1378 nm 

and FBG peak at 1533.1 nm) are virtually the same, although there is sometimes a 

small hysteresis (less than 5 nm) when returning to the initial operating conditions 

after a SRI variation and/or a temperature variation. 

 
Fig. 3.21 Spectral response of the LMR when the D-shaped region is immersed in five different 

refractive index. Reproduced under an Open Access License [39]. Copyright 2022, Optica 

Publishing Group. 

 
Fig. 3.22 Spectral response of the FBG when the D-shaped region is immersed in five different 

refractive index. Reproduced under an Open Access License [39]. Copyright 2022, Optica 

Publishing Group. 

The second experiment consisted in varying the temperature from 25oC to 45oC in 

steps of 5oC while maintaining the D-shaped region of the fiber immersed in ultrapure 

water. The LMR response for this assay is presented in Fig. 3.23 while the FBG 

response is shown in Fig. 3.24. In this second experiment, the shape of the resonance 

is different compared to that observed in Fig. 3.21, because it is difficult to reproduce 

the very same polarization state in both experiments. Slight variations in the 
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polarization state can lead to differences in the depth of the main resonance around 

1380 - 1400 nm (slightly deeper in Fig. 3.21 compared with Fig. 3.23) and the 

residual lobe that appears at higher wavelengths (deeper in Fig. 3.23). 

Regarding the results of the second experiment, in Fig. 3.23, the resonance 

wavelength shifts towards the blue when the temperature increases. The purpose of 

the plot on the right of Fig. 3.23 will be explained afterwards. In Fig. 3.24, the FBG 

peak shifts towards the red when the temperature increases, with a linear sensitivity 

of 32.6 pm/oC in the studied range. The expected temperature sensitivity for an FBG 

at around 1550 nm is approximately 13.7 pm/oC [41]. In the case under study, the 

FBG is inscribed in the core of a fiber that is glued to the upper half of the 

microfluidic cell. Therefore, the dilatation of the microfluidic cell with temperature 

also affects the temperature sensitivity. 

 
Fig. 3.23 Spectral response of the LMR when the temperature is varied (left) and calculation 

of coefficient B (right). Reproduced under an Open Access License [39]. Copyright 2022, 

Optica Publishing Group. 

 
Fig. 3.24 Spectral response of the FBG when the temperature is varied. Reproduced under an 

Open Access License [39]. Copyright 2022, Optica Publishing Group. 
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The results from the previous experiments can be employed to obtain a sensitivity 

matrix that correlates the variation in the SRI and temperature (ΔSRI and ΔT 

respectively) between two operation points with the wavelength shifts of the LMR 

and the FBG (ΔλLMR and ΔλFBG respectively), as it is shown in equation (3.3). 

                                               (
Δ𝜆𝐿𝑀𝑅

Δ𝜆𝐹𝐵𝐺
) = [

𝐴 𝐵
𝐶 𝐷

] (
Δ𝑆𝑅𝐼

Δ𝑇
)                                            (3.3) 

In the first experiment ΔT = 0, so ΔλLMR = A · ΔSRI and from Fig. 3.21, A = 3725.2 

nm/RIU.  The FBG sensitivity to the SRI is negligible in comparison to the LMR 

sensitivity, as it can be checked in Fig. 3.22, thus it can be considered that C  0. 

In the second experiment, both ΔSRI and ΔT are different from 0. The SRI changes 

because the refractive index of a liquid varies with temperature. However, as C  0, 

ΔλFBG = D · ΔT, and from Fig. 3.24, D = 32.6 pm/oC. Finally, B can be calculated 

from equation (3.4) as: 

                             𝐵 =
Δ𝜆𝐿𝑀𝑅 − 𝐴 · Δ𝑆𝑅𝐼

Δ𝑇
=

Δ(𝜆𝐿𝑀𝑅 − 𝐴 · 𝑆𝑅𝐼)

Δ𝑇
                              (3.4) 

Therefore, if λLMR – A · SRI is plotted vs the temperature, B is the slope of the linear 

response that is obtained, as it is shown on the right of Fig. 3.23, with B = -0.186 

nm/oC. The values of the SRI of water for the different temperatures have been 

obtained from [42].  

The calibration to obtain these coefficients should be repeated each time a new fiber 

is employed by simply following the previous steps, which could be performed 

automatically if necessary. 

If both sides of equation (3.3) are multiplied by the inverse of the sensitivity matrix, 

the unknown ΔSRI and ΔT for certain values of ΔλLMR and ΔλFBG can be obtained, as 

it is shown in equation (3.5). The values that correspond to this case are substituted 

in equation (3.6). 

                                             (
Δ𝑆𝑅𝐼

Δ𝑇
) = [

𝐴 𝐵
𝐶 𝐷

]
−1

(
Δ𝜆𝐿𝑀𝑅

Δ𝜆𝐹𝐵𝐺
)                                         (3.5) 

                            (
Δ𝑆𝑅𝐼

Δ𝑇
) = [2.684 · 10−4 1.532 · 10−3

0 30.675
]

−1

(
Δ𝜆𝐿𝑀𝑅

Δ𝜆𝐹𝐵𝐺
)                 (3.6) 

Once ΔSRI and ΔT are obtained, the temperature of the final operation point and the 

value of the SRI at that temperature can be calculated if these values are known at 

the initial operation point. Note that, as opposed to other sensors, the SRI value is not 

provided at the initial reference temperature, but at the temperature that is being 

measured simultaneously. 

With this calibration, the intrinsic drift with temperature of the device is 

compensated, so the device can be employed to measure the temperature and the 
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refractive index not only of ultrapure water, the liquid used in the calibration, but also 

of other liquids. In order to demonstrate the importance of this calibration, the results 

of supposing B = 0, that is, not compensating the effect of the temperature over the 

device operation, are shown in Table 3.6 for the results of the second experiment. 

Table 3.6 Estimated error when supposing B = 0. 

T (oC) 
SRI 

(RIU) 
LMR (nm) 

ΔSRI (RIU) 

(B = 0) 

SRI (RIU) 

(B = 0) 
Error (%) 

25 1.3328 0 0 1.3328 0 

30 1.3323 -3.10 -8.31E-04 1.3320 -0.02 

35 1.3316 -6.36 -1.71E-03 1.3311 -0.04 

40 1.3310 -9.85 -2.65E-03 1.3302 -0.06 

45 1.3302 -13.73 -3.69E-03 1.3291 -0.08 

 

The first three columns in Table 3.6 correspond to the temperature (oC), the real SRI 

(RIU) calculated from [42] and ΔλLMR (nm) respectively. The fourth column 

corresponds to ΔSRI (RIU) assuming B = 0 (wrong calculation). The fifth column 

corresponds to the wrong SRI (RIU) derived from the wrong ΔSRI and the last 

column to the relative error in %. It can be deduced from this table that the effect of 

temperature on the device operation cannot be ignored for applications where a 

precise measurement of the SRI is required, such as gas sensing or biosensing 

applications. Although the error might seem negligible in percentage, it becomes 

more relevant if it is taken into account that it can affect the fourth and third decimals 

of the SRI. 

For the sake of comparison, a table is included with the main characteristics of this 

device and some works where both the SRI and the temperature are measured (see 

Table 3.7). Regarding the temperature sensitivity, its value is good compared with 

other sensors that employ FBGs [16,17] but low in the case of the sensors that 

combine resonances with the use of PDMS [43,44]. On the other hand, it can be 

observed that the SRI sensitivity of the obtained device is high when compared with 

sensors included in Table 3.7 (only surpassed by [45]) and in particular taking into 

account that most of the devices are tested with higher values of the SRI. However, 

it must be considered that there are also similar refractometers to the one obtained 

here (based on a D-shape structure), with higher sensitivities. For example, the highly 

sensitive refractometers described in refs. [46] (5855 nm/RIU for an LMR based on 

ITO), [11] (14,501 nm/RIU for an LMR based on SnO2) or [47] (22,779 nm/RIU for 

an SPR obtained with Au deposited on a polymer fiber), although they do not include 

temperature compensation. Therefore, it would be interesting to reach these 

sensitivities while at the same time maintaining the temperature measuring capability.  
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Table 3.7 Comparison with other works where both the SRI and the temperature are measured. 

SRI sensing 

mechanism 

SRI 

sensitivity 

(nm/RIU) 

SRI range 

(RIU) 

Temp. 

measuring 

mechanism 

Temp. 

sensitivity 

Temp. 

range (oC) 
Ref. 

FBG 1.284 -12.77 
1.3333 - 

1.3800 
FBG 

9.39 - 10.07 

pm/ºC 
25 -  65.5 [16] 

FBG 535.14 1.33 - 1.454 FBG 10.06 pm/ºC 20.3 - 99.5 [17] 

TFBG 606.82 
1.3761 - 
1.4327 

LPFG 
268.79 
pm/ºC 

-30 - 70 [18] 

TFBG-SPR 571.5 
1.3325 - 

1.3375 
TFBG-SPR 6.3pm/ºC 23 - 59 [19] 

LRSPR 4111.67 
1.3317 - 

1.3365 

Terbium(III) 

absorption 
0.05 dB/ºC 15 - 50 [45] 

SPR 2260.1 
1.333 - 
1.390 

SPR + PDMS -2.41 nm/ºC 20 - 60 [43] 

LMR 1460 
1.3328 - 

1.37 
LMR + PDMS -1.75 nm/ºC 20 - 40 [44] 

Slot waveguide ring 

resonator 
240 

(not 

provided) 

Slot waveguide 

ring resonator 
16.6 pm/ºC 23 - 33 [48] 

LMR 3725.2 
1.3324 – 

1.3479 
FBG 32.6 pm/ºC 25 - 45 

This 

work 
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3.4. Dual LMR based sensor on a single D-shaped optical fiber 

The last device that is proposed in this chapter is a D-shaped optical fiber where two 

independent LMRs are obtained through the deposition of a nanocoating with two 

sections of different thickness. The fabrication process is explained in detail and it is 

studied how to optimize the length of the sections of the nanocoating so both 

resonances have a similar depth. The experimental results are supported with 

numerical simulations. Finally, the performance of the device as a refractometer is 

assessed. 

3.4.1. Materials and methods 

A thin film (120 nm) of titanium dioxide (TiO2) is deposited onto the D-shaped zone 

(length of 10 mm) using the ALD technique with the Savannah G2 ALD System from 

Veeco Inc. Then, the D-shaped zone is partially covered using a mask (adhesive tape). 

The mask is placed so approximately half of the D-shaped zone is covered (5 mm) 

and the other half (5 mm) remains uncovered. A tin oxide (SnO2) coating with a 

thickness of 20 nm is fabricated onto the D-shaped optical fiber by electron-beam 

deposition with the Nexdep physical vapor deposition platform from Angstrom 

Engineering Inc. The directionality of the electron beam deposition guarantees that 

SnO2 is not deposited on the part of the D-shaped fiber that is covered. 

After the second deposition, the mask is removed, therefore obtaining a nanostructure 

with a step shaped profile (see detail of Fig. 3.25). The first section has a thickness 

of 120 nm of TiO2, as the SnO2 was deposited over the mask and it has been removed 

with it. The second section has a total thickness of 140 nm, the first 120 nm of TiO2 

and the remaining 20 nm of SnO2. A schematic representation of the resulting 

structure can be observed in Fig. 3.25. 

 

Fig. 3.25 Schematic representation of the obtained step shaped nanostructure with TiO2 and SnO2 on the 

D-shaped fiber. Dimensions are not to scale. Reproduced with permission from [49]. Copyright 

2021, Optica Publishing Group. 

These thicknesses for both sections were selected with the help of simulations carried 

out with FIMMWAVE. They were chosen in order to obtain two first order LMRTM 

(magnetic polarization) close enough so they could be seen in the range of interest 

but far enough from each other so they did not overlap and could be clearly 

distinguished.  

The refractive index of TiO2 employed in the theoretical simulations was measured 

with an ellipsometer UVISEL 2 from Horiba Ltd. (n = 2.619 at 1250 nm, n = 2.16 at 



Imas, J.J. 

