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térmica. 
 

resumo 
 

 

Neste trabalho foram desenvolvidos e otimizados sensores em fibra ótica 
através de um laser pulsado de femtosegundo. Para além das vantagens 
inerentes de usar pulsos da ordem do femtosegundo, ao emitir radiação na 
banda do infravermelho foi possível modificar o índice de refração no interior de 
materiais dielétricos, nomeadamente fibras óticas de sílica e polímero. 
 
Antes de proceder ao fabrico das estruturas óticas, foi realizado um estudo 
teórico sobre as peculiaridades dos sistemas de escrita baseados em lasers de 
femtosegundo, bem como sobre os principais dispositivos inscritos em fibra 
ótica, nomeadamente redes de Bragg, redes de período longo, e interferómetros 
de Fabry-Pérot. 
 
Após montado o sistema laser NIR de femtosegundo, através de inscrição direta 
e por máscara de fase foram fabricadas redes de Bragg, redes de período longo, 
interferómetros de Fabry-Pérot, e interferómetros baseados no efeito ótico de 
Vernier. Com a montagem de micromaquinação, diferentes estruturas foram 
criadas em sensores já existentes, nomeadamente buracos em cavidades 
Fabry-Pérot e remoção de material ao redor de redes de Bragg. As respostas 
espetrais de todos os dispositivos foram extensivamente caracterizadas, 
nomeadamente a variações de temperatura e tensão, revelando elevados 
valores de sensibilidades, especialmente para os interferómetros baseados no 

efeito ótico de Vernier (> 1 nm/°C e 0.1 nm/µε para temeprature e tensão, 

respetivamente). 
 
Para desmistificar a estabilidade térmica de redes de Bragg em fibra ótica, foi 
feito um estudo teórico e experimental onde várias redes de Bragg foram 
gravadas por diferentes técnicas, envolvendo diferentes lasers e fibras óticas de 
sílica e polímero. Os resultados experimentais corroboraram as previsões 
teóricas, onde se concluiu que as redes gravadas pelo método de ponto-a-ponto 
usando um laser de femtosegundo detêm uma maior estabilidade térmica e 
tempo de vida, mesmo quando submetidas a regimes longos de altas 
temperaturas. 
 
Por fim, foi feita a ponte entre a investigação fundamental desenvolvida durante 
o fabrico de dispositivos elementares em fibras óticas e possíveis aplicações. 
Foram demonstrados e testados cinco conceitos diferentes de sensores, 
capazes de detetar variações de campos magnéticos, índice de refração de 
fluídos, temperatura, tensão e humidade. Foram atingidos valores de 
sensibilidade surpreendentes, bem como mitigados problemas de sensibilidade 
cruzada, tendo sido assim estabelecidas as fundações para o desenvolvimento 
de novos protótipos para o futuro. 
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abstract 

 

In this work, optical fibre sensors were developed and optimized using a pulsed 
femtosecond laser. In addition to the inherent advantages of using femtosecond 
pulses, by emitting radiation in the NIR band, it was possible to modify the 
refractive index inside dielectric materials, namely silica and polymer optical 
fibres. 
 
Prior to the manufacturing of optical structures, a theoretical study was carried 
out on the peculiarities of writing-systems based on femtosecond lasers, as well 
as on the most common devices inscribed in optical fibres, namely Bragg 
gratings, long period gratings, and Fabry-Pérot interferometers. 
 
After assembling femtosecond NIR laser system, Bragg gratings, long period 
gratings, Fabry-Pérot interferometers, and interferometers based on the optical 
Vernier effect were manufactured using the direct-writing and phase mask 
methods. Using the micromachining setup, different structures were created in 
already existing optical fibre sensors, namely channels in hollow Fabry-Pérot 
cavities and laser etching around Bragg gratings inscribed in polymers optical 
fibres. The spectral responses of all devices were extensively characterized to, 
mainly, variations of temperature and strain, revealing unique sensitivity values, 
especially for the interferometers based on the optical Vernier effect (> 1 nm/°C 

and 0.1 nm/µε for temperature and strain, respectively). 

 
To demystify the thermal stability of fibre Bragg gratings, a theoretical and 
experimental study was carried out where several Bragg gratings were inscribed 
by different techniques, involving different lasers as well as silica and polymer 
optical fibres. The experimental results corroborated the theoretical predictions, 
where it was concluded that the gratings inscribed by the point-to-point method 
using a femtosecond laser have a greater thermal stability and lifetime, even 
when subjected to longer and higher temperature regimes. 
 
Finally, a bridge was stablished between the fundamental research developed 
during the manufacture of the elementary optical fibre sensors, and possible 
applications. Five different sensor concepts were demonstrated and tested, 
capable of detecting variations in magnetic fields, fluids refractive index, 
temperature, strain and humidity. As results, astonishing sensitivity values were 
attained, and several cross-sensitivity problems were mitigated, thus 
establishing the foundations for the development of new prototypes for the future. 
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Development and optimization of optical fibre sensors produced by a femtosecond laser 

2 

 INTRODUCTION 

Optical fibre sensors (OFS) have been widely used in many different applications for 

several years, always targeting the development of reliable and stable solutions. To achieve 

such goals, research institutes and companies have been trying to create new and more 

efficient fabrication methods, using novel fibre materials and coatings, and developing new 

monitoring systems to be exploited in most industrial applications. The main goal of the 

work presented in this thesis was to contribute for the thriving optical technological era, 

through the introduction of new optical fibre sensors and their respective fabrication 

techniques based on femtosecond laser systems. 

In this chapter, a brief introduction to the thesis framework is presented, along with the 

main outputs that resulted from the work developed during the PhD, the main scientific 

achievements, and the overall structure of the document.  

 MOTIVATION AND FRAMEWORK 

The first ever reported optical fibre sensor consisted on bifurcated fibre bundles (U.S. 

03327584, June 27 of 1967 [1]), where one bundle illuminated a vibrating surface, and the 

other one collected the reflected light. This simple device was able to precisely measure the 

relative position between the fibre end and the reflecting surface, allowing to monitor 

vibrations in a contactless manner. Despite being the first optical fibre-based sensor, only in 

1970 the first low-loss silica optical fibre was produced by Keck and Zimar at Corning’s lab, 

which became public only in 1973 with the paper entitled “On the ultimate lower limit of 

attenuation in glass optical waveguides”, published in Applied Physics Letters journal [2], and 

two US patents: “Method of producing optical waveguide fibers” [3] and “Method of 

forming optical waveguide fibers” [4]. These works of Keck et al. revealed to be one of the 

most important milestones of the optical fibre revolution, pathing the way to develop to new 

and improved photonic and optoelectronic devices, such as fibre lasers and optical fibre 

sensors. 

When deciding on one electronic sensing device over another, different aspects should be 

considered, such as the measurands’ characteristics, desired resolution, crosstalk issues and 

available budget. If one decides to use optical fibre sensors over electronic devices, the same 

variables should be accounted for, but always aiming for the most efficient solution with the 

lowest cost possible. Despite optical fibre sensors being very attractive and reliable devices 
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for almost all sensing challenges, as any other novel technology, it took decades for the 

industry and sensing related entities to stop neglecting their unique advantages and, slowly, 

started introducing these devices in the market. The major barrier in this process was, with 

no doubt, the reluctance of the potential buyers and investors on accepting and comprehend 

the optical fibre sensors capabilities and versatility. Throughout the years, many attempts 

have been made, from both the academy and photonic-based companies, to change the 

general opinion on optical fibre sensors, mainly through international conferences on the 

topic. From all the events, one should highlight the International Conference on Optical Fiber 

Sensors (known as OFS) for its longevity and contribution to the optical fibre sensors 

community. The first edition took place in London (United Kingdom) in 1983, with less than 

30 papers, and its periodicity of eighteen months was kept until its last edition (26th in 

Lausanne, Switzerland 2018), where a record of 473 papers and 600 participants was attained. 

The major contribution of these type of conferences was the possibility of companies and 

researchers to discuss what was being doing in the optical fibre sensors community, which 

often resulted in very important synergies between both sides.  

The need to respond to industry and day-to-day sensing challenges, has been the thriven 

motor behind the development of new and more efficient OFSs. Depending on the sensor 

type, numerous approaches can be adopted to improve its sensitivity, selectivity and working 

ranges. In the last years, one of the most trendy optical fibre sensors’ fabrication techniques 

has been the femtosecond laser technology, mostly used to inscribe improved fibre Bragg 

gratings (FBGs) [5–8] and interferometric-based devices [9–12]. Usually, the wavelength 

range used within these femtosecond laser systems is the near infrared region (NIR), due to 

the optical “transparency” of most dielectric materials to these wavelengths, which allows to 

inscribe a large variety of structures inside optical fibres without the need of doping [5,13,14]. 

Despite being a versatile technique capable of fabricating fully customizable devices, its use 

presents several drawbacks, such as the expensive laser modules and the need to have a highly 

controlled environment, which normally involves cleanrooms and vibration-free systems 

with relatively high-cost maintenance. To overcome such disadvantages and reduce the costs 

associated with a femtosecond laser system, efforts towards the development and 

optimization of novel optical fibre sensors through femtosecond lasers should be made by 

Universities and R&D institutes, contributing to the acceptance of these devices as feasible 

and reliable solutions for industrial sensing applications. 

To contribute to the solution of the aforementioned scientific challenges, the main 

objectives of this PhD thesis were (Figure 1.1): 
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• to assemble a femtosecond laser-based inscription system; 

• to fabricate and characterize optical fibre sensors based on already known 

structures, namely FBGs, long period gratings (LPGs), Fabry-Perot 

interferometers (FPIs) and micromachined devices; 

• the optimization of optical fibre sensors’ fabrication techniques/setups; 

• to study the long-term thermal stability of different FBGs; 

• to develop and characterize novel optical fibre sensors with exceptional features 

and configurations, more specifically, high resolution sensors based on optical 

Vernier effect (OVE) and optical devices comprising new materials, such as fuse 

effect in polymer optical fibres (POFs) and silica fibres doped by nanoparticles 

(NPs). 

 LIST OF PUBLICATIONS 

The work presented in this thesis culminated in several outputs, namely 1 scientific award, 

1 book chapter, 13 scientific communications in international conferences (one more 
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 MAIN ACHIEVEMENTS 

From the work presented in this thesis, the author considers the following contributions 

the most important achievements: 

• Development, implementation and optimization of a femtosecond laser system for 

the fabrication of optical devices through phase mask and/or direct-writing 

techniques; 

• Inscription of high reflective (> 99 %) FBGs in silica optical fibres doped with Er-

MgO nanoparticles; 

• Conceptualization, fabrication and performance analyses of novel cascaded FPIs to 

generate OVE; 
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• Simulation and prediction of the long-term thermal stability of different FBGs, based 

on its resonant wavelength permanent decay; 

• Development of complex hybrid sensing structures for multiparameter sensing, 

namely, strain, temperature, fluids refractive index and relative humidity. 

 THESIS STRUCTURE 

This thesis is divided in eight chapters, organized as follows. 

In chapter 1, the framework and motivation of this thesis are presented, along with the 

list of the main outputs and contributions achieved during the PhD. 

Chapter 2 provides the theoretical background required to understand the fabrication 

methods, working principles and main outputs of different optical fibre structures, namely 

FBGs, LPGs, and FPIs. Also, the OVE is introduced in this chapter as an interferometric 

tool able to magnify the sensitivity of any optical fibre sensor based on FPIs. 

Chapter 3 starts by introducing the femtosecond laser fundamentals, namely by describing 

the non-linear mechanisms triggered by the interaction of ultrashort intense laser pulses with 

matter, the materials’ modifications resulted from it, and the typical experimental 

considerations that one should take into account when developing/assembling a direct-

writing setup based on a femtosecond laser system. 

In chapter 4, the developed femtosecond laser setup is presented, as well as its main 

optical and optoelectronic components. The alignment procedures for the correct use of the 

system are described, followed by a brief preliminary assessment of the laser direct-writing 

capabilities. The chapter ends with the presentation of all the optical tools used to 

characterize the optical fibre sensors developed during the PhD. 

Chapter 5 comprises the fabrication details and characterizations of all the optical fibre 

devices fabricated with the femtosecond laser system: FBGs, LPGs, FPIs, OVE-based 

sensors, and micromachined optical fibre devices. 

In chapter 6, a theoretical model, based on the permanent thermal induced decay of the 

resonant wavelength, is proposed to study the FBGs long-term thermal stability. 

Furthermore, experimental results are presented for three different FBGs, inscribed in silica 

and polymer fibres with different techniques. The chapter ends with a long-term stability 
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numerical simulation, which enabled to infer about the most suitable FBG to withstand long-

term operation at high temperature applications. 

Chapter 7 presents the main applications developed using a combination of several 

techniques and materials acquired throughout the PhD course: a magnetic field sensor based 

on an adhesive FPI and a fused POF; two fluids’ refractive index sensors based on silica 

hollow cavities and micromachined Bragg gratings inscribed in polymer fibres; and two 

hybrid sensors for multiparameter sensing, comprising FBGs and FPIs inscribed with the 

femtosecond laser system, and extrinsic Fabry-Perot cavities fabricated through fusion 

splicing and butt-coupling techniques. 

Finally, in chapter 8, the main conclusions of the work developed during the PhD are 

summarized, as well as some perspectives and future opportunities that may arise from this 

thesis outputs. A schematic representation of the main goals, methods and outputs of this 

thesis is depicted in Figure 1.1. 
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Figure 1.1 – Schematic representation of the thesis’ outline. Each schematic block (on the left) was 
highlighted with the colour that matches the correspondent chapter (on the right). 
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 INTRODUCTION 

In this chapter, the theoretical background on the structures of the different optical fibre 

sensors is described, namely fibre Bragg gratings, long period gratings, and Fabry-Perot 

interferometers. A brief review of those devices is presented, focusing in different 

configurations, fabrication methods and respective performances. 

 FIBRE BRAGG GRATINGS 

A FBG consists on a periodic modulation of the refractive index in an optical fibre core. 

As the name suggests, a Bragg grating is a structure where its interaction with light is 

governed by the Bragg condition. This means that, when a wide optical spectrum passes 

through a FBG, depending on the intrinsic FBG structure characteristics (period, length and 

refractive index modulation strength), a very sharp peak is reflected, and all the remaining 

wavelengths are transmitted without losses [15–19] (Figure 2.1). 

 

Figure 2.1 – Schematic representation of the interaction between broadband light propagating in the fibre 
core and a fibre Bragg grating. In the inset, Λ is the grating period of the fibre Bragg grating.  

Since the first demonstration of Bragg gratings’ inscription in optical fibres by Hill et al. 

in 1978 [18] (where a very weak FBG was inscribed in a germanosilica fibre with an argon 

ion laser at 488 nm), many different FBG-based optoelectronic devices have been developed 

for telecommunication, sensing and laser applications [15–17]. After several years, it was 

stablished that FBGs were particularly suitable for sensing purposes, becoming the most 

promising and reliable optical fibre sensing technology in the world, mainly due to the robust 

and relative simple fabrication methods, and its inherent unique advantages, such as 

immunity to losses, small dimensions/mass, electrical passiveness, high signal-to-noise ratio 
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(SNR) in reflection mode, immunity to electromagnetic fields, and multiplexing capabilities. 

Depending on the final application and materials used, FBGs can be biocompatible and made 

sensitive to other parameters rather than temperature and strain [15,19–22].  

2.2.1 THEORETICAL BACKGROUND 

All the terms and research associated with Bragg’s diffraction had its origin in the year of 

1912, with the pioneer works of William Lawrence Bragg and William Henry Bragg (son and 

father, respectively) [23–26]. Their research led to the definition of the Bragg’s law for X-ray 

diffraction, opening new paths to study crystalline structures [27,28]. 

According to Bragg’s law, to obtain constructive interference after the passage of 

electromagnetic radiation through a crystalline material, one needs to assure that the 

wavelength of the incident radiation has the same order of magnitude as the space between 

the materials’ atoms. In crystalline solids, the Bragg’s law interprets this spacing as the 

separation between lattice planes (d), and the constructive interference condition is given as 

follows [27,28]: 

2dsin(θ) = nλ (2.1) 

where θ is the incident angle of the radiation with the lattice plane, n is an integer and λ the 

wavelength (Figure 2.2). 

The bridge between this fundamental law and its application in fibre Bragg gratings was 

stablished by Hill et al., as previously mentioned. To acquire the well-known equation that 

defines the Bragg’s wavelength (λBragg) reflected by a FBG, one should assume that θ= 90 °, 

d as the distance between consecutive planes of the refractive index modulation imposed in 

the fibre core, and adapt equation (2.1) to include the refractive index of the propagating 

dielectric material (considering a system in vacuum), resulting in: 

λBragg =
2neffΛ

m
 (2.2) 

where neff is the effective refractive index of the propagating medium, m is the diffraction 

order (equivalent of n in equation (2.1)) and Λ the grating period (equivalent of d in equation 

(2.1)).  
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Figure 2.2 – Schematic representation of the constructive interaction between incident radiation and atoms 
in lattice planes of a crystalline material. 

The same result can be obtained by considering the interaction between two guided 

modes and an uniform FBG [29,30]: 

β2 = β1 + m
2π

Λ
 (2.3) 

where β is the propagation mode constant given by: 

β =
2π

λ
neff (2.4) 

Depending on the mode propagation direction along the optical fibre core, and using 

equation (2.4) on equation (2.3), the grating resonant wavelength may have two different 

solutions: 

λBragg =
(neff1 + neff2)Λ

m
 β2 < 0 - z direction (2.5) 

λBragg =
(neff1 − neff2)Λ

m
 β2 > 0 + z direction (2.6) 

where neff1,2
 is the effective refractive index of the propagating modes 1 and 2. Considering 

two identical modes propagating in opposite directions, we get the same result presented by 

equation (2.2).  

FBGs’ strength and bandwidth can be well-determined by couple-mode theory, allowing 

to perform a quantitative analysis of the diffraction efficiency and spectral characteristics of 

the grating. In this thesis, the formal derivation of the couple-mode theory is not exhaustively 

described, and only the most important equations are presented. A complete formal 
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derivation of the couple-mode theory applied to FBGs is widely available in literature [30–

33]. 

Considering a waveguide with no inscribed structures, the transverse component of the 

propagating electric field can be written in terms of the ideal modes j: 

Et
⃗⃗  ⃗(x, y, z, t) = ∑[Aj(z) exp(iβjz)

j

+ Bj(z) exp(−iβjz)]. ejt⃗⃗⃗⃗ (x, y)exp(−iwt) 

(2.7) 

where Aj and Bj are the amplitudes of the jth mode travelling in the +z and -z directions, 

respectively, and ejt⃗⃗⃗⃗  the transverse mode fields.  

Considering a uniform induced index change in the fibre core, the variation of the 

effective refractive index can be written in terms of δn̅̅ ̅
co(z): 

δneff(z) = δn̅̅ ̅
co(z) {1 + vcos [

2π

Λ
+ ϕ(z)]} (2.8) 

where v is the fringe visibility and ϕ(z) the grating chirp. From this definition, it is possible 

to define the equation for the general coupling coefficient, Kkj
t (z): 

Kkj
t (z) = σkj(z) + 2κkj(z) cos [

2π

Λ
+ ϕ(z)] (2.9) 

where σkj(z) and κkj(z) represent the “DC” and “AC” coupling coefficients, respectively, 

and are given by: 

σkj(z) =
ωnco

2
δn̅̅ ̅

co(z)∬ dxdye⃗ kt(x, y). e⃗ jt
∗ (x, y)

core

 (2.10) 

κkj(z) =
v

2
σkj(z) (2.11) 

Using the coupled-mode equations described above, and the approximations presented 

in [29,33], one can achieve the following equations for a FBG inscribed in a single-mode 

fibre: 

σ =
2π

λ
δn̅̅ ̅

eff (2.12) 

κ = κ∗ =
π

λ
vδn̅̅ ̅

eff (2.13) 

Considering an uniform grating (constant period and modulation strength) with a length 

L, a forward-going wave incident from z = −∞, and admitting the inexistence of a 
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backward-going wave, the amplitude (ρ) and power reflection (r = ρ2) of the FBG can be 

expressed as: 

ρ =
−κ sinh(L√κ2 − σ̂2)

σ̂ sinh(L√κ2 − σ̂2) + i√κ2 − σ̂2 cosh(L√κ2 − σ̂2)
 (2.14) 

r = ρ2 =
sinh2(L√κ2 − σ̂2)

cosh2(L√κ2 − σ̂2) −
σ̂2

κ2

 (2.15) 

From equation (2.15), one can obtain the maximum reflectivity of a FBG (for σ̂ = 0): 

rmax = tanh2(κL) (2.16) 

The same result can be attained for the wavelength λmax = (1 +
δneff
̅̅ ̅̅ ̅̅ ̅

neff
) λD.  

To study the grating reflectivity and wavelengths at the critical points (band edges), one 

should assume the following equations, respectively: 

rbandedge =
(κL)2

1 + (κL)2
 (2.17) 

and 

λbandedge = λmax ±
vδneff
̅̅ ̅̅ ̅̅

2neff
λD (2.18) 

where λD ≡ 2neffΛ is the “design wavelength” [29]. Dividing (2.18) by the wavelength λ, the 

equation for the Bragg grating’s normalized full-bandwidth can be given as: 

Δλbandedge =
vδneff
̅̅ ̅̅ ̅̅

neff
 (2.19) 

Generally, fibre Bragg gratings can be classified as weak or strong, depending on its 

modulation strength and corresponding reflectivity characteristics. Therefore, to calculate 

the bandwidth of uniform gratings, one should use the appropriate equation: 

 Weak-grating 

limit 

Δλ0

λ
→

λD

neffL
=

2

N
, (vδneff

̅̅ ̅̅ ̅̅ ≪
λD

L
) (2.20) 

Strong-grating 

limit 

Δλ0

λ
→

vδneff
̅̅ ̅̅ ̅̅

neff
, (vδneff

̅̅ ̅̅ ̅̅ ≫
λD

L
) (2.21) 

where N =
L

Λ
 is the total number of grating periods. 
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2.2.2 FABRICATION METHODS 

To inscribe a Bragg grating inside an optical fibre core through side exposure, different 

techniques can be adopted, which are divided in two main types: interferometric and non-

interferometric techniques.  

Among all the interferometric techniques, one should emphasize the holographic method, 

where, by inducing a small change in the tilt of one or two mirrors of the inscription setup, 

is possible to tune and inscribe different FBGs. Despite this technique allowing to inscribe a 

wide range of different Bragg wavelengths, it presents several disadvantages, such as the need 

of having a high temporal and spatial coherent laser source, and a highly stable 

optomechanical setup. Moreover, the ambient conditions (specially temperature variations 

and parasite mechanical vibrations) can influence the inscription efficiency of this 

interferometric method [30,33,34]. 

Regarding the non-interferometric techniques, the most used ones are the phase mask 

and the point-by-point (PbP) methods. Generally, the first method is associated with longer 

laser pulses (in the order of the nanoseconds) at the ultraviolet (UV) region, while the second 

method often includes a femtosecond laser with a central wavelength at the NIR region. 

In this chapter, only the phase mask and PbP methods are described, since they were the 

techniques used to fabricate the FBGs presented in this thesis. 

 PHASE MASK METHOD 

Being the most popular and widely used technique to fabricate FBGs, in its general 

configuration, the phase mask method comprises a laser source, a mirror system to guide the 

laser beam (optional), a convex cylindrical lens to focus the laser beam and a phase mask to 

define the modulation pattern [6,30,35]. Its major advantages are related with the lower 

associated cost (since the laser source does not need to have high coherency), the system 

reproducibility, and the easiness of assembling.  

Regarding the laser source, there are a wide variety of lasers that can be used with the 

phase mask method, depending on the type of optical fibre used (doped, undoped, 

microstructured, …) and the available budget. When assembling a phase mask inscription 

setup, one can choose a continuous wave (CW) laser or one that emits wide pulses (e. g. 

nanoseconds) in the UV region at a low repetition rate (<< 1 kHz), or select more expensive 

options, like a femtosecond laser emitting in the NIR region at a high repetition rate (> kHz). 
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Typically, when using a UV laser, a better inscription efficiency is expected for doped or 

hydrogenated optical fibres, as has been reported in the literature [30,36–38].  

The phase mask consists on a diffraction grating formed by small depressions in a silica 

substrate, separated by a predefined period (phase mask pitch, ΛPM) that will define the 

modulation pattern associated to the resonant Bragg wavelength of the inscribed FBG. 

Depending on the incident angle of the laser beam on the phase mask surface, different 

diffraction orders will be predominantly transmitted: the pairs +1/0 or +1/-1 (Figure 2.3). 

 

Figure 2.3 – Schematic representation of the phase mask inscription method using a pulsed laser. +1 and -1 
indicate the laser beam diffraction orders used to inscribe the Bragg grating in the optical fibre core. Note 

that, despite the laser being pulsed, the laser beams are represented in full for better visualization. 

The constructive interference between those diffraction orders originates the diffraction 

pattern that will define the Bragg grating’s period (Λ) inside the optical fibre’s core. Generally, 

the phase masks that maximize the orders +1/-1 are preferred, since it simplifies the 

experimental setup arrangement. To determine the ΛPM of a phase mask, the following 

equation should be used: 

ΛPM =
mdifractionλlaser

sin (
θm

2
) − sin(θi)

 (2.22) 

where mdifraction is the diffracted order, 
θm

2
 is the diffraction angle of the maximized order, 

θi is the incident angle of the laser beam, and λlaser the laser wavelength. When considering 

a normal incidence of the laser beam, the orders +1/-1 will be maximized and θi = 0, leading 

to a grating period on the fibre core (Λ) given by the following approximation [30]: 

Λ =
ΛPM

2
 (2.23) 
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Then, using equations (2.2) and (2.23), is possible to define the ΛPM value of a phase mask 

able to inscribe a certain Bragg wavelength: 

ΛPM =
mλBragg

neff
 (2.24) 

For more complex solutions, phase masks can be fabricated in different configurations to 

enable the inscription of nonuniform FBGs, such as chirped and phase-shifted FBGs. As in 

this thesis such non-uniform FBGs were not fabricated, its theoretical background and 

associated manufacturing techniques are not presented. 

 POINT-BY-POINT METHOD 

Contrary to the methods previously presented, the point-by-point (PbP) method consists 

on the most versatile technique to fabricate FBGs, as well as other optical fibre 

microstructures [30,39–41]. Nevertheless, the freedom of choosing almost any FBG physical 

length and period comes associated with the major disadvantage of this technique: its high 

cost, which is associated with the need of having high quality laser modules, focusing optics 

and optomechanical components.  

Generally, the PbP method comprises a high energy pulsed laser (commonly a 

femtosecond laser), a high precision motorized translation stage, mirrors, and a high 

magnification microscope objective. Then, one can follow a more literal version of the PbP 

method, moving the optical fibre for a length equal to the desired FBG period, and inscribing 

each FBG plane with only one laser pulse (Figure 2.4). However, this approach is difficult 

to execute due to the high demands of such system: the translation stage needs to have a 

very high accuracy, a small minimum incremental motion, a high directional repetition, high 

mechanical stability, and an ultrafast laser shutter (once ultrashort lasers often operate at 

>kHz repetition rates). To overcome some of these drawbacks, usually a high-speed 

translation stage is preferred, where one can take advantage of its movement speed 

(vtranslation) and the laser repetition rate (flaser) to inscribe a FBG with an effective 

periodicity. This way, the Bragg wavelength is calculated by the following equation: 

λBragg =
2neffΛ

m
=

2neffvtranslation

mflaser
 (2.25) 

Here, the FBG’s period can be defined as Λ =
vtranslation

flaser
. 
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Figure 2.4 – Schematic representation of the PbP inscription method. When using this technique, the optical 
fibre is translated in X, Y and Z direction to align it with the laser focus spot, and then moved only in the Y 

direction to inscribe the FBG’s planes, separated by Λ. 

 LONG PERIOD GRATINGS 

Long period gratings (LPGs), often called “transmission gratings”, are optical structures 

similar to FBGs, but with much larger grating periods (typically, hundreds of µm) [29,41–

43]. The working principle of LPGs consists on coupling the optical fibre fundamental 

propagating mode (LP01) with cladding modes propagating in the same direction. The result 

of this coupling is the presence of attenuation bands in the transmission spectrum. Despites 

its easiness of fabrication, LPGs only work in transmission, which may limit its application 

as sensors. 

In the following sections, a brief description of the theory behind LPGs, and its main 

fabrication methods, are presented. 

2.3.1 THEORETICAL BACKGROUND 

Following the same approach described on the previous section, through coupled mode 

theory is possible to achieve the fundamental equations that describe a LPG spectral 

behaviour. Recalling equation (2.6), where the propagating and co-propagating modes have 

the same direction (β2 > 0), and considering the mth cladding mode, equation (2.6) can be 

rewritten as [42,43]: 

λLPG = (neff1 − neff2,m)Λ (2.26) 

One can conclude that a LPG needs a much longer grating period to match the same 

resonant wavelength originated by a designated counter-propagating coupling (as in a FBG).  
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Another intrinsic characteristic of LPGs resides in the higher propagation loss along the 

grating length, mainly originated by absorption and scattering effects. This way, very strong 

attenuation bands appear at the transmission spectrum of a LPG (Figure 2.5), which are 

very sensitive to refractive index changes around the optical fibre cladding. Assuming the 

previous definition of the coupling coefficient (κ), is possible to define the minimum 

transmission (maximum attenuation) of a λLPG for a designated length (L) [29]: 

tLPG,max = sin2(κL) (2.27) 

 

 

Figure 2.5 – Optical transmission spectrum of a LPG fabricated with a femtosecond laser system, by Heck et 
al. in [44], with a grating period of 630 µm and a physical length of 75 mm, approximately. The solid 
red line represents the experimental data and the dashed line the numerical simulation obtained with 

the OptiGrating software. 

2.3.2  FABRICATION METHODS 

LPGs can be fabricated in optical fibres through different methods, either using lasers or 

mechanical components to change the refractive index or induce physical deformations to 

the optical fibres, respectively. Within the laser-based techniques, the amplitude mask and 

the PbP methods are the most popular ones, mainly due to their accuracy and reproducibility. 

 AMPLITUDE MASK METHOD 

As happens in the FBG’s phase mask method, the amplitude mask method depends on a 

very simple inscription setup, comprising a laser source, an optional beam expander, a mirror 

system and an amplitude mask. This amplitude mask consists on a plate where transparent 

slots are disposed periodically. The period between each slot defines the final LPG period, 
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since the amplitude mask is usually placed in direct-contact with the stripped optical fibre 

(Figure 2.6) [45–47].  

 

 

Figure 2.6 – Schematic representation of the amplitude mask method for LPG inscription. Note that the 
LPG grating period (Λ) is equal to the spacing between the transparent slots of the amplitude mask. 

