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Abstract

Ultrafast laser processing of transparent materials has been a transformative force, driving
considerable innovation across diverse fields like photonics, telecommunications, microfluidics,
medicine, biochemistry, among many others. The foundation of this technology lies in the
interaction between intense femtosecond laser pulses and matter, which induces precise, internal
structural modifications within transparent materials without any consequential impact in the
vicinity. This capability has opened up new horizons, allowing for the creation of intricate 3-
dimensional microstructures essential for novel device development. When used in conjunction
with chemical etching, it is possible to extract these internal structures, thus further expanding
the scope of potential applications. This thesis is immersed in the realm of femtosecond laser
processing of transparent materials, with special emphasis on fused silica, pivoting on the notion
of exploiting its potential for advancing the domain of optical fibre sensors and optofluidic
devices. This technology’s application holds promise for transforming the landscape of photonics,
delivering novel methodologies and avenues for sensing, imaging and device fabrication, offering
advancements that could resonate across a spectrum of scientific disciplines.

The initial segment of the thesis establishes a robust groundwork, elucidating the crucial
concepts and techniques for later chapters. It starts with an emphasis on the research signifi-
cance, motivation, and goals. Subsequently, it delves into the fundamental principles of ultrafast
laser—-matter interactions, a crucial underpinning for the material discussed in following chap-
ters. The discussion then pivots towards microfluidics, examining the implications of device
miniaturisation to micrometer scales, while also addressing relevant materials and fabrication
methods. Lastly, the different experimental configurations used in the fabrication of optofluidic
devices are explored, along with an overview of the various characterisation techniques utilised.

Upon establishing the foundation, the thesis delves into the contributions made during the
research. These are primarily bifurcated into two categories: those that involved the use of fem-
tosecond lasers for direct inscription on optical fibres to develop sensors; and those that employed
a combination of ultrafast laser inscription with chemical etching. This integration enables the
extraction of tailor-made glass devices suitable for both sensing and imaging applications.

The precision and efficiency of laser processing in the fabrication of optical sensors can
be significantly impacted by optical aberrations. These aberrations can disrupt the focus of
femtosecond laser pulses, affecting the quality of the manufactured device. However, methods
such as the slit beam shaping technique have been employed to control these aberrations and to
shape the refractive index profile of optical structures, thus improving the performance of plane-
by-plane fibre Bragg gratings and in-fibre cladding waveguides. This technique has enabled the
creation of advanced optical fibre sensors. Optical fibres, recognised for their high sensitivity,
quick response times, and immunity to electromagnetic interference, have become vital tools in
sensing applications. Different types of fibres have been used to create distinct sensors. Standard
step-index silica fibres have been a common choice. Research conducted with standard fibres
has significantly contributed to the development of multiparametric sensors using Mach-Zehnder
interferometers in combination with fiber Bragg gratings and waveguides, as well as lab-in-fibre
sensors integrated in surgical needles for biomedical applications. In contrast to standard fibres,
specialty fibres possess unique properties, making them ideal for crafting specific types of sensors.



Examples include tapered fibres, polarisation-maintaining fibres, hollow-core fibres, and fibres
using non-standard materials such as fluoride or phosphate glass. These specialty fibres have
facilitated the development of unique, highly capable sensors, expanding the possibilities within
the realm of optical fibre sensing. Contributions have particularly impacted the development of
sensors based on hollow-core fibres for liquid level sensing and perfluorinated polymer optical
fibres as refractometers of aqueous solutions.

In relation to the second part of the thesis, ultrafast laser assisted etching in fused silica
enables high etching rates, which are typically dependent on the light polarisation. This etching
process, however, has faced challenges in achieving dynamic polarisation control for non-planar
surfaces and 3D structures. In this thesis, a novel femtosecond laser inscription regime has
been identified where etching rates are independent of the light polarisation. In this regime,
few pulses inscriptions are employed, as they exhibit a low degree of anisotropy as compared
to higher number of pulses, thus enabling the polarisation insensitivity whose mechanisms are
discussed. Consequently, complex 3D structures, characterised by challenging inter-plane angles,
can be fabricated without dynamic polarisation control.

As a result of a first stay at the Institute of Photonics and Quantum Sciences (Edinburgh,
UK), further advancements in the use of ultrafast laser fabrication have been made in the field of
real-time fluorescence endomicroscopy. An endoscopic fibre platform for selective plane illumi-
nation microscopy has been developed, featuring an ultrafast laser fabricated end-cap integrated
with a polymer coherent fibre bundle and an epifluorescence microscope. This platform over-
comes the traditional challenges of polymer fibre fluorescence, demonstrating improved image
contrast and reduction of out-of-focus features in an ex vivo human lung.

In the field of molecular sensing, Bloch surface waves have been recognised for their potential,
particularly on the surface of a one-dimensional photonic crystal. Bloch surface waves, which are
tunable across the visible-UV range, offer unique advantages over surface plasmon polaritons.
An innovative photonic chip, fabricated during the stay conducted at Institute of Photonics and
Nanotechnology (Milan, Italy), incorporates a 1D photonic crystal and enhances the overlap of
dispersion relations across a wide spectral range. This development opens up new opportunities
in molecular sensing, offering the ability to investigate resonant electronic states of molecules.

In conclusion, this thesis represents a significant contribution to the field of ultrafast laser
processing of transparent materials and its engineering applications. Despite the progress made,
there is still a wide horizon for exploration in the field. Future studies could delve further into
understanding the process that allows high etching rates independent of polarisation, providing
a more concrete scientific basis for this discovery. Additionally, expanding the range of materi-
als suitable for the ultrafast laser inscription and chemical etching process could uncover new
applications and devices, pushing the boundaries of this exciting field. The cutting-edge devices
and techniques presented herein pave the way towards a future where the fusion of photonics
and fluidics can effectively cater to intricate sensing and manipulation needs at the microscale.

The research and development efforts culminating in this thesis have received significant
validation from the global scientific community. Prior to sharing our findings in international
forums and journals, a rigorous analysis of their potential industrial applications was conducted,
taking necessary measures to protect intellectual property rights. As an outcome of this extensive
research, a UK patent application has been filed, 24 articles have been published in scientific
journals, and more than 35 conference contributions have been made.



Resumen

El procesado laser ultrarrapido de materiales transparentes ha sido una fuerza transformadora,
impulsando una considerable innovacion en diversos campos como la fotémnica, las telecomu-
nicaciones, la microfluidica, la medicina, o la bioquimica, entre muchos otros. La base de
esta tecnologia radica en la interaccién entre pulsos laser ultrarrapidos y la materia, induciendo
modificaciones estructurales internas precisas en los materiales transparentes sin ningtin impacto
considerable en los alrededores del volumen focal. Esta capacidad ha abierto nuevos horizontes,
permitiendo la creacién de microestructuras tridimensionales complejas, esenciales para el de-
sarrollo de nuevos dispositivos. Cuando se utiliza en conjunto con el revelado quimico, es posible
extraer estas estructuras internas, ampliando asi el alcance de las posibles aplicaciones. Esta
tesis se sumerge en el campo del procesado con laseres de femtosegundo de materiales transpar-
entes, con especial énfasis en la silice fundida, pivotando sobre la idea de explotar su potencial
para avanzar en el dominio de los sensores de fibra Optica y los dispositivos optofluidicos. La
aplicacién de esta tecnologia promete transformar el panorama de la foténica, proporcionando
nuevas metodologias y vias para la deteccién, la imagen y la fabricacién de dispositivos, ofre-
ciendo avances que podrian impactar en un amplio espectro de disciplinas cientificas.

El segmento inicial de la tesis establece una base sélida, elucidando los conceptos y técnicas
cruciales para los capitulos posteriores. Comienza enfatizando sobre la importancia del campo
de investigacién, la motivacién y los objetivos. Posteriormente, se adentra en los principios
fundamentales de las interacciones laser-materia, un soporte crucial para el contenido discutido
en los siguientes capitulos. La discusion luego pivota hacia la microfluidica, examinando las
implicaciones de la miniaturizacién del dispositivo a escalas de pm, mientras también aborda
los materiales y métodos de fabricacién mas relevantes. Por tltimo, se exploran las diferentes
configuraciones experimentales utilizadas en la fabricacion de dispositivos optofluidicos, junto
con una descripcién general de las diversas técnicas de caracterizacién empleadas.