85 

1650 nm) while the extinction coefficient was set to 0.01 to fit the experimental 

results. It must be considered that the angle of incidence of the ellipsometer required 

to accurately measure the refractive index does not provide precise results for the 

extinction coefficient. In the case of SnO2, a refractive index of 1.9 + 0.01i was used, 

as in [50], based on ellipsometric measurements performed in [5]. 

In the measuring setup, one end of the optical fiber is connected to a multi-SLED 

light source (FJORD-X3-1330-1650 from Pyroistech S.L.) through an in-line 

polarizer and a polarization controller (Phoenix Photonics Ltd), which enable 

selecting the TE- or TM-polarized state of light [5]. Once the polarization state has 

been adjusted, the fiber is fixed so the polarization state does not change. The other 

end is connected to an optical spectrum analyzer (MS9740A from Anritsu) to observe 

the resonance while the D-shaped zone is immersed in ultrapure water (18.1 MΩ/cm). 

3.4.2. Results 

The theoretical results for the previous nanostructure are shown in Fig. 3.26. Two 

first order LMRTM can be observed. The resonance that is located at lower 

wavelengths (called blue LMR from here on) corresponds to the section with a 

thickness of 120 nm of TiO2 whereas the LMR that appears at higher wavelengths 

(called red LMR from now on) corresponds to the section with a thickness of 140 nm 

(120 nm TiO2 + 20 nm SnO2). For the sake of simplicity, the combination of the blue 

LMR and the red LMR will be referred as dual LMR. 

 

Fig. 3.26. Theoretical results for a dual LMR obtained with a first section 5 mm long with a 

thickness of 120 nm of TiO2 and a second section 5 mm long with a thickness of 120 nm of 

TiO2 and 20 nm of SnO2 on a D-shaped SMF. Reproduced with permission from [49]. 

Copyright 2021, Optica Publishing Group. 

The initial LMR (120 nm of TiO2 over a length of 10 mm) and the final dual LMR 

can be observed in Fig. 3.27, corresponding to the experimental results. The dual 

LMR resembles the theoretical simulation in Fig. 3.26. The appearance of two clearly 
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distinguishable resonances indicates that the thickness difference between the two 

sections is far greater than the non-uniformities in each section, also corroborated by 

the simulations. Regarding the thickness change from one section to the other, no 

edge effects have been observed - neither experimentally nor theoretically. The 

tapered ends of the D-shaped region do not have either a high impact in the 

resonances [50]. 

In order to demonstrate the independence of both resonances of the dual LMR, each 

of them is shown separately. To achieve these results, the part of the D-shaped zone 

that corresponds to each LMR was immersed in ultrapure water while the rest of the 

device was left in air, obtaining only the desired resonance. It can be observed that 

the dual LMR is equal to the addition of the blue and red LMRs in Fig. 3.27. 

 

Fig. 3.27 Experimental results for a dual LMR obtained with a first section 5 mm long with a 

thickness of 120 nm of TiO2 and a second section 5 mm long with a thickness of 120 nm of 

TiO2 and 20 nm of SnO2 on a D-shaped SMF. Reproduced with permission from [49]. 

Copyright 2021, Optica Publishing Group. 

The blue LMR (corresponding to a 5 mm long section with a thickness of 120 nm of 

TiO2) is located next to the initial LMR since both have the same thickness. The slight 

displacement may be due to oxidation of the material or the deposition of some SnO2 

under the mask. The blue LMR is not as deep as the original LMR with a thickness 

of 120 nm due to its shorter deposition length (5 mm instead of 10 mm). The red 

LMR of the final structure has undergone a redshift due to the thicker coating. The 

red LMR is deeper than the blue LMR, because with the same deposited length, the 

more the LMR redshifts, the deeper the LMR. 

The sensitivity of the device to the SRI for values close to water has also been studied, 

considering its interest for biosensing applications. The setup is the same as the one 

that has been previously explained, but in this case the D-shaped region is placed 

inside a microfluidic system (same one as the one described in subsection 3.3.1), 

stabilized at 26ºC. 
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The device response has been monitored with five refractive indices, as it is shown 

in Fig. 3.28. The first refractive index corresponds to ultrapure water and the 

remaining four correspond to solutions of glucose in ultrapure water with refractive 

indices of 1.3327, 1.3371, 1.3412, 1.3448 and 1.3485 respectively, measured with 

refractometer Refracto30GS from Mettler Toledo Inc. The sensitivity values obtained 

are 4048 nm/refractive index unit (RIU) in the case of the blue LMR and 3914 

nm/RIU in the case of the red LMR, with a FOM of 58 RIU-1 for the latter resonance. 

These sensitivities are near the typical values for LMR based sensors, which are 

around 5000 nm/RIU [40]. It can also be observed the widening of the resonances as 

they redshift [5]. 

 

Fig. 3.28 Experimental sensitivity of the blue and the red LMR of the first device as a function 

of the SRI. Reproduced with permission from [49]. Copyright 2021, Optica Publishing Group. 

The operation principle of LMR-based sensors consist of resonance wavelength or 

maximum power attenuation tracking. Nevertheless, in the previous device, the blue 

LMR is not very well defined (depth of only -2.0 dB) in comparison with the red 

LMR (depth of -14.6 dB) which can difficult its monitoring. It would be interesting 

for this type of devices that both resonances were similar in depth and that they had 

at least a minimum depth of -5 dB. Here, it has to be considered that the depth of the 

LMR increases at longer wavelengths and with the length of the D-shaped fiber [11]. 

Therefore, in order to obtain a twin LMR where the blue and the red LMR have 

similar depths, it has been decided to modify the length of each section. A new device 

is manufactured with this purpose. The length of the first section of the D-shaped 

zone (120 nm thick) is supposed to be around 7.5 mm while the length of the second 

section (140 nm thick) is approximately 2.5 mm.  

Fig. 3.29 shows the theoretical results for different lengths of the two sections. In 

Fig. 3.26 it can be appreciated that when both sections measure 5 mm, the theoretical 

depths of the blue and the red LMR are -2.7 dB and -11.7 dB respectively. However, 

for the lengths of 7.5 and 2.5 mm, see Fig. 3.29, the depths are very similar (-10.7 dB 

and -9.3 dB respectively), which is the desired result. 
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Fig. 3.29 Theoretical results for a dual LMR obtained with different lengths for the first section 

(thickness of 120 nm of TiO2) and the second section (thickness of 120 nm of TiO2 and 20 nm 

of SnO2) on a D-shaped SMF. Reproduced with permission from [49]. Copyright 2021, Optica 

Publishing Group. 

In Fig. 3.30, the initial LMR and the final twin LMR are shown for this new device. 

Comparing Fig. 3.30 with the theoretical simulations in Fig. 3.29, it seems that due 

to technical issues in the fabrication process 8 mm of the D-shaped zone remained 

covered by the mask while only 2 mm stayed uncovered instead of the initially 

planned 7.5/2.5 mm proportion. In this case, the blue LMR reaches -13.8 dB while 

the red LMR achieves -6.3 dB, which is not the result expected to equalize both 

LMRs but improved considerably the results shown in Fig. 3.27. 

 

Fig. 3.30 Experimental results for a dual LMR obtained with a first section 8 mm long with a 

thickness of 120 nm of TiO2 and a second section 2 mm long with a thickness of 120 nm of 

TiO2 and 20 nm of SnO2 on a D-shaped SMF. Reproduced with permission from [49]. 

Copyright 2021, Optica Publishing Group. 
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On the other hand, both the red and blue LMR are shown separately in Fig. 3.30, and 

it can be noted that the twin LMR is the addition of both. It is also worth mentioning 

that the position of the blue LMR has slightly shifted compared to the position of the 

initial LMR (120 nm thickness along 10 mm), as it happened in the first device. In 

this case, the depth of the blue LMR is very similar to the depth of the initial LMR, 

which is coherent with the fact that most of the D-shaped zone has been covered 

during the second deposition. 

Finally, the sensitivity has also been studied for this second device with the previous 

five refractive indices, achieving 3977 nm/RIU in the case of the blue LMR and 4506 

nm/RIU for the red one, as it can be observed in Fig. 3.31. The sensitivity is higher 

for the resonance located at a longer wavelength, as expected [5]. The FOM is 

respectively 126 RIU-1 for the blue LMR and 35 RIU-1 for the red LMR. 

This way, two independent LMRs have been obtained on a single optical fiber, having 

high sensitivities, which improve by more than one order of magnitude the results 

achieved with the analogous device based on a planar waveguide (sensitivities of 

140 nm/RIU and 200 nm/RIU in the 1.3447 - 1.3947 RI range, although they 

correspond to resonances located at shorter wavelengths [8]); and being equalized in 

power. Therefore, this device could be employed for the simultaneous and separate 

detection of multiple analytes in biosensing applications. 

 

Fig. 3.31 Experimental sensitivity of the blue and the red LMR of the second device for five 

refractive indices. Reproduced with permission from [49]. Copyright 2021, Optica Publishing 

Group. 
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3.5. Conclusions 

Different structures and configurations based on LMRs have been studied in this 

chapter with the purpose of developing sensing platforms that can measure more than 

one variable at the same time. Their main characteristics and the obtained results are 

synthesized in Table 3.8 and described in the following paragraphs. 

In the first place, two different thin film patterns deposited on two different substrates 

(a coverslip and a D-shaped optical fiber) have been theoretically studied. The first 

design (a pure grating pattern) was expected to generate a LMR associated to the thin 

film as well as reflection bands associated to the grating pattern, obtaining two 

different sensing phenomena. It was demonstrated that the position of the reflection 

bands for different pitches can be predicted with accuracy by adapting the Bragg - 

Snell law for normal incidence. In the case of the coverslip it was checked that the 

grating pitch needed to generate an LMR with this structure was too large to produce 

bands that could be distinguished in the reflection spectrum, so the generation of both 

types of phenomena with this design was discarded.  

The second design consisted of a first section with a homogeneous thickness, that 

would generate the LMR; and a second section with a grating pattern, which would 

produce the reflection bands. This design was proven successful in the case of the 

coverslip, as both type of phenomena were obtained. Nevertheless, the main problem 

of this structure is that the power of the reflection bands is too low (less than -60 dB). 

It has still to be studied if increasing the grating length (which led to more powerful 

reflections bands in the case of the structures based on the D-shaped fiber) could 

contribute to solve this problem. It has to be considered that, in the case of a practical 

implementation, increasing the grating length on a planar waveguide would not 

increase the fragility of the device, as it happens in the case of the D-shaped fiber. In 

addition, the width, and not only the length of the grating, could also be modified if 

necessary to improve the performance of the device, a possibility that it is not 

available in the case of optical fibers and remains to be assessed. 

In the case of the D-shaped optical fiber and the first design (pure grating pattern), 

due to the lessons learned with the coverslip, the attention was completely focused 

on the reflection bands. Although this was not the original intention, a deep analysis 

of how to optimize the performance of this structure was carried out. The main part 

of the analysis was focused on the reflection band located at 1650 nm, for a grating 

pitch of 4 µm, grating length of 20 mm, and SRI = 1.33 (water). 

The reflected power and the FWHM were studied for variations in the thin film 

thickness, the neck and the length. The first conclusion is that the power increases 

(achieving values higher than -10 dB) for higher thin film thicknesses (50 nm - 

125 nm) and lower necks (- 2 µm - 0 µm) at the cost of widening the FWHM (order 

of 100 pm). Increasing the length also produces a rise in the reflected power, but in 

practice it is not realistic to work with lengths greater than 20 mm. The sensitivity to 

the SRI, the FWHM and the FOM were also studied for variations in the SRI in the 

1.33 - 1.4 range. In general, a trade-off between the sensitivity to the SRI and the 

FWHM is required and it seems the optimum would correspond to a thickness in the 

75 nm - 125 nm range and a neck between -2 µm and 0 µm. 
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The main drawback of this structure is that low values of the neck (at least lower than 

3 µm, even lower values, between -2 µm and 0 µm, are needed for optimum 

performance) are required to achieve an adequate power level of the reflection bands, 

while the neck value for a standard D-shaped optical fiber is 6.5 µm. Obtaining the 

desired neck values would require a very precise etching process which, in addition, 

would make the D-shaped zone more fragile. Another problem that has to be 

considered for a practical implementation is that the D-shaped section of the fiber 

would need to be placed perfectly perpendicular to the laser writer in order to 

manufacture the mask, a task that would be difficult to carry out. 