Typically, the used laser source is a UV laser, which implies that the optical fibre needs to 

be photosensitive to its radiation, limiting the range of applicability. Besides, the major 

drawbacks of this technique are the need of having a different amplitude mask for 

manufacturing LPGs with different periodicity, and the need to strip the optical fibre. 

However, since a low budget laser and optics can be used, usually this method is preferred 

when high reproducibility and accuracy are required.  

 POINT-BY-POINT METHOD 

To have total freedom in choosing the LPG period and physical length, one should use 

the PbP method. Basically, the method is identical to the one described in section 2.2.2.2, 

but with two main differences: when using a high numerical aperture microscope objective, 

instead of using one pulse, a trail of pulses is used to inscribe each LPG fringe; when a high 

intensity laser is used, the laser beam passes through a cylindric lens (to achieve higher energy 

density) and is spatially filtered by a slit with the same aperture as the one desired for the 

LPG fringe dimensions (Figure 2.7) [46,48,49]. 

Comparing these two versions of the PbP method to fabricate LPGs, the one using a 

microscope objective requires higher control of the translation stage and, consequently, 

allows fine-tuning of the laser beam focus position. However, this high precision system may 

decrease the LPGs’ reproducibility and increase the system’s cost.  

On the other hand, when using a cylindrical lens and a slit, one cannot easily adjust the 

laser focus inside the optical fibre. Nevertheless, the LPG period can be precisely controlled, 
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and its total length easily adjusted. Thus, this version of the PbP method is more appropriated 

for the mass production of LPGs, since it involves a lower cost while maintaining a high 

inscription flexibility and reproducibility. 

 

Figure 2.7 – Schematic representation of the PbP inscription method comprising a slit and a high power 
laser beam. Each LPG fringe as the same length as the slit aperture. 

 FABRY-PEROT INTERFEROMETERS 

The Fabry-Perot interferometer (FPI) consists on a multiple-beam interferometer which, 

in its simpler configuration, comprises two parallel semi-reflecting plane mirrors (R1,2) 

separated by a distance L (Figure 2.8) [37,50]. 

 

Figure 2.8 – Schematic representation of a FPI comprising two different semi-mirrors (R1,2) separated by a 
distance L. The coloured arrows represent the light propagation direction, where Pi, Pt, and Pr are the 

incident, transmitted and reflected optical powers, respectively. 

Created in the late 1800s, this interferometer was named after its inventors: Charles Fabry 

and Alfred Perot [51]. During several decades, FPIs were mainly used in spectroscopy due 

to its high-resolving power, and as basic laser cavities. It was only after the early-1980s that 

FPIs were applied on optical fibres for the first time, and the first applications as fibre sensors 

appeared only at the end of the same decade [52]. In the following years, this technology 

applied as optical fibre sensors experienced a massive evolution, mainly due to its intrinsic 
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characteristics, such as its high sensitivity to external perturbations that affect the optical path 

length (OPL) between its mirrors (e. g. temperature, strain,…), and the possibility to be used 

as a compact point sensor, where all its components are very close to each other [37,50]. 

Optical fibre sensors based on FPIs can be divided in two main categories: intrinsic 

(IFPI), where the medium between the FPIs’ mirrors is the optical fibre itself; or extrinsic 

(EFPI), where the cavity medium is other than the optical fibre. In section 2.4.2, several 

examples of such configurations are presented, along with its respective fabrication methods. 

2.4.1 THEORETICAL BACKGROUND 

In this thesis, the two-beam interference model is used to perform the FPI mathematical 

analysis, considering the ideal case-scenario where no optical losses occur, either by 

absorption or scattering. Therefore, in the ideal system one should assume for each mirror 

that Ri + Ti = 1, where Ri and Ti are the corresponding reflectance and transmittance, 

respectively, and the index i may assume the values 1 or 2.  

In a FPI, the reflectance (RFPI) and transmittance (TFPI) are given by: 

RFPI =
R1 + R2 + 2√R1R2cos(ϕ)

1 + R1R2 + 2√R1R2cos(ϕ)
 (2.28) 

TFPI =
T1T2

1 + R1R2 + 2√R1R2cos(ϕ)
 (2.29) 

where ϕ is the round-trip propagation phase shift in the interferometer, and RFPI and TFPI 

represent the ratios of Pr and Pt, respectively, with Pi. The phase shift can be described as: 

ϕ =
4πnL

λ
 (2.30) 

where n is the FPI’s medium refractive index and λ the freespace optical wavelength. Due 

to its periodic characteristic, one obtains the maximum value of TFPI for cos(ϕ) =

−1or(2m + 1)π. If Δ is defined as Δ = ϕ − (2m + 1)π, and admitting the case where 

TFPI is maximum, the following equation can be derived: 

cos(ϕ) ≈ −(1 −
Δ2

2
), Δ ≪ 1 (2.31) 

Using equation (2.31), and considering two identical mirrors with the same reflectance values 

(R1 = R2 = R), the equation of TFPI can be rewritten as: 
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TFPI =
(1 − R)2

(1 − R)2 + RΔ2
=

T2

(1 − R)2 + RΔ2
 (2.32) 

where the maximum transmittance occurs for Δ = 0. 

Usually, the most used FPIs’ figure of merit is its finesse (F). This parameter is given by 

the ratio of the phase-changes between half-maximum points on either side of a peak in the 

FPI reflection spectrum. For reflectance higher than 0.172, the finesse (ℱ) can be given by 

[37]: 

ℱ =
π√R

1 − R
 (2.33) 

Typically, FPIs fabricated in optical fibres present very low reflectance values. In those cases, 

and assuming  R ≪ 1 and R1 = R2 = R, one may write: 

RFPI ≅ 2R(1 + cos(ϕ)) (2.34) 

TFPI = 1 − 2R(1 + cos(ϕ)) (2.35) 

Since the FPIs developed in this thesis present very low reflectance values, the finesse 

parameter was not accounted for in the FPIs’ characterizations. Instead, the characterizations 

were conducted analysing the FPIs’ free spectral range (FSR) and its resonant wavelength 

shifts (λFPI,m). The FSR, which consists on the separation between the central resonant 

wavelengths of two adjacent peaks (λ1,2) of a FPI’s reflection spectrum, can be given by: 

FSR =
λ1λ2

2nL
 (2.36) 

From (2.36), one can conclude that any change in the FPIs’ refractive index, or in its cavity 

length, will influence the FSR value. 

To obtain the equation for ΔλFPI,m, equation (2.30) is rewrite in terms of λFPI,m, and m 

is assumed to be an integer (0, 1, 2, …), obtaining: 

ΔλFPI,m = (
Δn

n
+

ΔL

L
) λFPI,m (2.37) 

where Δn and ΔL are the refractive index and cavity length variations, respectively, due to 

external perturbations. 

2.4.2  FABRICATION METHODS 

There are several methods to fabricate Fabry-Perot interferometers within an optical fibre, 

depending on the final application. Also, as previously mentioned, an optical fibre sensor 
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based on FPIs can have an intrinsic or extrinsic configuration, depending on whether the 

cavity medium is composed by the optical fibre itself or not, respectively.  

 INTRINSIC FABRY-PEROT INTERFEROMETERS 

Generally, the optical fibre sensors based on IFPIs can have two internal mirrors (Figure 

2.9 (a)) or both an internal and an external one (Figure 2.9 (b)). Depending on the 

measurand characteristics and the sensors’ application, these mirrors may be fabricated by 

changing the refractive index of the optical fibres, or by adding different reflecting materials. 

 

Figure 2.9 – Schematic representation of optical fibre sensors based on IFPIs comprising (a) two internal 
mirrors, or (b) one internal and one external mirror. Note that in (a) the fibre end is not parallel to the 

internal mirrors to avoid creating multiple FPIs. 

There are several methods to fabricate internal mirrors on an optical fibre, either using 

simple and low-cost devices (e.g., splicing machines [53–56]), or more complex and 

expensive ones (e.g., femtosecond lasers [10,57,58]). In the first approach, usually a single 

mode fibre (SMF) is spliced with a special fibre (e.g., a hollow core fibre, HCF) to form a 

mirror, then this special fibre should be cleaved and spliced again with another section of 

SMF. If a direct-writing technique is used (with a femtosecond laser, for example), the 

mirrors can be directly inscribed into the optical fibre core, by focusing a laser beam at the 

desired mirrors’ positions. Typically, the direct-writing technique allows great flexibility and 

reproducibility, but the methods based on splicing techniques are way more affordable.  

For configurations where the mirrors are internal, one may assure that the optical fibre 

tip does not create an undesired mirror, which may result in multiple FPIs and, consequently, 

in parasite frequencies in the spectral response. To solve this, the optical fibre tip must be 

smashed or cleaved on a certain angle (~ 8º), or even an absorbent coating could be deposited 

on it. 

Regarding external mirrors, the most used techniques rely on depositing reflective 

materials on the optical fibre tip, which allows to use the IFPI as an optical fibre tip sensor, 

and to functionalize it according to the desired application [59–61]. However, one should 
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very carefully control the materials’ deposition parameters to avoid creating secondary Fabry-

Perot cavities. 

 EXTRINSIC FABRY-PEROT INTERFEROMETERS 

Like IFPIs, EFPIs have a wide range of possible configurations, mostly due to the 

different materials that can compose the cavity medium. The most common approaches are 

depicted in Figure 2.10: in (a), an external material is applied to work as a diaphragm and 

second mirror [62,63]; in (b), a thin film is used as cavity medium, and its interfaces work as 

mirrors [64,65]; in (c), a HCF is sandwiched between two other fibres (in Figure 2.10 (c), 

SMF and MMF were chose as examples) by the splicing technique, where the HCF interfaces 

are the EFPI mirrors [66,67]; and in (d), the EFPI cavity is formed by the gap between two 

optical fibres (as in Figure 2.10 (c)), but results from the fibres’ mounting with a capillary 

tube [68,69]. 

 

Figure 2.10 – Schematic representation of optical fibre sensors based on EFPIs comprising (a) an external 
diaphragm and an air cavity medium, (b) a thin film as cavity, (c) an air cavity formed by a hollow core fibre 

(HCF) sandwiched between a single and a multimode fibres (SMF and MMF, respectively), and (d) an air 
cavity contained by a capillary tube, a SMF and a MMF. 

Despite the majority of EFPI’s fabrication methods having low reproducibility, these FPIs 

can be easily functionalized, being a very useful tool to detect the presence of chemical 

compounds in many different fluids [70–73]. 
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2.4.3 FPIS’ SENSITIVITY MAGNIFICATION BY OPTICAL VERNIER EFFECT 

Despite being possible to fabricate OFSs based on FPIs with higher sensitivity values than 

other common sensing structures (e.g., FBGs and LPGs), the sensitivity magnification is 

limited by the sensors’ intrinsic characteristics, such as its physical properties, configurations, 

materials, etc. Recently, in an attempt to improve FPIs sensitivity limitations, researchers 

started to study the application of the optical Vernier effect (OVE).  

Vernier effect is often associated with calliper devices, where a sub-scale is used, in parallel 

with the principal scale, to increase the resolution and precision of linear measurements. The 

name was attributed in the 18th century after his inventor, Pierre Vernier (1580-1637), a 

French mathematician who became known for inventing several measurement devices, 

including the first metric calliper in the early 1630s [74,75]. There is some discordance among 

the scientific community on who was the original inventor of the Vernier scale, once Pierre 

Vernier instrument was based on the remarkable work of Pedro Nunes (Portuguese 

mathematician, 1502-1572), who invented the Nonius device, and the correspondent Nonius 

scale. Despite this, the term “Vernier” has been widely accepted as the correct term to 

describe the scale of callipers [76].  

Before its application in optical fibre sensors, the optical Vernier effect has been used for 

several years in spectroscopy, in which it is usually used along with frequency combs to 

improve the detection of gases [77,78], and widely explored in laser technology to extend the 

FSR of bandpass filters and perform modes suppression [79–84]. 

The first steps towards the application of the OVE in optical fibre sensors were taken in 

2014, where it was used as a sensitivity magnification tool for FPIs. In its simpler version, 

the OVE in optical fibre sensors can be attained by superimposing the spectra of two 

interferometers with slightly different FSRs and, consequently, slightly different frequencies. 

One can use FPIs in cascaded (series) or parallel configurations (Figure 2.11) to generate 

OVE, resulting in a spectrum modulated by a beating pattern, whose envelope’s peaks or 

valleys become the object of analysis in terms of wavelength shifts.  
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Figure 2.11 – Schematic representation of the interferometers configurations used to generate OVE: (a) 
cascaded and (b) parallel configurations. 

Among the first published works on this effect, one should highlight the paper published 

by Zhang et al. [85] as one of the most notable and important pioneer works. In his paper, 

Zhang et al. assembled two FPIs in a cascaded configuration, both fabricated by the SMF-

HC-PCF-SMF splicing technique, resulting in the reflection spectrum depicted in (Figure 

2.12). The characterization to axial strain and magnetic field revealed a sensitivity 

magnification of approximately 29 times (1.6 to 47.14 pm/µε, and 2.5 to 71.57 pm/Oe, 

respectively).  

 

Figure 2.12 – (a) Spectral response of the cascaded interferometric optical fibre sensor developed by Zhang 
et al. [85]. (b) Zoom-in of the valley used in the characterization process.  

During the following years, the use of OVE as a sensitivity magnification tool for optical 

fibre sensors’ emerged as a “hot-topic” in this scientific area, leading to unprecedent 

sensitivity values of a wide range of measurands, but mostly temperature [86–89], refractive 

index [90–93], strain [88,94–96], and pressure [11,97–99]. 

Whether the OVE is generated by a cascaded or parallel configuration, it can be 

categorized as one of the following three types [90] (Figure 2.13): 

i. Traditional Vernier effect – where one of the interferometers acts as a 

reference, and the second as the sensing element. In this case, the sensing element 
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should be sensitive to the desired measurand, and the reference interferometer 

insensitive to it, or kept free of external perturbations (Δλ1 = 0, Δλ2 ≠ 0); 

ii. Reduced Vernier effect – where both interferometers are exposed to the 

measurand, and have the same spectral behaviour,  i.e., the two interferometers 

spectra shifts towards the same direction under the same measurand variation 

(Δλ1 < 0, Δλ2 < 0 or Δλ1 > 0, Δλ2 > 0). Comparing with the previous type, 

the reduced Vernier effect results in lower sensitivity magnification values; 

iii. Enhanced Vernier effect – where the two interferometers spectra have an 

opposite shift when under the same measurand variation (Δλ1 < 0, Δλ2 > 0 or 

Δλ1 > 0, Δλ2 < 0). This is the preferred and ideal type of OVE, but often 

difficult to generate due to fabrication and materials constrains. 

 

Figure 2.13 – Spectral response for the three types of OVE on optical fibres sensors: traditional, reduced and 
enhanced. The solid coloured lines represent the FPIs’ optical spectra, and the dashed lines the envelopes of 

the superimposed spectra. Δλ1, Δλ2 and Δλenv represent the wavelength shifts of interferometer 1 and 2, and 
of the envelope of the superimposed spectra, respectively. The lowercase Tr, R and E stand for Traditional, 

Reduced and Enhanced Vernier effect, respectively. 

In this thesis, the OVE was used only in FPIs. Therefore, the following theory and 

mathematical equations only consider the OVE application in this type of interferometers. 
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 THEORETICAL BACKGROUND 

As in section 2.4.1, in the following theoretical description the two-wave approximation 

for interferometers is considered, and absorption or scattering losses are neglected. One 

should note that for the mathematical deductions, the OVE cascaded configuration was 

taken into account for simplicity purposes. If the parallel configuration was to be 

mathematically described, several additional parameters should be introduced, such as 

polarization, scattering and propagation losses, and coupling constant. 

In a typical FPI, the reflection spectrum (Ri) is given by [85]: 

Ri = ai + bi cos (
4πniLi

λ
) (2.38) 

where ai is the power “DC” bias, bi an interferometric constant,ni the refractive index of 

the FPI’s medium, Li the cavity length, and i identifies the FPI index. If two FPIs (FPI1 and 

FPI2) in a cascaded configuration are assumed, the resulted reflection spectrum is given by 

the sum of the FPIs’ individual reflection spectra: 

Rc = R1 + R2 = [a1 + b1 cos (
4πn1L1

λ
)] + [a2 + b2 cos (

4πn2L2

λ
)] (2.39) 

The spectrum obtained by equation (2.39) has a periodic modulation often analysed by 

an envelope function. As in FPIs, one of the figures of merit of such cascaded FPIs is the 

FSR of the envelope function (FSRenv), which, by definition, is expressed as: 

FSRenv =
λz+1λz

2OPLenv
 (2.40) 

whereOPLenv is the optical path length of the cascaded FPIs, and λz the central wavelength 

of a designated peak/valley z. Similarly, one may write the FSRs of FPI1 and FPI2 in terms 

of two adjacent peaks/valleys as:  

FSRi =
λz+1
i λz

i

2OPLi
 (2.41) 

where i indicates the correspondent FPI (i equal to 1 or 2). 

Considering that the FSRenv is measured between two in-phase peaks/valleys of the 

envelope, and that these peaks/valleys result from the interference between FPI1 and FPI2 

spectra, one should assume that both FPIs are in-phase/counter-phase at the FSRenv 

measured wavelengths. Therefore, the value of FSRenv may be given by FSRenv = xFSR1 =
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yFSR2. For the fundamental OVE, y = (x + 1), and the following relation can be 

considered x(FSR1 − FSR2) = FSR2 [100,101]. Then, equation (2.40) can be written as: 

FSRenv =
FSR2

(FSR1 − FSR2)
FSR1 (2.42) 

In the OVE traditional configuration, the magnification factor (M) generated by the two 

FPIs can be defined by two forms, either considering the ratio between FSRenv and FSR1,2 

(choosing between FPI1 and FPI2 depends on which interferometer will be used as sensor):  

M =
FSRenv

FSR1,2
 (2.43) 

or considering the ratio between the sensitivities of the envelope and the sensing FPI (Senv 

and SFPI1,2
, respectively): 

M =
Senv

SFPI1,2

 (2.44) 

Both definitions of magnification factor have different relative errors, which are directly 

dependent on the errors associated with the FSRs’ and sensitivities’ experimental values. In 

chapter 7, different optical fibre sensors based on OVE are presented, where the 

magnification factor values are obtained by both definitions and analysed accordingly. 
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 INTRODUCTION 

In this chapter, the theoretical background required to understand the interactions 

between femtosecond laser pulses and matter is presented, focusing on the involved non-

linear mechanisms and modification regimes on dielectric materials. The chapter ends with 

the description of the most important experimental parameters that should be considered in 

a direct-writing setup based on femtosecond laser exposure. 

 FUNDAMENTALS OF FEMTOSECOND LASERS 

The generation of ultra-short pulses relies on the ability to create laser pulses with a 

duration shorter than most of relaxation related processes, such as electron-to-lattice energy 

transfer, heat conduction and hydrodynamic expansion. Conventionally, a laser pulse should 

be defined as ultra-short if it has a pulse width of hundreds femtoseconds or less [13,102]. 

The term “femtosecond lasers” applies to any laser capable of emitting pulses with durations 

within the range of 1 to 1000 fs. Such extremely short pulses allow to achieve very high peak 

laser power, even with relatively low pulse energy. When compared to longer laser pulses – 

i.e., pulse duration in the nanosecond scale –, one can conclude that femtosecond lasers need 

much lower pulse’s energies than nanosecond lasers to achieve the same peak laser power. 

Therefore, femtosecond laser pulses should be capable to create the ideal conditions to 

trigger strong non-linear processes (multiphoton, tunnelling and avalanche ionization, 

Figure 3.1), leading to light-matter interactions which could permanently change the 

structures of a wide range of materials [103,104].  

Since the first demonstration of femtosecond lasers [105,106] (Figure 3.2), industry and 

researchers have been using them to process and manipulate almost any type of material. 

Depending on different factors, the materials’ processing can be divided in two main 

modifications regimes: removing material from a substrate (commonly known as laser 

micromachining); and changing its intrinsic structure, which can be used to modulate optical 

features of dielectric materials (glass, polymers and crystals), such as refractive index 

[104,107,108]. In this second modification regime, by using a focusing lens and tuning the 

laser wavelength and power, it is possible to use femtosecond laser pulses to modulate 

dielectric materials’ refractive index, not only on the surface, but also volumetrically deep 

inside the bulk material. Thus, femtosecond lasers allow the fabrication of highly regular 

micro- and nano-structures both on opaque and transparent materials, enabling the 
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development of complex devices with a wide range of possible applications, from high-

precision manufacturing to optical devices [104,107,108,14,109]. 

 

Figure 3.1 – Timescale (in seconds) of the physical phenomena involved in femtosecond laser-matter 
interaction. 

 

Figure 3.2 – Timeline of femtosecond laser technology and most relevant related works [110,111]. NPs 
stands for nanoparticles. 
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From this point on, all the presented femtosecond laser background refers to the 

interaction between light pulses and transparent materials, more specifically dielectric glasses 

and polymers. 

3.2.1 NON-LINEAR MECHANISMS 

When a femtosecond laser pulse with a high enough peak power is focused into a material, 

optical breakdown is observed. The photon energy of visible and NIR focused femtosecond 

lasers pulses is insufficient to generate linear absorption in glasses. Instead, the promotion 

of electrons from the valence band to the conduction band is triggered by nonlinear 

photoionization processes, namely, multiphoton and tunnelling ionization. If only these two 

nonlinear processes were accounted on the energy transfer from laser pulses to matter, there 

would exist a nonlinear dependency of the intensity required to permanently change a 

material with its bandgap. Considering that every material has a different bandgap energy, 

the nonlinear absorption would vary dramatically from material to material. However, 

avalanche ionization occurs in parallel to the nonlinear absorption processes. Since this 

ionization mechanism is only linearly dependent on laser intensity, it induces a small variation 

in optical breakdown threshold intensity with material bandgap energy. Due to this bandgap 

energy low dependency, femtosecond lasers are a premier option to fabricate structures in a 

wide range of materials [14,104,108,112]. 

 PHOTOIONIZATION 

In light-matter interaction between femtosecond lasers and dielectric materials, the direct 

excitation of an electron from the valence to the conduction band of a material is done by 

either multiphoton or tunnelling ionization. Although both could be described in the same 

theoretical framework, these mechanisms are conceptually different and highly dependent 

on the femtosecond laser characteristics, as Keldysh showed in 1964 [113].  

Multiphoton ionization, as the term suggests, occurs when an electron is excited to the 

conduction band by multiple photons (Figure 3.3). To achieve such behaviour, high laser 

repetition rate, as well as low laser pulses’ energy, are required. However, the light frequency 

(ν) must be lower than the one required for single photon absorption, and the number of 

photons (m) high enough to achieve the following excitation condition [103,104]: 

mhν > Eg (3.1) 

where h is the Planck’s constant and Eg the material’s bandgap. 
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In tunnelling ionization, the promotion of the electrons from the valence to the 

conduction band is proceeded by quantum tunnelling. This mechanism relies on the 

distortion of the band structure by electric fields strong enough to suppress the Coulomb 

well, reducing the potential barrier between the valence and conduction bands (Figure 3.3). 

Contrary to multiphoton ionization, tunnelling ionization is the predominant non-linear 

mechanism in lasers with high power and low frequencies. 

Mathematically, the transition between multiphoton and tunnelling ionization is described 

by the Keldysh parameter [103,104]: 

γ =
ω

e
√

mecnε0Eg

I
 (3.2) 

where ω is the laser frequency, I is the laser intensity at the focus, me is the effective electron 

mass, e is the fundamental electron charge, c, is the speed of light, n is the linear refractive 

index and ε0 is the permittivity of free space. Thus, if γ is greater than 1.5, multiphoton 

ionization dominates. Otherwise, tunnelling ionization is the predominant nonlinear 

mechanism. If γ is approximately 1.5, both photoionization processes occur.  

 

Figure 3.3 – Schematic representation of the band diagram for (a) multiphoton and (b) tunnelling 
ionizations. The curved arrows represent the incident photons, and the yellow dots and spheres the valence 

and excited electrons, respectively. 
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 AVALANCHE IONIZATION 

For avalanche ionization to occur, there must be seed electrons in the conduction band. 

These seed electrons can be present in the material due to impurities or defects but can also 

be generated by the aforementioned nonlinear photoionization processes: multiphoton and 

tunnelling ionization. As seed electrons will absorb energy from the incident photons, they 

can be promoted to higher energy states (Figure 3.4). Once the seed electrons reach an 

energy equal or higher than the conduction band minimum, they acquire enough kinetic 

energy to become “hot” electrons, which can ionize by collision other bound electrons from 

the valence band. Then, for each seed electron involved in this impact ionization, two 

electrons are promoted to the conduction band minimum, which can undergo the same 

energy promotion as the first seed electron (by free carrier absorption). This process is then 

repeated ceaselessly until the laser electromagnetic field in no longer present [102–104]. 

 

Figure 3.4 – Schematic diagram of the avalanche ionization mechanism. The yellow spheres represent the 
bound electrons, the blue spheres the positive charges and the red spheres the “hot” electrons. In the 
avalanche ionization section, N represents the Nth hot electron (red spheres) promoted by free carrier 

absorption. 

Over time, the avalanche ionization will heavily populate the conduction band, generating 

a plasma. This plasma has a critical density that occurs when the plasma oscillation frequency 

approaches the laser frequency, resulting in a breakdown of the transparent dielectric 

material. This process is characterized by the observation of a bright spark at the laser focus, 

followed by a high pitch noise.  

3.2.2  MATERIALS MODIFICATION REGIMES 

The above-mentioned nonlinear absorption mechanisms can trigger different types of 

modification regimes in transparent dielectric materials, which can be divided in two main 
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groups: refractive index modifications and voids formation/material removal. The difference 

between each modification regime lies on controlling several experimental parameters, such 

as pulse energy, duration and repetition rate, laser wavelength, focusing condition, scan rate 

and cycles, laser polarization and material properties [13,104,108,114]. Nevertheless, for the 

same material, one can shift between different modification regimes by simply changing the 

laser pulse energy, i.e. the laser peak power. Refractive index modifications, either smooth 

or birefringent, are often associated with low laser pulse energies [115,116]. On the other 

hand, high laser pulse energies are used to remove material from the sample surface or to 

create micro-explosions inside transparent materials, leaving voids/bubbles behind 

[117,118].  

Processing different materials with a femtosecond laser requires an extensive study and 

optimization of several parameters to attain the desired modification regime, which may 

result in a time-consuming process. However, this procedure is crucial to guarantee the 

quality of the final product, as well as its production’s feasibility and reproducibility. 

 REFRACTIVE INDEX MODIFICATION 

The refractive index modifications imposed by femtosecond laser interaction with 

transparent dielectric materials can be divided in two types: smooth and birefringent 

refractive index changes.  

To efficiently guide light in optical waveguides, these should have an isotropic regime of 

modification, i.e., a smooth and uniform refractive index modification along its length, such 

as in optical fibres. The refractive index modification induced by femtosecond lasers is not 

fully understood, despite many researchers attempts to reach a consensus. However, it is 

well-stablished that these induced refractive index changes could be partially explained by a 

fictive temperature model, a colour centres model and/or by material densification [104].  

The fictive temperature model defines that high density local structures are created after 

material’s fast quenching from a high temperature melt [114,116]. When this process takes 

place on a focusing spot of a transparent dielectric material, a permanent refractive index 

change occurs due to highly focused material’s densification. For different materials and laser 

inscription parameters, the refractive index will vary positively or negatively [119,120]. This 

could suggest that femtosecond lasers induce refractive index modifications by thermal 

processes, but this model cannot explain why two different laser systems (low energy 
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oscillator and high energy amplifier) with very different induced temperatures during 

inscription will produce similar refractive index modifications.  

First introduced by Hill and Meltz in 1997 [19], the colour centres in glasses have been 

widely associated with refractive index modifications induced by laser radiation [121–123]. It 

is accepted that if a femtosecond laser produces colour centres in a significant number and 

strength, it may induce a refractive index change through Kramers-Kronig mechanism, 

which defines that a change in material’s absorption spectrum leads to a change in refractive 

index [124]. Although many researchers verified the presence of colour centres in glasses 

exposed to femtosecond lasers [121,125,126], there is no experimental evidence that 

corroborate the link between them and refractive index modifications.  

The last mentioned model that could explain the refractive index modification by 

femtosecond laser exposure, ascribes the materials’ structural changes on the densification 

and stress imposed on glasses [125,127,128]. As the material localized in the laser focus spot 

suffers structural changes, the surrounding unexposed material experience stress, resulting in 

the so-called material densification. Despite the densification model fails to fully explain the 

refractive index modification by femtosecond lasers, it is the most likely mechanism 

responsible for the materials permanent change.  

The main difference between a smooth/uniform and birefringent refractive index 

modification of a transparent dielectric material relies, mainly, on the laser pulse energy. For 

each material, there is a pulse energy threshold below which a smooth and uniform refractive 

index modulation can be induced. Otherwise, the modification resulted from the laser pulses 

interaction with matter will induce birefringent refractive index modifications or even the 

creation of voids (for higher energy values) [129–131]. These birefringent behaviour induced 

by femtosecond lasers has been explored by researchers to produce devices suitable for 

microfluidic applications [104,132] and polarization dependent optical devices [133,134]. 

 VOIDS FORMATION AND MICROMACHINING 

Once reached the upper pulse energy threshold limit for birefringent refractive index 

modification, femtosecond laser pulses can generate shockwaves at the focal volume, 

creating less dense regions or voids inside materials, or even remove material from the 

surface. These modifications are due to high temperatures and pressures generated within 

the substrate by very high pulse energies (plasma), resulting in materials’ optical breakdown 

[13,104]. Once there is no ablation inside a material, the laser exposed material cannot be 
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ejected. Instead, the irradiated material will be concentrated in the walls of the void, resulting 

in a very high dense shell-like structure.  

Femtosecond laser micromachining consists on the removing of material from an opaque 

or transparent substrate’s surface. As mentioned above, this material’s modification uses the 

same mechanism as the one involved in the formation of voids inside transparent dielectric 

materials, but the laser beam focus needs to be near the surface of the substrate 

[102,104,110]. Often, this process is called ablation, where the material is expelled from the 

surface by a combination of plasma formation and micro explosions, which send the particles 

away from the substrate surface. To minimize residual deposition of molten material on the 

micromachined region, one could adjust the pulse energy or post-treat the device with a 

removing liquid reagent [104,135,136]. 

  DIRECT-WRITING PARAMETERS 

The results obtained by the interaction between femtosecond lasers and transparent 

dielectric materials depends on several parameters, ranging from the laser intrinsic properties 

to the translation platform characteristics. In this section, the main experimental parameters 

which may influence the optical devices’ fabrication are presented, focusing on the features 

that could impact the most the assembling of femtosecond laser systems. 