Tras establecer los fundamentos, la tesis se adentra en las contribuciones realizadas. Estas se
bifurcan principalmente en dos categorias: aquellas que implicaron el uso de ldseres de femtose-
gundo para la inscripcion directa en fibras dpticas para el desarrollo de sensores; y aquellas que
emplearon una combinacion de inscripcidon con laseres ultrarrapidos y revelado quimico. Esta
integracién permite la extraccion de dispositivos de silice hechos a medida adecuados tanto para
aplicaciones de deteccion como de imagen.

La precisiéon y eficiencia del procesado laser en la fabricacion de sensores 6pticos puede verse
significativamente afectada por las aberraciones 6pticas. Estas aberraciones pueden degradar
el enfoque de los pulsos laser de femtosegundo, afectando la calidad del dispositivo fabricado.
Sin embargo, se han empleado métodos como la técnica slit beam shaping para controlar estas
aberraciones y dar forma al perfil de indice de refraccién de las estructuras 6pticas, mejorando
asi el rendimiento de las redes de Bragg en fibra y de las guias de ondas de cubierta en fi-
bra. Esta técnica ha permitido la creacién de sensores de fibra éptica avanzados. Las fibras
Opticas, reconocidas por su alta sensibilidad, tiempos de respuesta rapidos e inmunidad a las
interferencias electromagnéticas, se han convertido en herramientas vitales en las aplicaciones
de deteccion. Se han utilizado diferentes tipos de fibras para crear sensores. Las fibras de silice
estandar de salto de indice han sido una eleccién comun. La investigacién realizada con este tipo



de fibras ha contribuido significativamente al desarrollo de sensores multiparamétricos utilizando
interferometros Mach-Zehnder en combinaciéon con redes de Bragg en fibra y guias de ondas,
asi como sensores lab-in-fibre integrados en agujas quirtirgicas para aplicaciones biomédicas. En
contraste con las fibras estandar, las fibras especiales poseen propiedades tnicas, lo que las hace
ideales para la elaboracién de ciertos tipos de sensores. Ejemplos incluyen fibras cénicas, fibras
mantenedoras de polarizacion, fibras de niicleo hueco y fibras que utilizan materiales no estan-
dar como fluoruros o fosfatos. Estas fibras especiales han facilitado el desarrollo de sensores
unicos, expandiendo las posibilidades dentro del A&mbito de la deteccién con fibras épticas. Las
contribuciones han dado lugar al desarrollo de sensores basados en fibras de nicleo hueco para
la deteccién de niveles de liquido y fibras 6pticas de polimero perfluorinado para la fabricacién
de refractémetros de soluciones acuosas.

En relacién con la segunda parte de la tesis, el ataque quimico asistido por laser ultrarrdpido
en silice permite altas tasas de revelado quimico, que generalmente dependen de la polarizacién
de la luz. Sin embargo, este proceso de grabado ha enfrentado desafios para lograr el control
dindamico de la polarizacion para superficies que no son planas y estructuras 3D. Se ha iden-
tificado un nuevo régimen de inscripcién con laser de femtosegundo donde las tasas de ataque
quimico son independientes de la polarizaciéon de la luz. En este régimen, se emplean inscrip-
ciones de pocos pulsos, ya que exhiben un bajo grado de anisotropia en comparacién con un
mayor nimero de pulsos, lo que permite la insensibilidad a la polarizacién, discutiendo los posi-
bles mecanismos detras de este hallazgo. En consecuencia, se pueden fabricar estructuras 3D
complejas, caracterizadas por planos con angulos desafiantes, sin controlar dindamicamente la
polarizacién.

Como resultado de una primera estancia en el Instituto de Fotonica y Cliencias Cudnticas
(Edimburgo, Reino Unido), se han realizado avances en el uso de la fabricacion laser ultrarrapida
en el campo de la endomicroscopia de fluorescencia en tiempo real. Se ha desarrollado una
plataforma de fibra endoscépica para la microscopia de iluminaciéon de plano selectivo, que
cuenta con una estructura de silice fabricada con laser ultrarrapido e integrada en una fibra de
imagen de plastico, asi como un microscopio de epifluorescencia. Esta plataforma supera los
problemas tradicionales de la autofluorescencia generada por fibras de polimero, demostrando
una mejora del contraste de la imagen y la reduccién de aquellos elementos que se encuentran
fuera de foco, todo ello evaluado en pulmones humanos ez vivo.

En el campo de la deteccién molecular, las ondas de superficie de Bloch han sido reconocidas
por su potencial, particularmente en la superficie de un cristal foténico unidimensional. Las on-
das de superficie de Bloch, que son sintonizables a lo largo del rango visible-UV, ofrecen ventajas
Unicas sobre los polaritones de plasmén de superficie. Un chip foténico optofluidico, fabricado
durante la estancia realizada en el Instituto de Foténica y Nanotecnologia (Mildn, Italia), in-
corpora un cristal foténico 1D y mejora la superposiciéon de las relaciones de dispersiéon en un
amplio rango espectral. Este desarrollo abre nuevas oportunidades en la deteccién molecular,
ofreciendo la capacidad de investigar estados electronicos resonantes de las moléculas.

En conclusién, esta tesis representa una contribucién significativa al campo del procesado
laser ultrarrdpido de materiales transparentes y sus aplicaciones de ingenieria. A pesar del
progreso realizado, todavia hay un amplio horizonte para la exploracién en el campo. Los
estudios futuros podran ahondar mas en la comprensién del proceso fisico que permite altas
tasas de ataque quimico independientes de la polarizacién, proporcionando una base cientifica
mas concreta para este descubrimiento. Ademés, expandir el rango de materiales adecuados



para el proceso de inscripcién laser ultrarrapido y revelado quimico permitirda descubrir nuevas
aplicaciones y dispositivos, empujando los limites en este campo. Los dispositivos y técnicas de
vanguardia presentados aqui allanan el camino hacia un futuro donde la fusién de la foténica
v la fluidica puede satisfacer eficazmente las necesidades de detecciéon y manipulacion en escala
micrométrica.

Los esfuerzos de investigacién y desarrollo que culminan en esta tesis han recibido una
validacion significativa de la comunidad cientifica global. Antes de compartir nuestros hallazgos
en foros y revistas internacionales, se realizdé un analisis riguroso de sus posibles aplicaciones
industriales, tomando las medidas necesarias para proteger los derechos de propiedad intelectual.
Como resultado de esta extensa investigacién, se ha presentado una solicitud de patente en el
Reino Unido, se han publicado 24 articulos en revistas cientificas y se han realizado mas de 35
contribuciones a conferencias.
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7.16 (a) RSoft simulation of fibre losses (L) due to curvature (R = 5 mm) as a function
of polishing depth (¢) and surrounding refractive index. (b) dL/ISRI of the values
represented in a. The SRI range between 1.318 and 1.336 is highlighted, due to
its remarkable sensitivity. Adapted from [9]. . . . . . ... Lo L

7.17 Diagram of 1D diffraction grating. The diffraction orders in transmission and
reflection are depicted. It is assumed that there is no cladding (removed in pol-
ishing). Adapted from [9]. . . . . .. .. ...

7.18 (a) 5x microscope image of the ellipse generated as a result of polishing, showing
both cladding and core, as well as overcladding. 20x microscope images (b)
before (c¢) and after diffraction grating inscription of the region indicated in (a)
are also shown. (d) Image of the complete CYTOP-based optical structure. Scale
bar in a is 500 pm, and in b-c it is 100 pm. Adapted from [9]. . . . .. ... ..