Finally, the second design (homogeneous section and grating section) was simulated 

on the D-shaped fiber, generating both an LMR in the transmission spectrum and 

reflection bands, although this structure has not been studied in such great detail as 

the previous one. The main limitations of this structure are the ones that have already 

been commented for the previous one. 

Regarding the combination of different phenomena an LMR-based refractometer 

with temperature compensation has been experimentally demonstrated and 

successfully validated. The proposed device consisted of a D-shaped fiber with an 

FBG inscribed on its core. In particular, the SRI has been measured in the range from 

1.3324 to 1.3479 with a sensitivity of 3725.2 nm/RIU while the temperature varied 

from 25oC to 45oC. The effect of the temperature on the refractometer operation 

cannot be ignored as it has been calculated that the error can achieve values in the 

order of 10-3 if no correction is performed. In the fields where a precise measurement 

of the SRI is required, as in the case of gas sensing or biosensing, it is not affordable 

to make such error. 

It must also be remarked that this is the first time that a fully integrated thermo-

refractometer consisting of a thin film deposited on a D-shaped optical fiber and an 

FBG inscribed in its core has been presented. This device could be improved by using 

an exclusively reflection setup instead of requiring both reflection and transmission 

interrogation. This can be achieved with an Ag mirror on the tip of the fiber and 

monitoring the LMR in reflection as in [50]. Furthermore, the proposed device could 

be miniaturized in a 2 mm long device or even less, as it has been demonstrated that 

a 2 mm long D-shaped fiber with a nanocoating can generate LMRs for sensing 

purposes [50], while femtosecond laser technique permits to obtain very short FBGs, 

on the order of 100 µm [51]. This has special interest in the development of small 

size probes or the employment of multiple sensors is a small area. 

These results also open the door for applications where the LMR shift permits to 

precisely monitor refractometric changes associated to a single parameter or analyte 

while the FBG is used to measure a different parameter or analyte, therefore obtaining 

a totally integrated dual sensor. This concept could be extrapolated to other grating 

based structures such as TFBGs or LPGs. 

Finally, two independent LMRs were obtained in a single D-shaped optical fiber by 

employing a thin film with two sections of different thickness, a technique that had 

been previously reported for planar waveguides [6]. Each resonance only shifts when 

the SRI in which the corresponding section of the D-shaped fiber is immersed in 
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varies. It was also demonstrated, both theoretically and experimentally, that the depth 

of each of the resonances of the dual LMR depends on the length of the D-shaped 

section that generates it. The length of the section with a lower thickness must be 

greater if it is desired to obtain two resonances with a similar depth. The sensitivity 

of the fabricated devices was studied, reaching values of ~4000 nm/RIU with a 

maximum of 4506 nm/RIU for values of the SRI between 1.3327 and 1.3485, which 

improves by approximately a factor of 20 the results obtained with the analogous 

device based on a planar waveguide [8]. 

The developed device could be employed in applications where each resonance was 

made sensitive to a different parameter or analyte of interest, therefore obtaining 

multisensing platforms, including biosensors for the detection of several biomarkers. 

Further improvements of this device would include the generation of more than two 

resonances by using more thin film sections with different thicknesses (the possibility 

of obtaining up to nine independent resonances with this method was theoretically 

shown in the case of a planar waveguide in [6]), leading for instance to the detection 

of a panel of biomarkers, which has become a tendency in the medical field as it can 

improve considerably the accuracy in the diagnosis or monitoring of a disease [52–

54]. 

Table 3.8 Main characteristics of the sensors introduced in Chapter 3. 

Structure 

Max SRI 

sensitivity 

(nm/RIU) 

SRI range 

(RIU) 
Other features or comments 

Grating pattern on a  

SnO2 thin film on  
D-shaped optical fiber 

40 1.39 - 1.40 

Different parameters (thin film thickness, neck, 

length, SRI) and their effect on the reflected 

power, FWHM, FOM have been theoretically 
studied.  A coverslip has also been briefly studied 

as substrate instead of a D-shaped fiber. 

Grating pattern + constant 

thickness section on a  

SnO2 thin film on 
D-shaped fiber/coverslip 

- - 
This thin film pattern is capable of producing both 

an LMR and reflection bands. 

LMR (TiO2 thin film) + 

FBG (inscribed on the core) 

on D-shaped optical fiber 

3725.2 
(LMR) 

1.3324 - 
1.3479 

The sensor includes temperature compensation 
by means of the FBG. 

Dual LMR on  

D-shaped optical fiber 

4506 

(red LMR) 

1.3327 - 

1.3485 

First section of the thin film (TiO2) is 120 nm 
thick and the second section (TiO2 + SnO2) is 140 

nm thick. Different lengths of the sections have 

been studied. 
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Chapter 4 

Mode Transition Enhancement in Optical Fiber Gratings 

4.1. Introduction 

The term mode transition was first introduced in [1], although this phenomenon was 

previously observed in [2]. In this work, a thin film with a higher refractive index 

than that of the cladding was deposited on an optical fiber with a LPG written on its 

core, producing a wavelength shift and an amplitude change of the attenuation bands 

as a function of its thickness. 

It was later demonstrated that the wavelength shift is caused by the gradual transfer 

of energy from a cladding mode to a leaky mode of the thin film as it becomes thick 

enough to support one, causing a reorganization of the cladding modes. Each 

cladding mode ‘i’ shifts its effective refractive index value towards the effective 

index of the immediate lower order cladding mode ‘i-1’ [3,4]. The range of 

thicknesses where this effect takes place is also connected with an apparent fiber 

mode loss (a decrease of the amplitude of the grating resonance) since the power 

transfer from the fiber core to the coating reduces the power density in the fiber core 

and consequently the coupling coefficient of the grating. The term “Lossy Mode 

Resonance” (LMR) can be used to describe such effects [5].  

Furthermore, the fast shift of the cladding modes effective index in this region leads 

to an increase in the sensitivity of the attenuation bands (both are linked through the 

phase matching equation), which was demonstrated in [4]. Nevertheless, the first 

works on this phenomenon had to face the problem that the resonances faded during 

the transition because the deposition techniques employed (Langmuir Blodgett and 

Layer by Layer self-assembly) produced coatings with strong losses [2,3]. This 

obstacle was solved by using the dip coating technique, which provided higher 

quality films, demonstrating the applicability for sensing [6], and since then, the 

mode transition phenomenon has been employed in a large number of refractive 

index sensing [7,8], chemical [9] and biosensing [10] applications. 

However, there is still room for improvement regarding the mode transition 

phenomena. In [11], the mode transition was theoretically studied for LPGs including 

an intermediate low refractive index (RI) layer acting as a second cladding between 

the cladding of the LPG and a high RI film, in which can be considered a double-clad 

LPG. It was observed that the mode transition obtained with this structure was more 

abrupt than the one achieved with a standard LPG with a high RI thin film, therefore 

providing a higher sensitivity. Furthermore, the sensitivity could be controlled 

through the thickness of the second cladding. This enhanced mode transition received 

the name of mode tunneling, in analogy to the tunnel effect observed in electronics. 

Here, the second cladding acts as a barrier for the guidance of the cladding mode in 

the thin film. Finally, the cladding mode can be guided in the thin film by tunneling 

the narrow thickness of the low RI region. Nevertheless, experimental evidence of 

this phenomenon has not yet been demonstrated, but it must be pointed out that the 

experiment is extremely challenging. 
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It must be mentioned that the mode transition has been demonstrated in double-clad 

fibers [10,12], although the configuration is completely different from the one 

proposed in the previous paragraph. In [12], a LPG inscribed in a fiber with a W-type 

RI profile was employed for the first time, that is, the refractive index of the second 

cladding is higher than that of the first cladding; and no thin film is deposited. It can 

be noted that the number of layers and the RI profile is the same as in the case of the 

standard LPG with a high RI thin film, although in this work the mode transition is 

achieved by etching the second cladding instead of by depositing a thin film. 

In consequence, there is still no experimental study about the mode transition 

obtained through the deposition of a high RI thin film on a double-clad fiber where 

the refractive index of the second cladding is lower than that of the first cladding. 

The first part of this chapter will be dedicated to performing this analysis. In the first 

place, fibers with different second cladding thicknesses will be obtained by means of 

etching. The final thickness will be controlled through the wavelength shift during 

the etching process. Then, the mode transition obtained through the deposition of a 

high RI thin film will be studied for these fibers, assessing the impact of the second 

cladding thickness on the sensitivity to the thin film thickness. Finally, the sensitivity 

to the surrounding medium refractive index (SRI) in the 1.33 - 1.47 range will be 

analyzed for fibers working at the mode transition with different second cladding 

thicknesses. 

On the other hand, the mode transition phenomenon has also been observed in single-

mode multimode single-mode (SMS) structures, but these provide only differential 

thickness information as they are based on mode interferometry [13]. Another sensor 

technology based on tilted fiber Bragg gratings (TFBGs) is widely used in 

applications involving the fabrication of nanoscale functional coatings [14–17]. 

While mode transitions on TFBGs with a high RI coating (indium tin oxide - ITO) 

have been predicted and analyzed theoretically, no experimental evidence has 

provided [18].  

Therefore, the second part of this chapter will be focused on studying the mode 

transition both theoretically and experimentally on TFBGs. Several materials (indium 

tin oxide, ITO; and titanium dioxide, TiO2) and deposition methods (sputtering, 

atomic layer deposition) will be employed. Both polarization states (P-polarization, 

corresponding to EH modes; and S-polarization, corresponding to HE modes) will be 

studied during the mode transition. Finally, the mode transition will be applied to 

calculate the thickness of a thin film deposited on a TFBG considering that the 

refractive index of the thin film material is known. 

 

 

 

 

 



Imas, J.J. 

99 

4.2. Mode transition in double-clad LPGs 

4.2.1. Materials and methods 

The LPGs that were employed in this work were manufactured by the Laboratory of 

Fiber Optics of the University of Valencia. The LPGs were inscribed in hydrogen-

loaded double-clad fibers SMM900 from Fibercore with a grating period of 176 μm. 

These fibers had the following characteristics: first cladding with a diameter of 102 

µm and numerical aperture equal to 0.18, second cladding with a diameter of 124.7 

µm and numerical aperture equal to 0.24, cut-off wavelength at 895 nm and modal 

field diameter of the core mode of 7.8 µm. The gratings were photo-inscribed with 

the point by point technique with a doubled argon laser and then stored for 240 hours 

to allow the out-diffusion of the remaining hydrogen and hence the grating 

stabilization 

Six fibers with the previously described characteristics were manufactured. Four 

were utilized in the analysis of the sensitivity to the thin film thickness while two 

were employed in the refractive index sensitivity analysis. Fig. 4.1a shows a 

schematic representation of the employed optical fibers where the four layers (core, 

first and second cladding and thin film) can be distinguished. The second cladding is 

a key point for the increase in sensitivity on the basis of the field enhancement 

induced by the presence of this layer in the transition mode region. The relationships 

between the real part of the refractive indices (n) of the four layers are represented in 

Fig. 4.1b. 

 
Fig. 4.1 a) Schematic representation of the optical fibers that are employed in this work, with 

a four-layer structure with core, two claddings and a thin film. b) Schematic diagram of the 

relationships between the real part of the refractive indices (n) of the four layers (not to scale). 

Regarding the etching process, a 30-mm-long segment including the photo-inscribed 

part of the LPG was introduced into a plastic cuvette [19]. The cuvette was filled with 

25% (v/v) hydrofluoric acid (HF) solution from Panreac. This concentration enabled 

a slow and uniform etching process at a rate of 0.7 µm/min in the region of interest. 

The thicknesses of the fibers after etching were measured with a Leica DM2500M 

microscope equipped with a Leica DMC2900 camera, both from Leica 

Microsystems. 