3.3.1 LASER PULSE ENERGY AND DURATION 

As mentioned above, the laser pulse energy is one of the most important parameters in 

the femtosecond laser interaction with matter. Depending on the numerical aperture of the 

focusing lens, it may determine the dominant modification regime that occurs on the 

focusing spot.  

For micromachining and ablation, pulses’ durations are usually broader and on the order 

of hundreds of fs. However, one needs to assure to keep the pulse below 1 ps and higher 

than 50 fs, assuring that avalanche ionization and thermal diffusion occur [137]. To better 

control refractive index modulations, one should account for the pulse peak power (Ppeak), 

which can be calculated by [138,139]: 

Ppeak ≈ χ.
Epulse

Δtpulse
 (3.3) 

where Epulse is the pulse energy, Δtpulse the pulse duration and χ assumes the values of 0.88 

or 0.94 for a Gaussian or  a sech2 shaped pulse, respectively. 
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3.3.2 LASER REPETITION RATE AND WRITING SPEED 

A femtosecond laser is considered to have a low repetition rate if it delivers less than, 

approximately, 100000 pulses per second (< ~100 kHz). At these low laser repetition rates, 

materials can thermally and mechanically relax between consecutive incident pulses, which 

leads to materials’ modification results very similar to the ones involved in the physical 

processes of light-matter interactions for a single pulse interaction, previously discussed in 

section 3.2.2. 

On the contrary, at high repetition rates the time between laser pulses is not enough for 

relaxation processes to occur, leading to an accumulation of heat on the focal spot [137]. 

Depending on the pulse energy and focusing lens (pulse intensity), the heat accumulation 

can be accelerated, which could be useful to decrease the time consumed in micromachining. 

However, one should account for the melting volume around the laser focus spot, which are 

highly dependent on the aforementioned parameters. On the other hand, high repetition rate 

femtosecond lasers can also be used to write optical waveguides, taking advantage of the 

higher refractive index modulations originated by the melting volumes left near the laser 

focus spot. 

The laser beam scanning speed takes a very important role in femtosecond laser 

processing, once it could decrease the number of pulses that interact within the same area. 

There are several writing techniques that take advantage of the translation speed to control 

the desired device features, such as in the inscription of fibre Bragg gratings [5,140,141]. 

3.3.3 FOCUS SYSTEM 

To improve the focusing of a femtosecond laser beam, one should account for the linear 

and non-linear optical effects that result from the interaction of the laser with a dielectric 

material. For a Gaussian femtosecond laser beam focused inside a dielectric material by a 

focusing lens, its diffraction-limited minimum waist radius (w0) is given by: 

where M2
 is the Gaussian beam propagation factor, NA the lens numerical aperture and λ 

the free space wavelength. The Rayleigh range (z0) of the laser beam inside a transparent 

dielectric material is then represented by: 

w0 =
M2λ

πNA
 (3.4) 
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where n is the material’s refractive index. The waist radius w0 and z0 are directly related to 

half the spot size and half the depth of focus, respectively. The above numerical 

considerations do not account for chromatic and spherical aberrations, which may cause a 

deviation in the intensity distribution near the focus. However, when choosing a microscope 

objective to integrate a femtosecond laser system, these aberrations should be accounted and, 

ideally, minimized by the objective itself. 

The main non-linear effect involved in the focusing of a femtosecond laser beam inside a 

transparent dielectric material is the Kerr effect. After exposing a transparent material to a 

laser beam, non-linear polarisation is generated in the dielectric medium, and the propagating 

laser beam is modified. This results in an intensity dependent refractive index, given by: 

where n0 is the linear refractive index, n2 the nonlinear refractive index and Ir,t the intensity 

profile of the laser pulse. Often, Kerr effect is associated with a so-called self-focusing effect, 

which is an extreme regime of Kerr effect where the Gaussian shaped laser beam has a power 

greater than the critical power (Pcr) related to the propagation medium: 

In this case, the Gaussian beam will generate a refractive index modification profile directly 

proportional to its intensity beam profile: the centre of the laser beam will cause the highest 

refractive index modification, and the other parts of the beam the lowest (Figure 3.5). The 

self-focusing effect could lead to collapse of the propagating laser beam, once the strength 

of the Kerr lens increases when the beam radius decreases. If plasma is generated inside the 

material, it will act as a diverging lens. Therefore, a balance between self-focusing and plasma 

defocusing could lead to filamentary refractive index modulations, which is undesirable for 

waveguide fabrication, but could be an interesting approach to fabricate optical devices, such 

as FBGs [8,142]. Kerr self-focusing effect can be suppressed by balancing the laser pulse 

energy and focusing conditions, which can be easily attained by using low laser pulse energy 

and a high NA microscope objective (to tightly focus the laser beam). 

z0 =
M2nλ

πNA2
 (3.5) 

n = n0 + n2Ir,t (3.6) 

Pcr =
0.3721πλ

8n0n2
 (3.7) 
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Figure 3.5 – Schematic representation of the interaction between a focused laser beam and a transparent 
dielectric material (optical fibre), along with its Gaussian intensity beam profile. 

3.3.4 POLARIZATION 

Femtosecond laser beam polarization is not a critical feature to most of the optical 

devices’ fabrication, but surely is a quality determinant factor since the absorbed energy is 

polarization-dependent [143]. Regarding the photoionization, the multiphoton ionization 

cross section is significantly higher for linear polarization than for circular polarization [137]. 

However, to inscribe waveguides a circular polarization is preferred due to the decrease in 

the propagation losses and for limiting the nonlinear refractive index change on the inscribed 

structure [114]. However, linear polarization is often used to inscribe optical devices in 

transparent dielectric materials, resulting in very similar performances when compared to 

devices fabricated by circular polarized femtosecond lasers [114]. 

In this thesis, all micromachined and optical devices were fabricated using a linear 

polarized laser beam. In the optical devices’ fabrication, the writing directions were chosen 

considering the laser beam polarization.  

3.3.5 MATERIALS AND LASER WAVELENGTH 

Depending on the material to work on, the corresponding band gap will be different, thus, 

influencing the multiphoton ionization. Furthermore, for different wavelengths of the 
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incident femtosecond laser, the order of multiphoton ionization will vary [137]. Then, for 

different conjugations of materials and laser wavelengths, an extensive study should be 

performed do determine the thresholds that will induce different modification regimes, 

namely, refractive index modulations and ablation. Also, as w0 is directly dependent on the 

λ, the smallest the λ, the tightest the laser focus spot will be. 

3.3.6 WRITING GEOMETRY 

The inscription of optical devices in transparent materials by a focused femtosecond laser 

beam can be done either in longitudinal or transverse configurations (Figure 3.6). Choosing 

one method over another depends, mainly, on the optical device’s application, since each 

configuration has different limitations.  

 

Figure 3.6 – Schematic representation of the (a) longitudinal and (b) transverse inscription configurations.  

In longitudinal configuration, the optical devices are inscribed parallel to the laser beam 

direction (Z direction, Figure 3.6 (a)). Thus, the optical device final length will strongly 

depend on the focusing lens working distance, which can range from few millimetres to tens 

of millimetres. Moreover, as this method implies that a portion of the laser beam waist passes 

through the material before the focused laser spot (Figure 3.5), spherical aberrations may 

occur, resulting in optical devices with poorer inscription quality for longer paths.  

To overcome the inscription length limitation of the longitudinal configuration, one may 

use the transverse configuration. In this case, the laser beam is scanned orthogonally 

relatively to the laser beam direction (X and/or Y directions, Figure 3.6 (b)), which leads to 

an inscription length limited only by the translation platform travel range, allowing the 
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fabrication of more complex 3D structures. Also, as the entire optical device can be inscribed 

at the same depth, no additional laser power modulation is required to obtain a uniform 

refractive index modification throughout the optical device. In this way, optical structures 

can be inscribed anywhere inside either planner or cylindrical (optical fibres) bulk transparent 

materials. However, since the ratio between the depth of focus (2z0) and spot size (2w0) 

may be different from 1 (refer to (3.8)), the inscribed optical waveguides should present an 

elliptical cross section, which could make it difficult to efficiently couple planar devices with 

optical fibres [104].  

z0

w0
=

n

NA
 (3.8) 
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 INTRODUCTION 

In this chapter, the implementation of the inscription and micromachining setup based 

on the femtosecond laser system installed at the laboratory of the Nanophotonics and 

Optoelectronics group – i3N/Aveiro, is presented. The compact femtosecond laser module 

is described, as well as the amplification technique used to achieve high energetic 

femtosecond laser pulses. The experimental setup basics are covered, including its optics and 

optomechanical parts and a brief description of the software used to control the system. 

Then, the alignment procedures are meticulously explained, focusing on the crucial steps 

required for the optical system optimization. To conclude the chapter, the laser direct-writing 

capabilities are assessed, and the optical characterization tools used in the optical fibre 

sensors’ characterization are presented.  

4.1.1  INTEGRA-C-1.0-F FEMTOSECOND LASER 

The inscription and micromachining setup used in this thesis is based on a femtosecond 

laser from the company Quantronix, model Integra-C-1.0-F. It consists on a compact and 

versatile solution, which includes a pump laser (Terra 527-30-M, Nd:YLF diode laser, 

emitting pulses with a width < 160 ns, a central wavelength of 527 nm, and a pulse energy  

>20 mJ at 1kHz repetition rate), a seed source (fibre laser, Calmar FPL-M2RFFTQR12), a 

pulse stretcher, an amplifier (regenerative and multi-pass), and a pulse compressor. A 

schematic of the Integra-C-1.0-F system layout is depicted in Figure 4.1.  

 

Figure 4.1 – Schematic representation Integra-C-1.0-F system layout (Adapted from [144]). (1) – Fibre laser, 
(2) – Terra laser, (3) – Ti:Sapphire crystal, (4) – Pockels cell, (5) – Grating.   
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The amplification technique used in Integra-C-1.0-F is based on chirped pulse 

amplification (CPA). This technique is used to overcome the typical high energy limitation 

related to the gain medium damage originated by such high intensity ultra-short pulses. 

Typically, CPA starts with the generation of a broadband shorter pulse by mode locking, 

followed by pulse stretching (pulse duration increased by a factor of 103 - 104), which 

significantly reduces its intensity. Then, the low intensity pulse is amplified, with a very low 

probability of gain damage, and recompressed to a pulse duration very similar to the input 

seed pulse (Figure 4.2). 

 

Figure 4.2 – Schematic of the chirped pulse amplification technique used in the Integra-C-1.0-F model.  

In Integra-C lasers, the pulse amplification is performed by two different amplifiers: a 

Regenerative Amplifier (RGA) and a multi-pass amplifier. The RGA consists on an amplifier 

very similar to a laser cavity/resonator, where the low energy chirped pulse is injected into 

the cavity using a time-gated polarization device (Pockels cell and thin film polarizer). Then, 

the pulse makes between 10 to 20 roundtrips through a gain medium, at which point the 

high energy pulse is switched out by a second time-gated polarization rotation. A low gain 

configuration is typically used in the RGA cavity to prevent amplified spontaneous emission 

(ASE) build-up. On the other hand, in the multi-pass amplifier there is no cavity involved in 

the multiple passages of laser beam through the gain medium. Therefore, ASE suppression 

is done by higher orders than with an RGA. Thus, multi-pass amplifiers have higher gain 

per-pass compared with RGAs, and can be used as power amplifier followed RGAs, as 

happens in Integra-C lasers. The Integra-C-1.0-F laser system output features are presented 

in Table 4-1. 
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Table 4-1. Integra-C-1.0-F laser system output parameters. 

Parameter Value 

Centre wavelength 800 +/- 10 nm 

Pulse energy > 1.0 mJ 

Repetition rate 1 kHz 

Pulse width < 130 fs 

Pulse to pulse stability < 0.5% rms 

Beam quality factor (M2 factor) < 1.3 

4.1.2 LASER SETUP COMPONENTS 

The femtosecond laser system installed at the laboratory of Nanophotonics and 

Optoelectronics group – i3N/Aveiro has two different possible configurations: one for 

direct-writing inscription and micromachining; and one for the inscription of FBGs through 

the phase mask method. Both configurations share several NIR optical components, such as 

three mirrors (M1-3), an optical attenuator, and a manual laser shutter/iris (Figure 4.3).  

  

Figure 4.3 – Photograph of the femtosecond laser system installed at laboratory of the Nanophotonics and 
Optoelectronics group – i3N/Aveiro. Note that the red laser beams were added as visual guides. I – 

iris/manual shutter, Mx – mirrors, At – optical attenuator, Pw – power meter sensing head, CL – cylindric 
lens, PM – phase mask, M-stage – 3-axis manual stage, CCD – charge-coupled device (CCD) camera system, 

O – NIR microscope objective, M-platform – motorized 3D platform. 

In the first setup configuration, an additional dichroic mirror (M5) is used to guide the 

laser beam onto a NIR microscope objective, and to allow real-time visualization of the 

fabrication processes by a CCD camera mounted vertically on top of it. After the microscope 
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objective, the laser beam is focused on the sample placed on a 3D motorized translation 

platform. When using the FBG phase mask inscription configuration, an additional NIR 

mirror (M4) is mounted on a removable holder, guiding the laser beam to a NIR cylindrical 

convex lens. After the lens, a phase mask is placed in an 2D manual alignment stage (ZZ and 

XX directions) just before the fibre holders’ platform. This last platform allows to adjust the 

fibres’ tilt/rotation and translate the fibre, and respective holders, in the XX direction.   

All the optics and optomechanical parts, as well as the Integra-C-1.0-F femtosecond laser, 

were mounted on an optical table with pneumatic isolation. The specifications of the main 

components are presented in Table 4-2. 

Table 4-2. Femtosecond laser setup optics and optomechanical parts specifications. 

Component Designation Specifications 

NIR silver coated 

mirrors 

Model G340525000, from 

Qioptiq 

Reflection >99% 

Spectral range = 500 nm – 12 µm 

NIR dichroic 

mirror 

Model DLHS755-840, from 

Qioptiq 

Reflection >99%  

Spectral range = 755-840 nm 

NIR microscope 

objective 

Model PAL-50-NIR-HR-

LC00, from Optosigma 

NA = 0.67, Magnification = 50×, 

Working distance = 10.0 mm 

CCD camera 
Model acA1600-20um - 

Basler ace, from Basler 

Resolution = 2 MP 

Frame rate = 20 fps 

3D motorized 

translation 

platform 

Two linear stages (XX and 

YY axis), model MFA-CC, 

from Newport 

Min. incremental motion = 0.1 µm, 

Travel = 25 mm, 

Max. speed = 2.5 mm/s 

One vertical stage (ZZ axis), 

model OSMS60-10ZF, from 

Optosigma 

Min. incremental motion = 0.1 µm, 

Travel = 10 mm, 

Max. speed = 4 mm/s 

Variable optical 

attenuator 

Model VA-800, from 

Newport 
Spectral range = 780-820 nm 

NIR cylindrical 

convex lens 

Model LJ1125L2-B, from 

Thorlabs 

Focal distance = 40.00 mm, 

Spectral range = 650-1050 nm 

   

4.1.3  CONTROL SOFTWARE 

To integrate all the motorized parts of the femtosecond laser inscription and 

micromachining system, three different control software applications were used: one to 

https://www.newport.com/p/VA-800
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acquire the real-time visualization by the CCD camera, one to set the samples’ initial position 

in the ZZ axis, and one custom LabVIEW application to control the samples’ XX and YY 

positions.  

The software used to control the camera settings, and record images, was the “pylon 

Viewer” distributed by Basler (Figure 4.4), which allows the user to select the camera 

opening time, frames per second, colour adjustment, iris aperture, among other important 

parameters. Furthermore, the software allows the recording of videos and photos, which is 

an important feature for post-analysis of the fabrication processes. 

 

Figure 4.4 – Layout of the pylon Viewer software used to interact with Basler camera. 

Regarding the control of the ZZ axis of the 3D platform, the “HIT Sample” software 

from Optosigma was used (Figure 4.5), which is an easy-to-use version that allows the user 

to define the stage movement speed and position, within the 10 mm travel range. 

The custom LabVIEW application, developed to control the XX and YY directions of 

the 3D platform (Figure 4.6), was built to allow the user to control several inscription 

parameters, such as: inscription/micromachining trajectory, linear stages movement speed 

and acceleration, and samples’ initial position. Depending on the desired devices’ design, 

different paths were instructed to the system by using different movement equations. For 
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example, in Figure 4.6 is depicted a version of the software built to inscribe FBGs with the 

line-by-line method (LbL). In this case, the user can insert the desired grating period (“ΛBragg 

(mm)”), the total FBG physical length (“FBG length (mm)”), and the planes width (“Core 

diameter (mm)”). This application allows real-time monitoring of the focus spot position 

(“XY Graph”), as well as the already completed trajectory (“Trajectory”).  

 

Figure 4.5 – Layout of the HIT Sample software used to control the motorized translation stage responsible 
for movements in the ZZ axis. 

 

 

Figure 4.6 – Layout of the custom LabVIEW application for the specific fabrication of a FBG with the line-
by-line technique. 
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4.1.4 ALIGNMENT PROCEDURE 

To assure fabrication repeatability and efficiency, the assembled femtosecond laser system 

(Figure 4.7) went through a rigorous primary alignment procedure for both system branches 

(direct-writing and phase mask setups), and a secondary alignment (fine tuning) performed 

each time a new optical fibre sensor is fabricated.  

 

Figure 4.7 – (a) Schematic representation of the assembled femtosecond laser system. (b) Photograph of the 
femtosecond laser system with the respective laser beam path. The top views of the attenuator and phase 
mask sections are presented in (c) and (d), respectively. Note that the red laser beams were added as visual 

guides. I – iris/manual shutter, Mx – mirrors, At – optical attenuator, Pw – power meter sensing head, CL – 
cylindric lens, PM – phase mask, M-stage – 3-axis manual stage, CCD – CCD camera system, O – NIR 

microscope objective, M-platform – motorized 3D platform. 
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As the primary alignment is an essential and crucial procedure that defines the final quality 

of the optical devices fabricated by the laser system, a significant amount of time was devoted 

to its optimization. Following, the main steps regarding the primary and secondary alignment 

procedures are presented. 

 PRIMARY ALIGNMENT 

Throughout the femtosecond laser system assembling, several alignments steps were 

performed to assure maximum efficiency at the end of the optical path. The most critical 

alignment steps are presented below (all optics and components abbreviations refer to 

Figure 4.7): 

I. After exiting the femtosecond laser housing, horizontally to the optical table, the 

laser output beam passes through the iris (I), being spatially filtered. In front of 

the iris, a mirror (M1) was placed at 45° to guide the laser beam to the optical 

attenuator (At), which is perpendicular to the laser beam path.  

II. At the optical attenuator exit, another mirror (M2) was placed at 45° with the 

optical table, changing the laser beam propagation plane to a vertical one. 

III. Before placing M3, the alignment was checked by adjusting M2 so the laser beam 

is perpendicular to the optical table. Also, the optical attenuator was manually 

adjusted and fixed to the optical table. From this step on, I, M1, M2 and At were 

maintained at the same position and alignment. 

IV. The third mirror (M3) was placed on top of M2 at 45°, changing the laser beam 

back to its initial horizontal plane. 

V. The laser beam was then directed to mirror M5, which was mounted at 45° to 

redirect the laser beam vertically. Then, a microscope objective was placed on 

the bottom of M5, and with the help of a CCD camera and a guiding target (cross 

drawn on a circular piece of paper) placed on the objective circular aperture, the 

laser beam was adjusted to hit the centre of the microscope objective. 

VI. Before mounting mirror M4 between M3 and M5, the alignment was verified by 

placing an auxiliary mirror on the top of the microscope objective for two 

reasons: to assure that the microscope objective was perpendicular to the laser 

beam, and to redirect any back-reflections out of the femtosecond laser output 

to avoid damaging the laser optics. To perform such alignment, M3, M5 and the 
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microscope objective tilt were adjusted sequentially (and iteratively) in the 

presented order, always trying to fit the laser beam in the centre of each optics. 

VII. The next step was to place the retractable mirror M4 between M3 and M5, so the 

laser beam could be directed to the phase mask setup when desired. Then, M4 

was adjusted so the laser beam was vertical to the optical table and centred at 

the cylindric lens. 

 SECONDARY ALIGNMENT 

After assembling all the optical and optomechanical elements, whenever the laser system 

is used to inscribe optical fibre sensors, a fine adjustment procedure is required either for 

using the phase mask or direct-writing setups. 

Phase-mask alignment 

I. After passing through the cylindrical lens, the laser beam is focus vertically 

onto a bare optical fibre. This sacrificial fibre is then adjusted in X, Y and Z 

directions (as well as in tilt and rotation) to be in the laser focus position and 

parallel to it. The optical fibre is assumed to be well-aligned with the laser focus 

when a scattering perpendicular line appears after the optical fibre. At the end 

of this step, the laser beam is blocked, the M-stage screws are fixed, and the 

optical fibre replaced with the one to be used for the FBG’s inscription. 

II. Then, the phase mask with the specified period is placed on a phase mask 

holder and adjusted in X, Y and Z directions to be in contact with the optical 

fibre, but without applying any additional strain to it. (Note that the phase mask 

holder is parallel to the optical table, and adjustable in rotation). 

III. After step I and II, the laser beam power is reduced to avoid damaging the 

optical fibre (optical power below ~50 µW measured by Pw), and the shutter 

is opened. Then, the interference pattern after the optical fibre is visually 

evaluated and, if small alignments are required, M4 will have to be adjusted 

accordingly. 

IV. When the optimum alignment is achieved, the laser beam is blocked, and its 

power adjusted to the required value for the FBG inscription. 

V. The alignment is finalized and the FBG’s inscription may proceed. 
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Direct-writing setup 

I. Before placing the optical fibre on the motorized platform, the laser power is 

set to a value of ~6 mW, originating a very small volume plasma (air ionization) 

at the microscope objective focus spot. Then, this bright drop-like volume is 

used as visual guide to adjust the focus of the CCD camera. When this step is 

complete, the laser beam is blocked, and the camera zoom and focus fixed. 

II. After step I, the 3D motorized platform is set to its rest position, and an optical 

fibre sample is placed onto the fibre holders, either with or without its coating 

(depending on the final application). 

III. Then, the optical fibre is scanned in the XX direction (Figure 4.7 (a)), until is 

centred with the image of the CCD camera (Figure 4.4). 

IV. Having complete step III, the optical fibre is translated vertically until one of 

the core/cladding interfaces is focused on the CCD camera image. Having 

reached the focus position, the optical fibre is set to its initial inscribing 

longitudinal position, and all inscription parameters are adjusted according 

with the desired structure (laser power, translation speed and design). 

V. The alignment is finalized, and the direct-writing inscription may proceed. 

 LASER DIRECT-WRITING PERFORMANCE ASSESSMENT 

Before proceeding to the fabrication of optical fibre sensors, several inscription trials were 

performed in microscope slides to assess the femtosecond laser system feasibility for direct-

writing. First, to evaluate the 3D platform mechanical stability, a high laser power (~0.200 W) 

was selected and different values of translation speed were used for one of the motorized 

linear stages (XX direction). In Figure 4.8, a microscope photograph of six waveguides is 

depicted. 

From the trial tests, one can conclude that for higher speeds, there is a greater waveguide 

irregularity. This system handicap may come from different factors, namely the low 

mechanical stability provided by the bearing mechanism of the motorized linear stages, the 

existence of several connection elements between each motorized stage and samples’ 

holders, and parasite vibrations (e.g. the laser cooling system equipment, ambient control 

equipment and computers). 
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Figure 4.8 – Microscope photograph of the waveguides inscribed in a microscope slide with different writing 
speeds (mm/s): (a) 2.5, (b) 2, (c) 1.5, (d) 1, (e) 0.5, and (f) 0.1. 

Despite the mechanical instability seemed to be the most critical parameter, in Figure 4.8 

(b) and (c) one can observe small periodic darker spots in the centre of the inscribed 

waveguide, indicating that a higher refractive index modulation may have occurred at these 

locations. These higher refractive index variations may come from the laser instability or 

from voids formation, which could compromise the use of this femtosecond laser system to 

fabricate devices with the point-by-point or line-by-line methods. To clarify this, the point-

by-point method was used to machine an unstripped sample of SMF-28e+ optical fibre. In 

Figure 4.9 is depicted a microscope photograph with the result of this process, for writing 

parameters similar to the ones used to inscribe waveguide (c) presented in Figure 4.8 (writing 

speed of 1.5 mm/s and a laser power of 200 mW, approximately). 

 

Figure 4.9 – Microscope photograph of micro-voids’ trail fabricated inside a silica optical fibre (SMF-28e+ 
from Corning). 

As can been in Figure 4.9, a trail of micro voids/bubbles with different diameters is left 

inside the optical fibre, evincing the unviability of using this set of parameters, specially the 

high energy values, to write gratings with the point-by-point method.  
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To assess the femtosecond laser system performance for a laser power below the damage 

threshold, several lines were inscribed on a microscope slide using a laser power of 400 µW 

and a writing speed of 2.5 mm/s (Figure 4.10). From these tests, one can conclude that the 

laser stability does not seem to have a critical impact on the grating inscription process, since 

each laser pulse seem to change the refractive index by the same proportion (same bright 

intensity in all spots of Figure 4.10). However, once again the mechanical instability of the 

system appears to constitute the major critical parameter. Further experimental tests which 

confirm this assumption, are presented on section 5.2.1.1. 

 

Figure 4.10 – Microscope photograph of a grating inscribed in a microscope slide with a laser power of 
400 µW, approximately. 

 OPTICAL CHARACTERIZATION TOOLS 

The optical characterization of the optical fibre sensors presented in this thesis were 

performed using different devices, depending on the configurations used (transmission or 

reflection) and on the sensors’ final features. These optical characterization devices can be 

divided as static or dynamic, depending on its acquisition rate.  

4.3.1 STATIC OPTICAL CHARACTERIZATION DEVICES 

 OSA AND BROADBAND LIGHT SOURCE 

To measure various optical fibre sensors spectra in reflection and transmission 

configurations, a setup comprising an optical spectrum analyser (OSA), an optical circulator 

and a light source was used (Figure 4.11). The light source used in both configurations was 

an Amplified Spontaneous Emission (ASE) broadband light source (model ALS—CL-17-B-

FA from Amonics), emitting in the C+L band (1528-1608 nm) with an average output power 

of 17 dBm. To acquire the spectra, an optical spectrum analyser (OSA, model MS9740A 

from Anritsu) was used, which has a wavelength measurement range of 600-1750 nm, a 

maximum wavelength resolution of 0.03 nm and a maximum input power of +23 dBm. For 

the reflection measurement configuration, an optical circulator is used, connecting the light 
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source in port 1, the optical fibre sensor under characterization in port 2, and the OSA on 

port 3 (Figure 4.11 (a)). To analyse optical fibre sensors in the transmission configuration, 

one simply needs to use the optical fibre sensor interconnecting the light source to the OSA 

(Figure 4.11 (b)). 

 

Figure 4.11 – Schematic representation of the reflection (a) and transmission (b) configurations used to 
analyse optical fibre sensors. 1, 2 and 3 represent the optical circulator’s ports. 

 MICRON OPTICS SM125-100 AND SM125-500 

The optical interrogators models SM125-100 and SM125-500, from Micron Optics, 

consist on a robust and compact solution to measure in reflection different optical fibre 

sensors, namely FBGs and FPIs (Figure 4.12).  

 

Figure 4.12 – Photograph of the optical interrogator model SM125-500, from Micron Optics. 

These models rely on a low-noise swept laser source to provide a wide input spectrum, 

capable of monitoring hundreds of sensors (depending on the interrogator’s number of 

channels). In Table 4-3, the main features of each model are presented. 
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Table 4-3. Micron Optics SM125 models specifications. 

Specification SM125-100 SM125-500 

Scan frequency 1 Hz 2 Hz 

Wavelength range 1520-1570 nm 1510-1590 nm 

Wavelength resolution/stability 5/5 pm 1/1 pm 

Dynamic range 40 dB 50 dB 

# Channels 1 4 

   

 HBM FIBERSENSING FS22SI 

The static optical interrogator model FS22SI, from HBM FiberSensing, S. A. (rack model, 

Figure 4.13), was used mainly in the FBGs thermal treatment procedures described in 

chapter 6. Being an open source module, a custom software application based on LabVIEW 

was developed, enabling the real-time data acquisition and processing. The FS22SI 

specifications are presented in Table 4-4. 

 

Figure 4.13 – Photograph of the optical interrogator model FS22SI from HBM FiberSensing, S. A. 

Table 4-4. FS22SI model specifications. 

Specification FS22SI 

Scan frequency 1 Hz 

Wavelength range 1500-1600 nm 

Wavelength 

resolution/stability 
0.5/1 pm 

Dynamic range >50 dB 

# Channels 8 
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 CUSTOM INTERROGATOR FOR 810-860 nm (I800) 

A portable optical interrogator (hereafter designated as I800) was built to operate in the 

spectral window of 810-860 nm, based on the interrogation monitor model I-MON 835 

OEM from Ibsen (refer to Table 4-5 for product’s specifications). A battery was integrated 

to allow real-time monitoring on remote sites without any access to power line. In Figure 

4.14 is depicted the I800’s final prototype. 

 

Figure 4.14 – Photograph of I800, a portable optical interrogator based on the I-MON 835 OEM model, 
from Ibsen. 

Despite having a built-in spectra measurement software (VersaSpec), a custom software 

application was built on LabVIEW environment (Figure 4.15), which allows to 

communicate with I800, to monitor optical fibre sensors spectra, and to perform real-time 

continuous acquisition of both treated and/or non-treated data. 

 

Figure 4.15 – Layout of the custom software application developed to work with I800. 
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Table 4-5. I800’s specifications. 

Specification Value 

Scan frequency <4 kHz 

Wavelength range 810-860 nm 

Wavelength resolution 0.5 pm 

Dynamic range 30 dB 

# Channels 1 

4.3.2 DYNAMIC OPTICAL CHARACTERIZATION DEVICES 

 HBM FIBERSENSING FS22DI 

The dynamic optical interrogator model FS22DI, from HBM FiberSensing, S. A. (Figure 

4.16), was used with optical fibre sensors developed for fast monitoring applications. The 

built-in software (BraggMonitor) allowed the real-time data acquisition and sensors’ 

monitoring. The FS22DI specifications are presented in Table 4-6. 

 

Figure 4.16 – Photograph of the optical interrogator model FS22DI from HBM FiberSensing, S. A. 

Table 4-6. FS22DI model specifications. 