7.19 (a) Transmission spectra when the structure is immersed in liquids with different
RI. The 6 peaks and valleys on which the tracking in sensing is performed are
highlighted. (b) Wavelength shift (A\) of each of the 6 peaks/valleys for the lig-
uids used, with their quadratic fit and error bars (CL=95%). (c) Simulation and
experimental transmission losses for A = 1550 nm, as well as experimental results
for A = 1500 nm and A\ = 1600 nm, with the associated error bars (CL=95%).
Adapted from [9]. . . . . . ..
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7.20 Wavelength shift (A)) of each peak/valley as a function of temperature. The

structure has been immersed in water (ny = 1.3153), and a temperature sweep
between 23°C and 40°C has been performed. A linear fit is made, with the slope
of each fit. It should be noted that the wavelength step in the spectrum is 50 pm.
Adapted from [9]. . . . . .. L

8 Polarisation—independent ULAE in fused silica

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

Overview of the main optical absorption bands in synthetic glassy SiOy that stem
from intrinsic defects and typical dopants/impurities. The spectral position and
FWHM of the bands are represented by the centre and width of the bars. Only the
oxygen vacancy band (which peaks at 7.6 €V) is observable in a—quartz crystal
among these bands. For optical applications in the visible to deep-UV ranges, the
bands associated with dangling oxygen (NBOHC) and silicon bonds (E’-center)
are the most prominent and problematic. Adapted from [5]. . . . . ... ... ..

Schematic illustration of (a) a 6-membered ring ((Si-O)g) and a 3-membered
planar ring ((Si—O)3) in amorphous SiOz. (b) Vacancy-interstitial type defects,
(c) and basic dangling-bond type defects observed in SiOs. Adapted from [5]. . .

SEM images of nanograting structures formed along the writing direction with
laser polarisation (a) parallel || and (b) perpendicular L to the writing direc-
tion. The samples are etched for 20 min in 0.5% HF. Reprinted with permis-
sion from [12]. (c) Field-emission gun SEM images of the porous region of the
nanoplanes, with the polarisation aligned parallel to the direction of writing.
Reprinted with permission from [11]. . . . . . ... ... ... ..o

SEM images of the nanostructures that have emerged within the zones that under-
went fs laser irradiation for (a) pulse energy of 1 1J and parallel polarisation, (b)
pulse duration of 10 ps and an energy of 8 nJ under circular polarisation condi-
tions, and (c) when using a pulse delay of At = 1000 fs and parallel polarisation.
Images are reprinted from [30], [31], and [32], respectively. . . . . .. .. ... ..

Mlustration of optical setup used for ultrafast laser inscription (Key: BE — beam
expander (2x), C — CCD camera, TL — tube lens, DM — dichroic mirror, AL —
0.4 NA aspheric lens). Adapted from [1]. . . . . .. ... ... ... L.

(top) Fluorescence intensity of the R6G within the microchannels for ©, L and
|| polarisations for several pulses, N, (bottom) and corresponding optical mi-
croscope image. The images are not to scale. E,=600 nJ and PRR=120 kHz.
Adapted from [1]. . . . . . . L

(a-b) ERs for O, || and L polarisation for (a) E,=300 nJ and (b) 600 nJ. The
etching time is 4 hours, and the PRR is 120 kHz. (c-d) ER ratio of L and O
polarisation with respect to || polarisation for (¢) E,=300 nJ and (d) 600 nJ.
The region where the ER is independent of polarisation is highlighted. The mean
values are shown whereas the shaded regions are the standard deviations of two
measurements. Adapted from [1]. . . . . . ... o Lo L

ERs for transversal L and longitudinal || polarisation for several pulse repetition
rates (PRRs) and different pulse energies (E,) as a function of the number of
pulses (N). Adapted from [1]. . . . . . . . ... ... L
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8.12

8.13

8.14

8.15
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(a-c) SEM images of the cross section of laser affected zone using L polarisa-
tion at 600 nJ and 120 kHz for pulses (a) N=5 ym~!, (b) N=20 pm~! (c) and
N=100 pm~!. Red squares indicate the region shown in the bottom row im-
ages with higher magnification. After inscription, the sample was polished and
etched for 2 minutes in NaOH solution (5 wt%). Scale bars in (a-c) are 1 pm. (d)
Optical images of the microchannels placed between two crossed polarisers and il-
luminated with 660 +£10 nm light (filtered halogen lamp). (e) Maximum intensity
measured at different number of pulses, whose values are averaged from 150 dif-
ferent points along the laser affected zone whereas the shaded regions represent
the standard deviations. The samples were positioned at an angle (x-y) where
the maximum birefringence intensity was measured (45°). Each symbol in (d)
corresponds to a fringe (microchannel) in (e). The microchannels are separated
by 20 pm. The pulse energy is 600 nJ at 120 kHz. Note that reducing the pulses
exhibits a less homogeneous birefringence along the laser inscription. The higher
intensity at high number of pulses for the longitudinal case indicates the LAZ
contains higher domains with material modification, possibly arising from a more
homogeneous and ordered damage because the nanogratings length is restricted
to the beam waist. Adapted from [1].. . . . .. ... ... ..o L0

Comparison of (a) ERs and (b) ER ratios using two different etching solutions
(NaOH and KOH) for different pulse energies and PRRs. Both etching solutions
yield similar ERs and trends with the number of pulses, hence the mechanisms
behind etching are likely the same. The highest ERs correspond to the nanograt-
ings regime for NaOH and by setting the polarisation perpendicular to the beam
writing direction. Note that different samples than those of Fig. 8.8 have been
used for NaOH obtaining comparable results. Etching time was four hours for
NaOH solution of 5 wt% and KOH of 40 wt%. Adapted from [1]. . . . . ... ..

Polarisation etching rate contrast calculated from the difference between 1 and
| average etching rates at two different E,. Solid lines depict the etching rates
for L, while dashed lines show the etching rate contrast. Lower E, (180 nJ) and
higher PRRs (240 kHz and 480 kHz tested) than the one used for polarisation
independence (120 kHz and E, >240 nlJ) retrieve traditional high polarisation
contrast at a few pulses. Adapted from [1]. . . . . .. .. ... ... L.

(a) Curved and (b) square-wave microchannels inscribed at a depth of 70 pm.
Solid circles show the final penetration of the etching after 4 hours in a NaOH
solution (5 wt%). Scale bars are 100 pm. Adapted from [1]. . . . . ... ... ..

(a) SEM image and (b) photograph of the stellated octahedron. Scale bars are
200 pm for SEM picture and 500 pm for the photograph. Adapted from [1]. . . .

Resultant absorbance present in pristine fused silica, as well as in a modified sub-
strate processed at 600 nJ and 120 kHz by raster scanning (1 pm spacing) fs laser
pulses at high speed (N =5 pm™) and using || polarisation. The results shown
are presented without annealing, and after annealings of 2 hours at 600°C and
900°C. A deuterium UV lamp and a high-sensitivity UV spectrometer Maya2000
Pro from OceanOptics are employed. . . . . . . . . . .. ... ... ...

ERs for || polarisation at 600 nJ and 120 kHz in modified fused silica substrate
with no annealing, and after 2 hours at 600°C and 900°C. Etching of four hours in
5 w% at 85°C is considered. Shadow areas correspond to the standard deviation
of two measurements. . . . . .. ..o
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8.16 Raman spectra of the cross-section of LAZ are shown for (a) no annealing, and

after annealing for 2 hours at (b) 600°C and (c) 900°C. (d) Microscope image of
the LAZ cross-section is provided. Filled contour 2D plots depict the normalised
D2 Raman band area (using a two-point baseline correction algorithm) for the
LAZ cross-section under the following conditions: (e) no annealing, and after
annealing for 2 hours at (f) 600°C and (g) 900°C. The experimental parameters
used are 600 nJ pulse energy, 120 kHz PRR, || polarisation, and N = 5 ym™. The
scale bar in d is 4 pm. Spectra were acquired using a confocal Raman microscope
NRS-4500 (JASCO Inc.) equipped with a 532 nm laser excitation source.