With respect to the depositions, the atomic layer deposition method (Savannah G2 

ALD System from Veeco Inc) was employed, using ultrapure water and 

tetrakis(dimethylamido) titanium(IV) (669008, Sigma-Aldrich) as precursors and 

performing the deposition at a constant temperature of 100ºC. During the deposition, 

one end of the fiber was connected to a multi-SLD source (FJORD-X3, Pyroistech 
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S.L.) while the other end was connected to an optical spectrum analyzer (HP-86142A 

from Agilent), see Fig. 4.2. The ALD system was used with the dome lid. This lid 

counts with a pass through hole, sealed with resin, that allows two fibers to go inside 

the chamber, one for the input light and the other for the output light, enabling the 

deposition monitoring. 

 

Fig. 4.2 Schematic of the setup used for monitoring the LPGs deposition in the ALD system. 

The two LPGs designed for the RI sensitivity analysis were immersed in glycerol 

solutions with RI values ranging from 1.33 to 1.47. The RI of the solutions was 

characterized with a commercial refractometer (Mettler Toledo® Refracto 30GS) 

operating at a wavelength of 589 nm with a precision of 0.001. 

An ellipsometer (UVISEL 2, Horiba Scientific Thin Film Division) with a spectral 

range of 0.6–6.5 eV (190–2100 nm), an angle of incidence of 70º, a spot size of 1 

mm and software DeltaPsi2™ (from Horiba Scientific Thin Film Division) was used 

to characterize the thickness, the real part of the refractive index (n) and the imaginary 

part of the refractive index or extinction coefficient (k) of the deposited thin films. 

The analyzed samples were pieces of silicon wafers that were placed next to the 

TFBGs inside the sputtering or ALD chamber during the depositions. 

The modal fields and the effective indices of the modes in each section of the LPG 

were calculated by the finite difference method (FDM) using FIMMWAVE® 

(Photon Design Inc.), as this is the most accurate method for a cylindrical waveguide 

simulation. On this basis, the transmission spectra were calculated with FIMMPROP, 

a module integrated within FIMMWAVE. For the input and output sections of the 

fiber, only the core mode was simulated, whereas in the grating region both the core 

mode and up to 14 other modes were calculated in order to include the highest-order 

mode responsible for the resonances observed in the transmission spectra. Each 

period consisted of two segments of different RI, implementing in this way a square-

wave profile, which resembled the experimental profile, where a point-by-point 

technique based on the displacement of the laser and passing the light through a slit 

permitted the generation of a quasi-square-wave profile with a 50% duty cycle. The 

peak-to-peak modulation in the grating region that best fitted the experimental results 

was 0.001. The model for SiO2 was obtained from [20] and the real part (n) and the 

imaginary part (k) of the refractive index of TiO2 employed in the simulations were 

taken from the ellipsometry measurements (n varies from 2.44 to 2.47 in the studied 

wavelength range, 1250 - 1550 nm, and k = 0 in all the considered range). 
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4.2.2. Results  

4.2.2.1. Control of second-cladding thickness by etching 

In order to verify the hypothesis that the thickness of the second cladding controls 

the further sensitivity of the device in the mode transition region, four LPGs with the 

same characteristics were manufactured and each of them was subjected to an etching 

process. The final thickness of the second cladding can be controlled through the 

duration of this etching process. Regarding the modes, the notation will be the 

following: HE1,1 for the core mode; HE1,2 for the first HE1,x cladding mode, HE1,4 for 

the second HE1,x cladding mode, and so on; and EH1,3 for the first EH1,x cladding 

mode, EH1,5 for the second EH1,x cladding mode, and so on. 

The experimental spectrum of one of the employed LPGs is shown in Fig. 4.3. The 

experiments will be focused on the resonance that is located at longer wavelengths in 

this spectrum, which corresponds to cladding mode HE1,14. The simulated wavelength 

shift of this resonance as a function of the second cladding thickness is shown in 

Fig. 4.4. The x-axis covers up to a thickness of 11.35 µm, which is the initial 

thickness of the second cladding before etching. 

 

Fig. 4.3. Experimental spectrum of one of the employed double clad LPGs. 

LPGs 1, 2, 3 and 4 experienced a wavelength shift of 7, 11 nm, 18 and 50 nm, 

respectively, as a result of the etching process. The experimental points (second 

cladding thickness, central wavelength of the resonance) corresponding to these 

LPGs, as well as the simulated ones, are plotted in as red squares and blue circles, 

respectively. If the wavelength shift is higher than 36 nm, it means that the second 

cladding has been completely removed. The different experimental and numerical 

values are summarized in Table 4.1. It has to be noted that in LPG4 the second 

cladding was completely etched and part of the first cladding was etched too.  
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Fig. 4.4 Wavelength shift of the HE1,14 resonance as a function of the second-cladding 

thickness. The blue circles indicate the theoretical diameters for LPGs 1-4 and the red squares 

correspond to the experimental values for LPG1,3,4 (this value is not available for LPG2). 

Table 4.1 Parameters of the etched LPGs 

  
Wavelength 

shift  

(nm) 

Fiber Ø 

experimental 

(µm) 

Fiber Ø  

numerical  

(µm) 

Ø cladding 1  

numerical 

(µm) 

Thickness 

cladding 2 

numerical 

(µm) 

LPG 1 7 104.25 104.12 102 1.06 

LPG 2 11 - 103.58 102 0.79 

LPG 3 18 103.31 102.96 102 0.48 

LPG 4 50 100.49 101.44 101.44 0 

4.2.2.2. Atomic layer deposition and sensitivity to thickness 

Before carrying out the depositions, the evolution of the effective indices of the 

cladding modes as a function of the TiO2 coating thickness is analyzed theoretically 

at a wavelength of 1450 nm for different thicknesses of the second cladding (no 

cladding, 0.49, 0.79 and 1.06 µm), which correspond to LPGs 1-4. The results are 

shown in Fig. 4.5 and the conclusion is that when the second-cladding thickness 

increases, the mode transition generated when one of the cladding modes is guided 

in the thin film is more abrupt and happens at a slightly higher thickness. 

This phenomenon has an immediate effect in the evolution of the resonances as a 

function of the thin film thickness, since the effective index of each cladding mode 

and the wavelength of its corresponding attenuation band is given by the phase 

matching condition [21]:    

                                            = (𝑛𝑐𝑜𝑟𝑒() −  𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑖 ()) ·                                     (4.1) 

where ncore () is the effective refractive index of the core mode at , ni
cladding () is 

the effective refractive index of the ith cladding mode at , and  is the grating period. 
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Fig. 4.5 Effective indices of HE1,x and EH1,x modes as a function of the TiO2 thin-film 

thickness for LPG1 (cladding 2 thickness of 1.06 µm), LPG2 (0.79 µm), LPG3 (0.49 µm) and 

LPG4 (no cladding 2). The sensitivity to the thin film thickness increases with the thickness of 

the second cladding. 

In order to verify this relationship, the four LPGs were deposited with TiO2 

employing the ALD system and the transmission spectra were registered during the 

deposition process. Fig. 4.6 shows both the experimental results (on the left) and the 

corresponding simulations (on the right) for each LPG. The final thicknesses were 

measured with the ellipsometer in silicon wafer samples deposited in close proximity 

to each LPG. These thicknesses are the ones used in the simulations and they enable 

the conversion of the experimental times into thicknesses assuming a constant 

deposition rate. The experimental and theoretical results for the wavelength shifts of 

the resonances (yellow bands) shown in Fig. 4.6 present the same tendency as that 

observed for the effective indices of the cladding modes in Fig. 4.5. For a thicker 

second cladding, the wavelength shifts in the resonances are more abrupt, that is, the 

sensitivity to the thin film thickness increases. 
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Fig. 4.6 Experimental (left) and numerical (right) results of the wavelength shift in the 

attenuation bands due to the transitions of the cladding modes with the TiO2 thin-film 

thickness. a) LPG1: Cladding 2, 1.06 µm b) LPG2: Cladding 2, 0.79 µm c) LPG3: Cladding 2, 

0.48 µm. d) LPG4: No cladding 2, and Cladding 1 etched 0.28 µm. 

However, it is also important to remark that the increase in sensitivity is not 

unlimited. Fig. 4.7a shows the wavelength shift of the HE1,14 band (the one initially 
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located around 1500 nm before the deposition) as a function of the TiO2 thin film 

thickness for LPGs 1-4, both experimental and theoretical, extracted from Fig. 4.6. 

The more abrupt wavelength shift for a thicker second cladding is evident. 

Nevertheless, the increase in the second-cladding thickness also leads to a fading of 

the resonance in the mode transition region for two of the cases under study: LPG1 

(second cladding of 1.06 µm) and LPG2 (0.79 µm), which is why in a certain region 

of Fig. 4.7a no values are shown for these two cases. Therefore, a trade-off between 

sensitivity and the ability to track the resonance band must be established. 

Furthermore, the experimental (left) and theoretical (right) derivative of the 

wavelength shift with respect to the TiO2 thin film thickness for LPGs 1-4 is shown 

in Fig. 4.7b. According to the numerical results, the maximum of the derivative 

increases and is shifted to a higher thickness when the second cladding is thicker, 

which is coherent with the results that had been observed for the effective indices of 

the cladding modes in Fig. 4.5. The experimental results agree regarding the 

maximum value of the derivative but not in the case of the thickness where this 

maximum is achieved. This is attributed to slightly different deposition rates in the 

different experiments due to inaccuracies in the ALD machine. 

 

Fig. 4.7 a) Wavelength shift of the HE1,14 band as a function of the TiO2 thin film thickness (0 

- 250 nm) for LPGs 1-4: experimental (left) and numerical (right) results. b) Derivative of the 

wavelength shift in a) in the 0 - 100 nm range: experimental (left) and numerical (right) results. 

In order to understand the phenomenon better, Fig. 4.8a shows the optical field 

intensity for LPG 4 for thicknesses ranging from 55 to 70 nm in 5 nm steps, where 

the mode transition takes place. It is evident that the HE1,2 mode is guided in the thin 

film for thicknesses above 65 nm, whereas mode EH1,3 takes the shape of HE1,2. This 

agrees with the evolution of the effective index in Fig. 4.5, where the mode HE1,2 
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increases its effective index abruptly and EH1,3 takes the effective index of EH1,2 at 

the end of the transition. This occurs for all the remaining cladding modes.  

 

Fig. 4.8. Calculation of the fields. a) Field intensity distribution of HE1,2 and EH1,3 mode in 

the cross-section of LPG4 for TiO2 thin film thicknesses in the 55 - 75 nm range. b-e) Radial 

(blue) and azimuthal (orange) field of HE1,14 for LPGs 1-4, respectively, and the same 

thickness range as in a). 
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Moreover, in the range of 160 - 180 nm another transition takes place, something that 

is observed in Fig. 4.5 for the effective index. Both transitions are also observed in 

Fig. 4.6 in the evolution of the transmission spectra. The same effects take place for 

the rest of LPGs although the mode transitions happen at greater thicknesses (see 

again Fig. 4.5) due to the presence of the second cladding between the first cladding 

and the thin film, acting as a barrier for the guidance of the mode in the thin film. 

In addition, Figs. 4.8b-e show the radial (in blue) and azimuthal (in orange) electric 

field of the HE1,14 mode for thicknesses ranging from 55 to 70 nm in 5 nm steps. The 

transitions between layers are indicated with a dashed vertical line, with the two 

vertical lines that are close to each other corresponding to the TiO2 thin film. It is 

evident, especially at 70 nm, that a higher azimuthal field is observed in the TiO2 thin 

film for LPG1, the fiber with the thickest second cladding, thus establishing a 

connection between this enhancement of the field and the sensitivity increase 

observed in Fig. 4.5 and Fig. 4.6. 

4.2.2.3. Refractive index sensitivity 

In this subsection the capability to control the thickness of the second cladding to 

optimize the sensitivity to RI in the mode transition will be assessed. For this purpose, 

two new LPGs (LPG5 and LPG6) were employed. Their wavelength shifts during the 

etching process were 6 and 15 nm, respectively; which correspond in Fig. 4.4 to 

second-cladding thicknesses of 1.13 and 0.61 µm, respectively. 