Specification Value 

Scan frequency 500 Hz 

Wavelength range 1500-1600 nm 

Wavelength 

resolution/stability 
1/5 pm 

Dynamic range >25 dB 

# Channels 4 
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 CUSTOM INTERROGATOR FOR 1510-1595 nm (I1550) 

Based on the I-MON 512 USB interrogation monitor from Ibsen, a custom dynamic 

optical interrogator was developed (hereafter designated as I1550) to operate in the 1510-

1595 spectral window. In Figure 4.16 is depicted a photograph of the I1550’s final prototype, 

and in Table 4-7 its specifications are presented. 

 

Figure 4.17 – Photograph of I1550, an optical interrogator based on the I-MON 512 USB model, from 
Ibsen. 

Table 4-7. I1550’s specifications. 

Specification Value 

Scan frequency 3000 Hz 

Wavelength range 1500-1600 nm 

Wavelength 

resolution 
0.5 pm 

Dynamic range 30 dB 

# Channels 1 
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 INTRODUCTION 

In this chapter, all the optical fibre devices fabricated with the femtosecond laser system, 

during the doctoral programme, are presented, focusing on the fabrication methods and 

devices’ optical characterization. Two different types of optical structures were fabricated, 

which can be classified by the light/material interaction between the femtosecond laser and 

the optical fibre silica matrix: inscribed devices, where only a refractive index modification 

occurred (i.e., FBG, LPGs, and FPIs); and micromachined devices, where a portion of the 

optical fibre material was removed by laser ablation (microchannels, laser-etched fibres). 

Moreover, to mitigate the sensitivity limit paradigm of the optical fibre interferometric 

sensors (namely FPIs), the optical Vernier effect (OVE) was used. An extensive study on the 

FPIs fabrication parameters was carried out, based on numerical simulations, and several 

devices were fabricated and characterized. 

 FIBRE BRAGG GRATINGS 

All the FBGs presented in this section were fabricated and characterized exclusively by 

the author of this thesis. All the optical fibres used are commercially available, excluding the 

silica optical fibres doped with Er-MgO nanoparticles (I29 and M01), which were provided 

through a collaboration with Professor Daniele Tosi (Nazarbayev University, Nur-Sultan 

Kazakhstan) and Professor Wilfried Blanc (INPHYNI–CNRS UMR/Université Côte 

d’Azur, Nice, France). 

5.2.1 INSCRIBED FIBRE BRAGG GRATINGS 

As mentioned in chapter 4, the developed femtosecond laser system setup, installed at the 

laboratory of Nanophotonics and Optoelectronics group – i3N/Aveiro, comprises two 

different FBG’s inscription techniques: the direct-writing and phase mask methods. 

Regarding the direct-writing technique, two different versions were used: the point-by-point 

(PbP) and the line-by-line (LbL). 

 FBGS BY DIRECT-WRITING METHODS 

The inscription of FBGs with direct-writing techniques (PbP, LbL, plane-by-plane) by 

femtosecond lasers, has been exhaustively investigated throughout the last 20 years 

[5,7,8,140,145–151]. Typically, these femtosecond laser-based setups are extremely 
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expensive, not only because of the femtosecond laser module itself, but also due to the 

translation stages which should have high stability, accuracy and movement repeatability. In 

this thesis, a relatively low budget translation platform was assembled (Figure 4.7), in an 

attempt to achieve a cost-effective solution for FBGs’ inscription with a femtosecond laser 

system. 

Several 2nd order FBGs were inscribed by PbP and LbL techniques, in silica single mode 

optical fibres (model SMF-28e+ from Corning, [152]) and polarization-maintaining optical 

fibres (model PM1550B-XP from Nufern, [153]), with and without coatings. Prior to the 

FBGs’ inscription, the alignment procedure (section 4.1.4.2) was performed.  

Regarding the LbL method, it consists on a simple variation of the PbP where, for each 

refractive index modulation period, the optical fibre is translated perpendicularly to its core. 

It starts by placing the laser focus spot on the core/cladding interface, opening the laser 

shutter and moving the fibre until reaching the opposite interface. Then, after closing the 

laser shutter, the fibre is moved in the YY direction, by a length equal to the specified Λ, and 

aligned to its initial writing spot. The writing process is repeated until reaching the designated 

FBG’s length. 

The fabrication parameters of the FBGs with the best spectral results are presented in 

Table 5-1, and its respective spectra depicted in Figure 5.2: 

Table 5-1. Fabrication parameters of three FBGs inscribed in SMF-28e+ and PM1550B-XP fibres with 
direct-writing techniques. 

Optical 

fibre 

Inscription 

method 

Scanning 

velocity 

(± 0.001 mm/s) 

Laser 

power 

(± 1 µW) 

Λ 

(± 0.7 µm) 

Grating 

length 

(± 0.7 µm) 

SMF-

28e+ 

LbL 
0.020 (YY) 

0.005 (XX) 
200 1.1 10000.0 

PbP 1.050 230 1.1 10000.0 

PM1550

B-XP 
PbP 1.050 600 1.1 10000.0 

      

In Figure 5.1, a photograph of a section of the FBG inscribed in the PM1550B-XP fibre 

is depicted. From its visualization, it is clear that the final gratings do not have a refractive 

index modulation with uniform period and amplitude, which will have a massive impact in 

the gratings spectra (Figure 5.2 (c)). 
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Figure 5.1 – Photograph of the FBG inscribed with the PbP method in a PM1550B-XP fibre. The darker 
horizontal lines indicate the cladding/core interfaces and the vertical brighter ones the FBG’s mirrors. 

 

Figure 5.2 – Spectra of the FBGs fabricated in (a) uncoated SMF-28e+ fibre (LbL method), (b) coated SMF-
28e+ fibre (PbP method), and (c) uncoated PM1550B-XP (PbP method). 

Unfortunately, the majority of the inscription attempts did not result in a standard single-

peak FBG, but instead on an array of superimposed gratings (non-uniform gratings), as can 

be seen Figure 5.2. The best result was obtained for the stripped PM1550B-XP fibre sample, 

where a sharp peak appeared at the desired wavelength (λBragg=1551.403 ± 0.001 nm, Figure 

5.2 (c)), despite the formation of non-uniform gratings. These poor-quality results may be 

due the low mechanical stability of the system (specially the one provided by the translation 

platform screw-bearing), which did not allow the inscription of regular periodic gratings 

inside the core of optical fibres. 
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Considering the experimental constrains and the results presented in this section, as well 

as the impossibility to improve the mechanical translation platform, it was decided to deviate 

the FBGs inscription focus from the direct-writing method to the phase-mask method. 

 FBGS BY PHASE MASK METHOD 

The phase mask method is a well-stablished technique used to fabricate FBGs, either with 

nanosecond [154–159] or femtosecond [22,35,134,160–165] lasers. Despite each phase mask 

allowing to inscribe only one FBG (which may increase the inscription system cost if multiple 

gratings are required), this method provides high repeatability and accuracy, which are the 

most important required conditions for FBGs’ mass production systems. In this section, the 

fabrication parameters and spectral characteristics of FBGs inscribed by the developed phase 

mask setup (Figure 4.7), are presented. 

After performing the alignment procedures described in section 4.1.4.2, FBGs were 

inscribed in coated and uncoated optical fibres, namely SMF-28e+, photosensitive optical 

fibre (model GF1 from Thorlabs [166]), ultra-high NA optical fibres (model UHNA1 from 

Nufern [167]), and Er-MgO doped optical fibres. Despite hundreds of FBGs have been 

fabricated during the PhD, only the most relevant inscribed ones are presented below. Note 

that, since a static inscription approach was used, all the fabricated FBGs have a physical 

length of, approximately, 6 mm, which is slightly smaller than the laser beam diameter 

(~7 mm). This happens due to the laser Gaussian beam shape, as depicted in Figure 3.5, 

which induces very weak refractive index modifications on the laser focus spot edges.  

All FBGs were fabricated with the same phase mask, which has a pitch of 1072 nm (from 

Ibsen Photonics) and is optimized to inscribe 1st order gratings for a laser operating at 

795 nm. Based on the inscription parameters used, the inscribed FBGs were divided in two 

groups: in the first group (Group - A), very weak FBGs were inscribed (Type-I) in all available 

optical fibres; in the second group (Group - B), stronger FBGs (Type-I and Type-II, with a 

reflectivity values starting at ~30%) were written only in uncoated SMF-28e+ and Er-MgO 

doped optical fibres.  

• Group - A 

Since the optical fibre coating may be damaged by thermal effects, thus, making it 

impossible to write gratings, a compromise between the laser output power and the number 

of pulses delivered on the optical fibre had to be studied. Therefore, in the first trials of FBG 

writing in coated SMF-28e+, a laser power of 350 mW (measured before the cylindrical lens) 
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was used, along with laser “shots” of ~0.15 s (~150 laser pulses per shot), controlled by a 

manual shutter. The result of such inscription parameters was a multipeak FBG (Figure 5.3 

(a)), with a resonant central peak at (1551.479 ± 0.005) nm, and a maximum SNR of 8 dB, 

approximately. It was assumed that the multiple peaks were due to a Fabry-Perot cavity 

originated by the shrinkage of the optical fibre coating during the FBG inscription, probably 

caused by an excessive laser power and deficient fibre alignment. Therefore, extensive tests 

were conducted in which the fabrication parameters were varied. A gradual reduction of the 

laser power and an increase of the exposure time led to better FBGs’ inscription 

performances, reaching the best result for a laser power of 200 mW and 5 laser “shots” of 

0.15 seconds exposure time (~750 laser pulses in total). With this set of parameters, a single-

peak FBG was fabricated, with a resonant central wavelength at (1551.428 ± 0.001) nm and 

a maximum SNR of, approximately, 20 dB (Figure 5.3 (b)). 

 

Figure 5.3 – Reflection spectra of the FBGs fabricated in coated SMF-28e+ fibre with (a) a laser power of 
350 mW and 1 laser “shot” of 0.15 s, and (b) with a laser power of 200 mW and 5 laser “shots” of 0.15 s. The 
solid green lines represent the FBGs spectra, and the solid red line in (a) represents the Gaussian fit used to 

extract the resonant central peak.  

Regarding the gratings’ inscription in uncoated SMF-28e+, GF1 and UHNA1, a similar 

study on the fabrication performance was carried out by varying the laser power and fixing 

the exposure time at 20 s (20000 laser pulses, approximately). In all fibre samples, 2 cm of 

the coating was stripped from the fibre section where the FBGs would be inscribed. The 

FBGs with the best spectral characteristics were obtained for laser power values of 190, 150 

and 180 mW, in SMF-28e+, GF1 and UHNA1, respectively. In Figure 5.4, the final spectra 

of such gratings are depicted. 
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Figure 5.4 – Reflection spectra of the FBGs inscribed in uncoated SMF-28e+, GF1 and UHNA samples, 
with laser power values of 190, 150 and 180 mW, respectively, and a exposure time of ~20 s. 

Analysing Figure 5.4, is clear that for each optical fibre sample, different resonant central 

wavelength and SNR values were obtained. Regarding the wavelength discrepancy, it is due 

to different refractive index values of the optical fibres’ guided-mode, as well as the different 

strains imposed to the fibre samples when placing them in the fibre holders. The maximum 

SNR difference can be explained by several factors, such as the different laser power 

intensities, slightly different inscription times, and different fibre alignments due to different 

fibre core diameters (8.2, 9.0 and 2.5 µm for SMF-28e+, GF1 and UHNA1, respectively).  

• Group – B 

Based on the inscription results from Group – A, high-reflectivity gratings were fabricated 

by increasing both the laser power and inscription time. Two different fibres heavily doped 

with Er3+-MgO nanoparticles (NPs) were used to obtain high amplitude of the refractive 

index modulation, and a SMF-28e+ fibre was used as term of comparison.  

The doped fibres were fabricated and provided by Professor Wilfried Blanc and Professor 

Daniel Tosi from INPHYNI–CNRS UMR/Université Côte d’Azur (Nice, France) and 

Nazarbayev University (Nur-Sultan Kazakhstan), respectively. The fibres were labelled I29 

and M01 and differ in Er-MgO NPs’ concentration, and distribution, within the optical fibre 

cross-sections. In the M01 fibre the NPs distribution is uniform, contrary to I29 fibre, which 

has a non-uniform distribution with a lower NPs concentration in the centre of the fibre 

core. The “donut-like” distribution of the NPs in the fibre I29 results from a defect imposed 

in the fibre drawing process, which if it does not occur, M01 fibre is fabricated instead. The 

full fabrication details can be consulted in [168], where the fibre I29 is referred as “Fibre B”.  

Since I19 and M01 fibres are heavily doped with random distribution and particles size 

(~ 40 to 160 nm), the final fibre core effective refractive index is different from sample to 

sample, and very difficult to measure due to light scattering by the NPs.  
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Before testing the FBGs inscription in the femtosecond laser system, several tests were 

performed with a nanosecond UV laser system (described in Annex B). However, the NPs 

in the fibres act as “mirrors” for UV radiation, deflecting and scattering the UV laser beam 

and, thus, precluding FBGs to be inscribed.  

Regarding the use of the femtosecond laser system to inscribe FBGs in I29 and M01 

fibres, one takes advantage of the transparency of MgO and Ge particles to the laser 

wavelength (800 ± 10 nm), which minimizes the reflection/scattering problems, and of a 

small contribution from the Er3+ dopants, which have a absorption band (4I9/2) at 796 nm 

[169–171] and, therefore, facilitates the thermal processes involved in the refractive index 

change mechanisms. Then, it was expected a higher writing efficiency from these fibres than 

from SMF-28e+. 

The FBGs’ fabrication procedure was similar to the one used for GROUP – A, increasing 

gradually the laser power and exposure time. I29 and M01 samples of 3 cm were spliced with 

standard single-mode fibre with a pigtail connector, resulting in a total stripped length of 

5 cm, approximately. The SMF-28e+ sample used for comparison was prepared following 

the same protocol. 

The inscription process started with the M01 sample, using a laser power of 243 mW and 

20 s of exposure time. As can be seen in Figure 5.5, despite resulting in a high intensity peak 

in reflection with a resonant central wavelength at (1552.213 ± 0.001) nm, the noise baseline 

(~ −37.5 dBm) is too high for telecom applications, as well as for long range sensing. 

Therefore, and considering that the I29 fibre has a lower noise baseline, no further FBGs 

were inscribed in the M01 fibre. 

 

Figure 5.5 – Reflection spectrum of the FBG fabricated in an uncoated M01 sample, using a laser power of 
243 mW and an exposure time of 20 seconds.  

Regarding the inscription of FBGs in the I29 fibre, a longer exposure time was used 

(approximately 15 minutes), and the laser power was set to 245 mW. In Figure 5.6 is 
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depicted the I29 grating growth (in transmission) for 7, 9, 12 and 15 minutes of laser 

exposure, and together with the transmission spectrum of the FBG inscribed in SMF-28e+ 

after the 15 minutes. The final reflection spectra of both gratings are also presented in Figure 

5.6. Despite the notorious difference of the Bragg wavelengths values of both FBGs (which 

can be explained by the different effective refractive index modulation amplitudes and initial 

applied strain), the most significant difference is the contrast between the maximum 

transmission loss values: ~ 32 % (~ −1.7 dB) of the SMF-28e+ sample against the ~ 99 % 

(~ −20 dB) of the I29 grating. From this, one can conclude that the I29 fibre is much more 

suitable for FBGs’ fabrication with the femtosecond laser system than SMF-28e+ fibres. 

Even if lower inscription times are required, higher reflectivity values can yet be attained with 

I29 (e.g., for an inscription time of 7 minutes, a FBG with a reflectivity of ~96% can be 

achieved, Figure 5.6). However, it is evident that these high-reflectivity gratings should not 

be suitable for all applications, once they saturate in reflection (flat peak of the I29 FBG in 

reflection spectrum) and presents very high lateral lobes.  

 

Figure 5.6 – Reflection and transmission spectra of the FBGs inscribed in SMF-28e+ and I29 fibre samples, 
with a laser power of 245 mW and a total inscription time of 15 minutes.  

In Table 5-2, a summary of the fabrication parameters and spectral characteristics of all 

FBGs inscribed with the phase mask method is presented. 

 

 

 



Development and optimization of optical fibre sensors produced by a femtosecond laser 

76 

Table 5-2. Fabrication parameters and spectral characteristics of the most relevant FBGs inscribed by the 
phase mask method. 

 
Optical 

fibre 
Coating 

Writing 

time 

(± 0.15 s) 

Laser power 

(± 1 mW) 

SNRa 

(± 1 dBm) 

Rb 

(± 1%) 

GROUP 

A 

SMF-

28e+ 

Uncoated 20.00 190 32 -- 

Coated 0.75 200 20 -- 

GF1 Uncoated 20.00 150 33 -- 

UHN1 Uncoated 20.00 180 37 -- 

GROUP 

B 

M01 Uncoated 20.00 243 28 -- 

I29 Uncoated 900.00 245 -- 32 

SMF-

28e+ 
Uncoated 900.00 245 -- 99 

a – SNR measured in reflection 

b – Reflectivity (R) measured in transmission 

5.2.2 CHARACTERIZATION OF THE INSCRIBED FBGS 

To further study the spectral response of the inscribed FBGs, a preliminary temperature 

and strain characterization procedure was conducted on gratings fabricated by both 

inscription methods (direct-writing and phase mask). 

 TEMPERATURE 

If no strain variations (Δε) occur when a FBG is submitted to temperature variations (ΔT), 

its resonant central peak will suffer a wavelength shift (ΔλBragg) described as [15,20,30,37]: 

ΔλBragg = SFBG,TΔT (5.1) 

where SFBG,T is the FBG thermal sensitivity, dependent on αΛ and ξn (thermal expansion 

and thermo-optic coefficients, respectively): 

SFBG,T = λBragg(αΛ + ξn) (5.2) 

The thermal characterization of the fabricated FBGs was conducted on an in-house 

tubular micro-oven (entitled “µ-oven”, Annex A), with a resolution of 1 ºC. All FBGs were 

maintained free of applied strain, and its spectra monitored by an optical interrogator 

(Micron Optics SM125-100, section 4.3.1.2). In Figure 5.7, a schematic representation of 

the experimental setup is presented. 
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Figure 5.7 – Schematic representation of the experimental setup used in FBGs thermal characterization. The 
FBG is placed inside the µ-oven, free of applied strain. 

In Figure 5.8, an example of a FBG thermal characterization procedure is presented, 

considering a low reflectivity FBG inscribed in SMF-28e+. The FBG temperature was 

increased from 35 to 75 ºC, in steps of 5 ºC, and maintained 10 minutes at each temperature 

value. The same procedure was adopted for a decreasing temperature within the same range. 

From Figure 5.8 (a), it is clear that the resonant central wavelength suffers a red shift with 

increasing temperature (Figure 5.8 (a)). By analysing the mean wavelength shifts, and 

applying a linear fit to the experimental data (Figure 5.8 (b)), a temperature sensitivity of 

St = 10.6 ± 0.4pm/°C was attained. 

The above described temperature characterization method was used throughout all FBGs, 

attaining the sensitivity mean values presented in Figure 5.9. These temperature sensitivity 

values of all FBGs are in accordance with already reported works, considering its error bars. 

From Figure 5.9, one can conclude that the direct-writing methods used to fabricate the 

FBGs in PM1550B-XP and SMF-28e+ implies higher error bars, mainly due to the difficulty 

in monitoring the resonant peaks. However, the linear fits show good adjusted squared values 

(R2>0.97). 

Regarding the FBGs inscribed by the phase mask method, all present similar temperature 

sensitivities. One should highlight that I29A and I29B refer to the same FBG when submitted 

to two different temperature regimes: 35-75 ºC and 100-700ºC. In both cases the sensitivity 

values are very similar, differing only by 0.8 pm/ºC. In I29B, the thermal characterization 

allowed to presume that the FBG inscribed should be of Type-II, once its peak power 

decreased only 2.2 dB (measured in reflection, Figure 5.10) after kept at high temperatures 
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for, approximately, 70 minutes. Therefore, one can conclude that with this fibre, it should 

be possible to obtain highly stable FBGs, broadening its range of applicability. 

 

Figure 5.8 – (a) Spectrum evolution of a FBG inscribed in a SMF-28e+ sample, for different applied 
temperatures. (b) FBG’s resonant central peak shifts with temperature variations. The coloured circles 

represent the experimental data, and the solid green line the respective linear fit. 

 

Figure 5.9 – Thermal sensitivities values of the inscribed FBGs in the proposed fibres, obtained by linear fits 
of experimental data. The circles and squares represent the sensitivities of the FBGs inscribed by phase mask 
and direct-writing methods, respectively. All FBGs were characterized in the temperature range of 25 - 75 ºC, 

expect I29B, which was characterized between 100 and 700 ºC. 
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Figure 5.10 – Spectrum evolution of a FBG (inscribed in a I29 fibre sample) under high temperatures.  

 STRAIN 

Like what happens with temperature variations, the resonant wavelength of a FBG shifts 

with strain variations (Δε) by [15,20,30,37]: 

ΔλBragg = SFBG,εΔε (5.3) 

where SFBG,ε is the grating strain sensitivity, given by: 

SFBG,ε = λBragg(1 − pe) (5.4) 

where pe is the effective photoelastic constant of the fibre with a typical value of 0.22. 

In Figure 5.11 is depicted the experimental setup used to characterize the inscribed FBGs 

response to longitudinal strain. In all fibres, two portions of bare fibre were fixed with 

cyanoacrylate adhesive in a translation stage and in a fixed platform. Then, with the aid of a 

micrometre screw, the distance between both fixed points was increased and decreased, by 

pre-defined steps.  

 

Figure 5.11 – Schematic representation of the experimental setup used in the FBGs’ strain characterization. 
The FBG is represented by the red line, which is fixed between a translation stage and a fixed platform.   
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Considering the results obtained in the thermal characterization, only the FBGs inscribed 

in SMF-28e+ and I29 were characterized to strain, in order to compare the spectral response 

of weak and strong gratings. The SMF-28e+ and I29 FBGs were characterized in two 

increasing and decreasing cycles, up-to a maximum applied strain of 5914 and 5294 µε, 

respectively (Figure 5.12).  

 

Figure 5.12 – Resonant central peak wavelength shift with strain of the FBGs inscribed in SMF-28e+ (green) 
and I29 (blue). The coloured dots and lines represent the experimental data and its linear fits, respectively.  

The experimental data presented in Figure 5.12 refer to the mean values between all 

characterization cycles, for each FBG. Despite both sensitivity values being in accordance to 

typical FBGs, one can assume that the lower strain sensitivity of the FBG inscribed in the 

I29 fibre should come from a higher effective photoelastic constant provided by the NPs 

arrangement in the fibre.  

 LONG PERIOD GRATINGS 

All LPGs presented in this section were fabricated by the author of this thesis using the 

assembled femtosecond laser system installed at the laboratory of Nanophotonics and 

Optoelectronics group – i3N/Aveiro. All the experimental characterization was performed 

in Instituto de Telecomunicações - Aveiro, through a collaboration with MSc. Joana Vieira, 

Dr. Ana Rocha and Professor Margarida Facão. The experimental data treatment and analysis 

were performed by the author of this thesis.  

5.3.1 INSCRIPTION METHOD 

The LPGs fabricated during this PhD, were inscribed by the LbL method (lines parallel 

to the fibres’ core) within the assembled femtosecond laser system, using a commercial SMF-

28e+ optical fibre. The experimental setup used is similar to the one depicted in Figure 4.7 

(a), with the LPG inscription being monitored in transmission using the C+L optical source 

and the OSA (section 4.3.1.1). As happened with the FBGs’ inscription, the following 
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different inscription parameters were varied: laser power, period, grating length, number of 

fringes, and fringes width.  

The LPGs’ inscription started with the alignment of the optical fibre core with the laser 

focus. Then, the manual shutter was opened, and the fibre core was longitudinally translated 

by a distance equal to the desired fringe’s length. At the end of the longitudinal line 

inscription, the manual shutter was closed, and the optical fibre moved longitudinally by a 

distance equal to the LPG period minus the fringes’ length. This process was repeated until 

the transmission loss of one valley reached a maximum, within the 25 mm limit imposed by 

total displacement range of the motorized translation stage. To reduce the number of 

parameters to tune, the scanning velocity was set to 0.1 mm/s in the inscription of all LPGs. 

In Table 5-3, the fabrication parameters of the inscribed LPGs with the best spectral 

characteristics (named 1, 2, 3 and 4) are presented. The maximum transmission loss was 

calculated for the valleys near 1550 nm due to its relevance for telecommunication and 

sensing areas. In Figure 5.13, the transmission spectra of LPGs 1, 2, 3 and 4 are depicted, 

and the respective transmission valleys highlighted by a red dashed circle. 

Table 5-3. Fabrication parameters of four LPGs inscribed in bare SMF-28e+ fibres. 

LPG 

# 

Laser 

power  

(± 1 µW) 

Period 

(±0.7 µm) 

Number 

of 

fringes 

Fringes length 

(± 0.7 µm) 

Maximum 

transmission loss 

(± 1 dB) 

1 360 750.0 29 100.0 ~ 15 

2 360 750.0 30 100.0 ~ 5 

3 340 750.0 34 110.0 ~ 15 

4 350 750.0 34 100.0 ~ 2 

      

 

Figure 5.13 – Transmission spectra of LPGs 1, 2, 3 and 4. The red dashed circle highlights the transmission 
valleys characteristic of the inscribed LPGs. 
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From Table 5-3, one can conclude that by slightly changing the fabrication parameters, 

very different transmission spectra are obtained, especially when comparing maximum 

transmission losses. However, these spectra differences may come not only from the 

different inscription parameters, but also from inscription parameters fluctuations, such as 

mechanical instability of the translation platform, the human error introduced by the 

manipulation of the laser shutter, and laser power fluctuations that may occur over time. 

Nonetheless, all the presented LPGs have common transmission valleys for some 

wavelengths, more specifically near the regions of 1290, 1340, 1530 and 1640 nm. This 

should indicate that, despite the femtosecond laser system instabilities, one can attain 

reproducible results for similar fabrication conditions. 

5.3.2 CHARACTERIZATION OF THE INSCRIBED LPGS 

The manufactured LPGs were characterized in terms of its spectral valleys’ wavelength 

shift dependence on temperature and strain.  

 TEMPERATURE 

The LPGs thermal characterization was performed by encapsulating the sensors with a 

glass Pasteur pipette, and using a commercial thermal-bath device (model Eco Silver RE 415 

with a resolution of 0.3 ºC, from Lauda). Then, the temperature was increased and decreased 

from 25 to 60 ºC, in steps of 5 ºC. From the three LPGs previously presented, LPG 4 was 

selected to be characterized, since it showed a very interesting thermal response for two 

different transmission valleys (near 1380 and 1620 nm). In Figure 5.14, the thermal 

characterization curves of the LPG 3 are depicted. 

 

Figure 5.14 – Wavelength shift of the LPG 4 valleys, centred near 1380 (blue) and 1620 (green) nm, with 
temperature variations. The coloured dots represent the mean values of the experimental data related with the 

increasing and decreasing temperatures, and the lines its respective linear fits. 
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The attained temperature sensitivities of LPG 4 were (89 ± 0.005) and 

(109 ± 0.005) pm/ºC, for the valleys near 1380 and 1620 nm, respectively. These results 

indicate that these two transmission valleys should be related with two different coupling 

modes, as expected. Furthermore, the temperature sensitivity values are in accordance with 

already reported works [43,49,172], which corroborates the observed LPG’s behaviour. 

 STRAIN 

The strain characterization was conducted in an experimental setup similar to the one 

used for FBGs, but with different applied strain ranges. The highest sensitivity values were 

obtained in the LPG 3 characterization, depicted in Figure 5.15. Before applying different 

strains, a portion of the fibre containing the LPG was stripped by a length of 132 mm, and 

its ends fixed to a manual translation stage and a fixed anchoring block. Then, the strain 

characterization was conducted for the two transmission valleys near 1300 and 1535 nm, for 

increasing and decreasing strain values between 0 and 1515.15 µε, approximately. 

 

Figure 5.15 – Wavelength shift of the LPG 3 valleys, centred near 1300 (blue) and 1535 (green) nm, with 
applied strain. The coloured dots represent the mean values of the experimental data related with the 

increasing and decreasing applied strains, and the lines its respective linear fits. 

Strain sensitivities of (−1.75 ± 0.05) and (−2.14 ± 0.06) pm/µε were achieved for the 

transmission valleys near 1300 and 1535 nm, respectively. Again, these sensitivity values are 

in accordance with already reported works [173–175], which supports the use of the 

implemented femtosecond laser system to fabricate LPGs in standard optical fibres. 

 FABRY-PEROT INTERFEROMETERS 

All the inscribed Fabry-Perot interferometers presented in this document were fabricated 

by the author of this thesis, using the assembled femtosecond laser system, installed at the 

laboratory of i3N – Nanophotonics and Optoelectronics group – i3N/Aveiro. As happened 

with FBGs, all the optical fibres used are commercially available, expect a special fibre doped 
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with Er-MgO nanoparticles (named I29), which were provided through a collaboration with 

Professor Daniele Tosi (Nazarbayev University, Nur-Sultan Kazakhstan) and Professor 

Wilfried Blanc (INPHYNI–CNRS UMR/Université Côte d’Azur, Nice, France). 

5.4.1 INSCRIPTION METHOD 

The direct-writing technique was used to inscribe all the FPIs, adopting one of two 

possible configurations: Bulk or Parallel planes. 

 BULK CONFIGURATION 

In the bulk configuration, the femtosecond laser focus spot is aligned using the same 

procedure as for the inscription of FBGs by the PbP method (section 5.2.1.1). After 

completed the alignment, the optical shutter is opened, and the optical fibre translated, at a 

designated velocity (vy), by a distance equal to the desired FPI length (LFPI). At the end of the 

movement, the laser shutter is closed. The final optical structure consists on a section of the 

optical fibre core with a modulated refractive index, where its’ ends acts as the interferometer 

mirrors (Figure 5.16).  

 

Figure 5.16 – Microscopic photograph of a FPI fabricated in a SMF-28e+ fibre, using a bulk configuration. 

To assess the feasibility of such FPIs’ configuration, several attempts on inscribing FPIs 

in SMF-28e+ fibres were performed, either with or without the optical fibre coating. The 

best results were obtained for uncoated fibres, and the spectra of the two FPIs with higher 

visibility values are depicted in Figure 5.17. The correspondent fabrication parameters are 

presented in Table 5-4. 
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Figure 5.17 – Spectra of the inscribed FPIs using a bulk configuration. (a) and (b) correspond to the spectra 
of the FPIs B1 and B2, respectively. 