9 SPIM using polymer coherent fibre bundles

9.1

9.2

9.3

9.4

Schematic illustration of the SPIM probe platform for lung imaging. The SPIM
probe is intended to be introduced through the working channel of a standard
bronchoscope. (a) The diameter of the SPIM probe (1.9 mm) is narrow enough
to reach the alveolar space for structural imaging of endogenous fluorescent tissue.
(b) The custom-made fused silica end-cap secured to the distal end of a PMMA
imaging fibre. (c¢) Cross-section of the end-cap when in contact with tissue show-
ing its operational principle. The end-cap is fabricated in two parts, 1 and 2,
between which is a thin mirrored surface. Illumination from a laser guided by
the outer fibre cores is reflected by the mirrored surface towards the centre of the
distal tip, generating a light-sheet perpendicular to the direction of observation.
Fluorescence from a sample in the front recess of the distal tip is collected through
the central column of cores. Adapted from [1]. . . ... ... ... ... ... ..

(a) Schematic of the imaging fibre MCL-1500-1.75 (Asahi Kasei) and its key
dimensions: fibre diameter, core diameter, and spacing between cores. (b) Subset
of cores used to provide the excitation (70 pm outer ring), and central column of
cores used to collect the sample fluorescence (& 1.36 mm). . . . . . . .. ... ..

Schematic of the proximal end instrumentation (Key: (L) — 485 nm fibre coupled
laser, (L1) —lens, (BE) —beam expander, (Ex) — excitation filter, (M) — mirror,
(Lax) — axicon lens, (Lg) — lens, (L3) — lens; (Mask) — silver-coated optical
mask, (DM) — dichroic mirror, (Lop;) — objective lens, (Obj.) — object plane and
location of proximal end of SPIM probe, (Em) — emission filter, (Ls) — tube
lens, (C) — CMOS monochrome camera, (Ly) — tube lens). (a) The entire SPIM
probe platform consists of the SPIM probe (packaged end-cap shown in photo)
coupled to an axicon lens-based epifluorescence microscope and a PC for real-
time imaging. (b) Epifluorescence microscope which enables the SPIM probe.
Note that the greyed-out illumination path is an integrated WF epifluorescence
microscope which was used for characterisation experiments and is not a part of
the SPIM probe platform. (c) 3D view with real optical elements of the axicon-
lens based epifluorescence microscope (the WF arm in Fig. (b) is not included
here). Adapted from [1] and [2].. . . . . . . . ...

(a) Schematic of an axicon lens showing the ring-shaped beam that propagates
after the overlap region (Bessel beam region). (b) Error made when using the
approximation t ~ r for different values of «, the exact value being given in

. 169

Eq. 9.2. n =1.4632 (UV fused silica at A = 485 nm) and r = 77 pm are considered.181
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End-cap design. (a) Illustration of the SPIM probe. Inset shows an SEM image
(taken with Phenom Pro, Thermo Fisher Scientific) of a region of the end face of
the fibre. Scale bar is 50 pm. (b) 3D cross-sectional slice of the designed end-cap.
The top and bottom parts are shown slightly separated, to indicate the location
of a mirrored surface between the two parts. (c) 2D CAD drawing of the end-cap.
R refers to radius of curvature. Dimensions are shown to scale. Figures (a-b) are
made using Blender 3.2, while Fig. c is based on the model made with Solidworks
2019 SP4.0, which can be found in [4]. Adapted from [1]. . .. ... ... . ...

Polarisation control techniques used in the different laser inscriptions that result
in the end cap. (a) The vertical surfaces (inscribed while moving in Z) present a
surface-matched polarisation technique, while the horizontal surfaces (inscribed
whit constant Z) are inscribed with a static polarisation state, being E, in this
case. (b) Appearance of the end-cap in a top view (XY plane). The arrows show
the polarisation direction in the surface-matched polarisation inscriptions, which
depends on the angular position. . . . . . . . .. ... Lo

End-cap fabrication. (a) Ultrafast laser inscription. (left) Side and (centre) top
view micrograph of the end-cap inscribed in the fused silica substrate. (right)
Image of a 10 x 10 x 1 mm fused silica substrate where twelve end caps are
inscribed. (b) Micrographs of the (left) bottom and (centre) top parts of the
end-cap, after KOH etching process. (right) Micrograph of the bottom part of
the end-cap in a slightly oblique position. (c) Assembly. (left) Image of the two
parts of the end-cap glued together. A silver thin film is located on the surface
between the two parts, as depicted in the illustration in Fig. 9.5 b. (centre) Image
of the end-cap bonded to the PMMA CFB. (right) Image of two end cap samples
attached to different illuminated PMMA CFBs, one of them with the protective
shrink tubing. Scale bars in (a) are 300 pm. Scale bars in (b-c) are 400 pm.
Adapted from [1]. . . . . . . oo

Measurement of fibre core fluorescence. (a) Fluorescence emission spectra of the
cores of the PMMA CFB. Plot shows PMMA fibre cores exhibiting a strong green
fluorescence (black line) which coincides with endogenous tissue emission band
(blue fill). The silica fibre exhibits a weak, broad fluorescence (red dashed line).
Dashed vertical line represents the excitation filter edge. Relative fluorescence
units (RFU) refers to fluorescence counts per metre of fibre. (b) Epifluorescence
system used to measure the fluorescence emission spectra of the cores of the
PMMA CFB and the silica CFB when pumped with a 485 nm laser (Key: (L) —
485 nm fibre coupled laser, (L;5) — lenses, (Ex) — excitation filter, (DM) -
dichroic mirror, (C) — camera, (Spec.) — spectrometer). Adapted from [1].

Simulations of light fields in WF and SPIM cases. (a) Illustration depicting ar-
rangement of the 4 x 1.35 mm ZY rectangular detector in the simulation for both
WF (flood illumination without end cap) and SPIM (ring illumination with end
cap) cases. (b) 2D simulated excitation light intensity profile in the detector
plane using both WF and SPIM illumination. Absorption/scattering have not
been taken into account. Dotted white line at z = 170 pm on the SPIM pro-
file represents the end of the end-cap. (c) Integrated intensity as a function of
distance (I(z) = (L,)™* J, 1(y,z) - dy, with L, = 1.35 mm) for WF and SPIM
illumination. Front recess region (z < 170 pm) is shown as grey fill. Adapted

XV

. 186



LisT OF FIGURES

9.10

9.11

9.12

9.13

9.14

9.15

9.16

Optical system used for illuminating (laser at 515 nm) a single core within a
coherent fibre bundle by butt-coupling, and recording the coupling of light across

its immediate and extended neighbouring cores by means of an unsaturated image.188

Experimental measurement of the core crosstalk of the PMMA CFB. (a) Number
of modes per core in the PMMA CFB as a function of A. (b) Example of a
coupling spread pattern, highlighting the excited core (515 nm wavelength), as
well as the first three neighbouring layers. (c) Box plot with the relative power in
the excited core, as well as in each of the three neighbouring layers, either for the
whole layer or for an individual core. Adapted from “Supplementary Information”
(1. . o

Simulation measurement of the core crosstalk of the PMMA CFB. (a) Field
existing at the beginning of propagation, corresponding to a multimode launched
field in the central core. (b) Field existing at the end of propagation (1 m). Scale
bars in (a-b) are 10 pm. Adapted from “Supplementary Information” in [1].. . .

Simulation of the transmission of an image along a 1 m long MCL-1500-1.75
imaging fibre. The existing field at the distal end of the fibre is superimposed
with the contour of the transmitted images (dotted red lines). The transmitted
images are an (a) off-centre cross, (b) four asymmetrically positioned elliptical
dots, and (c) a capital letter “A”. Scale bars in (a-c) are 100 pm. . . . . . . . ..