Then, both LPGs were deposited with TiO2 using the ALD system until the first mode 

transition started, see Fig. 4.9a (LPG5 on the left and LPG6 on the right). The goal 

was to stop the deposition in the middle of the mode transition, where the sensitivity 

is the highest. This objective was achieved in the case of LPG6. In the case of LPG5, 

after some failed attempts with other similar LPGs, the deposition was stopped just 

after the mode transition had started (wavelength shift of only 8 nm). This decision 

was made because, with a thicker second cladding, the mode transition is more 

abrupt, making it difficult to stop the deposition in the exact desired point. Being 

excessively ambitious and waiting more before stopping the deposition can lead to 

skipping the whole transition, which happened in previous cases. 

The characterization of both deposited LPGs was performed by immersing them in 

liquids with RI in the range from 1.33 to 1.47, the typical values studied when 

assessing the performance of optical fiber sensors [21], is shown in Fig. 4.9b (LPG5 

on the left and LPG6 on the right). It is evident that a much higher sensitivity is 

achieved with LPG6, which has a thicker second cladding than LPG5, which was the 

expected result. For instance, in LPG6 the sensitivities for the upper wavelength band 

(in purple, corresponding to mode EH1,15) are doubled in the 1.435 - 1.45 RI range 

compared to the ones achieved with LPG5 in that region. Moreover, values around 

5000 nm/RIU are obtained at RI of 1.43 - 1.44, a result that could be improved with 

an LPG operating at the dispersion turning point (DTP), a case that for the sake of 

simplicity was not studied but that could be explored in a future work.  
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Fig. 4.9 a) Monitoring of the TiO2 thin film deposition on LPG5 (left) and LPG6 (right).            

b) Wavelength shift of the LPG attenuation bands as a function of the surrounding medium 

refractive index (SRI): LPG5 (left) and LPG6 (right).  
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4.3. Mode transition in TFBGs 

4.3.1. Materials and methods 

The TFBGs that were used for studying the mode transition were in all cases inscribed 

over a length of 1 cm on a standard single mode fiber (Corning® SMF-28) with a 

core/cladding diameter of 8/125 µm. A pulsed KrF excimer laser (PM-800, Light 

Machinery) was used to fabricate the grating by the phase mask technique and 

hydrogen loading of the fiber to enhance its photosensitivity. The FBG peak was 

located at approximately 1610 nm, the grating period along the fiber axial direction 

was around 554 nm and the tilt angle was 9.5º 

During the deposition, one end of the fiber was connected to a multi-SLD source 

(FJORD-X3, Pyroistech S.L.) through an in-line polarizer and a polarization 

controller (Phoenix Photonics Ltd), which enabled selecting a P or S linearly 

polarized state (relative to the tilt plane) for the core-guided light incident on the 

TFBG. The other end of the fiber was connected to an optical spectrum analyzer 

(MS9740A from Anritsu in the case of the ITO deposition, HP-86142A from Agilent 

in the case of the TiO2 deposition) to monitor the spectrum, see Fig. 4.10. 

 

Fig. 4.10 a) Schematic of the setup used for monitoring the mode transition in the TFBG while 

depositing a ITO thin film with the sputtering system. b) Same as a) but for depositing TiO2 

with an ALD system. It can be appreciated that the only relevant difference is the deposition 

system. a) Reproduced from [22]. Copyright 2022, Optica Publishing Group. b) Reproduced 

from [23]. Copyright 2022, IEEE. 

The main difference between the ITO and the TiO2 depositions was that in the first 

case the thin film was deposited over the TFBG using a DC sputtering machine 

(Emitech K675X, Quorum Technologies Ltd.) while in the second the atomic layer 

deposition method (Savannah G2 ALD System from Veeco Inc) was employed, see 

again Fig. 4.10. Regarding the materials, an ITO target (90% In2O3, 10% SnO2) from 
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Loyal target Technology Co was utilized whereas for the TiO2, ultrapure water and 

tetrakis(dimethylamido) titanium(IV) (669008, Sigma-Aldrich) were employed as 

precursors. 

It was decided to change to the ALD deposition system after analyzing the results 

obtained with the deposition done using the sputtering technique. Sputtering 

deposition technique presents several disadvantages that will be shown in detail in 

the results section. In the first place, the sputtering deposition time of the employed 

machine is limited to 4 minutes, which was not enough to deposit the desired 

thickness. In addition to this, the temperature in the sputtering chamber during the 

deposition process is not constant, rising at the beginning and dropping at the end, 

causing an overlap of the shift due to the mode transition and the shift caused by the 

temperature change, thus leading to a more complex data treatment. In the ALD 

deposition process, the temperature is constant and equal to 100ºC. The change of 

material (from ITO to TiO2) was due to the available materials in the ALD system. 

Both materials (ITO [24], TiO2 [25]) meet the conditions for the mode transition, i.e. 

a higher refractive index than the substrate (~1.444 for SiO2 at these wavelengths) 

and a low imaginary part of the refractive index [26]. 

An ellipsometer (UVISEL 2, Horiba Scientific Thin Film Division) with a spectral 

range of 0.6–6.5 eV (190–2100 nm), an angle of incidence of 70º, a spot size of 1 

mm and software DeltaPsi2™ (from Horiba Scientific Thin Film Division) was used 

to characterize the thickness, the real part of the refractive index (n) and the imaginary 

part of the refractive index or extinction coefficient (k) of the deposited thin films. 

The analyzed samples consisted of small pieces of silicon wafers that were placed 

next to the TFBGs inside the sputtering or ALD chamber during the depositions. In 

the case of the TiO2 depositions, the thin film thickness was also measured with a 

field-emission scanning electron microscope (UltraPlus FESEM, Carl Zeiss, Inc.) 

with an in-lens detector at 3 kV and an aperture diameter of 30 μm. The thickness 

was measured on different points of several transversal cuts for each TFBG. 

The first simulation regarding the evolution of the effective indices of the cladding 

modes as a function of the thin film thickness was calculated with the commercial 

software FIMMWAVE® (Photon Design Inc.). Three sections were defined: a 

single-mode fiber (SMF) segment, a SMF segment with a TFBG inscribed on the 

core and another SMF segment. In all the sections, the finite difference method 

(FDM) was employed because it is the most accurate method available for a 

cylindrical waveguide. In the case of the TFBG, the Eigen-Mode Expansion (EME) 

algorithm was chosen for the gratings. 85 modes were simulated because they are 

enough to simulate the high order cladding modes that correspond to the wavelength 

range that was studied in the experimental depositions. The model for SiO2 was 

obtained from [20] and the real part (n) and the imaginary part (k) of the refractive 

index of TiO2 employed in the simulations were taken from the ellipsometry 

measurements (see Fig. 4.11). At the wavelength range used in this work, n = 2.14 

and  k = 0). 

More detailed simulations concerning the effective index and the mode power 

distribution evolution were performed in MATLAB© using a combination of two 
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algorithms: a fiber mode solver and complex coupled-mode program to calculate 

TFBG transmission spectra [27]. The mode solver algorithm is based on the finite 

difference method with a resolution of 3 nm over the 80 mm radius of the calculation 

window in the radial direction and independent calculations for mode azimuthal 

orders 0 to 7. The mode solver allows for any number of azimuthally uniform layers 

in the radial direction, and in particular coatings of any thickness on the cladding 

surface. The coupled mode approach to calculate transmission spectra is based on 

[28], with improvements as follows.  At each wavelength in a calculated spectrum, 

28 modes are calculated (by the mode solver) around an effective index value 

determined by the requirement of phase matching from the core mode at this 

wavelength. Then, coupling coefficients for all these modes are calculated and the 

coupled mode equations solved over the grating length by a Runge-Kutta algorithm. 

The refractive indices of the core and cladding materials are also recalculated at each 

wavelength to account for dispersion, using pure silica values for the cladding 

(obtained from [20]), a constant value of 1.0 for the surrounding medium, and the 

core index dispersion determined for each grating used. The values employed for 

TiO2 are again the ones from the ellipsometry measurements (see Fig. 4.11).  

 

Fig. 4.11 Ellipsometric measurement of the real part of the refractive index (n) of the TiO2 

coatings fabricated onto silicon wafers at the end of each of the two monitored depositions 

done using this material. Reproduced from [23]. Copyright 2022, IEEE. 

4.3.2. Results 

4.3.2.1. Real time spectral evolutions during deposition 

The P- and S-polarized states can be recognized unambiguously by rotating the input 

polarization before the deposition since TFBG come in pairs where the shortest 

member of the pair corresponds to the EH mode (P-polarized state) and the other one 

to the HE mode (S-polarized state) [29], as it can be observed in Fig. 4.12. It must 

also be noted that high order EH modes have radially polarized electric fields at the 

cladding surface while HE modes are azimuthally polarized [28,29]. 
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In the first place, a monitored ITO deposition on a TFBG was carried out in the 

sputtering machine. The TFBG was measured employing S-polarized light (coupling 

to HE modes only). Fig. 4.13a shows the evolution of the central part of the 

transmission spectrum (1560 - 1570 nm) during the experiment (one spectrum is 

acquired every 8.5 s). The results were recorded for this wavelength window because 

the resonances are the narrowest and the deepest, making them easier to track. During 

the 25 minutes previous to t = 0, the pump was making vacuum in order to achieve 

the required pressure (this time interval has been removed because it does not add 

information). It must also be mentioned that a constant value has been added to the 

spectra to compensate the losses of the setup so their baseline is located at 0 dB.  

 

Fig. 4.12 P- and S-polarized spectrum of a TFBG with similar characteristics to the ones used 

in these experiments in the range 1555 - 1560 nm.  

Nevertheless, the results shown in Fig. 4.13a are difficult to directly understand. This 

happens due to several reasons. In the first place, in the employed sputtering machine, 

the deposition time is limited to 4 min. Two deposition cycles were done, but a time 

of 6 min had to be waited between both. In Fig. 4.13a, the two deposition cycles 

correspond approximately to time intervals [2.5 6.5] and [12.5 17.5] while in the 6 

min. interval between them, no material was deposited. This time interval must be 

removed to achieve a good understanding of the deposition process. In the second 

place, the temperature was not constant during the deposition process so the shift of 

the resonances due to the mode transition is overlapped with the shift caused by the 

temperature change. This effect can be easily removed by measuring the wavelength 

shift of the Bragg peak (see Fig. 4.13b), which is not affected by the mode transition, 

and subtracting this shift from the cladding mode resonances, as the temperature 

sensitivity of all the resonances is approximately the same (10 pm/ºC) [30]. It can be 

observed in Fig. 4.13b, considering the temperature sensitivity, that a temperature 

rise of approximately 80ºC took place in both deposition cycles and that the initial 

temperature was not recovered during the 6 min between both of them. 
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Fig. 4.13 a) Experimental ITO deposition with S-polarized input light in the 1560 - 1570 nm 

range with the sputtering system. b) Bragg peak wavelength shift during the deposition. 

In consequence, to provide a better comprehension of the deposition process, the 6 

intermediate minutes where no deposition takes place have to be removed and the 

temperature shift has to be compensated. If these changes are implemented, and some 

minor discontinuities between the different time intervals are also erased, Fig. 4.13a 

transforms into Fig. 4.14, where the mode transition effect caused by the lossy mode 

resonance (LMR) phenomenon can be clearly observed. There is an acceleration of 

the wavelength shift with time (and hence thickness), achieving the maximum change 

rate approximately at t = 6 min. In this new time axis, the deposition takes place 

approximately between t = 2 min and t = 10 min, which corresponds to a thin film 

thickness of about 400 nm, measured with an ellipsometer UVISEL 2 from Horiba 

Ltd. 

 

Fig. 4.14 Experimental ITO deposition with S-polarized input light in the 1560 - 1570 nm 

range with the sputtering system after the removal of the time between the two deposition 

intervals and the temperature compensation. The mode transition is clearly recognizable after 

these corrections. Adapted from [22]. Copyright 2022, Optica Publishing Group. 
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A fading phenomenon can also be observed in Fig. 4.14. While the deposition takes 

place, the resonances become shallower until around t = 6 min, when the resonances 

start becoming deeper again, partially regaining the depth that they initially had. This 

phenomenon has been observed in LPGs [3,6]. However, the particularity is that here, 

with a material with a non-negligible imaginary part, the resonances do not 

completely fade. This can be attributed to the fact that the studied resonances are due 

to higher order modes, located far from the mode that is guided in the thin-film. 