As can been seen in Figure 5.17, the bulk configuration does not allow to obtain clean 

FPIs spectra and the characteristic well-defined periodic peaks/valleys. Instead, one should 

be in the presence of a superposition of several FPIs resulting in a complex spectral response, 

since the inscribed FPIs’ refractive index change is not homogeneous. The explanation of 

such imperfections relies on the same factors pointed out in sections 5.2.1.1 and 5.3.1 (FBGs 

and LPGs inscription): the mechanical instability of the translation platform, the human error 

introduced by the manipulation of the laser shutter, and laser power fluctuations. Moreover, 

since the laser beam focus diameter is much smaller than the one of the optical fibre cores, 

the FPIs mirrors are not uniform over the core’s cross-section, which could result in the 

excitation of different propagation modes, thus affecting the final spectral response. 

 PARALLEL PLANES CONFIGURATION 

Since the laser focus spot can be adjusted to be very small (>2 µm of diameter), one can 

use the femtosecond laser system to fabricate FPIs using a parallel planes configuration. In 

this approach, the FPIs mirrors are written perpendicularly to the optical fibre core, and the 

FPI cavity is leaved unmodified, thus making the FPI medium refractive index equal to the 

intrinsic one of the optical fibre core. The inscription process is similar to the one used to 

inscribe FBGs with the LbL method (section 5.2.1.1), but with a longer distance between the 

two FPI’s mirrors and different mirrors’ size. A microscopic picture of a typical FPI inscribed 

in this configuration is depicted in Figure 5.18. 
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Figure 5.18 – Microscopic photograph of a FPI fabricated in a SMF-28e+ fibre, using a parallel planes 
configuration. 

Several FPIs were inscribed in both SMF-28e+ and I29 fibres, with and without coating. 

The mirrors cross-section was chosen to be larger than the optical fibres core, assuring flat 

interfaces to minimize undesired reflections and the coupling of different propagation 

modes. The spectra of the best results obtained with this configuration are presented in 

Figure 5.19, using a mirrors length of 30 µm, approximately. The remaining fabrication 

parameters of FPIs P1 – 4 are presented in Table 5-4. 

 

Figure 5.19 – Spectra of the inscribed FPIs using a parallel planes configuration. (a), (b), (c) and (b) 
correspond to the spectra of the FPIs P1, P2, P3 and P4, respectively. 
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Table 5-4. Fabrication parameters and spectral characteristics of the most relevant inscribed FPIs. The letters 
“B” and “P” indicate the FPIs’ configuration (bulk and parallel planes, respectively). All FPIs were written in 

SMF-28e+, except P2 which were inscribed in a I29 fibre sample. 

FPI Coating 

vx,y 

(± 0.001 

mm/s) 

LFPI 

(± 0.7 µm) 

Laser power 

(± 1 µW) 

SNRa 

(± 1 dBm) 

B1 Uncoated 0.050 195.0 350 15 

B2 Uncoated 0.040 200.0 345 11 

P1 Uncoated 0.100 100.0 366 10 

P2 Uncoated 0.100 300.0 342 7 

P3 Uncoated 0.040 1500.0 434 7 

P4 Coated 0.050 220.0 370 7 

a – SNR measured in reflection 

vx,y – Inscription scanning velocity in the xx or yy direction, depending on the FPI configuration (parallel planes or bulk, respectively)  

From Figure 5.19 and Table 5-4, one can conclude that the parallel planes configuration 

allows to generate FPIs with periodic spectral response and regular visibility over the full 

range. The lower visibility of the FPIs inscribed in a parallel planes’ configuration may be 

explained by its lower reflective mirrors, which are directly related with the lower refractive 

index modulation induced in a narrower width, comparing with the FPIs inscribed with the 

bulk configuration.  

The irregularity of P2 spectrum may come from the inhomogeneous refractive index 

modulation of its respective mirrors, once the Er-MgO nanoparticles are randomly dispersed 

in a donut-like shape in the fibre core. Nonetheless, its peaks/valleys are clearly visible and 

can be easily monitored, as will be discussed in the following section. 

In conclusion, the main advantages of the parallel planes against the bulk configuration, 

are the freedom of specifying almost any FPI length, since the travel range of the translation 

platform is not a limitation, and the better spectrum quality due to the higher transversal 

uniformity of the FPIs’ mirrors. 

5.4.2 CHARACTERIZATION OF THE INSCRIBED FPIS 

Preliminary temperature and strain sensitivity characterization was conducted on the 

developed FPIs, based on both bulk and parallel planes configurations. The FPIs spectra 

were monitor for increasing and decreasing cycles, in terms of the wavelength shifts of a 
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designated peak/valley. The FPI inscribed in the I29 fibre (P2) is used as an example in the 

following characterization description. 

 TEMPERATURE 

The setup described in section 5.3.2.1 and depicted in Figure 5.7 was also used in the 

FPIs thermal characterization. The process started by inserting the FPIs in the µ-oven, setting 

the initial temperature to 30 ºC, followed by increasing the temperature with steps of 10 ºC, 

until reaching 70 ºC. Then, the same procedure was performed for a decreasing regime, until 

returning to 30 ºC. Before acquiring the FPI spectrum, each temperature was maintained 

constant for 10 minutes to achieve the system’s thermal equilibrium. To assess the spectral 

shift and perform the FPI’s thermal characterization, the FPI P2’s peak near the 1531 nm 

was selected, monitoring its centroid’s wavelength shift (obtained by applying a Gaussian fit) 

over the applied temperature range. The results are depicted in Figure 5.20. 

 

Figure 5.20 – (a) Spectrum evolution the FPI P2 inscribed in a I29 fibre sample, for different temperatures. 
(b) P2’s peak wavelength shifts with temperature variations. The coloured circles represent the experimental 
data (mean values between increasing and decreasing temperature), and the solid brown line the respective 

linear fit. 

The above described thermal characterization was used in FPIs B1, P1-P4, and its 

respective thermal sensitivity values are depicted in Figure 5.21. 
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As can be seen in Figure 5.21, B1 and P1 present the higher error bars, mostly due to 

human error during the experimental characterization. All the attained sensitivities are within 

the already reported works [12,58,176,177], ranging from 8.6 to 10.2 pm/ºC. 

 

Figure 5.21 – Thermal sensitivity values of the inscribed FPIs (in bulk and parallel planes configurations), 
obtained by linear fits of experimental data. All FPIs were characterized in the temperature range of 30 – 

70 ºC, in steps of 10 ºC 

 STRAIN 

Similar to the thermal characterization, the strain characterization protocol used for FPIs 

is equal to the one used for FBGs (section 5.2.2.2 and Figure 5.11), with applied strain ranges 

between 0 and 4000 µε. Again, FPI P2 is used to describe the strain characterization protocol. 

Two portions of the I29 fibre were stripped, leaving P2 in the middle, and fixed with 

cyanoacrylate adhesive in a translation stage and a fixed block. By moving the translation 

stage, five different strain values were applied to P2, between 0 a 4000 µε, and the P2 

spectrum recorded for each step. In Figure 5.22, the strain characterization curve of P2 is 

depicted. 

 

Figure 5.22 – P2’s peak wavelength shifts with strain variation. The coloured circles represent the 
experimental data (mean values between increasing and decreasing temperatures), and the solid brown line 

the respective linear fit. 

To avoid redundancy, only the strain sensitivity values of P1, P2 and P3 are presented in 

Figure 5.23. 
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The FPIs strain sensitivity values, ranging from 0.79 to 1.2 pm/µε, are in accordance with 

already reported values [178,179]. Furthermore, recalling the FPIs physical lengths (LP1 <

LP2 < LP3), one can conclude that the longer FPIs physical length is, the lower its strain 

sensitivity will be, which agrees with the model proposed by Ferreira et al. in [180]. 

 

Figure 5.23 – Strain sensitivities values of the inscribed FPIs (parallel planes configurations), obtained by 
linear fits of experimental data. All three FPIs were characterized in the strain range of 0 – 4000 µε, 

approximately. 

 DEVICES ENHANCED BY VERNIER EFFECT 

As mentioned in section 2.4.3, the OVE can be used to magnify any FPI sensitivity, 

reaching unprecedent sensitivity values. As such, the OVE was used to improve the 

sensitivity of the already fabricated FPIs (previous section), using the implemented 

femtosecond laser system. 

In this section, a numerical simulation is used to determine the sensing FPI (sFPI) cavity 

length that optimizes the OVE with a predefined reference FPI (rFPI). Then, the acquired 

values are used to fabricate the sFPI in a cascaded configuration with the rFPI, using the 

femtosecond laser system, followed by thermal and strain sensitivity characterisation. 

5.5.1 SIMULATION 

The numerical simulation was build based on the theoretical equations described in 

section 2.4.3.1, namely equations (2.38) - (2.43).  

The simulation started by assuming that the sFPI would be fabricated based on the rFPI 

initial conditions (LR and nR), the desired M and the sFPI medium effective refractive 

index (nS). Therefore, LS should be defined in function of all the other parameters. 

Considering equation (2.43), and assuming the rough approximation of λ1
i , λ2

i = λ2, one may 

write M as: 
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M = |

λ2

2OPLR

λ2

2OPLR
−

λ2

2OPLS

| (5.5) 

which can be rearranged as: 

1

OPLRM
= |

1

OPLR
−

1

OPLS
| (5.6) 

Depending on the OPLs relationship, one may obtain two different results when solving 

equation (5.6) for LS: 

LS =
MnRLR

(M + 1)nS
 OPLR > OPLS (5.7) 

LS =
MnRLR

(M − 1)nS
 OPLR < OPLS (5.8) 

As an example, the rFPI was chosen to be similar to FPI P3 from Table 5-4, with a 

LR = 1500 µm and a nR= 1.4677. The desired magnification factor was set to 100, and the 

FPIs visibilities set to 1 a.u. The complete list of the numerical simulation parameters is 

presented in  Table 5-5.  

Table 5-5. Parameters used in the LS numerical simulation. 

Parameter Value 

aR, aS 1 a.u. 

λ 1500 – 1600 nm 

Δλ 0.001 nm 

nR, nS 1.4677 RIU 

LR 1500 µm 

M 100 

  

The routine was run on MATLAB, achieving a value of 1515.15 µm for LS. The rFPI, 

sFPI and cascaded FPI (cFPI) spectra are depicted in Figure 5.24. Note that the spectral 

range used in the numerical simulation was chosen based on the spectral range of the 

measurement devices available in the laboratory. 
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Figure 5.24 – Simulated spectra (left), and its respective zoom-in (right), of (a) rFPI, (b) sFPI and (c) cFPI 

for the LS value of 1515.1515 µm. The red and orange solid lines in (c) are the upper and lower envelopes of 
the cFPI spectrum, respectively. 

5.5.2 INSCRIPTION METHOD 

The sFPI was inscribed by the same method used for the rFPI (FPI P3 from section 

5.4.1.2), with the difference on the FPIs’ cavity length. Despite the numerical simulation 

retrieving an optimal LS value of 1515.15 µm, the sFPI cavity length was set to be 1515.1 µm, 

since the translation platform has a resolution of 0.1 µm. Note that the resultant M value 

should be slightly different in this case, presenting a value of 99.7, approximately. 

To minimize the spectral noise added by undesired interferences between both FPIs, as 

well as to facilitate the cFPI characterization, the sFPI was inscribed at a distance of 210 mm 

from rFPI. All the sFPI’s laser system inscription parameters were the same used in the rFPI 

fabrication, including the length of the optical fibre stripped section. In Figure 5.25, the 

spectra of the inscribed rFPI, sFPI and cFPI are depicted. 

Note that the peak/valley resonant central wavelength of the lower/upper envelope is 

not equal to the acquired in the numerical simulation (Figure 5.24 (c)). This might be related 

to the environmental parameters which were neglected in the simulation, as well as the 

different LS values. It is also clear that the peak/valley sharpness could be improved if the 

FPIs visibilities had equal values. Nonetheless, the cascaded FPI presents a typical modulated 

spectrum originated by OVE, enabling its thermal and strain sensitivity characterization. 
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Figure 5.25 – Spectra of the fabricated (a) rFPI, (b) sFPI and (c) cFPI. The red and orange solid lines in (c) 
are the upper and lower envelopes of the cFPI spectrum, respectively.  

5.5.3 CUSTOM MONITORING SOFTWARE 

As the cFPI spectrum needs to be monitor in terms of upper and lower envelopes, with 

the commercially available software packages, a real-time monitoring is not possible. 

Therefore, a custom software application was developed in LabVIEW environment to work 

with the optical interrogator I1550 (section 4.3.2.2). The developed application fits many 

monitoring purposes and allows to define several parameters, categorized as “Acquisition”, 

“Detection”, “Saving” and “Envelope” parameters (Figure 5.26). 

As “Acquisition Parameters”, one may define the sample frequency (0 to 3000 Hz), and 

the input optical power, by manipulating the integration time of the spectrometer (> 3 µs), 

depending on the specific field of application and environment conditions. However, one 

should notice that higher integration times will compromise the sampling rate. 

Regarding the “Envelope Parameters”, one can choose the algorithm, its polynomial 

order and the number of left and right points that better fits the monitored spectrum 

(displayed in “Spectrum & Envelope” graph). After the “Envelope Parameters” are set, the 

“Detection Parameters” can be chosen, namely, the envelope to monitor (which can be 

selected by choosing “Peaks” or “Valleys” for the lower or upper envelopes, respectively), 

the Gaussian fit width and threshold, and the index (which defines the peak/valley that will 

be monitored).  
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Finally, the “Saving Parameters” allows to store all the data associated with the wavelength 

variation (displayed in “Wavelength Graph”) of the selected peak/valley monitored during 

the period of time, defined at “Time to save (s)”. 

 

Figure 5.26 – Layout of the custom software application developed to monitor the spectra of FPIs and the 
envelope spectral shift enhanced by OVE. 

5.5.4 CHARACTERIZATION OF THE INSCRIBED DEVICES 

Both thermal and strain characterization experimental setups are equal to the ones used 

to characterize the FPIs presented in section 5.4.2, with the respective differences in the 

temperature and strain ranges. 

 TEMPERATURE 

To assess the temperature sensitivity of the fabricated cFPI, and since the sensor consists 

on a traditional OVE, the rFPI was left outside the µ-oven (assuring constant temperature) 

and free of applied strain. The temperature was then increased and decreased in steps of 

5 ºC, from 30 to 60 ºC. The measurand on each temperature cycle was the centroid’s 

wavelength shift of the lower/upper envelope, obtained by applying a Gaussian fit. As a 

visual guide, in Figure 5.27 the spectrum evolution for the increasing temperature cycle is 

depicted, where the blue shadowed area indicates the envelopes’ peak/valley red shift. 

As can be seen by the blue area depicted in Figure 5.27, the cFPI spectrum envelopes 

suffer a large shift throughout the increasing temperature. For comparison, the sFPI was also 

characterized separately, using the same procedure and considering only one spectrum peak. 

In Figure 5.28, the thermal characterization curves of the sFPI and cFPI’s envelopes are 

depicted.  
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Figure 5.27 – Cascaded FPI spectrum evolution for increasing temperature (30 to 60 ºC). The solid coloured 
lines represent the spectrum (green), upper and lower envelopes (red and orange, respectively), and the blue 

shadowed area the wavelength range considered in the Gaussian fits used for the envelopes monitoring. 

The outstanding temperature sensitivity values of 868 and 840 pm/ºC were obtained for 

the cFPI’s upper and lower envelopes, respectively, contrasting with the sFPI lower 

sensitivity value of 10.2 pm/ºC. The magnification factor was calculated using equation 

(2.44), achieving values of Mupper = (85 ± 6) and Mlower = (82 ± 5) for the upper and 

lower envelopes, respectively. Despite the obtained magnification factor being different from 

the specified one (M ~ 100), the sensitivity of the cFPI is considerably higher than most all-

silica optical fibre sensors (FBGs, FPIs and LPGs) [12,172,181–186].  

 

Figure 5.28 – Peaks/valleys wavelength shifts with temperature variation of the cFPI upper envelope (red), 
lower envelope (orange) and single FPI (green). The circular dots represent the experimental data and the 

solid lines the respective linear fits. 

 STRAIN 

The cFPI strain characterization was conducted by applying strain in the range of 0 – 

197.8 µε, for ten different steps. Again, as the cFPI relies on the traditional OVE 

configuration, the rFPI was left free of applied strain and at constant temperature, while the 

sFPI was fixed by cyanoacrylate adhesive in a fixed mount and a movable stage. The 

spectrum monitoring was conducted using the same spectral procedure described in the 
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temperature characterization, which resulted in the characterization curves depicted in 

Figure 5.29.  

 

Figure 5.29– Peaks/valleys wavelength shifts with applied strain variation of the cFPI upper envelope (red), 
lower envelope (orange) and single FPI (green). The circular dots represent the experimental data and the 

solid lines the respective linear fits. 

The linear fits applied to the cFPI upper and lower envelopes allowed to attained strain 

sensitivity values of 129 and 140 pm/µε, respectively. Dividing these values by the sFPI strain 

sensitivity, the magnification factors present the approximated values of Mupper = 165 ± 6 

and Mlower = 179 ± 5, respectively. In this case, the attained M values are higher than the 

predicted one (M=100). Several factors may have contributed for this value discrepancy, such 

as fluctuances in the FPIs physical lengths and its effective refractive index values, and 

human errors during the fabrication and/or characterization procedures.  

Despite the cFPI strain sensitivity values being much higher than the ones from typical 

all-silica optical fibre sensors [187–195], it still allows the monitoring within a wide spectral 

range. Moreover, due to its simple fabrication and for being an all-silica intrinsic device, the 

cFPI consists on a very interesting and versatile solution for applications where more 

complex non-silica optical fibre sensors are not the most suitable option. 

 MICROMACHINED DEVICES 

To further investigate the micromachining capabilities of the implemented femtosecond 

laser system, three different structures were directly machined in optical fibres: cladding 

removal of a SMF-28e+ sample, microchannels in hollow FPIs, and laser etching of a FBG 

written in a polymer optical fibre. All micromachining procedures were performed by the 

author of this thesis. 
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5.6.1 MICROMACHINED SMF-28E+ 

To assess the possibility to use the assembled femtosecond laser system to machine 

optical fibres, several machining trials were performed on SMF-28e+ fibre samples, where 

the main objective was to establish the best fabrication parameters for removing several 

layers of fibre cladding. 

The general machining process starts by aligning an optical fibre with the microscope 

objective, as described in section 4.1.4.2 for the direct-writing technique. Then, the stripped 

optical fibre is translated in the XX axis, so the laser focus spot be positioned ~2 µm away 

from the fibre cladding. Once the alignment is finalized, the laser power is set to a higher 

value, the laser shutter opened, and the fibre translated in the YY direction by a designated 

length (back and forward), removing the first layer of the optical fibre cladding by ablation. 

Then, the optical fibre is moved 5 µm towards the laser focus spot (XX axis) and translated 

again in the YY direction (back and forward) to remove another cladding layer. The process 

is repeated until reaching the desired machining depth. 

In Figure 5.30, two microscope photographs of a micromachined SMF-28e+ sample are 

depicted. The fabrication parameters used to remove the section of fibre cladding (with 

1000 µm of length and 30 µm of depth, Figure 5.30 (a)) were a translation speed of 

0.01 mm/s, a laser power of (5.000 ± 0.001) mW (measured before the microscope 

objective), and two laser swipes for each cladding layer removal. Between each layer, the fibre 

was translated 5 µm from the laser focus spot, as previously mentioned.  

 

Figure 5.30– Microscope photograph  of a SMF-28e+ stripped sample where slots of (a) 1000 µm and (b) 
115 µm were micromachined with the femtosecond laser system. 

As can be seen in Figure 5.30 (a), the micromachining was not perfect, since the pattern 

left in the optical fibre is not completely regular. Moreover, the cladding layers were not 

completely removed, since a thin slice is still attached to the fibre. To overcome these 

imperfections, the process was repeated maintaining the laser fabrication parameters, but this 

time for a length of 115 µm and using steps of 2 µm between each cladding layer removal. 

Figure 5.30 (b) depicts the result of such micromachining, where a much regular surface can 

be observed, as well as a complete cladding removal. Nonetheless, some “cracks” are visible 
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near the micromachined slot walls, probably due to shockwaves. This can be easily solved by 

reducing the laser power and adjusting the scanning velocity accordingly. 

Based on this preliminary study, different structures were micromachined in two 

functional optical fibre sensors, as described in the following sections. 

5.6.2 MICROCHANNELS IN HOLLOW FPIS 

In collaboration with Dr. Susana Novais, several optical fibre sensors based on hollow 

FPIs were fabricated by splicing a multimode fibre (GIF625, from Thorlabs) with a sample 

of SMF-28e+ (fabrication details in Annex C). Having a hollow structure, if one inserts 

different fluids in the FPI cavity, it should be possible to alter the medium refractive index 

and, consequently, discriminate refractive index variations by monitoring the FPIs’ spectral 

response. Therefore, two microchannels were machined in these FPIs, using the assembled 

femtosecond laser system. 

Since the hollow FPIs have a spherical shape, the alignment procedure described in 

section 4.1.4.2 needed to be adapted as follows: after aligning the optical fibre core of a 

stripped section of the SMF-28e+ with the laser focus spot, the optical fibre was translated 

in the YY direction until the centre of the hollow FPI coincided with the laser focus spot. 

Then, it was admitted that the hollow FPI was centred and concentric with the optical fibre 

cross-section, and the fibre was translated in the XX direction until the laser focus spot was 

at 2 µm away from one of the FPI walls. Once the alignment is finalized, the laser shutter 

was opened, and the fibre translated (at a velocity vx) by a length of Δx (back and forward). 

Finished the first drilling step, the optical fibre was translated in the YY direction by 2 µm, 

and the drilling process was performed again. This protocol was repeated until reaching the 

desired length of Δy. After completed the first micro-channel fabrication, the laser shutter 

was closed, the fibre translated until the other FPI wall was centred with the laser focus spot, 

and the micromachining process was repeated. The two resultant microchannels present a 

diameter equal to the laser spot diameter (~2 µm) plus Δy. In Figure 5.31, the microscope 

photographs of two micromachined FPIs are depicted, with the respective fabrication 

parameters presented in Table 5-6. 

On both FPIs micromachining, when drilling the first channel an “explosion-like” effect 

occurred inside the hollow FPIs. It was assumed that this effect was due to the lower pressure 

inside the FPIs cavities, which cause the ablated silica material to be deposited inside the 
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walls of the cavities. This can be observed in Figure 5.31, where the darker areas inside the 

micromachined FPIs are considered to be the layers of deposited material.  

 

Figure 5.31– Microscope photographs of the FPI1 (a) before and (b) after the channels’ micromachining, and 
in (c), the microscope photograph of the micromachined FPI2. 

Table 5-6. Micromachining parameters of FPI1 and FPI2. 

FPI 
Δx 

(± 0.7 µm) 

vx 

(± 1 µm/s) 

Δy 

(± 0.7 µm) 

Laser power 

(± 0.001 mW) 

FPI1 40.3 10 10.0 3.034 

FPI2 54.3 10 10.0 3.033 

     

The FPIs spectra were continuously monitored during the micromachining process. In 

Figure 5.32. the spectra of before and after the micromachining of channels 1 and 2, are 

depicted, for both FPIs. 

 

Figure 5.32– Reflection spectra of (a) FPI1 and (b) FPI2 before the channels micromachining (black line), 
after the drilling of the 1st channel (blue line) and after drilling the 2nd channel (dark cyan).   
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From the analysis of Figure 5.32, one may conclude that a red shift occurred from the 

initial to the final spectra, as well as a modulation of the FPIs visibilities. Regarding the 

spectra wavelength modulation, a FSR variation of (−1.009 ± 0.001) and 

(−0.678 ± 0.001) nm was experienced for FPI1 and FPI2, respectively, which corresponded 

to a respective average wavelength shift of (7.374 ± 0.001) and (1.213 ± 0.001) nm. Assuming 

the FPIs’ cavity length remained the same, the higher FSR variation of the FPI1 implies that 

its effective refractive index changed more than the one of FPI2. In fact, this assumption can 

be correlated with the microscope images of Figure 5.31, where the darker area of FPI1 

suggests a higher deposition of ablated material and, consequently, a higher variation of the 

FPI1 effective refractive index.  

Concerning the FPIs’ visibility modulation, one possible explanation relies on the 

probable appearance of secondary FPIs composed by the thin films deposited in the cavity 

walls. These FPIs should have a much larger FSR, which will modulate the FPI1 and FPI2 

spectra’s visibilities. Nonetheless, a much more extensive study should be performed to 

unravel the material composition of the FPIs’ cavity after the micromachining process and 

explore its possible applications. 

5.6.3 MICROMACHINED POFBG 

Based on the results presented in section 5.6.1, the micromachining setup, based on the 

femtosecond laser system, was used to perform laser etching on the region of a fibre Bragg 

grating inscribed in a polymer optical fibre (POFBG), to fabricate a phase-shift FBG. The 

special microstructered polymer optical fibre (mPOF composed by PMMA) was obtained 

through a collaboration with Professor Ole Bang (Department of Photonics Engineering - 

University of Denmark, Lingby, Denmark), and the fibre Bragg grating inscribed in 

collaboration with MSc. Luís Pereira, in the UV laser system installed at the laboratory of the 

Nanophotonics and Optoelectronics group – i3N/Aveiro (Annex B). 

The microstructured polymer optical fibre used has a 2-ring undoped hexagonal hole 

structure, manufactured at DTU Fotonik (Denmark). It has an outer diameter of 138 µm 

and a core diameter of 6.2 µm, approximately. The mPOF samples were connectorized by 

butt-coupling technique, using a UV cure adhesive and FC/PC connectors. A more detailed 

explanation of the mPOF samples technical preparation can be consulted in [196]. 

Two identical FBGs were inscribed in two independent mPOF samples, using the same 

phase mask (pitch = 567.8 nm) and the UV laser system described in Annex B. The 
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inscription parameters were a laser pump energy of 24.7 J, a laser frequency of 5 pulses/s, a 

random pre-tension (to attained slightly different Bragg wavelengths), and inscription times 

of 8 and 12 minutes for POFBG1 and POFBG2, respectively.  

After the POFBGs inscription, both samples were transferred to the femtosecond laser 

system, applying random pre-tension within the fibre holders. Since the mPOF has several 

hollow structures around its core, the alignment of this fibre with the laser focus spot was 

performed differently: instead of looking for the best focused image of the optical fibre core, 

the focusing was made by setting the fibre at the ZZ position where the cladding limit-line 

was the sharpest. Then, the fibre was translated 5 µm away from the laser focus spot, and 

the laser shutter opened. For both POFBGs, the laser power was set at 3.3 mW and the vy 

translation speed at 0.3 mm/s. The micromachining procedure was identical to the one used 

in the SMF-28e+ etching (section 5.6.1), differing in micromachined length (Δy) and depth 

(Δx). In Table 5-7, the fabrication parameters of the two POFBG are presented.  

Table 5-7. Micromachining parameters of POFBG1 and POFBG2. 

POFBG 
Δx 

(±0.7 µm) 

Δy 

(± 0.7 µm) 

vy 

(± 1 µm/s) 

Laser power 

(± 0.001 mW) 

POFBG1 20.0 250.0 300 3.300 

POFBG2 20.0 4000.0 300 3.300 

     

On both POFBGs, the laser etching started at the middle of the FBG, and the ablation 

was performed on parallel sides of the mPOF, as depicted in Figure 5.33. The initial and 

final reflection spectra of both POFBGs are depicted in Figure 5.34. 

 

Figure 5.33– Schematic representation of the laser etching performed in (a) POFBG1 and (b) POFBG2, and 
their respective microscope photographs.  
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Figure 5.34– Reflection spectra before and after the laser etching procedure of (a) POFBG1 and (b) 
POFBG2. The brown line in (a) is the spectrum of the etched POFBG1 one day after the micromachining. 

The λ1,2 indicates the resonant Bragg wavelength of the POFBG1 and POFBG2, respectively. 

In Figure 5.34 (a), besides the small red shift of the POFBG1 peak, a very interesting 

feature can be observed when analysing the spectra right after the micromachining, and one 

day after: the two peaks originated by the laser etching disappear, suggesting that in 24 hours 

the POFBG returned to its initial elongation. Regarding POFBG2, no significant spectral 

differences were observed after the laser etching. The POFBGs resonant Bragg wavelengths 

obtained for each fabrication stage were: λ1,initial = (841.929 ± 0.001) nm; λ1,etched, A = (841.783 

± 0.001) nm; λ1,etched, B = (842.574 ± 0.001) nm; λ1,etched, 1 day = (842.143 ± 0.001) nm; λ2, initial = 

λ2, etched (844.021 ± 0.001) nm. 

A more comprehensive study on the etched POFBGs, namely its refractive index sensing 

characteristics, is presented on section 7.3.2. 

 FINAL REMARKS 

In this chapter, five different optical fibre devices were presented, their fabrication 

methods described in detail, and a preliminary characterization performed. 

Regarding the FBGs, two inscription methods were used: direct-writing and phase-mask. 

Since the femtosecond laser system mechanical stability did not allow good direct-writing 

performances, the best results were obtained for the phase-mask technique, especially with 
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the Er-MgO doped optical fibre (I29 fibre). A high reflectance was attained with this fibre 

(> 99%), contrary to what was achieved with a SMF-28e+ fibre for the same fabrication 

conditions (~32%). The thermal and strain characterization of all FBGs revealed typical 

sensitivity values. 

The LPGs were fabricated by the LbL method, which resulted in the excitation of multiple 

cladding modes, present in the transmission spectra as spectrally selective losses. One 

concluded that by slightly changing one of the LPGs fabrication parameters, different 

spectral outputs are expected. Despite the LPGs’ non-uniformity, mainly due to the 

mechanical stability of the femtosecond laser system, with the preliminary characterization it 

was possible to verify that different transmission valleys of a single LPG had different 

sensitivity values. This behaviour is typical of LPGs, which corroborates the use of the 

assembled femtosecond laser system to fabricate standard LPGs. 

The FPIs were inscribed by direct-writing technique, revealing better inscription 

performance for the parallel planes’ configuration. Using this method, it was possible to 

fabricate cascaded FPIs to generate the OVE and take advantage of its sensitivity 

magnification capacity. A simple manufacturing method was described, and the thermal and 

strain sensitivity characterization revealed a maximum sensitivity magnification factor of 179. 

Despite this outstanding result, the proposed fabrication method allows to amplify even 

further the sensitivity of a single FPI, by simply adjusting the FPIs’ cavity lengths.  

Finally, with the implemented femtosecond laser system it was possible to micromachine 

channels in a hollow FPI, and to perform laser etching in silica and polymer optical fibres. 