Widefield and SPIM images showing improved contrast and a reduction of out-of-
focus features. (a-h) Corresponding FOVs acquired in WF and SPIM modality.
Raw images demonstrate the strong fibre fluorescence which is present in the WF
case. The clear ring present in the raw SPIM images is backscattered fibre fluo-
rescence as a result of pumping the excitation light down these cores. Processed
images demonstrate qualitatively improved imaging using the SPIM probe. Scale
bar is 500 pm. Evaluation of the images (a-d) is shown in Fig. 9.15. Adapted

Evaluation of WF and SPIM images. (a-d) Line profiles across images shown
in Fig. 9.14 a-d demonstrate reduced out-of-focus background and improved con-
trast of SPIM. Insets show image and line plotted (dashed white line). (Left) and
(middle) WF and SPIM image, respectively, with measured background (yellow
dashed line), raw image (orange dotted line) and image with subtracted back-
ground (blue solid line). (right) Normalised WF (red dashed line) and SPIM
(purple solid line) line profiles after background subtraction. Grey fill in each
plot corresponds to areas shown by grey arrows where background features are
less visible in SPIM. Brightness and contrast of inset images have been adjusted
for visibility. Line profiles were taken on raw data and then smoothed using a
Savitzky-Golay filter (window=29, polynomial order=2). Adapted from [1].

Representative examples of ez vivo human lung tissue. (a) Lung tissue sample
imaged on the benchtop using the SPIM probe at 5 fps. (b) Mechanically venti-
lated, whole ez vivo human lungs imaged through the SPIM probe at 7 fps. The
alveolar space is reached via a transbronchial pass. Images and videos have been
processed as described in “Image processing” subsection. Scale bar is 500 pm.
Adapted from [1]. . . . . . . L

10 Molecular sensing with Bloch surface waves
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Illustration of the evanescent wave at the surface of a generic 1DPC in a
Kretschmann configuration [16], and the BSW propagating through the inter-
face between the two media. . . . . . . . . ... L Lo

(a) Dispersion relation (frequency vs. wavevector) of a homogeneous material
with a refractive index n = 1.45. The structure does not exhibit any band
gap. (b) Dispersion relation of a 1DPC with a refractive index contrast of
Nhigh/Mow = 1.4. The thickness of both materials is equal. The index contrast
leads to the formation of a band gap, characterised by frequency ranges where no
states exist. In both graphs, the shaded area represents the continuum of allowed
bands where electromagnetic waves can propagate, while frequencies within the
band gap correspond to evanescent waves. The bottom line is the light line. The
MIT Photonic-Bands (MPB) package has been utilised to calculate the definite-
frequency eigenstates of Maxwell’s equations within a semi-infinite 1DPC. This
computation was achieved by applying the supercell method [22] and the plane
wave expansion (PWE) method [23]. . . . . . ... ... ... o0

(a) Diagram illustrating the 1IDPC, with the incident TE and TM polarised waves
depicted at the lower section, and the corresponding TE and TM surface modes
displayed at the upper section. Layers of different RI are distinguished by different
colours. (b) Scanning electron microscopy (SEM) image (Hitachi S4800) of the
truncated 1DPC, shown in a cross-section view. The brightness contrast between
layers arises from the contrasting atomic weights of the TagO5 (lighter) and SiOq
(darker). Scale bar in b is 500 nm. Adapted from [6]. . . ... ... ... ... ..

Dispersion relation of the 1DPC depicted in Fig. 10.3 for (a) TE polarisation,
(d) TM polarisation, and (c) the overlap of these two graphs. The shaded area
represents the continuum of allowed bands where electromagnetic waves can prop-
agate. Light lines in water and BK7 are also shown. The MPB package has
been utilised to calculate the definite-frequency eigenstates of Maxwell’s equa-
tions [22, 23]. Adapted from [20]. . . . . .. ..o

Physical arrangement of the different elements comprising the sensor platform.
The figure is created using Blender 3.2. . . . . ... ... ... .. L.

(a) Physical dimensions of the microfluidic chamber. (b) Two-phase flow simula-
tion of the filling of the chamber with a flow rate of 25 nL./min after 3.5 seconds.
The chamber design was carried out using Solidworks 2019 SP4.0, and the simu-
lation was performed using Comsol Multiphysics. . . . . . . ... ... ... ...

Illustration of a tube plugged into the 3D reservoir of the top fused silica plate. .

(a-e) Illustration of some of the different stages involved in the fabrication of the
chip. The figures are created using Blender 3.2. . . . . . . ... ... . ... ...

(a) Image of the 20 x 20 x 2 mm fused silica glass after the fs laser inscription
of the mask used in the UV polymerisation stage of the SU8 layer. (b) Image of
the final optofluidic chip. It is equivalent to the illustration in Fig. 10.8 e. . . . .
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10.10(a) Schematic of the experimental setup for CD measurements of the sample
(Key: L — 405 nm fibre laser, L; — collimation lens, A/2 — half waveplate, A/4
— quarter waveplate, BS — beam splitter, GTP — Glan-Taylor polariser, PM —
photoelastic modulator, Ls — semicylindrical BK7 lens, S — sample mounted on a
rotating holder, Ls — signal capture lens, Dy — intensity detector, Do — reflectivity
detector, LIA — lock-in amplifier). (b) Illustration of the optofluidic platform
assembled with the semicylindrical lens and the microfluidic tubes placed in the
reservoirs. The figure is created using Blender 3.2. (c¢) Image of the photonic chip
mounted on the rotating holder in the actual setup. The chamber has been filled
with custom chiral molecules o-MR-PEA (o-methyl red conjugates with chiral
I-pheniyl-ethykamine). . . . . . . . ... oo oo Lo 217

10.11(a) o-MR-(R)-PEA molecule represented in a 2D structure. (b) Molar extinction
coefficient spectrum obtained from the absorption spectrum of a 200 pM solution

of the (R) enantiomer. Its peak centred in the blue region of the spectrum, which
is the desired range for the 1IDPC. Adapted from [20]. . . . ... ... ... ... 218

10.12(a) Optimal amplitude signal of the IDPC under normal incidence without fluid
in the chamber. (b) Optimal amplitude and reflectivity signals of the IDPC when

the chamber is filled with the solvent (acetonitrile). Adapted from [20]. . . . .. 219
10.13(a) Amplitude signal, (b) phase, and (c¢) CD signal from solvent and both (R)
and (S) enantiomers. Adapted from [20]. . . . . . .. ... 220
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PART I

PRELIMINARY

This first part of the thesis provides a foundational understanding of the essential knowledge
and techniques that form the basis for the subsequent chapters. It begins with an introduction
that highlights the significance, motivation, and objectives of the research. The second chapter
explores the principles of ultrafast laser-matter interaction, laying the groundwork for the fol-
lowing chapters. Next, the focus shifts to microfluidic platforms, discussing the impact of scaling
down devices to micrometer dimensions and addressing relevant materials and manufacturing
techniques. Finally, the different experimental setups used for fabricating optofluidic devices
are presented, as well as an overview of the characterisation techniques employed. Overall, this
part serves as a comprehensive introduction and sets the stage for the in-depth exploration of
the thesis topic in subsequent parts.

The chapters included in this part are:

o Chapter 1: Introduction.
o Chapter 2: Fundamentals of ultrafast laser processing of transparent materials.
o Chapter 3: Fundamentals of optofluidic platforms.

o Chapter 4: Experimental setups and methods.
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EY enabling technologies (KETs) are deemed by the European Commission (EC) as tech-
K nologies that are essential for European economic growth and job creation. They are
considered to be of exceptional importance due to their capacity to drive innovation across
multiple industries and sectors, including those that are not typically associated with high-
tech innovation. In 2009, the EC identified photonics, alongside nanotechnology, micro— and
nano—electronics, industrial biotechnology, advanced materials, and advanced manufacturing
technologies as the six KETs [1]. In 2018, the EC redefined the 6 KETs as a result of the in-
troduction of artificial intelligence, and security and connectivity as two new KETs, as well as
expanding the biotechnology KET to a broader term known as life-science technologies. How-
ever, it was also indicated that the European Union (EU) must continue to prioritise advanced
manufacturing technologies, advanced materials and nanotechnologies, micro—/nano—electronics,
and photonics [2]. Photonics, the science and technology of light, is integral to these KETs due
to its wide-ranging applications and potential to drive innovation. Photonics technologies are
essential for the functioning of many devices and systems in fields as diverse as healthcare [3,
4], communications [5], energy [6], and manufacturing [7, 8], among others. The EC recognises
the critical role of photonics in addressing societal challenges, such as climate change, energy
efficiency, and health, and its ability to contribute to the competitiveness of European industry.