Hence, according to [26] the fading effect is diminished. It is also important to remark 

that the fading phenomenon has no relationship with the temperature shift that was 

previously compensated, as the TFBG spectrum is invariant under temperature 

changes, apart from the global shift of the resonances [30]. 

In order to observe this fading phenomenon in detail, Fig. 4.15a and Fig. 4.15b show 

the resonances of the TFBG spectrum in the 1564 - 1566 nm range. For example, for 

the resonance that starts at a wavelength of 1564 nm, the initial depth is around -15 

dB, which starts progressively decreasing once the deposition begins, with a value of 

-12 dB for t = 3 min and -9.7 dB for t = 4.5 min, until attaining a value of -9 dB for t 

= 6 min. The resonances maintain a similar depth until t = 9 min, becoming deeper 

afterwards, with around -10 dB for t = 10.5 min and -12 dB for t = 12 min. 

 

Fig. 4.15 a) TFBG resonances between 1564 and 1566 nm during the mode transition, t = 1.5 

- 6 min b) Same as a) but with t = 6 - 12 min. Reproduced from [22]. Copyright 2022, Optica. 

After this monitored deposition in the sputtering machine with ITO, it was decided 

to repeat the process with the ALD system due to the problems that had been observed 

with the sputtering (deposition time limited to 4 min and not constant temperature). 

In the ALD system the deposition time is not limited and the temperature remains 

constant (in case of the employed recipe, the temperature inside the chamber is set to 

100ºC). The dome lid was employed. It has a pass through hole, sealed with resin, 

that enables two fibers to go inside the chamber, one for the input light and the other 

for the output light. The deposited material was changed from ITO to TiO2 as ITO 

was not among the materials that were available for the ALD system. 
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Two TiO2 depositions, each one on a different TFBG, were carried out with a duration 

of 500 minutes in the ALD system (it must be remarked that the deposition rate is 

much slower than for sputtering). In the first one, see Fig. 4.16a, the TFBG was 

measured using P-polarized light (which couples to EH modes of the cladding) while 

in the second one, see Fig. 4.16b, S-polarized light was used (coupling to HE modes 

only). Fig. 4 shows the evolution of the central part of the transmission spectrum of 

each TFBG as a function of deposition time.  Note that in both cases the modes 

corresponding to the other polarization can be observed, in spite of being very faint 

(HE modes in Fig. 4.16a and EH modes in Fig. 4.16b), due to incomplete polarization 

alignment in the non-polarization maintaining fiber used. 

 

Fig. 4.16 a) Experimental TiO2 deposition with P-polarized input light in the 1555 - 1565 nm 

range with the ALD system. b) Same as a) but with S-polarized light. Reproduced from [23]. 

Copyright 2022, IEEE. 



Chapter 4: Mode Transition Enhancement in Optical Fiber Gratings 

116 

The experimental results were recorded for the 1555 - 1565 nm window, a similar 

range to the one used in the ITO deposition (1560 - 1570 nm), because the resonances 

are the narrowest and the deepest and the wavelength shift is larger than in the case 

of the resonances located at higher wavelengths. The effect of the mode transition 

caused by the LMR phenomenon can be observed in both graphs as an acceleration 

of the wavelength shifts with time (and thus thickness) across the initial wavelengths 

of lower order resonances. The mode transition is much sharper for HE modes (see 

again Fig. 4.16b), where the electric field of the cladding modes is polarized along 

the fiber surface (i.e. in the plane of the deposited film). It must also be remarked that 

the difficulties present in the ITO deposition data treatment, which were associated 

to the sputtering deposition system characteristics, did not appear in this case, as it 

was expected. 

4.3.2.2. Modelling the mode transition 

In order to explain the spectral changes measured experimentally for both types of 

modes, simulations were carried out to calculate how the effective index of cladding 

modes change as a function of coating thickness: they should replicate closely the 

measured wavelength shifts as a function of time because of the one-to-one 

relationship between resonance wavelength and effective index given by the phase 

matching condition: 

                                       = (𝑛𝑐𝑜𝑟𝑒() + 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑖 ()) ·



𝑐𝑜𝑠
                                  (4.2) 

where ncore () is the effective refractive index of the core mode at , ni
cladding () is 

the effective refractive index of the ith cladding mode at ,  is the grating period 

and  is the tilt angle. The simulations will be focused on the TiO2 depositions. 

In the first place, Fig. 4.17 shows the evolution of the effective indices of the cladding 

modes as a function of the TiO2 coating thickness at a wavelength of 1560 nm for a 

generic TFBG with similar characteristics to the ones used in these experiments 

(please note that the vertical scale is not the same for the low order modes, Fig. 4.17a; 

and the high order modes, Fig. 4.17b). The employed value for n was 2.14, given by 

the ellipsometry, as shown in Fig. 4.11. Similar results would have been obtained 

with ITO, although the transitions would be smoother as the refractive index of ITO 

is lower than that of TiO2. It can be observed that the evolution of the effective indices 

of the high order modes (Fig. 4.17b) with the increasing thin film thickness follows 

the same tendency as the wavelength shifts with time shown in Fig. 4.14 (ITO) and 

Fig. 4.16 (TiO2), as these resonances correspond to high order cladding modes. 

Obviously, resonances have to be compared with the corresponding modes, that is, 

S-polarized resonances (Fig. 4.14, Fig. 4.16b) with HE1,x modes and P-polarized 

resonances (Fig. 4.16a) with EH1,x modes 

Although only high order modes are interesting regarding their comparison with the 

previous experimental results, both low order (Fig. 4.17a) and high order modes 

(Fig. 4.17b) have been simulated as they enable to illustrate some relevant aspects. 

Low order cladding modes are typically used with LPGs, while high order modes 
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have been employed in our experiments with TFBGs. By comparing Fig. 4.17a and 

Fig. 4.17b, it can be appreciated that the sharpness of mode transitions diminishes 

with decreasing mode index (higher order mode) and subsequent mode transitions 

occur at larger thicknesses. It can also be remarked that for low order cladding modes, 

the transition takes place in a double step (first step at around a thickness of 100 nm 

and second step at approximately 200 nm in this case) while for high order cladding 

modes the transitions become smoother and they fuse into a single smooth transition. 

Finally, higher order modes are preferentially used in most TFBG research because, 

as it is shown in Fig. 4.17, the resonances corresponding to low order modes are very 

tightly grouped and tend to overlap in measured spectra, making it difficult to follow 

individual wavelength shifts with precision. 

 

Fig. 4.17 a) Simulation of the evolution of the effective indices of some HE1,x and EH1,x low 

order modes as a function of the TiO2 (n = 2.14) coating thickness. b) Same for some high 

order cladding modes. Adapted from [23]. Copyright 2022, IEEE. 

After this initial simulation, a more detailed simulation of the effective index of some 

cladding modes and the power distribution of the mode fields was carried out for the 

TFBGs employed in the TiO2 depositions. The purpose of simulating the power 

distribution of the mode fields was to understand why wavelength shifts accelerate at 

certain times/thicknesses and why there is such a pronounced difference between EH 

and HE modes. 

Before simulations, the core index at the Bragg wavelength and its dispersion were 

determined from a calibration of the grating used in each experiment to adjust the 

simulated spectra to the experimental one measured in air prior to deposition. This 

calibration is necessary due to the fact that the laser irradiation used to create the 

grating increases the refractive index and dispersion of the doped silica glass used in 
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the fiber core, and these changes vary significantly for each grating fabricated [31]. 

The calibrated core index vs wavelength (λ) is expressed as: 𝑛(𝜆) = 𝑛(𝜆𝐵) +
(𝜆𝐵 − 𝜆) · 𝑆 where 𝜆𝐵 is the Bragg wavelength of the grating in nm, and 𝑆 the 

dispersion in nm-1.  For the two gratings used in the TiO2 depositions, the calibration 

results are listed in Table 4.2. Once calibrated, the errors in the resonance positions 

of the simulated spectra relative to those of the corresponding bare TFBG are 

minimized over the spectral ranges used with an average value of less than 1 pm and 

a standard deviation under 10 pm. 

Table 4.2 Parameters used in the simulations for the TFBGs 

Grating 𝝀𝑩 (nm) 𝒏(𝝀𝑩) 𝑺 (nm-1) 

P-polarized (TiO2) 1609.781 1.4517697 0.000018150 

S-polarized (TiO2) 1609.794 1.4519956 0.000019123 
 

The origin of the mode transition is best explained from the simulations shown in 

Fig. 4.18 where the effective index and the power fraction in the coating of selected 

modes (with resonances near 1560 nm) are plotted as a function of the TiO2 thin film 

thickness for one EH mode (corresponding to the P-polarized deposition) and one HE 

mode (corresponding to the S-polarized deposition). It can be observed that the 

evolution of the effective indices of the modes with the increasing thin film thickness 

follows the same tendency as the wavelength shifts with time shown in Fig. 4.14 

(ITO, in spite of not being the same material, the general tendency should be the 

same) and Fig. 4.16 (TiO2). This result was expected because wavelength shift is 

equivalent to effective index shift due to the phase matching condition for the 

resonances (see again equation (1)), as it has been previously stated. 

It can also be realized that the rate of change of the mode effective index is closely 

linked to the power density of the mode in the overlay: the maximum rate of change 

matches quite closely a maximum in the mode power fraction in the TiO2 coating 

(around 230 nm in the case of the EH mode and approximately 90 nm in the case of 

the HE mode).  This was expected from perturbation analysis, where changes in mode 

effective indices are directly proportional to the fraction of the mode power in the 

fiber cross section where changes (in dimensions or refractive index) are occurring. 

What is less clear is why the mode transition is sharper and occurring at a much 

smaller thickness for HE modes than for EH modes, and yet almost exactly equal in 

terms of total wavelength shift (or effective index shift, which is equivalent because 

of the phase matching condition for the resonances). This represents one more 

example of the differential sensing capabilities of TFBGs in various situations, 

arising from the fact that each resonance corresponds to different mode groups. 



Imas, J.J. 

119 

 

Fig. 4.18 a) Mode power fraction in the coating (%) and effective index vs simulated TiO2 

thickness for a EH mode in the 1555 - 1565 nm window. b) Same for a HE mode. Reproduced 

from [23]. Copyright 2022, IEEE. 

4.3.2.3. Thin film thickness measurements during deposition 

The success of the spectrum and mode simulations in replicating the experimental 

results points to a method for using TFBG spectra to measure thin film thicknesses 

as a function of time, in situ inside a deposition chamber. This is particularly true for 

ALD since coatings in this case are conformal and depend minimally on the shape of 

the coated surfaces [32].  

In order to validate this hypothesis, a representative resonance in each spectrum of 

the TFBGs that had been used for the TiO2 depositions was selected and its central 

wavelength measured as a function of time. Then, simulations were carried out to 

determine how the chosen resonance shifts as a function of the thin film thickness, 

for a thin film index of n = 2.14 (the separately determined experimental value for 

TiO2, see Fig. 4.11).  
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Based on the assumption that the deposition rate is constant, it is then possible to 

match the two data sets to determine a deposition rate that makes the simulated and 

experimental shifts coincide.  The deposition rates that provide the best agreement 

between the experimental and theoretical mode transitions are 669 pm/min and 638 

pm/min for the P-measured grating and the S-measured grating respectively and the 

corresponding results are shown in Fig. 4.19. These deposition rates provide final 

thickness values of 334 nm and 319 nm respectively. These results are compared with 

the ones obtained with the scanning electron microscope (SEM) and the ellipsometer 

in Table 4.3 and Table 4.4.  

 

Fig. 4.19 a) Comparison of the experimental and theoretical wavelength shifts for the P-

polarized TiO2 deposition for the mode transitions that begins at 1560 nm. b) Same for the S-

polarized deposition. The deposition rate and final thickness are determined by scaling the 

thickness scale until it fits the time scale. Reproduced from [23]. Copyright 2022, IEEE. 
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Table 4.3 Measured TiO2 thin film thickness for the two deposited TFBGs with different 

methods. 