By increasing the laser power to values near 3 - 5 mW and performing sweep cycles, several 

layers of optical fibre material were removed. Regarding the hollow FPIs microchannels, it 

was verified that the micromachining process originates the deposition of material inside the 

optical FPI walls, which alters the FSR and spectrum visibility. On the other hand, the laser 

etching method used in the POFBG allowed to fabricate phase-shift FBGs without the need 

of an expensive phase-mask or complex direct-writing techniques. 

All the work presented in this chapter unveils several important technical aspects of 

optical fibre sensors fabrication, from its methodology efficiency to its impact on the sensors’ 

spectral response. Such collaborative research consisted on a major contribution to the field 

and resulted in the publication of six papers in SCI journals (SP6, SP7, SP8, SP9, SP14, and 

SP15), and three communications in international scientific conferences (SC2, SC5, and 

SC9). Also, one paper (SP5) was submitted to a SCI journal. 
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 INTRODUCTION 

Fibre Bragg gratings are well-known for its unique features, such as absolute referencing 

multiparameter sensing, multiplexing capability, immunity to electromagnetic fields, and 

lightweight. Due to its vast range of applicability, the interest on this type of sensors has been 

drastically increasing, mainly in the civil, aeronautic and biomedical areas. As a result, in the 

last 15 years, several research-based companies were created to respond to the market’s 

demand, offering high performance FBGs and diverse packaging solutions, such as TeraXion 

[197], Technica [198], FemtoFiberTec [199] and HBM FiberSensing, S.A. [200]. In general, 

all the available solutions based on FBGs use their central resonant wavelength as measurand, 

which makes it very important to assure their stability under harsh environments, specially 

under high temperature conditions (> 500 ºC). Despites the extensive research on the 

thermal stability of different types of FBGs [140,156,201–205], typically the study is 

performed in terms of the FBGs’ reflectivity, with very few efforts being made to study the 

resonant wavelength induced drift for high temperatures and wide working time regimes. To 

better understand what happens when high temperature is applied to FBGs, in Figure 6.1 is 

depicted the behaviour of the resonant Bragg wavelength of an untreated FBG submitted to 

high temperature regimes.  

 

Figure 6.1– Schematic representation of a FBG resonant central wavelength drift at a reference temperature, 
after exposed to a high temperature regime. Besides the wavelength drift, a decrease in the reflected peak 

power can be observed when returning to the reference temperature. 



Development and optimization of optical fibre sensors produced by a femtosecond laser 

106 

From Figure 6.1, is clear that when the FBG is recalibrated at a reference temperature, 

the resonant Bragg wavelength shifts towards lower wavelength and the maximum peak 

reflectivity decreases, as a result of the effective refractive index variation. 

In this thesis, a theoretical and experimental study on the thermal stability of different 

FBGs is performed. A theoretical model based on the demarcation energy (Ed) concept is 

proposed to study the refractive index thermal decay related to the resonant wavelength drift. 

The three FBGs studied were fabricated by different lasers, using different inscription 

methods and two different optical fibres. Based on the theoretical model, numerical 

simulations were made to predict the thermal decay, for different working temperature 

ranges and time periods. All the experimental work, theoretical formalism and analysis were 

performed by the author of this thesis. 

 THEORETICAL MODEL 

The use of the demarcation energy concept associated with the thermal decay of FBGs 

appeared for the first time in the paper published by Turan Erdogan et al., in 1994 [203]. In 

that work, Erdogan and co-workers explored the refractive index thermal decay of 

ultraviolet-induced FBGs, in terms of time and temperature, by analysing the FBGs’ 

reflectivity. The study results showed that by performing an annealing regime prior to the 

FBGs’ field application, it should be possible to eliminate the refractive index decay that 

would otherwise occur. Next, the formalism required to corroborate the use of the 

demarcation energy concept on the study of the FBGs’ refractive index thermal decay, is 

presented.  

When inscribing FBGs in an optical fibre, is considered that the laser radiation excites 

electrons from the valence to the conduction band. When on the conduction band, the 

excited electrons are assumed to be in a continuous distribution of trap states, described by 

the density states, g(E). The depopulation of such trap states should have an exponential 

behaviour, given by: 

f(E, t) = f0(E) exp(−v(E)t) (6.1) 

where f(E, t) is the mean occupation number at energy E and time t, and v(E) the release 

rate, which can be expressed as: 

v(E) = v0 exp (−
E

kBT
) (6.2) 
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where kB is the Boltzmann constant and T is the applied temperature, in Kelvin. 

Considering a given time (t, in seconds), the demarcation energy (Ed) separates the energy 

states distribution in two different groups: (i) when the energy distribution is in thermal 

equilibrium with the energy states in the conduction band (Ed>E); and (ii) when the energy 

states are too deep to be thermally excited in the given time t (Ed<E). If one rewrites equation 

(6.2) for v(Ed) = 1, the equation for Ed can be attained: 

Ed = kBTln(v0t) (6.3) 

where v0 is an arbitrary frequency.  

After the FBGs’ inscription, the total number of electrons remaining in the conduction 

band for a given excitation energy (E), and at a time (t), is given by: 

N(t) = ∫ g(E)f(E, t)dE
∞

0

 (6.4) 

The total number of electrons defined in equation (6.4) is assumed to be directly proportional 

to the refractive index changes occurred in the optical fibres’ material. Therefore, one may 

write equation (6.4) in terms of equations (6.1) and (6.2): 

N(t) = ∫ g(E)f0(E) exp [−v0texp (−
E

kBT
)] dE

∞

0

 (6.5) 

The exponential factor of equation (6.5) may be approximated to zero if E<<Ed, and equal 

to one if E>>Ed. Then, a rough approximation of equation (6.5) can be written as: 

N(t) ≈ ∫ g(E)f0(E)dE
∞

Ed

 (6.6) 

The initial electron distribution (g(E)f0(E)) can be attained through the derivative of 

equation (6.6) in terms of the demarcation energy: 

∂N

∂Ed
≈ −g(Ed)f0(Ed) (6.7) 

which sustains the use of the demarcation energy concept in the analysis of the refractive 

index thermal decay. 

Based on this theoretical formalism, one can assume that the FBG refractive index decay 

may be described in terms of the variations of the resonant Bragg wavelength through 

temperature and time, i.e., in terms of a demarcation energy: 
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∆n =
ΔλBragg(Ed)

2Λ
 (6.8) 

In the following experimental section, the aforementioned mathematical formalism 

(namely, equation (6.8)) is used to study and predict the long-term life of FBGs under high 

temperature regimes. 

 EXPERIMENT AND RESULTS 

In this study, three different FBGs inscribed in silica and polymer fibres by NIR 

femtosecond lasers and UV nanosecond lasers, with the PbP and phase mask methods, were 

used. To avoid redundancy, throughout this chapter the results presented belong to only one 

single FBG, representative of each FBG type. Following, the technical experimental details 

and respective results are presented. 

6.3.1 TYPE-I FBGS IN SILICA FIBRES 

The type-I FBGs were inscribed in a GF1 optical fibre using the UV nanosecond laser 

system and the phase mask method (Annex B). The fabrication procedure was similar to the 

one described in section 5.2.1.2, for the same fibre, but using an inscription time of 

~15 minutes, a laser pump energy of 24.5 J and a phase mask with a pitch of 1055 nm. After 

the FBGs inscription, each sample was encapsulated inside a capillary steel tube (sealed with 

acrylate adhesive), with an outer and inner diameter of (1.00 ± 0.05) and (0.25 ± 0.05) mm, 

respectively, and a total length of (250.0 ± 0.5) mm. The optical reflection spectrum of the 

FBG used in the following study is depicted in Figure 6.2. 

 

Figure 6.2 – Spectrum of the type-I FBG inscribed in a GF1 fibre with the UV laser system, using the phase 
mask method. 

A continuous thermal treatment was used to study the type-I FBGs thermal stability, 

increasing the FBG temperature at a constant rate from 35 to 700 ºC for 12 hours, 

approximately. The experimental setup used is depicted in Figure 5.7, comprising the µ-oven 
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(Annex A), a computer and a static optical interrogator (FS22SI, section 4.3.1.3). The FBG 

resonant wavelength and spectrum were monitored using a custom software application 

(built on LabVIEW environment, Figure 6.3), allowing the definition of the acquisition 

times (1 second for the resonant wavelength and 60 seconds for the optical spectrum), and 

the FBG peak detection threshold. Furthermore, the application allows to visualize in real-

time the FBGs’ spectrum and monitor the correspondent wavelength shift through time.  

After the analysis of the acquired experimental data, it was possible to extract the FBG’s 

thermal sensitivity component from the data, and plot only the resonant Bragg wavelength 

shifts related with the permanent decay imposed by the thermal treatment, as depicted in 

Figure 6.4.  From the preliminary analysis of Figure 6.4, one may conclude that the thermal 

treatment applied to the FBG resulted in a permanent negative variation (~ −2 nm) of the 

resonant wavelength. 

 

Figure 6.3 – Layout of the custom software application developed to monitor the FBGs’ resonant Bragg 
wavelength when submitted to high temperature treatments. 

 

Figure 6.4 – Resonant Bragg wavelength permanent decay of the type-I FBG for a continuous temperature 
increase from 35 to 700 ºC, over 12 hours, approximately.  
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Using the data depicted in Figure 6.4, and the relation described in equation (6.8), one 

may calculate the normalized refractive index shift with the demarcation energy (Figure 6.5, 

upper plot). By applying a nonlinear fit (based on a power function) to the experimental data, 

the following equation was attained: 

∆n =
a

1 + exp (
Ed − Ec

ΔE )
 

(6.9) 

where a is an adjustment parameter (a.u.), and Ec and ΔE the central energy and width of the 

energy distribution of defects’ (D(Edef)), respectively (both in eV). Note that in the fitting, Ed 

was substituted by equation (6.3), to calculate an approximated value of v0.  The fitting was 

performed using a MATALB routine based on the linear least squares’ method, through a 

Levenberg-Marquardt algorithm. In Table 6-1, the attained fitting parameters are presented. 

Table 6-1. Fitting parameters of ∆n obtained for the type-I FBG. 

Parameter Value Fitting error 

a (a.u.) 1.00 ± 0.03 

Ec (eV) 1.81 ± 0.09 

ΔE (eV) 0.28 ± 0.04 

v0 (Hz) 1.50 × 1012 ± 9.6 × 1011 

R2 0.986 -- 

   

 

Figure 6.5 – Type-I FBG normalized refractive index shift (upper) and normalized energy distribution 
(lower) with demarcation energy variation, during the continuous thermal treatment. The red open circles and 

solid lines represent the experimental data and its nonlinear fitting curves, respectively. 
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The energy distribution of defects, imposed by the FBG’s inscription, can be obtained by 

simply applying the derivative of equation (6.9), resulting in: 

D(Edef) =
exp(Ed + Ec)

ΔE (exp (
Ec

ΔE) + exp (
Ed

ΔE))
2 

(6.10) 

Despite the goodness of the nonlinear fit in the upper plot of Figure 6.5, a slight 

fluctuation can be observed near 1.5 eV, which leads the deviation of the experimental data 

from the fitting curve. To further investigate this, new fits were performed considering the 

same demarcation energy values used before, and that two new mechanisms could be 

responsible for the refractive index decay. The result can be observed in Figure 6.6, and the 

respective fitting parameters in Table 6-2. 

Table 6-2. Fitting parameters of ∆n obtained for the type-I FBG, considering two different decay 
mechanisms. 

 Mechanism 1 Mechanism 2 

Parameter Value Fitting error Value Fitting error 

a (a.u.) 1.01 ± 0.01 0.59 ± 0.03 

Ec (eV) 1.026 ± 0.007 2.11 ± 0.02 

ΔE (eV) 0.040 ± 0.003 0.15 ± 0.01 

R2 0.991 -- 0.995 -- 

     

 

Figure 6.6 – Type-I FBG normalized energy distribution with demarcation energy variation during the 
continuous thermal treatment, admitting two decay mechanisms. The red open circles and solid lines 

represent the experimental data and its nonlinear fitting curves, respectively. 

The energy distribution depicted in Figure 6.6 suggests that two different mechanisms 

can be related with the thermal decay of the refractive index. In the literature, is widely 

suggested that this behaviour could be related with the different optical fibre dopants, due 

to different excitation energies [201,206,207]. However, from this experimental data no 
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further conclusions can be attained, and a more extensive study should be performed in the 

future. 

6.3.2 TYPE-II FBGS IN SILICA FIBRES 

The type-II FBGs were manufactured with a NIR femtosecond laser through the PbP 

method and purchased from FemtoFiberTec [199]. Using the same experimental setup used 

on the type-I FBGs, two different thermal treatments were conducted on these FBGs: a 

stepped thermal treatment, where the FBGs had an average reflectivity of 40 % (measured 

in reflection), and a continuous thermal treatment, where the FBGs had an average 

reflectivity of 86 %. These two different regimes were used to demystify if the FBGs thermal 

annealing consists on a cumulative process, and to clarify which thermal treatment is more 

efficient for high reflective FBGs written in silica fibres. 

First, the FBGs samples were encapsulated, as the type-I FBGs, and calibrated at 50 ºC. 

Then, the weaker FBGs were submitted to a stepped thermal treatment, under temperature 

plateaus from 100 to 800 ºC, for 24 hours each. The average FBGs’ resonant wavelength 

shift related with the refractive index thermal decay is presented in Figure 6.7. 

  

Figure 6.7 – Resonant Bragg wavelength shift of the type-II FBG for a stepped temperature increase from 
100 to 800 ºC, in plateaus of 24 hours each, approximately.  

Despite consisting on a discrete distribution, the resonant wavelength shift data was 

treated similarly to the data of type-I FBGs, attaining the fitting parameters presented in 

Table 6-3, and the plots depicted in Figure 6.8. The fitting was performed using the same 

MATLAB routine and the Levenberg-Marquardt algorithm as before. 
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Figure 6.8 – Type-II FBG normalized refractive index shift (upper) and normalized energy distribution 
(lower) with demarcation energy variation during the stepped thermal treatment. The green open circles and 

solid lines represent the experimental data and its nonlinear fitting curves, respectively. 

Regarding the stronger type-II FBGs, the continuous thermal treatment consisted on 

increasing the temperature at constant rate from 100 to 800 ºC, over 48 hours, approximately, 

in a continuous and uninterrupted manner. The same data treatment used in the previous 

FBGs’ analysis was used, resulting in the data depicted in Figure 6.9. Note that, as the 

resonant Bragg wavelength shift characteristics were already shown for this type of FBGs, in 

the continuous thermal treatment it was decided to represent the normalized refractive index 

decay instead. 

 

Figure 6.9 – Normalized refractive index decay of the type-II, for a continuous temperature increase from 
100 to 800 ºC, over 48 hours, approximately.  

Again, the same MATLAB routine and fitting algorithm was applied on the experimental 

data, allowing to draw the plots depicted in Figure 6.10. The fitting parameters are presented 

in Table 6-3. 
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Figure 6.10 – Type-II FBG normalized refractive index shift (upper) and normalized energy distribution 
(lower) with demarcation energy variation during the continuous thermal treatment. The green open circles 

and solid lines represent the experimental data and its nonlinear fitting curves, respectively. 

Table 6-3. Fitting parameters of ∆n obtained for the type-II FBGs submitted to a stepped and continuous 
thermal treatment. 

 Stepped treatment Continuous treatment 

Parameter Value Fitting error Value Fitting error 

a (a.u.) 0.9085 ± 0.0001 0.9594 ± 0.0001 

Ec (eV) 3.628 ± 0.100 3.735 ± 0.001 

ΔE (eV) 0.162 ± 0.006 0.0603 ± 0.0001 

v0 (Hz) 8.0 × 1011  ± 4 × 1010 1.0 × 1014 ± 5 × 1013 

R2 0.997 -- 0.991  

     

Comparing both thermal treatments, one can conclude that, even when considering the 

discontinuity of the stepped thermal treatments imposed by the temperature plateaus, both 

methods are valid to study the thermal stability of type-II FBGs, retrieving similar central 

energy values for the energy distribution of defects. The slight difference between the central 

energy values could be explained by the different state energy level at which the fibre 

material’s electrons are promoted to, in the FBGs’ inscription, which is corroborated by the 

different FBGs’ reflectivity values. Moreover, on both treatments there are no visible 

abnormal refractive index fluctuations with the demarcation energy variation, which suggests 

that, even if there are multiple mechanisms contributing for the FBGs’ refractive index decay, 

there is a predominant one that conceal the other’s effects.  
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6.3.3 FBGS IN POLYMER FIBRES 

Several FBGs were inscribed using the UV nanosecond laser system, and a phase mask 

method (Annex B), in a microstructured polymer optical fibre with a 3-ring hexagonal step 

index PMMA structure and a BDK-doped core (provided by DTU Fotonik). Prior to the 

POFBGs inscription, the samples were pre-annealed at 70 ºC for 24 hours to minimize any 

internal stress related with its fabrication. The POFBG used in the following analysis was 

inscribed using a single laser pulse with an average energy of ~72 µJ (measured before the 

cylindrical lens), and a phase mask with a pitch of 567.8 nm, resulting in a resonant Bragg 

wavelength centred at 842.680 nm (measured at 15 ºC, approximately). 

The POFBG underwent a stepped thermal treatment under temperatures in the range of 

20 to 60 ºC, in plateaus of 24 hours for every step of 10 ºC, approximately. The same 

experimental setup as the other FBGs was used, but a Peltier device was chosen over the µ-

oven, and no steel capillary encapsulation was required. To monitor the POFBG resonant 

wavelength shift, a custom software application (based on LabVIEW environment) was built 

to work with I800 optical interrogator, retrieving the optical spectrum and the respective 

central wavelength peak at a designated acquisition rate. The application allows the user to 

adjust the peak detection parameters (threshold, integration time and wavelength resolution), 

and to acquire single spectra if needed. The final layout of this monitoring application is 

depicted in Figure 4.15. 

The resonant Bragg wavelength data was treated the same way as the type- I and II FBGs 

written in silica fibres, resulting in the wavelength shift data plotted in Figure 6.11. One 

should note that the decay related with the 50 ºC plateau did not went over a 24-hour 

treatment due to equipment malfunction. Nonetheless, as the depopulation of the excited 

energy states consists on a cumulative process, no pejorative influence is expected.  

 

Figure 6.11 – Resonant Bragg wavelength shift of the POFBG for a stepped temperature increase from 20 to 
60 ºC, in plateaus of 24 hours each, approximately. Note that, for the temperature plateau of 50ºC, the total 

time was less than 24 hours due to experimental constrains. 
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Recalling equations (6.9) and (6.10), the normalized refractive index decay and the 

normalized energy distribution of defects could be attained (Figure 6.12). The fitting 

parameters obtained with the MATLAB routine (Levenberg-Marquadt algorithm) are 

presented in Table 6-4. 

 

Figure 6.12 – POFBG normalized refractive index shift (upper) and normalized energy distribution (lower) 
with demarcation energy variation during the stepped thermal treatment. The blue open circles and solid lines 

represent the experimental data and its nonlinear fitting curves, respectively. 

The data discontinuity, which appears on both plots of Figure 6.12, is due to the intrinsic 

discontinuity of the stepped thermal treatment. Nevertheless, the fit applied to the 

experimental data attained a high adjusted r-square value (R2 > 0.999), and the energy 

distribution of defects curve could be well populated by the experimental data.  

Table 6-4. Fitting parameters of ∆n obtained for the POFBG. 

Parameter Value Fitting error 

a (a.u.) 1.024 ± 0.003 

Ec (eV) 0.775 ± 0.021 

ΔE (eV) 0.038 ± 0.001 

v0 (Hz) 8.3 × 106 ± 6.7 × 106 

R2 0.999 -- 
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 FBGS’ LONG-TERM STABILITY 

Once the description of the FBGs’ refractive index decay is completed and the energy 

distribution of defects is mapped, all the necessary conditions to predict the FBGs long-term 

stability are met.  

Recalling the demarcation energy equation (6.3), and considering two different 

demarcation energies dependent on a pre-annealing time and temperature (tp and Tp, 

respectively), and on a working time and temperature (tw and Tw), one may rearrange 

equation (6.3) in the form: 

tp = v0

Tw
Tp tw

Tw
Tp  

(6.11) 

where v0 is the arbitrary frequency of each FBG, calculated with their respective refractive 

index decay fits. With this equation, by knowing the FBGs’ expected time and temperature 

at which it will be used, is possible to predict the pre-annealing conditions to match the FBG 

refractive index decay that would, otherwise, occur. In Figure 6.13, the refractive index 

decays of the previously analysed FBGs, for 1 year at different working temperatures, are 

depicted. 

 

Figure 6.13 – FBGs normalized refractive index decay for 1 year working at 30 ºC (POFBG), 200 ºC (type-I 
and type-II FBGs), and 636 ºC (type-II FBG). 

From Figure 6.13, it is clear that for the same working temperature and time, the 

refractive index of the type-I FBGs decays much more than the type-II FBGs. Moreover, to 

achieve an identical refractive index decay as, for example, the POFBG at 30 ºC (~ 91.5 %), 

the type-II FBG must undergo through a thermal treatment of 1 year at 636 ºC.  

In Figure 6.14, the annealing conditions required to eliminate the same refractive index 

decay that would occur at 200 ºC (type-I and type-II FBGs) and 30 ºC (POFBGs) for 1, 10, 

50 and 100 years, are depicted.  
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Figure 6.14 – Annealing parameters for erasing the refractive index decay that would occur in (a) type-I 
FBG, (b) type-II FBG and (c) POFBG for working temperatures of 200 ºC (type-I and type-II FBGs) and 

30 ºC (POFBG). Each coloured solid line represents different working time (1, 10, 50 and 100 years), and the 
grey dashed lines are visual guiding lines for the annealing times of 10 days, 2 days, 1 day and 1 minute.  

The analysis presented allows to conclude that the type-II FBGs stand out as the most 

thermally stable gratings study in the scope of the current work. As a figurative example, let’s 

compare the type-II FBG with type-I FBG and POFBG (separately), considering the 

working conditions of Figure 6.13 and the data plotted in Figure 6.14.  

Comparing the refractive index decay of the two silica FBGs at 200 ºC, one verifies that 

the type-I FBG suffers a decay of normalized central wavelength ~46.7 %, which consists 

on a much higher value when comparing to the < 0.01 % of type-II FBG. Furthermore, 

when calculating the annealing conditions needed to eliminate such decays, one attains higher 

temperature values for the type-I FBG than type-II FBGs (assuming equal annealing times). 

Such results indicate that, by choosing type-II over type-I FBGs as a sensing solution, a much 

faster thermal stabilization can be achieved with lower annealing temperatures. Moreover, 
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the decay contrast of these two silica FBGs for the same working conditions allows to 

conclude that the type-II FBGs are much more suitable for long-term sensing applications. 

Regarding silica type-II FBG and POFBG, a direct quantitative comparison cannot be 

performed due to the dependence of the working temperature ranges on the optical fibre 

materials. Nonetheless, qualitative comments on the annealing conditions, required to 

eliminate the same relative refractive index decay on both FBGs (~ 8.5%), can be given. 

From Figure 6.13, is clear that the type-II FBG must be more stable than POFBG, indicated 

by the smother decreasing slope of the type-II refractive index curve. When comparing the 

annealing conditions of both FBGs, one needs to pre-treat the POFBG for 10 days at 67 ºC 

to eliminate ~ 91.5 % of refractive index decay, while for the type-II FBG a temperature of 

700 ºC is needed for the same annealing time. In relative terms, this means that, for the same 

annealing time, the POFBG needs a temperature ~ 123 % higher than the desired working 

temperature, which can even damage the fibre itself, while the type-II FBG needs to be 

treated at a temperature only ~ 91 % higher than its working temperature. In Table 6-5, a 

summary of the values used in this figurative example is presented. 

Table 6-5. Annealing conditions required to eliminate the FBGs decay for a working time of 1 year at 30 ºC 
(POFBG), 200 ºC (type-I/type-II FBGs) and 636 ºC (type-II FBG). The percentual values inside parentheses 

indicate the relative refractive index decay of each FBG. 

 
Annealing temperature 

TW = 200 ºC TW = 30 & 636 ºC 

Annealing 

time 

Type-I FBG 

(~46.7 %, 

± 1 ºC) 

Type-II FBG 

(<0.01%, 

± 1 ºC) 

POFBG 

(~8.5 %, 

± 1 ºC) 

Type-II FBG 

(~8.5%, 

± 1 ºC) 

1 day 270 ºC 264 ºC -- -- 

1 minute 394 ºC 374 ºC -- -- 

10 days -- -- 67 ºC 700 ºC 

     

 FINAL REMARKS 

In this chapter, the theoretical formalism of the well-known demarcation energy concept 

was extrapolated from the typical refractive index analysis in terms of the FBGs reflectivity, 

to an analysis based on the resonant wavelength permanent shift. The differences between 

each analysis were briefly explained, and the main theoretical equations to support the 

experimental data were described. 
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Three different FBGs were studied: in-house UV written type-I FBGs, commercial PbP 

type-II FBGs written by a NIR femtosecond laser, and in-house POFBGs inscribed with a 

single laser pulse. Due to the different composing materials, the silica FBGs were submitted 

to higher temperature ranges than the POFBGs, adopting stepped and continuous thermal 

treatments. The data acquired from the custom-made monitoring software applications 

allowed to plot the normalized refractive index decays of all FBGs in terms of the 

demarcation energy. Despite the data non-continuity of the FBGs submitted to stepped 

thermal treatments, the formal analysis could be performed, and the figures of merit 

calculated. One should highlight the interesting slope behaviour of the type-I FBG near a 

demarcation energy of 1.5 eV, which suggests that, in these FBGs, there should be more 

than one depopulation mechanism influencing the thermal stability. Despite the performed 

study not allowing to further investigate such behaviour, one may assume that the fibre 

dopants should be behind its origin, as suggested in [201,206,207]. 

The most important figure of merit obtained in this study was the central energy of the 

energy distribution of defects (Ed), which allowed a qualitatively comparison of the stability 

between the FBGs (Figure 6.15). 

 

Figure 6.15 – Comparison between the central energy values of all FBGs thermally treated. 

Based on the proposition that the type-II FBGs are the most stable gratings, by rewriting 

the equation of the demarcation energy for a desired annealing time, it was possible to define 

it as function of an annealing temperature and working temperature and time. From this, a 

long-term stability study was performed on all FBGs, which corroborated the previous 

assumption that the type-II FBGs are the most thermally stable gratings, and the best 

solution for a long-term temperature sensing application. Moreover, in the future, the study 

presented in this chapter can be extrapolated to assess the long-term thermal stability of all 
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the other sensors developed in the scope of this thesis, by adjusting the mathematical 

formalism and experimental procedures accordingly.  

The work presented in this chapter contributed for the publication of one paper in a SCI 

journal (SP10[208]), and one communication in an international scientific conference (SC12). 
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 INTRODUCTION 

Frequently, is difficult to overcome the thin line that separates a device’s proof of concept 

stage from its final application, often consisting in a non-straightforward process. In the 

specific case of sensing devices, there are several reasons for this to happen, mainly related 

with the low applicability of the sensors and/or with its low sensitivity towards a specific 

measurand. 

In this chapter, an attempt to transpose this virtual barrier is presented, by establishing 

the bridge between the author’s knowledge, acquired from the fabrication of optical fibre 

sensors during the PhD, and different sensing solutions. Such devices were developed based 

on FBGs and FPIs (with and without OVE), but using different fabrication techniques (such 

as laser direct-writing, phase-mask, butt-coupling, fusion splicing and micromachining), and 

different optical fibres (silica and polymer optical fibres, either damaged or non-damaged by 

fuse effect). 

Considering the main measurands of the developed sensing devices, three subcategories 

were stablished: magnetic field sensing, fluids refracting index sensing, and multiparameter 

hybrid sensors. 

 MAGNETIC FIELD SENSOR 

A magnetic field sensor based on a Fabry-Perot interferometer was developed using the 

butt-coupling method, comprising a special fused polymer optical fibre (fPOF), a SMF-28e+ 

fibre and a UV cure adhesive as the FPI cavity medium. By applying a uniform magnetic 

field transversally to the optical fibre sensor, the fPOF sample is deviated from its rest 

position, causing a movement of the second FPI mirror and, consequently, a shift in its 

optical reflection spectrum. The sensor fabrication, characterization and application were 

performed by the author of this thesis. 

The fused polymer fibre was provided through a collaboration with Professor Yosuke 

Mizuno group (Faculty of Engineering - Yokohama National University, Yokohama, Japan). 

In Annex E, an extensive material characterization, performed in collaboration with MSc. 

Alexandre Carvalho (i3N and Department of Physics – University of Aveiro, Aveiro, 

Portugal), and SQUID analysis and magnetic field tests, performed in collaboration with Dr. 

João Horta (Researcher at Institute of Physics of Advanced Materials, Nanotechnology and 

Nanophotonics – Department of Physics and Astronomy, University of Porto, Porto 
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Portugal) and Professor Vitor Amaral (CICECO and Department of Physics – University of 

Aveiro, Aveiro, Portugal), are presented. 

7.2.1 FUSED POLYMER OPTICAL FIBRES 

Optical fibre fuse effect is an optical phenomenon well-known since it may compromise 

optical networks based on silica fibres. In some cases, when the optical fibre fuse is not early 

detected, it may generate severe damages to the optical network, resulting in a high repairing 

cost. Typically, in silica fibres this effect occurs when high attenuation and scattering 

problems are solved by increasing the input optical power. At some point of the optical fibre 

length, a defect present in the fibre material itself, or imposed by a high bending radius (for 

example), originates multiple reflections of the propagating light, locally increasing the 

temperature to values higher than the silica melting point. Then, a spherical void appears at 

the initial defect spot, and a trail of smaller periodic voids propagates towards the optical 

source. The most effective way to terminate the fuse effect propagation is to shut down the 

optical source, or by using isolating elements (e.g. fibre isolators). Despite being an 

inconvenient effect on optical communications, an extensive research has been done 

focusing on the use of this damaged silica optical fibre to produce FPI-based sensors [209–

211]. 

The first successful control of the fuse effect in polymer optical fibres was only achieved 

in 2014 by Y. Mizuno and his team, and published in [212] at the same year. In this work, 

the propagation of the fibre fuse was described and the first insights on its controlling 

parameters were given. In the following years, many research articles were published based 

on the application of this damaged fibre as an optical fibre sensor, but always targeting the 

straightforward influence of physical parameters on the properties of the light propagating 

within the POF, such as temperature and strain [213–218]. 