Similarly, in the USA, photonics is recognised as an “essential” and “facilitating” technol-
ogy (9], reflecting its capacity to enable advancements in a diverse range of sectors. The National
Photonics Initiative in the USA was launched to highlight the importance of photonics and pro-
mote its integration into research and industrial applications [10]. The initiative recognises that
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photonics is at the heart of countless technologies and industries and, as such, plays a crucial
role in driving economic growth and societal progress [11, 12].

Alternatively stated, the European technology platform (ETP) Photonics21 is a significant
consortium that brings together Europe’s prominent photonics industries and key R&D stake-
holders. Its primary ambition is to reinforce Europe’s leadership in formulating and implement-
ing photonics technologies across a diverse range of application domains. These include, but are
not limited to, information and communication technologies, illumination, industrial fabrication,
life science, safety, and even areas such as education and training. As a platform, Photonics21
facilitates interaction and collaboration between industry and academic stakeholders, thereby
shaping the strategic trajectory of photonics research and innovation within Europe [13]. In its
strategic roadmap, the Multiannual Strategic Roadmap 2021-2027 [14], recognises photonics as
a key driver for economic growth and as a solution to societal challenges. It has identified sev-
eral focus areas, such as information and communication, industrial production, life sciences and
health, emerging lighting, electronics and displays, security, metrology and sensors, design and
manufacturing of components and systems. The roadmap highlights the importance of research
and innovation in photonics to meet the objectives of the EU’s Green Deal and Digital Strat-
egy, as well as the United Nations’s Sustainable Development Goals [15]. It is also noteworthy
that, according to a 2020 report [16], with a global growth rate of 7%, photonics is outpacing
many other high-tech industries in terms of expansion. For instance, the growth rates of the IT
industry (4.5%), Medtech (4.9%), and Microelectronics (4%) fall behind that of photonics.

As the field of action for this thesis, the importance of photonics as a key enabling technology
is widely recognised by both the European Commission and the United States, and it forms a
crucial part of strategies to drive economic growth and address societal challenges. Subsequently,
the motivation behind the conducted thesis is detailed, with ultrafast laser microfabrication
serving as the core focus.

Within the context of this work, it seems pertinent to me to point out a concerning fact about
the country where this thesis has been carried out, Spain. In 2019, the global photonics market
accounted for €654,000 million, of which €103,000 million belonged to Europe (15.75%) [16].
However, Spain only contributed €2,400 million, representing a mere 2.3% of the total European
share. There are six countries in Europe with a larger market: Germany (40%), the UK (15%),
France (15%), the Netherlands (6%), Italy (5%), and Switzerland (4%). While the GDP ratio
between these countries and Spain is 3 (Germany), 2.2 (UK), 2.07 (France), 0.7 (Netherlands),
1.48 (Italy), and 0.56 (Switzerland); the ratio between the volume of the photonics market of
these countries and that of Spain is 17 (Germany), 6.5 (UK), 6.37 (France), 2.58 (Netherlands),
2.16 (Ttaly), and 1.8 (Switzerland), respectively. The disparity is striking. There is a worrying
lack of companies in the field of photonics in Spain and an alarming neglect concerning public
and private funding for research in general, and photonics research in particular.

1.1 Motivation

One of the exciting domains within photonics is ultrafast laser microfabrication, the core focus
of this thesis. Ultrafast laser microfabrication is a rapidly evolving field that provides a unique
platform for creating intricate microstructures with high precision [17]. It has been instrumental
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in forging new paths in the post-processing of optical materials, enabling the development of
innovative sensors, devices, and photonic subsystems.

A striking example of the transformative potential of ultrafast laser microfabrication is Mi-
crosoft’s Project Silica [18-20]. This project utilises femtosecond lasers to write data into fused
silica glass (Fig. 1.1 a), a durable and stable medium, opening up new possibilities for long-term
data storage [21, 22|, being able to save up to 7 bits per voxel (128 encoding possibilities in less
than 1 pm3) [23]. By using ultrafast laser pulses to create a 3D optical data storage system,
Microsoft’s Project Silica is revolutionising the future of data archiving, promising unparalleled
durability and longevity for information storage (>10,000 years).

In the emerging field of quantum computing, ultrafast lasers play a pivotal role in the gener-
ation and manipulation of quantum states of light, a fundamental requirement for efficient and
scalable quantum devices [7, 24]. This technology can facilitate the production of high-quality
structures needed for quantum bits or “qubits”. By writing complex, three-dimensional waveg-
uides in non-linear crystals, ultrafast lasers aid in quantum information processing. Additionally,
these lasers can precisely control quantum states, critical for quantum logic operations [25].

The role of ultrafast laser microfabrication is also becoming a game-changer in the context of
Industry 4.0 [26], which is characterised by the integration of digital, physical, and biological sys-
tems. In the context of additive manufacturing, ultrafast lasers are essential for high-resolution
3D printing of micro— and nano—scale structures, due to their unique ability to process materials
with minimal thermal side effects [27, 28]. Furthermore, the ability to inscribe sensors directly
into industrial components can enable real-time monitoring and predictive maintenance, crucial
for the smart factories of the future. Thus, ultrafast lasers are not just a tool but a cornerstone
technology enabling the transition to Industry 4.0 [29].

Among the myriad of instances where ultrafast laser microfabrication holds substantial signif-
icance, its applications in medicine, biomedicine, and biochemistry are particularly transforma-
tive. Ultrafast lasers are unlocking unexplored avenues in diagnosis, treatment, and foundational
research, altering the landscape of these fields in profound ways.

In the broader field of biochemistry, ultrafast lasers are fundamental to techniques like opto-
genetics, where light is used to control cells in living tissue, often neurons [30], to better under-
stand biological processes. Furthermore, ultrafast lasers are being used for mass spectrometry
in proteomics, allowing for the identification and quantification of proteins, an essential pro-
cess in understanding cellular functions [31]. Moreover, originating from the pioneering efforts
of Bonner, Sweet, Hulett, and Herzenberg at Stanford University in the late 1960s, and their
subsequent patent in 1972, the fluorescence activated cell sorter (FACS) instrument laid the
foundation for what we now know as flow cytometry [32]. This technique, which swiftly ex-
amines the physical and chemical attributes of particles in a fluid as they traverse through one
or more lasers, is experiencing a revolution through the advent of ultrafast lasers. These lasers
facilitate the advent of multi-photon flow cytometry, characterised by its ability for deeper tissue
penetration, reduced phototoxicity, and minimised autofluorescence [33]. This innovation proves
pivotal for biomedical applications necessitating cell sorting and analysis, such as immunology,
haematology, and cancer diagnostics. The ultrafast lasers’ precise microfabrication competencies
are integral to the creation of microfluidic devices used in these applications [34]. They enable
the manipulation and control of fluids at the microscopic level, leading to the emergence of the
lab-on-chip device paradigm [35, 36].
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In diagnostics, ultrafast lasers are essential for advanced imaging techniques like multi-photon
microscopy, which allows for non-invasive, real-time imaging of living tissues at unprecedented
depths and resolutions [37, 38]. This is of major importance in understanding disease progression
and response to treatments at a cellular level. In treatment, ultrafast lasers are being used for
example in refractive eye surgery, providing benefits of improved accuracy and fewer side effects.
Beyond ophthalmology, they are being developed for use in minimally invasive surgery [39], where
their precision can limit damage to surrounding tissues and enhance patient recovery.

On the other hand endomicroscopy, an imaging technique that provides histological infor-
mation in real-time during endoscopic procedures [40], is another area where ultrafast lasers are
making a substantial impact. They are used in the fabrication of miniaturised, high-resolution
imaging devices, such as fibre-based probes [41, 42]. Ultrafast lasers are employed in direct laser
writing, e.g., ultrafast laser assisted etching or multi-photon polymerisation, to create complex
photonic structures that comprise multifunctional catheters, leading to endomicroscopy probes
with enhanced capabilities (Fig. 1.1 b). This technique is especially important for fields like
gastroenterology and pulmonology [43], where it can aid in the early detection and treatment of
conditions like cancer.