 Measured TiO2 thin film thickness (nm)  

Method P-polarized TFBG S-polarized TFBG Difference (%) 

Our method 334 319 5% 

SEM (µ  ) 
367  63 (304, 430) 

(13 measurements) 

323  74 (249, 397) 

(15 measurements) 
14% 

Ellipsometer 396 390 2% 

 
Table 4.4 Comparison of the measured TiO2 thin film thickness between the different methods. 

 P-polarized TFBG S-polarized TFBG 

Method SEM Ellipsometer SEM Ellipsometer 

Our method -9% -16% -1% -18% 

Ellipsometer 8% - 21% - 

 

In the first place, it has to be mentioned that the employment of the dome lid in the 

ALD system resulted in not very homogeneous coatings as it is shown by the high 

standard deviation of the SEM measurements (63 and 74 nm respectively for each 

fiber). This SEM measurements were performed on different points on several 

transversal cuts of each TFBG, as opposed to the ellipsometer measurements, which 

were done by analyzing pieces of silicon wafers that were placed next to the TFBGs 

during the deposition. Similar measurements done with fibers that were deposited by 

using the ALD system with the flat lid gave a much lower standard deviation, 

between 10 and 25 nm (3 to 6 times lower). Unfortunately, the flat lid cannot be used 

for monitored depositions as it will have to be closed over a section of the input and 

output fibers, squeezing and breaking them. 

Regarding the P-polarized TFBG, the difference between the results obtained with 

our method and the ones from the SEM is very similar to the difference between the 

SEM’s and the ellipsometer’s results (around 8-9 %) while the difference between 

our method and the ellipsometer is larger, around 16%. In the case of the S-polarized 

TFBG, our method’s thickness is very similar to the average thickness given by the 

SEM (1%) and differs a lot from the one obtained with the ellipsometer (18%). It 

must be also be remarked that both depositions were done in the same conditions and 

lasted the same time (500 min) so the final thickness should be same. Both our 

method and the ellipsometer present a reasonable difference (5% and 2%, 

respectively), while it is larger in the case of the SEM (14%). 
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It has to be mentioned that SEM results should be, in principle, more reliable than the 

ones from the ellipsometer. The SEM values are based on a direct measurement while 

the ellipsometer uses an indirect measurement, determining both the refractive index 

(n, k) and the thin film thickness from two measured angles [33]. Considering this, it 

is positive that the results from our method are closer to the SEM ones than to the 

ellipsometer’s. In case of the S-polarized TFBG almost the same result is obtained, 

while for the P-polarized TFBG the difference is larger (9%). Nevertheless, it can be 

observed that our method achieves a much better fit for the S-polarized transition (see 

Fig. 4.19b) than for the P-polarized one (see Fig. 4.19a), which may explain the 

worse result for the P-polarized TFBG when using the SEM results as reference. In 

spite of testing other deposition rates for the P-polarized TFBG, no better fit was 

obtained than the one shown before. However, it must be taken into account that our 

method uses the refractive index value given by the ellipsometer measurements. 

Therefore, the next step is to improve the current method so it is capable of measuring 

simultaneously the thin film thickness and its refractive index without employing any 

data from the ellipsometer. 

4.4. Conclusions 

In this chapter, the mode transition phenomenon has been studied, both numerically 

and experimentally, in two types of optical fiber structures: double-clad LPGs in 

which the refractive index of the second cladding is lower than that of the first 

cladding, and TFBGs. In both cases the mode transition has been obtained by the 

deposition of high RI thin film. The main aspects that have been studied for both 

structures are synthesized in Table 4.5 and the obtained results are explained in the 

following paragraphs.  

In the first case, it has been demonstrated that the proposed structure enhances the 

sensitivity during the mode transition compared with an LPG operating at the same 

point but without a second cladding. Many years have passed since this idea was first 

proposed theoretically [11]. This is a result of the great challenge of finding a material 

with low RI and low absorption, which has been solved by double-clad fibers whose 

second cladding is doped with fluorine to reduce the refractive index. Another 

difficulty was to reduce the thickness of the second cladding, which initially was too 

thick, around 10 µm. Therefore, it was necessary to apply a smooth etching process 

that enabled a precise control of the second-cladding thickness. 

With these two conditions, it was possible by means of an ALD process to monitor 

four different cases where the effect of the low RI second cladding was evident in air, 

demonstrating that the mode transition phenomenon is tunable with an intermediate 

low RI layer. The concept was also demonstrated in liquid, where the device with a 

thicker second cladding showed better sensitivity, with values above 5000 nm/RIU. 

All this was achieved in a non-optimal device whose period was far from the 

dispersion turning point. Consequently, there is still room to improve the 

performance of the proposed devices. 

In addition, the required technology can be greatly simplified. Here, an ALD process 

was employed because it permitted observing the evolution of the phenomenon very 
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slowly, but other techniques, such as sputtering, could also be used. Regarding the 

optical fiber, once an optimal design is obtained, double-clad fibers, where the 

thickness of the second cladding is initially the optimal, could overcome the need of 

an etching process. On the other hand, although a higher fading was observed when 

the highest sensitivities were obtained, parameters such as the length of the device or 

the modulation index could be optimised to reduce this effect. Finally, the concept of 

optical fibers with a thin second cladding could be expanded to other structures, such 

as TFGBs, which suggests that this work could open a new and extensive line of 

research in the field of optical fiber sensors. 

Regarding the second part of the chapter, results were presented to demonstrate 

experimentally that lossy mode resonances (LMR) are associated with mode 

transitions in TFBGs coated with materials having a refractive index higher than that 

of the silica cladding (ITO and TiO2 were used in this case), similarly with LPGs 

[8,34,35]. This result was confirmed by simulations of TFBG spectra that showed 

how the mode transition is associated with mode power localization peaks in the 

coating for specific thicknesses. In TFBGs, the mode transition phenomenon applies 

to resonances that have much higher Q-factors than in LPGs, but lower inherent 

sensitivities, a common trade-off between these technologies. Nevertheless,  it can 

be noted that TFBGs have several “insensitive” resonances in their spectrum that can 

be used to improve accuracy by removing cross sensitivities, such as in plasmonic 

amplification when an additional metal coating is used [36]. 

Another important property observed in TFBGs is that the resonances can be tracked 

without a significant depth reduction (a partial depth reduction was observed in ITO, 

but none in the case of TiO2), as opposed to LPGs and SMS fibers, during the entire 

mode transition. Moreover, it was demonstrated here that the spectra of both P and S 

polarizations can be obtained separately by adequately controlling the polarization 

state of the incidence light, and that the mode transition has widely different 

properties for the two orthogonal input polarization states. This result can lead to 

sensing modalities by means of differential measurements based on alternating or 

separating input polarizations, and potentially on measurements on birefringent 

coatings. 

On the other hand, the obtained results confirm that the simulation tools developed 

to model TFBGs and coated TFBGs work well as they reproduce experimental 

spectral features and wavelength shifts accurately over many changes in parameters. 

In particular, it is clear that the observed mode transition is showing up in exactly the 

same way in the experimental wavelength shift data and in the simulated effective 

index data, providing a key to finding the deposition rate of the system and to 

confirming the origin of the mode transition phenomenon. The accuracy of the model 

in the canonical case of the bare fiber in air (which is at the limit of the measurement 

capabilities of most spectrum measurement instrumentation) ensures that the 

underlying algorithms are correct and that extrapolation to more complex situations 

(i.e. the presence of an additional coating of varying thickness) is reliable.  

Finally, the measured mode transition data was combined with the value of the 

coating refractive index to determine the thicknesses of the deposited TiO2 thin films. 
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This method could be used to extract film thicknesses in real time during deposition 

by ALD, enabling researchers and users of this thin film technology to monitor the 

stability of the processes routinely and to produce thin films with very precise 

thicknesses by stopping the process at the desired value (at the peak of the mode 

transition for instance).  Obviously, a new TFBG probe would be required for each 

new deposition, but there are process runs in the semiconductor and optical industries 

that are so valuable that the cost of a single-use disposable probe would be 

insignificant (TFBGs can be mass-produced the same way as FBGs, with the same 

tools, at very low cost). 

Table 4.5 Main aspects of the mode transition studied for double-clad LPGs and TFBGs in 

Chapter 4. 

Structure Main aspects 

Double-clad LPGs 

• Effect of the second cladding thickness on the mode transition (sensitivity to the thin 

film thickness analysis) 

• Enhancement of the SRI sensitivity by means of the second cladding thickness 

• Experimental results supported with simulations of the wavelength shift of the 

resonances, evolution of the effective indices of the cladding modes and optical field 

intensities 

TFBGs 

• Two different materials (ITO, TiO2) and deposition systems (sputtering, ALD) 

• Fading phenomenon during the mode transition in the ITO case, but the resonances do 

not completely disappear 

• Mode transition studied with both polarizations (P and S) in the TiO2 case. Important 

differences between both polarizations 

• Experimental results supported with simulations of the effective indices of the cladding 

modes and the mode power fraction in the coating 

• Experimental results combined with simulations to recover the thin film final thickness 

in the case of the TiO2 depositions 
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Chapter 5 

Conclusions and Future Lines 

5.1 Conclusions 

This thesis has contributed to the analysis and optimization, both theoretical and 

experimental, of different configurations and structures in optical fiber, applied to the 

development of sensors. Several structures have been studied in this thesis, including 

Lossy Mode Resonances (LMRs) and optical fiber gratings: FBGs (fiber Bragg 

gratings), LPGs (long period fiber gratings) and TFBGs (tilted fiber Bragg gratings). 

The main research lines that have been presented in this thesis are the fabrication of 

multisensing devices based on LMRs and the enhancement of the mode transition in 

optical fiber gratings for LPGs in double clad fibers and TFBGs. The common 

element between both research lines is the employment of thin films of high refractive 

index materials: tin oxide (SnO2), indium tin oxide (ITO) and titanium dioxide 

(TiO2). 

First of all, the optical fiber structures that have been employed in this thesis have 

been introduced in Chapter 2. Here, these structures have been described in detail, 

discussing their principle of operation and their main characteristics, as well as 

enumerating their types, fabrication techniques and principal applications. Some 

aspects can be stressed out for each of these structures. Concerning LMRs, they stand 

out due to their high sensitivity. LMRs can be generated with both TE (transverse 

electrical) and TM (transverse magnetic) polarizations and several resonances can be 

obtained in the same spectrum. Regarding optical fiber gratings, FBGs possess a great 

potential to be combined with other structures for temperature compensation and 

improvement of their operation. In the case of LPGs, they have achieved a 

widespread employment due to the enhancement of their sensitivity obtained by 

means of the mode transition phenomena and the dispersion turning point (DTP). 

With respect to TFBGs, they have low sensitivities compensated by their narrow 

linewidth, obtaining values for the figure of merit (FOM) in the same order as LPGs, 

but with the added advantage of counting with multiple resonances, which enables 

the easy removal of cross-sensitivities and the development of multiparameter 

sensors. 

In Chapter 3, different structures and configurations based on LMRs have been 

assessed with the purpose of developing multisensing platforms. In the first place, it 

was explored the design of a structure that would produce an LMR in the transmission 

spectrum and bands in the reflection spectrum. With this purpose, a thin film with a 

grating pattern was simulated on two different substrates, a coverslip (planar 

waveguide) and a D-shaped optical fiber. It was checked that the Bragg-Snell 

equation for normal incidence could be used for correctly estimating the position of 

the reflected bands in the spectrum.  