 SENSOR’S FABRICATION 

Since the fused polymer optical fibre (fPOF) should have carbon in its composition, it 

was assumed that this material could present electromagnetic properties. Therefore, a 

magnetic field sensor was developed comprising a typical silica fibre connector, a SMF-28e+ 

fibre sample, a UV cure adhesive (NOA 76 from Norland) and a fused perfluorinated graded-

index POF (GI-POF) sample (model ID050, from Sekisui Chemical). The fuse effect details 

can be consulted in Annex D.  
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The sensor fabrication started by carefully cutting a sample of the fPOF with (2.00 ± 

0.05) cm, using a hot razor blade (~40 ºC), leaving the fibre end faces perpendicular with its 

core. Then, the fPOF was placed in a fixed mount using Kapton tape, and a cleaved 

connectorized SMF-28e+ sample was placed (parallelly to the fPOF) on a three-axis manual 

stage. The alignment procedure was divided in two stages, called macro- and fine-alignment. 

First, a rough macro-alignment was performed by connecting the silica fibre to a red laser, 

inspecting the light scattering after the fPOF, and aided by a magnifying glass (LEICA A60). 

The best alignment was attained when a bright spot was achieved in the centre of the 

scattering light pattern (Figure 7.1 (A)).  

 

Figure 7.1 – Schematic representation of the FPI fabrication method. In the first process (A), a macro-
alignment of the optical fibres position is performed, where a magnifying glass (ML) and a red laser (RL) are 

the main assessing tools used to control the manual 3D platform (3D-C) movements. In the second 
fabrication process (B), a fine-alignment is performed, where the MG and an optical interrogator (OI) were 

used. At the end of (B), and after the correct positioning of both fibres, an adhesive is placed in the gap 
between both fibres and cured by an UV light (UVL). 

The second alignment procedure (Figure 7.1 (B)) consisted on a fine alignment of both 

fibres by using the magnifying glass and the spectrum given by an optical interrogator (model 

SM125-100 from Micron Optics). The 3D manual stage was carefully maneuvered to achieve 

the desired FPI reflection spectrum. When the optimal position was achieved, a UV cure 
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adhesive (model NOA 76, from Norland) was applied and cured by a collimated UV light 

(composed by a LED, model M365LP1, and a collimator, model SM2F32-A, both from 

Thorlabs). The final FPI mirrors are the interfaces SMF-28e+/NOA76 and fPOF/NOA76, 

with NOA76 acting as the FPI’s cavity medium.  

The same procedure was adopted to fabricate a reference sensor, where a non-fused GI-

POF was used instead of a fPOF sample (Figure 7.2). 

 

Figure 7.2 – Photograph of the reference FPI sensor fabricated with a non-fused GI-POF (left), SMF-28e+ 
fibre (right) and a UV cure adhesive. 

The final sensor’s optical reflection spectrum is depicted in Figure 7.3. 

 

Figure 7.3 – Optical reflection spectrum of the FPI composed by SMF-28e+ fibre, fPOF sample and a UV 
cure adhesive. 

 MAGNETIC FIELD SENSING 

The developed optical fibre sensors were characterized for magnetic field variations using 

the experimental setup depicted in Figure 7.4, comprising a variable magnet (Hallbach-type 

variable magnet model MM-1000-52 from Magnetic Solutions), an optical interrogator 

(Micron Optics SM125-100), and a PVD fibre support build in a 3D printer. 
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Figure 7.4 – Schematic representation of the experimental setup used in the magnetic field characterization. 

After positioning the optical fibre sensor inside the variable magnet chamber, the optical 

fibre spectrum was monitored for a magnetic field direction of 0º, and within three different 

magnetic field ranges: 0 – 40 mT (2 mT steps), 40 – 200 mT (10 mT steps) and 200 - 1000 mT 

(100 mT steps). The spectrum shift is depicted in Figure 7.5 (a), where the magnetic field 

intensity variation is indicated by the black arrow. From the absolute wavelength shift data 

presented in Figure 7.5 (b), one can conclude that there are three regions where the FPI 

sensor has different sensitivities, namely (46.6 ± 0.2) pm/mT, (3.22 ± 0.05) pm/mT and 

(0.33 ± 0.02) pm/mT for the magnetic field intensity ranges of 0 - 50 mT, 60 – 200 mT and 

300 – 1000 mT, respectively. This sensitivity variation suggests that the optical fibre sensor 

has a saturation limit for magnetic field intensity values higher than 200 mT. To further 

investigate this, several tests were conducted by choosing different magnetic field directions 

Figure 7.5 (c), but using the same intensity ranges as for the direction of 0º. 

It is important to note that, despite the wavelength shift of the fabricated FPI being 

negative with increasing magnetic field intensity, it was represented in absolute values for 

better visualization of the saturation curves. 

From Figure 7.5 (c), one can conclude that the develop sensor exhibits a “memory” – 

like behaviour, never returning to its initial wavelength. This could be explained by the plastic 

deformation of the FPI incited by the fPOF deformation, since the fused fibre acts as a 

deformed cantilever. The highest wavelength shift experienced for the 0 º direction suggests 

that near the FPI’s “rest” position, the sensitivity will be the highest. 
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Figure 7.5 – (a) Reflection spectrum of the FPI with magnetic field variation. (b) Absolute FPI’s wavelength 
shift for a magnetic field orientation of 0 º, where the open black circles and the solid coloured lines represent 
the experimental data and its fitting curves, respectively. (c) Absolute FPI’s wavelength shift comparison for 

different magnetic field orientations of 0, 45, 90, 135, 180 and 270º. 

As comparison, the same characterization protocol was performed for the FPI fabricated 

with a non-fused GI-POF, attaining a maximum sensitivity of (0.27 ± 0.02) mT. This 

indicates that, despite the sensitivity being very low when compared with already reported 

works on magnetic field sensing with optical fibre sensors [219–222], the sensor fabricated 

with the fPOF sample has a sensitivity almost 172 times higher than the sensor fabricated 

with the non-fused GI-POF. A more extensive research on this fused polymer optical fibre 

(SE-SEM, EDS, XPS and Raman spectroscopy) revealed that the fused material is, in fact, a 

fluorinated graphene oxide foam with very interesting electromagnetic properties, such as a 

ten times higher magnetic susceptibility than the non-fused fibre (SQUID magnetometry), 

which could definitely contribute for the observed discrepancy between the FPIs’ magnetic 

field sensitivities. A detailed material and magnetic characterization of the fPOF can be 

consulted in Annex E. 
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7.2.2 SUMMARY 

The developed magnetic field sensor based on a fused polymer optical fibre revealed to 

be a very interesting solution to sense low magnetic field intensities. Due to its electrical 

passiveness, this sensor consists on a viable solution for magnetic field sensing in harsh 

environments, with probable application in telecom antennas and medical procedures (e.g. 

magnetic resonance). Despite the great potential of this new type of optical device, the 

implemented extensive multidisciplinary research should be continued, focusing on the 

remaining unstudied characteristics, such as temperature dependence, sensor compactness, 

reproducibility, and sensitivity enhancement.  

The work presented in this section contributed for the publication of one paper in a SCI 

journal (SP17), and one communication in an international scientific conference (SC11). 

Another paper (SP3) was submitted to a SCI journal. 

 REFRACTIVE INDEX SENSOR FOR FLUIDS 

Two different sensors for measuring refractive index in fluids were fabricated using the 

assembled femtosecond laser system as a micromachining station. The optical devices used 

were based on the previously described hollow FPI cavities (section 5.6.2) and the 

micromachined POFBG (section 5.6.3). The characterization and analysis of the hollow FPIs 

were performed by the author, and the POFBG study performed in collaboration with MSc. 

Luís Pereira.  

7.3.1 MICROMACHINED HOLLOW CAVITY 

The FPI cavity used as refractive index sensor was the FPI1 presented in section 5.6.2. A 

preliminary thermal characterization was performed using the same experimental setup 

described in section 5.4.2.1, within the same temperature range. The maximum attained value 

for the FPI1 temperature sensitivity was (−0.8 ± 0.5) pm/ºC, allowing to assume that this 

optical fibre sensor is practically insensitive to temperature fluctuations. 

 REFRACTIVE INDEX CHARACTERIZATION 

The refractive index characterization was performed, by the bath method, using thirteen 

ethanol/water mixtures at ambient temperature (~20 ºC), calibrated by a 589 nm Abbe 

refractometer from KRÜSS optronic. Before immersing the optical fibre sensor, each 
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solution was stirred for one minute to guarantee homogeneity. Then, the optical fibre sensor 

was totally immersed for five minutes, assuring spectral and environment stabilization. After 

acquiring the spectrum for each solution, the optical fibre sensor was dried at ambient 

temperature (~20 ºC) for 15 minutes, until its spectrum returned to its initial state. This 

procedure was performed sequentially, from the solution with the lowest refractive index 

value to the one with the highest value (Figure 7.6).  

One should note that the refractive index values obtained from the refractometer, 

correspond to values under a 589 nm radiation. Since the light source used to monitor the 

FPI1 response is within the 1500-1600 nm range, a refractive index values conversion from 

589 to 1550 nm was performed by using the same approach as in [223–225], and the 

following equation: 

n589,1550 = Aw3 + Bw2 + Cw + D (7.1) 

where n589,1550 is the refractive index under 589/1550 nm radiation, w is the ethanol 

solutions’ mass fraction, and A, B, C and D are adjusting parameters determined by the fit. 

 

Figure 7.6 – Schematic representation of the experimental procedure adopted in the optical fibre sensor’s 
refractive index characterization. 

The experimental data, and corresponding fitting curves, of the refractive index values versus 

the ethanol solutions’ mass fraction are depicted in Figure 7.7, and the respective fitting 

parameters presented in Table 7-1. 
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Figure 7.7 – Refractive index of different ethanol/water solutions under a wavelength of 589 (green) and 
1550 (red) nm. The green open circles represent the experimental refractive index values obtained by the 
refractometer under 589 nm radiation, and the red open circles the experimental refractive index values 

obtained by the calibration at 1550 nm. Note that some data points are overlapped, giving the wrong idea of 
existing only 11 data points. The solid lines represent the fitting curves. 

Table 7-1. Fitting parameters of RI obtained for the FPI1 under 589 and 1550 nm radiation. 

 λ = 589 nm λ = 1550 nm 

Parameter Value Fitting error Value Fitting error 

A −0.036 ± 0.004 −0.03 ± 0.02 

B 0.009 ± 0.006 0.003 ± 0.026 

C 0.054 ± 0.002 0.05 ± 0.01 

D 1.3306 ± 0.0003 1.319 ± 0.001 

     

The FPI1 refractive index characterization consisted on monitoring one of its peaks’ 

central wavelength (centroids obtained by Gaussian fit) for different ethanol solutions. The 

wavelength shifts as a function of the solutions’ refractive indexes (values calculated for a 

1550 nm radiation) are presented in Figure 7.8. Note that due to overlapped data, it was 

decided to plot only 10 experimental data points. 

 

Figure 7.8 – FPI1 resonant wavelength shift for different refractive index values. The red open circles and 
solid line represent the experimental data and its fitting curve. 

Clearly, the experimental data presented in Figure 7.8 does not follow a linear behaviour 

throughout the entire refractive index range. However, one can consider a linear behaviour 
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after a refractive index value of 1.3235, in which a maximum sensitivity of 

(364 ± 31) nm/RIU was attained for the depicted linear fit.  

7.3.2 MICROMACHINED POFBG 

Before assessing the laser etched POFBGs (described in section 5.6.3) refractive index 

sensing capabilities, a preliminary temperature and strain characterizations were performed 

(similar to the ones used for the FBGs in section 5.2.2), retrieving the sensitivities values 

presented in Table 7-2. 

Table 7-2. Temperature and strain sensitivity values for the two POFBGs etched by femtosecond laser 
micromachining. 

  
Temperature sensitivity 

(pm/ºC) 

Strain sensitivity 

(pm/µε) 

POFBG Peak Value Fitting error Value Fitting error 

POFBG1 
1 

−77 ± 2 
0.71 ± 0.01 

2 1.27 ± 0.03 

POFBG2 
1 

−80 ± 4 
0.77 ± 0.01 

2 1.45 ± 0.03 

      

Contrary to what happens with temperature variations, one notices that when applying 

strain, the POFBGs peaks separates in two peaks, each one with different strain sensitivities. 

Furthermore, the direct comparison between the POFBG1 and POFBG2 suggests that, the 

longer the etched section of a POFBG, the higher its temperature and strain sensitivities will 

be. 

 REFRACTIVE INDEX CHARACTERIZATION 

The micromachined POFBGs underwent a refractive index characterization protocol 

similar to the one used in the hollow FPI sensor (Figure 7.6), but using only three different 

ethanol/water solutions (refractive indices of 1.3321, 1.3397 and 1.3436 at 1550 nm 

radiation) and different stabilization times (~30 minutes in the solution). To minimize the 

influence of the POF absorption capability, prior to the refractive index characterization the 

POFBGs were submerged in distilled water for 60 minutes. During the entire procedure, 

both POFBGs were completely immersed in the ethanol/water solutions and kept free of 

applied strain.  
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The POFBGs resonant central wavelength shifts with the different refractive index 

variations are depicted in Figure 7.9. 

 

Figure 7.9 – FPI1 resonant wavelength shift for different refractive index values. The red open circles and 
solid line represent the experimental data and its fitting curve. 

Despite presenting only three data points, the applied linear fits present good linearity, 

allowing to attain the sensitivities of (−10 ± 2) and (−11.5 ± 0.7) nm/RIU for the POFBG1 

and POFBG2, respectively. Comparing both POFBGs results, one concludes that POFBG2 

presents a higher sensitivity value, as expected by the preliminary results for temperature and 

strain sensitivities. Furthermore, when varying the refractive index, only a single resonant 

peak is observed, evidencing the POFBGs dual-parameter capability to simultaneously 

monitor strain and one of the following measurands: temperature or fluids refractive index. 

7.3.3 SUMMARY 

To measure refractive index variations in fluids, two different solutions were proposed in 

this section: one comprising a hollow FPI with microchannels, and another one based on a 

laser etched POFBG. In the first optical fibre sensor configuration, the machined 

microchannels allowed to fill the FPI cavity with ethanol/water solutions with different 

refractive index values. The refractive index characterization of this sensor revealed its 

suitability to work in linear regimes, if appropriate refractive index ranges are chosen. By 

comparing the attained sensor’s highest refractive index sensitivity value (364 nm/RIU 

within a 1.323 - 1.337 RIU range) with already reported works based on FPIs [224–226], one 

concludes that the developed sensor presents similar sensitivities for the same working range. 

The micromachined POFBG underwent an identical refractive index characterization, 

attaining lower and negative sensitivity values (−11.5 nm/RIU), but presenting a linear 

behaviour within a larger refractive index range (1.332 – 1.344 RIU). Comparing with similar 

reported works [227–230], the POFBG present similar sensitivity values for identical 

working ranges. One should highlight the capability of the POFBG to simultaneously 
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monitor strain and temperature or refractive index, due to its unique characteristic of, when 

applying strain, generating two resonant peaks (with different strain sensitivities) from the 

fundamental one. 

Both sensors presented in this section fulfil the proposed objective of monitoring 

different fluids refractive index values, revealing to be suitable options for high sensitivity 

measurements (FPI1) and dual-parameter sensing (POFBG). Further investigations should 

be performed to enhance these sensors capabilities, such as studying the influence of using 

fluids with different viscosity values and assess its monitoring capability under different case 

scenarios. 

The work presented in this section contributed to publication of a paper on a SCI 

scientific journal (SP6). 

 MULTIPARAMETER HYBRID SENSORS 

Two different hybrid sensors were developed based on different optical fibre sensors, 

namely FBGs inscribed by femtosecond laser technology, intrinsic FPIs inscribed by direct-

writing techniques, extrinsic FPIs fabricated by fusion splicing technique, and extrinsic FPIs 

fabricated by the butt-coupling technique with UV curable adhesives. Typically, such OFSs 

configurations present cross-sensitivity issues, mainly due to its dual sensitivity to the desired 

measurand and temperature [231–237]. To mitigate such handicap, the OVE was used to 

increase the sensitivity contrast between the sensing structures of the hybrid sensors, and the 

matrix method used to qualitatively assess any measurands variations. 

The proposed multiparameter hybrid sensors, called s-sensor and h-sensor, were 

developed specifically to monitor strain/temperature and relative humidity/temperature, 

respectively.  

7.4.1 STRAIN AND TEMPERATURE SENSOR FOR HIGH RESOLUTION 

MEASUREMENTS 

The multiparameter hybrid sensor designed for strain and temperature monitoring (s-

sensor), comprises an intrinsic reference FPI (rFPI), an intrinsic sensing FPI (sFPI) and a 

FBG inscribed between both FPIs. Being an all-silica intrinsic sensor, it is expected that the 

s-sensor should be immune to external environments stimulations (such as humidity 
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variation, different refractive indices, and electromagnetic fields), and have long-term 

stability. 

 SENSOR’S FABRICATION 

The s-sensor fabrication started by inscribing the rFPI in a SMF-28e+ fibre, using the 

same inscription method and identical inscription parameters as in section 5.5.2, with a length 

of LrFPI = (1500.0 ± 0.1) µm. Then, by adopting the same inscription protocol as the rFPI 

(but with LsFPI = 1515.2 ± 0.1 µm to acquire a magnification of M ≈ 100), the sFPI was 

inscribed at (360.0 ± 0.5) mm from the rFPI. Finally, the FBG was inscribed at 

(150.0 ± 0.5) mm from sFPI using the phase mask method and the femtosecond laser system 

(section 5.2.1.2). To facilitate the FBG inscription, approximately 3 cm of SMF-28e+ coating 

was stripped at the desired location. The inscription parameters chosen were a laser power 

of 180 mW, an inscription time of 20 seconds, and a phase mask with a pitch of 1072 nm. 

The spectra and schematic representations of the cascaded FPIs and final s-sensor are 

depicted in Figure 7.10. 

 

Figure 7.10 – Hybrid sensor spectra, and its respective schematic representation, (a) before and (b) after the 
FBG’s inscription. The red and orange solid lines on (a) represent the upper and lower envelopes of the cFPI 

spectrum, respectively. 

 CHARACTERIZATION AND CROSS-SENSITIVITY  

To assess the s-sensor sensing capabilities, the FBG and sFPI were characterized in terms 

of temperature and applied strain.  

The s-sensor was characterized under a temperature characterization setup similar to the 

one depicted in Figure 5.7, using a temperature range of 30 – 70 ºC and steps of 5 ºC. The 

thermal stabilization time was assumed to be 10 minutes at each step. To distinguish the 

wavelength shift of each sensing element, both the FBG and sFPI were separately 

characterized. The final thermal characterization data of cFPI, FBG and sFPI are depicted 
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in Figure 7.11. Note that for the cFPI monitoring, it was considered only the lower envelope 

of the spectrum. 

 

Figure 7.11 – Wavelength shift of the hybrid sensor elements with temperature. The coloured open circles 
and solid lines represent the experimental data and the fitting lines, respectively. 

The linear fitting applied to the thermal characterization data revealed good linear 

responses for all sensors, attaining the highest sensitivity value of (1050 ± 23) pm/ºC for the 

cFPI, and an OVE magnification factor of MT = 95 ± 11, as expected (Table 7-3). 

The strain characterization was conducted using one fixed stage between two uniaxial 

manual translation stages (Figure 7.12). By fixing the FBG with cyanoacrylate adhesive 

between the first translation stage and the fixed stage, and the sFPI between the fixed stage 

and the second translation stage, the strain characterization could be performed 

simultaneously and independently. The applied strain ranges were different for each sensing 

element due to their different sensitivities, more specifically ranges of 0 – 600 µε for the FBG 

and 0 – 400 µε for the sFPI/cFPI, approximately. 

 

Figure 7.12 – Schematic representation of the strain characterization procedure. Note that the FBG and sFPI 
were strained independently. 
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Due to the manual translation stage minimum increment resolution (1 µm), only four 

steps were possible in the sFPI/cFPI characterization, while for the FBG one could use ten 

steps. As in the thermal characterization, the lower envelope of the entire spectrum was used 

in the cFPI characterization. The final strain characterization data of the cFPI, FBG and 

sFPI are depicted in Figure 7.13. 

 

Figure 7.13 – Wavelength shift of the hybrid sensor elements with applied strain. The coloured open circles 
and solid lines represent the experimental data and the fitting lines, respectively. 

Again, the fitting curves applied to the experimental data revealed good linearity, with the 

highest strain sensitivity being attained by the cFPI (112 ± 2 pm/µε). The magnification 

factor imposed by the OVE has a value of Mε = 87 ± 15 (Table 7-3). 

Table 7-3. cFPI OVE magnification factor values attained using equations (2.43) and (2.44). 

Method M value 

ST,cFPI

ST,sFPI
 95 ± 11 

Sε,cFPI

Sε,sFPI
 87 ± 15 

FSRcFPI

FSRsFPI
 91.67 ± 0.01 

  

To assess and mitigate the cross-sensitivity of the s-sensor, the matrixial method was used, 

considering the wavelength shifts of the FBG and cFPI (ΔλBragg and ΔλcFPI, respectively) 

and the following equation [232,238,239]: 

[
ΔλBragg

ΔλcFPI
] = A [

Δε
ΔT

], A = [
Sε,FBG ST,FBG

Sε,cFPI ST,cFPI
] (7.2) 

where A is the sensitivity matrix, Sε,T are the sensing elements’ strain and temperature 

sensitivities, and Δε and ΔT the relative strain and temperature variations. By definition, if 
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the determinant of A is different from zero, one can solve equation (7.2) in terms of Δε and 

ΔT: 

[
Δε
ΔT

] =
1

det(A)
[

ST,cFPI −ST,FBG

−Sε,cFPI Sε,FBG
] [

ΔλBragg

ΔλcFPI
] (7.3) 

Using the attained s-sensor sensitivities in equation (7.3), one can distinguish strain and 

temperature variations by association of the FBG with the cFPI spectral shifts: 

[
Δε
ΔT

] =
1

det(A)
[

1050 −10.28
−112 1.23

] [
ΔλBragg

ΔλcFPI
] (7.4) 

For application purposes, instead of using one single sensing element to monitor 

temperature and strain fluctuations, one should choose different sensing elements to mitigate 

cross-sensitivity issues. Since temperature variations will always be detected by both sensing 

elements, one could choose, for example, the FBG to monitor strain and the cFPI to monitor 

only temperature variations (by keeping it free of applied strain). Thus, equation (7.4) can be 

rewritten by considering Sε,cFPI equal to zero: 

[
Δε
ΔT

] =
1

det(A)
[
1050 −10.28

0 1.23
] [

ΔλBragg

ΔλcFPI
] (7.5) 

This way, the s-sensor can monitor strain variations and eliminate the temperature influence 

by subtracting the correspondent wavelength shift. If one needs a higher strain resolution, 

the cFPI should be chose over the FBG. Again, the FBG should be kept free of strain 

variations, which leads to a virtual zero-strain sensitivity, reflected in the following equation: 

[
Δε
ΔT

] =
1

det(A)
[

1050 −10.28
−112 0

] [
ΔλBragg

ΔλcFPI
] (7.6) 

The theoretical resolutions can be calculated by dividing the optical interrogator 

resolution by the s-sensor sensitivities, attaining the maximum resolutions of 1 × 10−5 ºC and 

9× 10−3 µε. 

7.4.2 TEMPERATURE AND HUMIDITY SENSOR FOR HIGH RESOLUTION 

MEASUREMENTS 

To monitor temperature and relative humidity simultaneously, a hybrid optical fibre 

sensor (h-sensor) was developed, comprising an extrinsic sensing FPI (sFPI), an extrinsic 

reference FPI (rFPI), and a FBG. The variation of temperature and humidity expands or 

contracts the sFPI structure, which increase or decrease the physical length between the sFPI 

mirrors’ and, consequently, produce a shift in the reflection spectrum. Three different 
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fabrication techniques were used for all three sensing elements, resulting in a versatile and 

compact solution for temperature and humidity monitoring. 

 SENSOR’S FABRICATION 

The h-sensor assembling started with the fabrication of the rFPI by the fusion splicing 

technique between a standard silica optical fibre, damaged by fused effect, and a SMF-28e+. 

After cleaving the damaged optical fibre near a bullet-shaped void, the sample was spliced 

with a standard SMF-28e+, creating a new void with higher dimensions, followed by several 

minor voids. Then, the fibre was cleaved right after the larger void, at the voids trail side, and 

spliced again with SMF-28e+, resulting in the FPI structure depicted in Figure 7.14. A more 

detailed description of this splicing technique can be consulted in Annex F. 

 

Figure 7.14 – Microscopic photograph of the rFPI fabricated by splicing a silica optical fibre damaged by 
fused effect with a normal SMF-28e+ fibre sample. 

With the rFPI finalized, the sFPI was fabricated in order to obtain the highest OVE 

magnification possible, which can be attained by creating a sFPI with a FSRsFPI very similar 

with FSRrFPI (recalling equations (2.43) and (5.5)). Since the aforementioned splicing 

technique does not allow reproducible results and precise manipulation of the FPIs 

dimensions, the but-coupling technique (described in section 7.2.1.1 and depicted in Figure 

7.1) was used with a UV cure adhesive (model NOA 13775 from Norland), and the final 

sFPI was fixed in a thin steel sheet for faster thermal response. Using a 3 dB coupler, a 

parallel configuration was assembled, allowing the real-time visualization of both the sFPI 

reflection spectrum and the spectrum resulted from the interference between the reflection 

spectra of rFPI and sFPI. By fine tuning the sFPI cavity physical length, i.e., the distance 

between the end of two cleaved SMF-28e+ samples, it was possible to obtain the beating 

shape depicted in Figure 7.15 (a) (named Sv’s spectrum). 

By applying a fast Fourier transform (FFT) to the Sv spectrum, the natural frequencies of 

such spectrum modulations were attained (highlighted in Figure 7.15 (b)), namely 

frFPI ≈ 0.08824 nm−1, fsFPI ≈ 0.11077 nm−1 and fSv ≈ 0.02422 nm−1. 
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Figure 7.15 – (a) Reflection spectra of the rFPI (blue), sFPI (yellow) and Sv (green). The dashed green line 
represents the lower envelope of the Sv spectrum. In (b), the fast Fourier transform of the Sv spectrum is 
depicted, highlighting the characteristic frequencies of rFPI (blue circle), sFPI (yellow circle) and Sv (green 

circle). 

The inscribed FBG was fabricated and characterized separately from the FPIs, using the 

phase mask method within the UV laser system installed in the laboratory of the 

Nanophotonics and Optoelectronics group – i3N/Aveiro (Annex B). The FBG was 

inscribed in a GF1 optical fibre (Nufern) using a phase mask with a pitch of 1058.04 nm, 

and the inscription parameters were a laser pump energy of 25.4 J, a pulse rate of 10 Hz, and 

an inscription time of 10 minutes. The final optical reflection spectrum of the inscribed FBG 

is depicted in Figure 7.16. 

 

Figure 7.16 – Optical reflection spectrum of the FBG inscribed with the UV laser system by the phase mask 
method. 

 CHARACTERIZATION AND CROSS-SENSITIVITY  

The h-sensor was characterized in terms of temperature and relative humidity but using 

different setups for the FBG and FPIs. As standard FBGs inscribed in silica are insensitive 

to humidity variations [240–242], the fabricated FBG was solely submitted to a thermal 

characterization. The procedure was identical to the one adopted in section 5.2.2.1, using the 

µ-oven, a temperature range of 30 - 60 ºC and steps of 5 ºC. By applying a linear fit to the 

experimental data, a thermal sensitivity of (10.67 ± 0.06) pm/ºC was attained.  
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Regarding the FPIs, both the thermal and relative humidity characterizations were 

conducted using the experimental apparatus depicted in Figure 7.17, comprising a 3 dB 

coupler, an optical interrogator and a climate chamber (model CH340 from Angelantoni, 

with a thermal and relative humidity resolutions of 0.3 ºC and 1 %RH, respectively). Both 

FPIs were introduced inside the climate chamber, guaranteeing that the same environment 

conditions were simultaneously applied to the rFPI, sFPI and, consequently, to Sv.  

 

Figure 7.17 – Schematic representation of the experimental setup used in the thermal and relative humidity 
characterization of the rFPI, sFPI and Sv. Note that both FPIs were characterized at the same time, being 

submitted to the exact same conditions inside the climate chamber (CC). 

In the FPIs thermal characterization the temperature was increased and decreased within 

the range of 22 – 33 ºC, divided in 6 steps of 1 hour each (to guarantee thermal stabilization) 

and using a fixed relative humidity of 50 %. At each step, the rFPI, sFPI and Sv spectra were 

acquired, and the correspondent peaks/valleys wavelength shifts (centroids obtained by 

Gaussian fits) monitored (Figure 7.18 and Figure 7.19). 
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Figure 7.18 – Spectra evolution of the (a) rFPI and (b) sFPI with increasing temperature. The green shadow 
in (b) highlights the sFPI peak used in the thermal characterization. 

 

Figure 7.19 – Spectra evolution of Sv with temperature variation. The green shadow highlights the Sv’s lower 
envelope valley used in the thermal characterization. Note that due to the high thermal sensitivity of Sv, the 

envelope’s wavelength shift was monitored in relative terms, instead of considering the absolute value. 

As predicted, the rFPI did not respond to temperature variations, presenting a wavelength 

shift of (−0.0007 ± 0.0030 nm/ºC), which can be neglected considering the optical 

interrogator minimum resolution of 1 pm. On the contrary, the sFPI presents a high thermal 

sensitivity (2.7 ± 0.08 nm/ºC), and the Sv an even higher value of (14.4 ± 0.4 nm/ºC), as 

can been in Figure 7.20.  

The relative humidity characterization of the FPIs was conducted in the same 

experimental apparatus, using a fixed temperature of 20 ºC and a relative humidity range of 

30 – 90 %RH, with five increasing and decreasing steps. In each relative humidity step, a 

period of, approximately, two hours was used to assure the chamber stabilization before 

acquiring the FPIs’ spectra. The same monitoring analysis was used, resulting in the 

characterization curves depicted in Figure 7.20. 



Chapter 7 – Applications 

143 

 

Figure 7.20 – Wavelength shift of the rFPI, sFPI and Sv with (a) temperature and (b) relative humidity. The 
coloured open circles and solid lines represent the experimental data (mean values between increasing and 

decreasing cycles) and the respective fitting lines. 

Again, the rFPI sensitivity can be neglected (0.0001 ± 0.0007 nm/%RH), and the sFPI 

and Sv presented a relative humidity sensitivity of (0.12 ± 0.01 nm/%RH) and 

(0.65 ± 0.05 nm/%RH), respectively. 

The OVE magnification factor values (Table 7-4) can then be calculated by comparing 

the Sv and sFPI sensitivity values, relative to both temperature and relative humidity 

measurements, or by using equation (2.43), where M is defined in terms of the FPIs FSRs.   

Table 7-4. Sv OVE magnification factor values attained using equations (2.43) and (2.44). 