All in all, the influence of ultrafast lasers within the medical field is profound, instigating
a revolution in these sectors with their precision, versatility, and potential for novel discovery,
forming a central pillar of the goals of this thesis. The extensive range of their applications,
combined with the depth of their impact, underscores their escalating importance within life
sciences, rendering advancements in ultrafast laser technology a pressing priority.

Given the importance and potential of ultrafast laser microfabrication, it is critical to con-
tinue to advance this technology. As such, this thesis aims to contribute to that endeavour,
exploring novel methods and techniques in ultrafast laser processing of transparent materials,
primarily fused silica, for photonics sensing and imaging applications. The research within
these pages not only adds to our scientific understanding but also opens the door to potential
applications that could have profound implications for society, industry, and medicine.
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Figure 1.1. (a) 75 x 75 x 2 mm fused silica plate on which the 1978 movie Superman was inscribed using
ultrafast lasers, as a proof of concept for Microsoft’s Project Silica. The glass stores 75.6 GB of data along
with error redundancy codes. Photo by Jonathan Banks for Microsoft [44]. (b) Potential multifunctional
catheter capable of performing widefield imaging, tissue interrogation, and multi-site aspiration, among
other functions.
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1.2 Objectives

The main objective of this thesis is to apply the principles of ultrafast laser processing of trans-
parent materials to the advancement of fibre optic sensors, as well as optofluidic devices and
glass-formed 3D structures when laser inscription is followed by chemical etching. Although
this work contains aspects related to fundamental physics — especially regarding the reasoning
behind achieving high etching rates independent of polarisation with low number of pulses per
pm, the vast majority of covered aspects are related to the practical application of ultrafast laser
technology to, from an engineering point of view, obtain sensors or develop devices that enhance
performance in specific areas.

The primary goals of this thesis have been shaped by several critical elements recognised in
the previous state-of-the-art that demand further research exploration. The objectives, focusing
only on those that require practical laboratory development, can be divided into two main
groups: those that solely use ultrafast lasers for direct inscription, mainly for the development
of optical fibre sensors; and those that, in addition to inscription with ultrafast lasers — primarily
on fused silica plates — use chemical etching for the extraction of specific structures or devices.
These latter objectives define the most original and impactful goals of the thesis.

o To conduct an in-depth study of the state-of-the-art fundamentals of ultrafast
laser processing of transparent materials.
This will encompass a comprehensive review and analysis of current theories, methodolo-
gies, techniques, and applications in this field. The exploration will focus on understanding
the principles underlying ultrafast laser-matter interaction, the role of pulse duration, in-
tensity, wavelength, and polarisation, as well as the material properties that influence the
processing outcomes, placing special emphasis on fused silica. Special attention will be
given to the intricacies of non-linear optical phenomena such as multi-photon absorption
and other non-linear effects observed in femtosecond laser processing.

o To improve the experimental setups for ultrafast laser processing and chemical
etching of the Photonics Engineering Group.
Starting from the experimental setup associated with the femtosecond laser that the re-
search group presented in 2019, it is endowed with a series of capabilities, among which
the generation of the second harmonic wavelength (515 nm) for the generation of more
precise refractive index changes can be highlighted, as well as the control of the laser
beam’s polarisation state during inscription. Likewise, the infrastructure for undertaking
chemical etching of glass is incorporated, adapted for KOH and NaOH.

o To design and manufacture multiparametric optical fibre sensors based on stan-
dard and specialty fibers.
Firstly, building upon the existing state-of-the-art in the Gaussian beam focusing for op-
tical fibres, the aim is to enhance the inscription technique in terms of limiting optical
aberrations (primarily astigmatism) and improving the performance of fibre Bragg grat-
ings and in-fibre waveguides.

Based on Type I, II, and III modifications, new fibre structures will be proposed and con-
ceived for sensing different parameters, whether they are physical, chemical, or biochemi-
cal. Among the optical structures, waveguides and fibre Bragg gratings can be highlighted,
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whose performance will be enhanced through new manufacturing techniques. Microchan-
nels or microcavities, integrated within the fibre, will allow the development of lab-in-fibre
devices suitable for multiple applications. The sensors will be based on single-mode fibres,
unless specific characteristics are required that certain specialty fibre possess.

o To achieve polarisation-independent ultrafast laser assisted etching and apply

it in the manufacture of tailor-made devices specifically designed for imaging
and sensing applications.
Traditionally, to achieve high etching rates in fused silica, the polarisation must be ar-
ranged linearly and perpendicular to the writing direction. However, this not only compli-
cates experimental setups when etching non-planar surfaces or 3D structures, but it also
practically prevents optimal inscription. An exhaustive investigation into the cutting-edge
developments in ultrafast laser-assisted etching, alongside point defects in fused silica, will
lead to the identification of a femtosecond laser inscription regime that eradicates the
dependence between etching rate and polarisation.

By enhancing the technique, the aim is to manufacture the following photonic devices:

> An ultrafast laser fabricated silica-glass end cap for selective plane illumination lung
endomicroscopy using polymer imaging fibres.

> A custom 1D photonic crystal-based optofluidic chip fabricated through ultrafast
laser inscription for real-time molecular chirality sensing.

1.3 Document structure

This thesis is structured into four main parts. The first part compiles all the materials and
methods required to understand the core contributions and papers. The second and third parts
contain the new ideas and results that have been published by the authors. They have been
divided to cover those contributions that solely employ direct inscriptions with an ultrafast laser
(Part II: October 2019—-July 2021) or employ the ultrafast laser in combination with chemical
etching (Part III: August 2021-September 2023), respectively. The final part refers to the
conclusions of the work, as well as other techniques and methods that should be studied in the
near future. The list of publications related to the development of this thesis is also included.
Figure 1.2 schematically illustrates the connection between the most significant blocks of the
work, indicating their location within the document.

Part I (Preliminary) is focused on detailing the essential knowledge and techniques that are
utilised across the rest of the thesis.

o Chapter 1 (Introduction) introduces the theme of the thesis, placing special emphasis
on its significance, motivation, and objectives.

o Chapter 2 (Fundamentals of ultrafast laser processing of transparent materi-
als) provides a comprehensive exploration of the underlying principles, mechanisms, and
techniques involved in ultrafast laser-matter interaction, laying the groundwork for the
subsequent chapters.
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Fundamentals of ultrafast
laser processing

hapter 2
(Ozsizara) Experimental setup

ULDW and methods
(Ultrafast laser direct writing) (Chapter 4)
Enhanced inscription using SBST ULAE
(Chapter 5) (Ultrafast laser assisted etching)
FBGs CWGs
(Section 5.3) (Section 5.4) SPIM using polymer CFB
(Chapter 9) Polarisation-independent ULAE
SMF-based sensors (Chapter 8)
(Chapter 6) Specialty fibre-based sensors
. . Chapter 7
Irsl—ﬁb-re IEZZI Blcs’mi(.hcaé I:;IF . (Chap P)OF~based Molecular sensing with BSWs
(Section 6.2)  (Section 6.3) Liquid level sensor refractometer (Chapter 10)

Fundamentals of
microfluidic fluid flow
(Chapter 3)

(Section 7.1) (Section 7.2)
Part I: Preliminary (Chapters 1-4)

Part II: Contributions in ULDW (Chapters 5-7)

Part III: Contributions in ULAE (Chapters 8-10)

Figure 1.2. General structure of the thesis, detailing the association of each topic with the different
chapters in the document. Key: ULDW — Ultrafast laser direct writing, ULAE — Ultrafast laser assisted
etching, SBST — Slit beam shaping technique, FBG — Fibre Bragg grating, CWG — Cladding waveguide,
SMF — Single-mode fibre, MZI — Mach-Zehnder Interferometer, LIF — Lab-in-fibre, POF — Polymer optical
fibre, SPIM — Selective plane illumination microscopy, CFB — Coherent fibre bundle, BSW — Bloch surface
wave.

o Chapter 3 (Fundamentals of optofluidic platforms) briefly examines the fluid dy-
namics in microchannels to enhance the understanding of chapter 10. Scaling down devices
to micrometer dimensions significantly influences fluid physics, as the relative significance
of forces acting on fluids undergoes a drastic change in the microenvironment compared
to the macroscopic world. The most relevant materials and manufacturing techniques in
microfluidic platforms are also addressed.

o Chapter 4 (Experimental setups and methods) presents a comprehensive description
of the different setups utilised for the fabrication of optofluidic devices, which involve
two phases and, consequently, two experimental configurations: (1) irradiation using a
femtosecond laser source, and (2) wet chemical etching. Furthermore, a brief overview of
the characterisation techniques employed in specific studies within the thesis is presented.