Two designs were used for the thin film. The initial design was a thin film with a 

grating pattern along all its length. It was expected that the thin film, in spite of the 
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grating, would be able to generate an LMR while the grating would produce the 

reflection bands. However, when simulating this design on a coverslip, it was 

concluded that it could not be found a value for the grating pitch where both 

phenomena would be present. A small grating pitch (in the order of the µm) would 

produce the bands in the reflection spectrum but in this case the thin film would not 

be able to generate the LMR. On the other hand, if the grating pitch was increased 

until several hundreds of µm (500 - 800 µm), the LMR would begin to be clearly 

visible, but the reflection bands would be too close to be able to distinguish them. In 

order to solve this problem, and generate simultaneously the LMR and the reflection 

bands, a second thin film pattern was proposed. Instead of employing a grating 

pattern along all the thin film length, the grating would only be used in part of it, 

leaving the other part of the thin film with constant thickness. This new design was 

able to produce both types of phenomena. A coverslip with a grating pitch with value 

of 3 µm - 5 µm was used as substrate. However, for the simulated parameters values, 

the power of the reflection bands seems too low for a practical implementation. It is 

believed that the most promising alternative for this problem would be increasing the 

length of the grating, which is expected to produce more powerful reflection bands 

(this result has been observed in the case of the D-shaped optical fiber). 

Then, a thorough theoretical study was carried out for the grating pattern design on a 

D-shaped fiber, in which only the reflection bands are obtained. This study began 

because initially the power of the reflection bands was too low and it was easier to 

study the variation of the different parameters for improvements for the pure grating 

pattern than for the more complex design (grating and section of constant thickness). 

This analysis became complete enough to justify its publication on its own in 

“Optimization of Fiber Bragg Gratings Inscribed in Thin Films Deposited on D-

Shaped Optical Fibers” in Sensors 2021, Vol. 21, 4056 (2021).  

The main part of the analysis was focused on the reflection band located at 1650 nm, 

for a grating pitch of 4 µm, a D-shaped section (equal to the grating length) of 20 

mm, a SRI value of 1.33 (water) and using SnO2 as the thin film material. The 

reflected power and the FWHM were studied for variations in the thin film thickness, 

the neck and the length. The highest power was achieved for low necks (-2 µm - 

0 µm), thick thin films (50 nm - 125 nm) and lengths as long as possible (limited in 

practice to around 20 mm), although a trade-off between the reflected power and the 

FWHM is required. The sensitivity to the SRI, the FWHM and the FOM were also 

studied for variations in the SRI in the 1.33 - 1.4 range. Again, the best results were 

obtained for low necks and thick thin films and it is necessary to achieve a 

compromise between the sensitivity to the SRI and the FOM. The main obstacle to 

the practical implementation of this structure is the need for low necks, which would 

require further etching or polishing of the D-shaped fiber, making it more fragile. On 

the other hand, the second thin film pattern (grating section and section of constant 

thickness) was also studied on a D-shaped fiber, obtaining in this case both an LMR 

and the bands in the reflection spectrum. 

The second configuration that was studied in chapter 3 was the combination of an 

LMR and an FBG on a D-shaped optical fiber. The LMR was obtained through the 

deposition of a 60 nm TiO2 thin film with an atomic layer deposition (ALD) system 
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while the FBG, whose peak was located at 1553 nm, was inscribed on the core of the 

fiber with the phase mask method. Two essays were carried out, in the first one the 

SRI was varied while the temperature was kept constant, while in the second the 

temperature was modified from 25oC to 45oC in 5oC steps in ultrapure water. These 

essays enabled to obtain the sensitivities of both the LMR and the FBG to the SRI 

and the temperature, respectively. In particular, the LMR had a sensitivity of 

3725.2 nm/RIU in the SRI range from 1.3324 to 1.3479 while the FBG had a linear 

temperature sensitivity of 32.6 pm/oC in the 25oC - 45oC range. It has also to be 

considered that the FBG sensitivity to the SRI is negligible. This way, the sensor is 

fully characterized and it can measure both the SRI (the temperature drift of the LMR 

is eliminated) and the temperature. These results were published in the article 

“Optical Fiber Thermo-Refractometer” in Optics Express, Vol. 30, Issue 7, 

pp. 11036-11045 2022. The proposed device would be interesting for biosensing 

applications, in which it is important to count with sensors with a high sensitivity as 

well as temperature compensation capabilities.  

The final device that was introduced in chapter 3 was a dual LMR, that is, two 

independent LMRs, on a single D-shaped optical fiber. LMRs were generated by a 

thin film with two sections of different thickness. The first section had a thickness of 

120 nm (TiO2) and was responsible for producing the LMR located at shorter 

wavelengths (known as blue LMR) while the second section had a thickness of 

140 nm (120 nm of TiO2 and 20 nm of SnO2) and generated the LMR located at 

longer wavelengths (named red LMR). The TiO2 layer was deposited with an ALD 

system while an electron beam was employed for the SnO2 layer. It was 

experimentally demonstrated that each resonance only shifts when the SRI in which 

the corresponding section of the D-shaped fiber is immersed in varies. It was also 

theoretically studied and experimentally shown, through the fabrication of several 

devices, that the depth of each resonance can be tuned with the length of the 

corresponding section. The length of the section corresponding to the blue LMR has 

to be longer than that corresponding to the red LMR in order to have two resonances 

with a similar depth, which is a desired condition for making their monitoring easier. 

In particular, for the values and materials used in this work the optimum length would 

be 7.5 mm and 2.5 mm for the first and the second sections, respectively. Finally, the 

sensitivities of the resonances of the manufactured devices were also assessed, 

achieving values ~4000 nm/RIU (not very relevant differences were found between 

the sensitivities of the blue and the red LMRs) with a maximum of 4506 nm/RIU for 

values of the SRI between 1.3327 and 1.3485. 

In Chapter 4, the mode transition phenomenon has been studied, both numerically 

and experimentally, in two types of optical fiber structures: double-clad LPGs in 

which the refractive index of the second cladding is lower than that of the first 

cladding, and TFBGs. 

In the first place, an enhancement of the mode transition in LPGs was proposed 

through the use of double-clad fibers. Fibers with different second cladding 

thicknesses were initially obtained by controlling the wavelength shift during the 

etching process. It was experimentally demonstrated through the deposition of a TiO2 

coating on the previously manufactured fibers that, with a thicker second-cladding, 
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the sensitivity to the thin film thickness during the mode transition increases, being 

the wavelength shift more abrupt. These results were supported by simulations of 

both the effective indices of the cladding modes of the LPGs (linked to the resonances 

through the phase matching condition) and the wavelength shifts of the resonances, 

which precisely reproduced the experimental results. Therefore, the sensitivity during 

the mode transition can be tuned with the thickness of the second cladding. 

Nevertheless, it was also shown that the increase in sensitivity that is obtained with 

the utilization of a second cladding is not unlimited. For a certain thickness of the 

second cladding, the resonance fades in the mode transition region. Therefore, a 

trade-off between the sensitivity and the ability to track the resonance band must be 

established. Finally, the SRI sensitivity in liquids (1.33 - 1.47 SRI range) was studied 

for two fibers with different thicknesses of the second cladding, and a higher 

sensitivity was achieved for the fiber with the thicker second cladding (approximately 

double in the 1.435 - 1.45 RI range, obtaining a sensitivity of 5000 nm/RIU in the 

1.43 - 1.44 range). These results have been submitted for publication and are under 

review at the moment these conclusions are being written.  

In the second part of the chapter, the mode transition was experimentally 

demonstrated in TFBGs through the deposition of a thin film of materials with a 

higher refractive index than that of the silica cladding, similarly to LPGs. The mode 

transition was first shown for an ITO deposition with a sputtering deposition system 

employing an S-polarized TFBG. The mode transition was not clearly visible in the 

initial data, but after taken into account that the temperature was not constant during 

the deposition, the data were corrected by subtracting the wavelength shift of the 

Bragg wavelength, making the mode transition clearly visible. These initial results 

were published in the conference paper “Mode Transition During Deposition of 

Nanoscale ITO Coatings on Tilted Fiber Bragg Gratings” in the Advanced Photonics 

Congress, Maastricht, Netherlands (24 - 28 July 2022)  

Then, two TiO2 thin-film depositions were carried out with an ALD system, each one 

with a separate TFBG and a different polarization state (P-polarization, 

corresponding to EH modes; and S-polarization, corresponding to HE modes; 

respectively). It was also demonstrated that the mode transition has different 

properties for the two polarization states, being sharper and taking place at much 

smaller thicknesses for the HE modes than for the EH modes. These results were 

supported with simulations of the evolution of the effective indices of the cladding 

modes and the power distribution of the mode fields as a function of the coating 

thickness. As it was expected from perturbation analysis, the maximum rate of 

change of the mode effective index closely matched the maximum in the mode power 

fraction in the coating. It is also relevant to mention that the shift of the resonances 

could be tracked without a significant depth reduction (a partial fading was observed 

in the ITO case, but none in the case of TiO2).  

Finally, the experimental TiO2 mode transitions were compared with simulated ones 

(assuming n = 2.14, value given by the ellipsometer) in order to obtain a value for the 

final thin film thickness for each of the two depositions. The results obtained differed 

in 5%, which is an acceptable result, and they were closer to the values given by the 

SEM (-9% for the P-polarized deposition, -1% for the S-polarized one) than to those 
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provided by the ellipsometer (-16% and -18%, respectively), although it has to be 

considered that the deposited coatings were not very homogeneous, which could be 

the reason behind the discrepancy with the ellipsometer results. These results 

corresponding to the TiO2 depositions have been published in the article “Mode 

Transitions and Thickness Measurements during Deposition of Nanoscale TiO2 

Coatings on Tilted Fiber Bragg Gratings” in the Journal of Lightwave Technology 

(in press). 

5.2. Future lines 

The results presented in this thesis suggest the continuation of the research in various 

fields. In the first place, regarding the analysis for obtaining an LMR and bands in 

the reflection spectrum with a grating pattern on the thin film, the second studied 

design (grating section and section of constant thickness) on a coverslip seems the 

most promising structure for a practical implementation if it is finally possible to 

obtain more powerful reflection bands with a proper selection of the parameters of 

the device. In this case, this structure should be tested as a multisensing platform, for 

instance, trying to measure the SRI and temperature simultaneously, as it was done 

with our combination of LMR and FBG in a D-shaped optical fiber. 

Concerning the utilization of an LMR and an FBG on a single D-shaped optical fiber, 

the FBG inscribed on the core of the optical fiber could also be used, for example, in 

combination with the dual LMR structure that has been developed. This way, a 

multiparameter sensor based on the LMRs could be manufactured, counting as well 

with the temperature compensation offered by the FBG. One of the most promising 

applications for the dual LMR structure would be its employment in the biosensing 

field, as the possibility of detecting several biomarkers linked to the same disease 

with a single device would be really useful. The previous optical biosensors based on 

LMRs using D-shaped optical fibers are a good starting point, although the greatest 

challenge will be the separate biofunctionalization of each of the sections of the thin 

film associated to the generation of each LMR. 

With respect to the mode transition, the results obtained for the mode transition in 

LPGs with double clad fibers open the path to further enhance the SRI sensitivity of 

these devices. Although it was demonstrated that LPGs with a low refractive index 

second cladding possess better SRI sensitivity in liquids than standard LPGs, the 

employed LPGs had not been optimized for this purpose, so there is still room for 

improvement. In addition to this, this phenomenon can also be combined with DTP, 

even increasing more the sensitivity. If high sensitivities are finally achieved, these 

devices would be an interesting platform for developing biosensors, as it is the case 

of standard LPGs working at the mode transition or the DTP. On the other hand, the 

concept of optical fibers with a thin second cladding could also be extrapolated to 

other structures, such as TFBGs, contributing to the enhancement of their mode 

transition as well.  

Finally, regarding the mode transition in TFBGs, after demonstrating the possibility 

of recovering the thickness of the deposited thin film if the refractive index is known, 

the next step would be obtaining both the refractive index and the thickness of the 
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thin film without any additional information, in a similar fashion to the operation of 

an ellipsometer. This method would be based in simulating the mode transition for a 

range of refractive index values and comparing them with the experimental mode 

transition. For each refractive index value, the thin film thickness that best fits the 

experimental results would be calculated. Then, the pair (refractive index, thickness) 

that gives the lowest difference between the experimental mode transition and the 

simulated one would be determined, providing the final solution. This way, an 

alternative method to the ellipsometer for obtaining both the thickness and the 

refractive index of a thin film, based on the mode transition on TFBGs, could be 

employed. A similar approach, but using an LPG mode transition instead, could also 

be tried. 
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