Method M value 

ST,Sv

ST,sFPI
 5.3 ± 0.3 

SRH,Sv

SRH,sFPI
 5.3 ± 0.9 

FSRSv

FSRsFPI
 5.143 ± 0.001 

  

Comparing the M values attained by the quotient between the Sv and sFPI sensitivities with 

the M value obtained by the quotient between FSRs, one can conclude that all results are 

similar between each other, considering the respective errors.  



Development and optimization of optical fibre sensors produced by a femtosecond laser 

144 

As in the s-sensor, the cross-sensitivity of the h-sensor can be mitigated using the matrixial 

method, considering the following equation: 

[
ΔλBragg

ΔλSv
] = A [

ΔRH
ΔT

], A = [
SRH,FBG ST,FBG

SRH,Sv ST,Sv
] (7.7) 

From this, one can write the relative humidity and temperature variation sensed by the 

h-sensor as: 

[
ΔRH
ΔT

] =
1

det(A)
[

14.4 −0.01067
−0.65 0

] [
ΔλBragg

ΔλcFPI
] (7.8) 

This way, one can differentiate temperature shifts from relative humidity variations without 

the need of isolating one of the sensing elements. Regardless of presenting a lower 

magnification factor in relation to the one obtained for the s-sensor, very high theoretical 

resolutions of ~7×10−5 ºC and ~2×10−3 %RH were obtained for the h-sensor. Moreover, a 

traditional OVE configuration was developed where the reference FPI can be placed on the 

same environment as the sensing FPI, once the rFPI sensitivity to temperature and relative 

humidity can be neglected. Thus, the h-sensor configuration can be further improved to 

develop a compact device for relative humidity and temperature monitoring. 

7.4.3 SUMMARY 

Two different multiparameter hybrid sensors were proposed and developed, aiming to 

monitor the measurands pairs temperature/strain and temperature/relative humidity, and 

using FPIs and FBGs fabricated by different techniques. 

In the first sensor (s-sensor), the FPIs were inscribed by the direct-writing technique with 

the femtosecond laser system, and the FBG with the phase mask method within the same 

laser system. By carefully controlling the FPIs cavity lengths, OVE could be generated, 

attaining a magnification factor of 100, approximately. This remarkable FPIs sensitivity 

enhancement allowed to achieve outstanding temperature and strain sensitivities of 

1.050 nm/ºC and 0.112 nm/µε, respectively. Depending on the compact hybrid sensor 

application, and using the matrixial method, it was demonstrated that is possible to mitigate 

the typical cross-sensitivity issues of single optical fibre sensors. 

Regarding the h-sensor, it comprises two extrinsic FPIs in a parallel configuration, 

fabricated by the splicing technique with typical silica fibre damaged by fuse effect, and butt-

coupling method, where the UV cured adhesive works as the FPI cavity medium. The 

interference of both FPIs’ spectra resulted in a traditional OVE, attaining a magnification 



Chapter 7 – Applications 

145 

factor of 5.3, approximately. Despite the attained magnification factor being much lower 

than the one of the s-sensor, due to the sFPI intrinsic characteristics, very high sensitivity 

values were achieved (14.4 nm/ºC and 0.65 nm/%RH), which can compete with already 

reported sensitivity records of more complex optical fibre sensors configurations, as 

presented in Table 7-5. 

Once the rFPI temperature and relative humidity sensitivities are negligible, considering 

the optical interrogator resolution and the experimental ranges used, all the sensing elements 

of the h-sensor can be submitted under the same environment conditions. This way, a very 

compact and reliable device can be assembled without the need to isolate any sensing 

elements and, at the same time, allowing to mitigate any cross-sensitivity issues. 

The work presented in this section contributed for the publication of one paper in a SCI 

journal (SP7), and one communication in international scientific conference (SC2). Another 

paper (SP4) was submitted to a SCI journal. 

Table 7-5. Comparison between the relative humidity (RH) and temperature (T) sensitivities of different 
optical fibre sensors already reported in the literature with the values attained with the h-sensor presented in 

this thesis. 

Ref. 
ST 

(pm/ºC) 

T working range 

(ºC) 

SRH 

(pm/%RH) 

RH working range 

(%RH) 

[243] 262.1 25 – 45 573.8 30 – 90 

[244] 67350 20 – 24 -- -- 

[245] 9.6 25 – 65 -99.5 30 – 95 

[246] -6.14 10 – 50 -23.1 30 – 90 

[247] 190.71 30 – 80 986.25 35 – 65 

[248] 460 25 – 35 530 30 – 90 

[249] 410.66 25 – 85 63.23 20 – 80 

[250] -123.5 20 – 80 176.6 60.6 – 78.6 

[251] -- -- 456 19.63 – 78.86 

[252] -2440 30 – 60 -- -- 

h-sensor 

(2020) 
14400 22 – 33 650 30 – 90 
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 FINAL REMARKS 

Five different optical fibre sensor configurations were proposed in this chapter, 

subcategorized accordingly with its applications: for magnetic field sensing, refractive index 

sensing of fluids, and hybrid sensors for multiparameter sensing. 

The proposed sensing devices are based on FBGs, FPIs and OVE, but each device 

comprised very different fabrication techniques. To inscribe the FBGs, the assembled 

femtosecond laser and the UV laser systems were used using the phase mask setup. 

Regarding the FPIs fabrication, four different techniques were used, namely the butt-

coupling by UV cure adhesive (where the adhesive works as the FPI cavity medium), the 

fusion splicing technique with damaged fibre (by fuse effect) and with multimode fibres, and 

the direct-writing method with the implemented femtosecond laser system. Besides the 

fundamental fabrication techniques, the micromachining method was used within the 

femtosecond laser system to open microchannels in hollow FPIs and to etch POFBGs, 

enhancing its sensitivity capabilities. 

All the developed sensors were successfully tested, revealing to be suitable solutions to 

monitor a wide range of measurands. In general, all devices presented sensitivity values 

within already reported works, but comprising a simpler fabrication method and with a wider 

range of applicability. Without demeaning or belittling the results achieved with the other 

sensor configurations, one should highlight the outstanding sensitivity values attained by 

using the OVE within the hybrid sensors (s-sensor and h-sensor), which allowed to develop 

two very sensitive devices with very low cross-sensitivity issues. 

The concepts, configurations and fabrication techniques of the optical fibre sensors 

presented in this chapter, stablished the foundation to developed new optical devices, which 

will certainly path the way towards future compact and versatile sensing solutions.  

The work presented in this chapter contributed for the publication of three papers in SCI 

journals (SP6, SP7, and SP17), and two communications in an international scientific 

conference (SC2 and SC11). Another two papers (SP3 and SP4) are in the submission process 

to SCI scientific journals.
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 CONCLUSIONS AND FUTURE WORK 

The work presented and discussed in this PhD thesis comprised a wide variety of optical 

fibre sensors, fabrication techniques, materials, and applications. To attain and fulfil the initial 

stipulated objectives, a multidisciplinary environment was stablished, focusing on mitigating 

each experimental constrains that may emerge without compromising the feasibility of the 

initial goals.  

The theoretical background, presented in chapters 2 and 3, about OFSs and femtosecond 

lasers, was crucial to assemble the phase mask and direct-writing setups, both based on the 

femtosecond laser system (chapter 4). The assembling of both setups revealed to be a difficult 

challenge, having encountered several flaws throughout the system’s use, more specifically 

in the direct-writing setup. These flaws were, mainly, due to poor mechanical stability 

provided by the motorized translation stages, as well as by the physical limitations of the 

available optomechanics and optics parts. Nonetheless, the direct-writing setup proved to be 

a reliable solution to fabricate different structures inside optical fibres, with fully 

customizable configurations, leaving space for future improvement by using higher quality 

components. 

In chapter 5, the qualitative assessment of the first inscribed Bragg gratings led to the 

conclusion that, to achieve high quality FBGs within the assembled system, the phase mask 

setup should be chosen over the direct-writing setup. Nonetheless, all the other optical 

structures were inscribed and/or micromachined in optical fibres by using the direct-writing 

setup, since they did not require a high mechanical stability. From all the inscribed FBGs, 

the best results were obtained for the gratings inscribed in Er-MgO doped fibres, attaining a 

reflectance of > 99%, which is a very high value when compared with the value of ~ 32% 

of the gratings written in a standard SMF-28e+ fibre, using the same fabrication conditions. 

As future work, the use of different optical fibres doped with nanoparticles should be 

targeted to fabricate high reflective Bragg gratings, using either the phase mask and/or the 

direct-writing setups. 

The characterization of the LPGs written in standard SMF-28e+ fibres, as well as FPIs, 

revealed typical sensitivities to strain and temperature, corroborating the use of femtosecond 

laser systems to inscribe such optical devices, despite the non-uniformity of the final gratings 

and cavities. 
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Regarding the inscribed FPIs, the parallel planes’ configuration revealed to be the best 

method to obtain higher quality FPIs, with higher visibility and reproducibility. Furthermore, 

with this fully customizable technique, it was possible to generate the OVE by cascading two 

FPIs within the same optical fibre. The combination of both direct-writing advantages and 

sensitivity magnification provided by the OVE, resulted in an all-silica intrinsic optical fibre 

sensor capable of attaining astonishing sensitivity values. The capabilities of using this 

interferometric tool, along with the femtosecond laser capabilities, should be explored in the 

future, aiming for different FPIs’ configurations, different optical fibres, and developed with 

an application-oriented objective.  

The micromachining capabilities of the assembled system were tested by creating 

microchannels in hollow FPI cavities and performing laser-etching in POFBGs. Despite the 

inherent inconvenient of drilling holes without any extraction system (e. g. material’s 

deposition on the side walls), the micromachined hollow FPIs presented different spectra 

for different fluids’ refractive index, as analysed in section 7.3.1. Regarding the laser-etched 

POFBGs, by altering the POFs’ diameter around the inscribed FBG, a phase-shift FBG was 

created without the need to use a special phase-mask. Therefore, both micromachined 

devices corroborate the use of femtosecond laser systems to post-process optical fibre 

sensors. The idea of using the femtosecond laser system to micromachine optical fibre 

devices needs to be further investigated in the future, focusing on the functionalization of 

optical fibre sensors for specific applications, such as chemical and biosensing.  

Being one of the most used optical fibre sensor in the world, FBGs have been exhaustively 

studied in terms of its long-term thermal stability. However, almost all studies focus on the 

FBGs reflectivity instead of assessing the resonant wavelength stability. Therefore, in this 

thesis, a comparative study between a type-I POFBG, a type-I and two type-II silica FBGs 

was performed, focusing on the permanent decay of the refractive index imposed by the 

resonant wavelength shift. By applying the proposed theoretical model on the experimental 

data, one could conclude that, as predicted, the type-II FBGs inscribed by femtosecond lasers 

have the highest thermal stability, which is directly correlated with the value of the central 

energy of the FBGs’ energy distribution of defects. Moreover, the study allowed to predict 

that the type-II gratings can sustain higher temperatures for longer time without significant 

degradation, which can be further improved by annealing treatments. In the future, one 

should aim to use different heating rates in the continuous thermal treatments to improve 

the determination of the theoretical model fitting parameters. Also, a wider variety of FBGs 
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should be studied in order to create an extensive catalogue organized by the FBGs’ thermal 

stability features.  

After studying and characterizing all the fabricated optical fibre sensors, more complex 

devices were assembled using a combination of different techniques, namely butt-coupling 

with UV cured adhesives, fusion splicing between different fibres, direct-writing with the 

femtosecond laser, and phase mask method with both a NIR femtosecond laser and an UV 

nanosecond laser. All the proposed sensors were able to monitor the desired measurand 

(magnetic field intensity, fluids’ refractive index, relative humidity, temperature and strain), 

with sensitivity values comparable to some works already reported in the literature. From all 

the devices, one should highlight the magnetic field sensor for its uniqueness, where a 

polymer optical fibre with a carbonized core was used as a part of a FPI, conferring electric 

passiveness at the point of measurement without the need of complex and high cost 

configurations. Besides this sensor, the outstanding results obtained with the hybrid sensors 

(based on the OVE) should be highlighted, since very low cross-sensitivity could be attained 

in such configurations, as well as very high sensitivity values. All the optical fibre sensors 

presented in chapter 7 consist on very rough versions of novel optical fibre sensors 

architectures, which can (and should) be improved in the future to obtain devices with higher 

sensitivities, more efficient and expeditious fabrication techniques, and a wider range of 

applicability. 

In conclusion, the work developed and presented in this PhD thesis showed that, despite 

its simplicity and straightforward architecture, the assembled phase mask and direct-writing 

setups (based on the femtosecond laser) allowed to develop remarkable complex structures 

in optical fibres. Regardless of its intrinsic drawbacks and flaws, the potential of combining 

different fabrication techniques, with the femtosecond laser-based workstation, to develop 

very different and interesting structures was proven. Enough space was left for future 

improvements, oriented to solve new emerging challenges within the thriven fields of 

photonics and optoelectronics. 
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Annex A – TUBULAR MICRO-OVEN (µ-OVEN) 

A tubular micro-oven (µ-oven) was built to perform thermal characterizations and 

thermal treatments to both silica and polymer optical fibres. In order to make it as compact 

as possible, it comprises an outside steel case (17.00 × 12.00 × 10.50 ± 0.05 cm), and the 

interior consists on a sculped firebrick. A common shower resistance (copper and steel alloys 

from Lorenzetti) was used as a heating filament (Figure 8.1 (a)), wrapped around a ceramic 

tube (diameter of 8.0 ± 0.5 mm) with four tubular holes (1.0 ± 0.5 mm of diameter each, 

Figure 8.1 (b)), where the optical fibres are inserted. 

The electric current is fed to the heating resistance through a thermal controller (model 

REG 96, from Schneider Electric), which, by means of a thermocouple, monitors the oven 

temperature and allows to set the desired temperature/ramps by using the manual interface 

(Figure 8.1 (c)), or by using the ZelioControl software (Figure 8.2). The experimental 

maximum resolution is ± 1 ºC (as well as the minimum temperature increment), and the 

temperature working range can be set between ambient temperature and 1000 ºC. The 

minimum temperature value will always depend on the ambient temperature, due to the 

inexistence of a cooling system. 

The µ-oven allows to characterize, or treat, simultaneously up-to 20 optical fibre sensors, 

if they are stripped and well accommodated. For the high temperature regimes, it is advised 

to use stainless-steel tubes as protection enclosures, as long as it is assured that the optical 

fibre sensors are free of applied strain and the stainless-steel tube is not closed. 

 

Figure 8.1 – Photograph of the (a) µ-oven interior (the heating filament is glowing due to the high 
temperature imposed by the conduction of electric current), (b) the ceramic tube with four tubular holes and 

the thermocouple head, and (c) the assembled µ-oven with its controller 
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Figure 8.2 – Layout of the ZelioControl software used to monitor and set the µ-oven temperature/ramps. 
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Annex B – UV LASER SETUP FOR FIBRE BRAGG GRATINGS 

INSCRIPTION 

The fibre Bragg grating inscription setup (Figure 8.3), installed in the laboratory of the 

Nanophotonics and Optoelectronics group – i3N/Aveiro, comprises a pulsed Q-switched 

Nd:YAG UV laser (LOTIS TII LS – 2137U Laser [253]), lasing at 266 nm, with a pulse 

duration of ~ 7 ns, a divergence < 1.0 mrad, and a circular laser beam profile with a diameter 

of ~ 8 mm. The laser repetition rate and pump energy can be tailored between 1 – 10 Hz 

and up-to 120 mJ, respectively. 

After leaving the laser enclosure, the laser beam is directed into a dichroic mirror 

(positioned at 45 º), which reflects the laser beam UV component and transmits all the other 

wavelengths, which are absorbed by a laser beam blocker. Then, the reflected beam passes 

through a plano-convex cylinder lens, with an effective focal length of 320 mm, and is 

focused on the optical fibre core as a cylindric line with a height of 30 µm, approximately. 

Right before hitting the optical fibre, the focused laser beam passes through a phase mask, 

which, depending on the desired Bragg wavelength, can have different pitch values. 

 

Figure 8.3 – Schematic representation of the fibre Bragg grating inscription setup based on the pulsed UV 
laser (LOTIS TII LS – 2137U Laser), installed in the laboratory of the Nanophotonics and Optoelectronics 

group – i3N/Aveiro. DM is a dichroic mirror, BB a laser beam blocker, CL a cylindrical lens, YZ-S and XY-S 
are translation stages, Λ is the FBGs’ grating period, and OI is an optical interrogator.  

Due to the laser pulses duration and excitation wavelength, the refractive index 

modification should occur by thermodynamic and photochemical processes. Therefore, this 

laser system only allows to efficiently inscribe FBGs in silica and polymer optical fibres in 

which dopants were introduced in the core materials’ matrix, such as the GF1 fibre from 

Thorlabs [166].  
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Annex C – HOLLOW FPIS FABRICATION BY SPLICING 

TECHNIQUE USING MULTIMODE SILICA FIBRES 

The hollow FPIs presented in section 5.6.2 were fabricated by the fusion splicing 

technique, using a standard SMF fibre (SMF-28e+) and a MMF fibre (GIF 625 from 

Thorlabs), and a splicing machine (model 62S from Fujikura). In Figure 8.4, the entire 

hollow FPIs’ fabrication procedure is depicted. 

The procedure starts with the insertion of two cleaved SMF-28e+ and GIF 625 samples 

(SMF and MMF, respectively) in the splicing machine, setting the device to manual alignment 

mode. Then, both fibre samples are aligned in all directions (XYZ), leaving a small gap 

between them. Completed the alignment, the SMF is removed and an arc is applied (in this 

step, the typical arc power and arc duration values are 20 arbitrary units and 700 ms, 

respectively). After applying the arc, the MMF end face presents a round shape, originated 

by the partial melting of the fibre tip together with the action of the surface tension. 

A second arc is applied to splice the round shaped MMF with a cleaved SMF sample, 

using the manual mode of the splicing machine (in this step, the typical arc power and arc 

duration values are 10 arbitrary units and 40 ms, respectively), and applying a constant 

manual compression in the axial direction of both fibres. At this first arc, the temperature of 

the inner fibres’ material will decrease much slower than the temperature of the outer 

material, which may result in air trapping and, thus, a void or hollow cavity is formed. If one 

needs to increase the hollow cavity size, several arc should be applied in the same region as 

the first one, until the desired cavity size and spectral characteristics are achieved. 

To obtain a true tip-sensor, the hollow cavity should be cleaved right after the interface 

air/MMF. However, one should note that the cleaving step could originate undesired back 

reflections due to the creation of another FPI mirror. 
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Figure 8.4 – Schematic representation of the void/hollow FPIs’ fabrication procedure through the fusion 
splicing technique, using a SMF and a MMF. 
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Annex D – FUSE EFFECT IN GI-POF 

The fuse effect generation in GI-POF’s samples (ID050 from Sekisui Chemical) were 

performed by Yosuke Mizuno and his team from Institute of Innovative Research, Tokyo 

Institute of Technology, Yokohama, Japan. The experimental setup (Figure 8.5) comprises 

a 1546 nm distributed-feedback laser diode (model NX8562LB from NEC), whose optical 

power is amplified from a 7 dBm (5 mW) up-to 23 dBm (200 mW) by an EDFA (model 

LXM-S-21 from Luxpert Technologies), two fibre isolators (to protect the optical devices), 

and the GI-POF with the desired length (3 meters for the work developed in this thesis). 

The overall coupling loss was expected to be ~ 0.3 dB imposed by the fibre connectors (FC 

in the silica fibre to SC in POF, by a FC/SC adaptor). Similar to what happens in silica fibres, 

the fuse effect can be initiated by an external trigger, such as heating, fibre high bending 

angle, or by covering the fibre end with an absorbent material. For the samples used in this 

thesis, the fibre fuse initiator was the same used in [212]: a POF end surface roughly polished 

with a 0.5 µm alumina powder. In Figure 8.5, a schematic representation of the experimental 

setup used to trigger the fuse effect in GI-POFs is depicted. 

 

Figure 8.5 – Schematic representation of the experimental setup used to initiate the fuse effect propagation 
inside a GI-POF sample. 
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Annex E – FUSED GI-POF MATERIAL’S CHARACTERIZATION: 

EXPERIMENTAL DETAILS 

In order to further study the fused POF materials, an extensive battery of tests was 

performed, including secondary electron scanning electron microscopy (SE-SEM), energy 

dispersive X-ray spectroscopy (EDS), X-ray photoemission spectroscopy (XPS), Raman 

spectroscopy, and superconducting quantum interference device (SQUID) magnetometry. 

The SE-SEM, EDS, XPS and Raman spectroscopy tests were conducted in collaboration 

with MSc Alexandre Carvalho (Physics of Advanced Materials and Devices - i3N/Aveiro), 

and the SQUID magnetometry in collaboration with Dr. João Horta and Professor Vitor 

Amaral (CICECO and Department of Physics – University of Aveiro, Aveiro, Portugal). 

The initial GI-POF sample consists on a perfluorinated graded-index POF, with a core, 

cladding and overcladding diameters of of 50, 100 and 750 µm, respectively. Both core and 

cladding are composed by doped and undoped polypefluorobutenvylvinyl ether, respectively, 

presenting refractive index values of 1.356 and 1.342, respectively, measured for the 1550 nm 

wavelength.  

Initially, several fPOF samples of 3 mm, approximately, were manually cleaved with a hot 

razer (~ 40 ºC) and mounted on a custom-made SEM support, leaving the cross-section of 

the fibres visible. The SE-SEM images, obtained with a TESCAN VEGA3 microscope with 

a working distance of 15 mm and a 10 keV electron beam, of a unfused GI-POF (cross-

section), fPOF (cross-section), and only the fPOF fused material are presented in Figure 

8.6. 

From the SE-SEM images, one concludes that the passage of the fuse effect inside the 

GI-POF leaves a mix of core and cladding carbonized material within a hollow gap of 

~139 µm, approximately. Then, one shall assume that, besides a partial material 

carbonization, some portion of the overcladding should also suffer a melting process due to 

thermal dissipation, resulting in a radial shrinkage of the fused material. Also, the spiral 

behaviour of the fuse effect proposed in [214], can be corroborated by the non-concentric 

position of the fused material within the optical fibre structure (Figure 8.6 (b) and (c)). The 

SE-SEM images of the fused material (Figure 8.6 (d) and (e)) show the formation of a foamy 

structure resembling that of laser-induced graphene (LIG) on polyamide [254,255]. 
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Figure 8.6 – SE-SEM images of the cross-sections of (a) unfused and (b)-(c) fused GI-POF samples. In (d) 
and (e), the detailed off-axis and profile SE-SEM images of the fPOF fused material are presented, 

respectively. 

To remove the non-fused material of the fPOF, several fPOF samples were dipped in a 

room-temperature chloroform bath for 10 minutes (Figure 8.7). When the desired fused 

material striped length was attained, both fused and non-fused fPOF samples were removed 

with a tweezer. 

 

Figure 8.7 – Schematic representation of the non-fused fPOF material removal. The thin black filament 
represents the fPOF fused material, and the grey dots the non-fused residues left by the fPOF in the 

chloroform bath. 
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Parallelly to the SE-SEM, the fused material went through an EDS quantification on the 

same device as SE-SEM but using a built-in electron microscope analyser (from Bruker). The 

EDS results revealed a 74 at. % of carbon, 18 at. % of oxygen, 5 at. % of silicon and 2 at. % 

of fluorine. To clarify, XPS tests were acquired with an ultra-high vacuum system (base 

pressure of 2×10-10 mbar), comprising a hemispherical electron energy analyser (SPECS 

Phoibos 150), a delay-line detector and a monochromatic AlKα (1486.74 eV) X-ray source. 

The acquisition parameters were a normal emission take-off angle and a pass-energy of 

20 eV. To avoid signal from a substrate, a bundle of naked cores was attached to a ring holder 

with a 7 mm inner diameter and a height of 3 mm to the substrate. The result of the XPS 

was a composition of 71, 15, 8 and 6 at. % of carbon, oxygen, silicon and fluorine, 

respectively. The XPS spectra are depicted in Figure 8.8. 

 

Figure 8.8 – XPS spectra of the fPOF fused material showing the: (a) 1s peaks of the fluorine oxygen and 
carbon, and the 2s and 2p peaks of silicon; (b) the C1s peak with a strong sp2 carbon contribution and a low 

signal of C-O bounds; (c) the F1 peak showing a balanced contribution of covalent and semi-ionic F-C 
bonds. 

Despites the difficulty in correctly assign the bands of the fluorine, due to low its 

concentration, the F1s (Figure 8.8 (b)) shows a mostly covalent biding of fluorine to carbon 
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with also a semi-ionic contribution, similar to previous reports on fluorinated reduced 

graphene oxide (FrGO) [256]. While the origin of the silicon content is unclear and probably 

due to contaminations during handling, the fluorine oxygen and carbon are components in 

the structure of the GI-POF’s fluoropolymer, the precursor polymer. 

To further investigate the nature of the fPOF fused material, Raman spectroscopy was 

performed in a backscattering configuration on a Horiba HR800 micro-Raman spectrometer, 

using a 600 lines/mm grating, and a 441.6 nm laser line from a HeCd laser (Kimmon IK 

Series) equipped with a 50× objective (from Olympus, with a spot size ~2 µm and a 

NA=0.7). To prevent the reduction of the sample by the laser, a neutral density filter was 

used (OD = 2). In Figure 8.9, the Raman spectra of the fPOF fused material are depicted. 

 

Figure 8.9 – Raman spectra of an unfused GI-POF (blue line), and a fPOF fused material sample with (red 
line) and without (green line) a neutral density filter of OD=2. 

The polymeric nature of the fibre is completely converted into a graphitic form with a 

signal similar to that of graphene oxide (GO). This is compatible with the high degree of 

oxidation measured by XPS and EDS. Moreover, the excitation laser for this measurement 

required an attenuation with a neutral density filter with OD=2, otherwise the laser power 

would reduce the GO-like foam into reduced GO (rGO), evident by the appearance of the 

2D band at ~2700 cm−1, which was already reported in the literature [257]. Note that the 

shift in wavenumber for the spectrum with the full laser power is due to the thermal stress 

that is created during the process. The observations from the different characterization 

techniques are compatible with a form of fluorinated GO (FGO). 

The SQUID magnetometry was conducted on a SQUID Magnetometer Quantum Design 

MPMS® 3, resulting in the data depicted in Figure 8.10. In Figure 8.10 (a), the temperature 

dependence of the magnetic mass susceptibility (χmass) of the non-fused (grey) and fused 



Development and optimization of optical fibre sensors produced by a femtosecond laser 

162 

(red) fibres, following a field-cooling protocol, on warming over the temperature range 

5−400 K under an externally applied magnetic field (Hext) of 250 Oe. Throughout the whole 

temperature region inspected, the susceptibility of the fused fibre is nearly ten times larger 

than the susceptibility of the non-fused fibre. Moreover, both fused and non-fused fibres’ 

susceptibilities decrease smoothly with increasing temperature in the 50 – 300 K range. When 

at low temperatures (below 25 K), there is a sharp increase on the susceptibility of the fused 

fibre. Such behaviour is typical of paramagnetic component which might arise from 

individual, non-correlated atoms or small clusters. However, surprisingly, at higher 

temperatures, 350-400K, a significant decrease (higher than 20%) is observed for the fused 

fibre, in contrast with the non-fused susceptibility behaviour which remains nearly constant 

at this temperature interval. Such a significant decrease suggests the onset of a magnetic 

transition, such as a ferro/ferrimagnetic towards a paramagnetic state [258]. The occurrence 

of a magnetically ordered state on the fused fibre in the 5-350K range is further supported 

by the isothermal magnetization versus external magnetic field (M(H)) curves displayed in 

Figure 8.10 (b) and (c). The M(H) curves measured on field increasing and decreasing at 6K, 

reveal hysteretic behaviour for both non-fused and fused fibres, whereas the fused 

magnetization presents significantly larger hysteresis, due to its larger remnant magnetization. 

The observed coercive fields (Hc) are identical for the fused and non-fused, being 197 and 

177 Oe, respectively. Besides the hysteretic behaviour, typical of a correlated magnetic state, 

the linear slope observed for higher Hext can be attributed to a paramagnetic component – 

in accordance with the susceptibility behaviour at low temperatures. Moreover, the 

significantly larger (more than ten times larger) maximum magnetization (Mmax), for the 

fused fibre clearly illustrates the magnetic susceptibility enhancement after fibre fusing. 

Furthermore, the isothermal curves measured at several temperatures in the [6, 300] range, 

present the temperature dependence of the hysteretic M(H) curves. Corroborating the 

temperature dependence of the susceptibility curves, the hysteretic behaviour remains up to 

300K, supporting the presence of a magnetic correlated state up to 300K. 
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Figure 8.10 – (a) Temperature dependence of the mass magnetic susceptibility of the fused (red line) and 
non-fused (grey line)  GI-POF under an external applied field (Hext) of 250 Oe. (b) Isothermal curves 

representing the magnetization (normalized to total mass sample) as a function of external applied field for 
the fused (red) and non-fused (grey) GI-POF, measured at 6 K. In the inset, the same data at the -5 – 5 kOe 
range is highlighted for clearer visualization of the magnetization behaviour in the near-zero external applied 
magnetic field region. (c) Isothermal curves representing the magnetization (normalized to total mass sample) 
as a function of external applied field for the fused GI-POF measured at 6, 20, 40, 60, 100, 200 and 300 K. In 

the top-left inset, the same data is plotted in the -0.5 – 0.5 kOe range for clearer visualization of the 
magnetization behaviour in the near-zero external applied magnetic field region. In the bottom-right inset, the 

coercive field (Hc), estimated from these M(H) curves, is displayed as a function of temperature in the 6 – 
300 K temperature interval. 
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Annex F – HOLLOW FPIS FABRICATION BY SPLICING 

TECHNIQUE USING FIBRES WITH FUSE EFFECT 

The hollow FPIs that composed the hybrid sensor presented in section 7.4.2 were 

fabricated through the fusion splicing technique, using standard SMF silica fibres and SMF 

silica fibres damaged by fuse effect. 

The fuse effect generation on standard telecom fibre (SM128 from Corning) was 

conducted at the Instituto de Telecomunicações - Aveiro, on an experimental setup similar 

to the one depicted in Figure 8.5, but without the EDFA and using a Raman fibre laser 

(model RLR-10-1480 from IPG) with an optical power output of 3 W. The fuse effect was 

triggered by inserting a high reflective mirror at the fibre end.  

Having the damaged fibre, a sample of 20 cm, approximately, was cleaved near a small 

void leaved by the fuse propagation. Then, this cleaved sample was inserted in a fusion splicer 

machine (model FSM-060S from Fujikura) along with a connected and cleaved SMF fibre 

(SMF-28e+). The alignment and splicing were performed in the automatic mode, using an 

arc power and duration of 14 mA and 2000 ms, respectively. 
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