Part II (Ultrafast laser direct writing (ULDW)) encompasses the contributions made in
the field of optical fibre sensors using direct inscriptions with ultrafast lasers. It gathers the
results obtained in the first half of the thesis, spanning from October 2019 to July 2021.

o Chapter 5 (Enhancement of ULDW-based passive in-fibre structures) contains
relevant information about the challenges encountered when depositing focused ultrashort
pulses within the bulk of a transparent material. It also discusses techniques to achieve
specific focal volumes. Specifically, it delves into studies where the performance of fibre
Bragg gratings and cladding waveguides is enhanced using the slit beam shaping technique.

o Chapter 6 (Standard fibre—based sensors) documents the works where sensors based
on standard telecommunications optical fibres are fabricated. Specifically, it presents a

8
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multiparametric sensor composed of a Mach-Zehnder interferometer and a fibre Bragg
grating inscribed in the sensing arm. Additionally, a lab-in-fibre device integrated into a
surgical needle for detecting axial strain and surrounding refractive index is also presented.

o Chapter 7 (Specialty fibre—based sensors) includes the research on fabricating sensors
based on specialty fibres. It features the integration of a level liquid sensor within a hollow-
core fibre, as well as the development of a refractometer optimised for water-based solutions
using a perfluorinated polymer fibre.

Part III (Ultrafast laser assisted etching (ULAE)) compiles the contributions made using
the technology that combines ultrafast laser inscription and wet chemical etching. It covers the
time period from August 2021 until the end of the thesis in September 2023.

o Chapter 8 (Polarisation—independent ULAE in fused silica) explores the advance-
ments in the discovery of a new regime of femtosecond laser inscription that, in fused
silica and using NaOH (or KOH), enables a high etching rate independent of the employed
polarisation. Although a physical explanation of the process is yet to be established,
and ongoing research is being conducted in this regard, the chapter includes insights and
evidence that can shed light on its origin.

o Chapter 9 (SPIM using polymer coherent fibre bundles) documents the outcomes
resulting from the research stay conducted in 2021 at Heriot-Watt University in Edinburgh
(UK). It presents a powerful novel method for enabling selective plane illumination en-
domicroscopy in human lung tissue using polymer imaging fibres. This approach exploits
an ultrafast laser fabricated silica end cap placed at the distal end of the polymer imaging
fibre. The technique employed effectively addresses the issue of autofluorescence from both
the imaged tissue and the fibre.

o Chapter 10 (Molecular sensing with Bloch surface waves) comprises the results
associated with the research stay conducted in 2022 at the Institute of Photonics and
Nanotechnology in Milan (Italy). Despite being preliminary data, the chapter describes
the design and fabrication of a photonic chip that utilises Bloch surface waves excited in a
1D photonic crystal dielectric. It is anticipated that this chip has the potential to detect
molecular chirality through circular dichroism spectroscopy.

Part IV (Final remarks and future lines of work) concludes the work with the most
notable conclusions and outlines future lines of action.

o Chapter 11 (Conclusions and future lines) presents the key highlights of the research
conducted as well as the crucial lines of action envisaged based on the findings.

The thesis strives to be self-contained, given its multidisciplinary nature. However, refer-
ences are provided whenever feasible to allow the reader to delve deeper into each specific topic.
Moreover, the digital version of this book includes interactive links to individual sections, en-
abling the reader to establish connections between different chapters and navigate seamlessly
between the book and cited publications.
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N an era where the demand for precision and miniaturisation in material processing is at an
I all-time high, the role of ultrafast lasers, particularly in the context of transparent materials,
is more significant than ever. The interaction of intense laser beams with these materials allows
localised modifications of their properties, enabling precision micro— or even nano—machining [1].
This capability is not restricted to merely absorbing materials but extends to transparent ones
as well, capitalising on different physical effects of light-matter interaction [2].

The heart of this chapter lies in the exploration of ultrafast laser writing, a technology that
has emerged as a powerful tool in both fundamental and applied research. This encompasses a
myriad of fields, ranging from advanced integrated optics and material science to life sciences
and photonic sensor development [3]. The ultra-short pulses characteristic of femtosecond (fs)
lasers offer distinct advantages in material processing, including nano-metric precision and a
diminished impact from thermal effects, microcracks, or surface damage that are commonly
associated with lasers of longer pulse duration, as depicted in Fig. 2.1.

Pioneered by Davis et al. in 1996 [5], ultrafast laser processing of transparent materials
has seen widespread interest from the scientific community, leading to the refinement and ad-
vancement of the technique [6]. This process relies on a focused pulsed laser beam to perma-
nently modify the transparent material in its focal region, leading to local property changes that
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Figure 2.1. Schematic illustration of the effects caused by (a) a short laser pulse (~ ns), and (b) an
ultra-short laser pulse (ps, fs). Adapted from [4].

could culminate in an increased refractive index, birefringent modifications, or even material
removal [7]. The beauty of this technique lies in its adaptability. Like a pen writing on a sheet,
this technique inscribes the layout of 3D photonic circuits in the substrate by moving the sample
under laser irradiation. It offers advantages such as being mask-less (which facilitates rapid pro-
totyping), adaptable to a variety of materials including glasses, crystals, and polymers, and the
ability to produce three-dimensional structures by precisely controlling the sample’s translation
during laser irradiation.

The expanding range of ultrafast laser-based applications is equally impressive. It has found
value in optofluidic applications, particularly since the discovery of the increased etching selec-
tivity of the irradiated region by Marcinkevicius et al. in 2001 [8], which facilitates microchannel
formation through a two-step process: laser irradiation followed by chemical etching [9-11]. This
combination of direct writing and microchannel formation can generate devices where both flu-
idic and optical components can exhibit 3D geometries, reducing fabrication complexity and
ensuring excellent alignment between the components.

This chapter thus presents a comprehensive exploration of the principles, techniques, and
emerging trends in ultrafast laser processing of transparent materials, preparing the reader for
the deeper explorations and analyses that will follow in the subsequent chapters.

2.1 Mechanisms of material modification

The interaction between laser and material is a complex process, with a comprehensive model to
fully explain fs laser processing still yet to be formulated. This process can be roughly segmented
into three stages: (1) initial generation of a free electron plasma in the focal area, (2) subsequent
energy relaxation to the lattice, and finally, (3) the modification of the material [7, 12].
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Figure 2.2. Non-linear photoionisation processes that underpin femtosecond laser machining [12]. These
processes include: (a) multiphoton ionisation, where multiple photons are absorbed simultaneously; (b)
tunnel ionisation, which involves electrons tunnelling through an energy barrier; and (c-d) avalanche
ionisation, a sequence of events that starts with (c) the absorption of free carriers, and (d) is followed
by impact ionisation. Adapted from [4].

2.1.1 Free electron plasma generation

It is critical to note that fs laser pulses, with wavelengths in the visible or near-infrared range,
carry photons with insufficient energy to be linearly absorbed by glasses and other materials,
as there are no permissible electronic transitions for such energy levels. Consequently, valence
electrons are promoted to the conduction band via non-linear photoionisation, caused by multi-
photon ionisation or tunnel ionisation, or a combination of both.

Non-linear photoionisation

Non-linear effects associated with photoionisation, such as multiphoton ionisation and tunnel
ionisation, are outlined. Multiphoton ionisation encompasses the simultaneous absorption of
numerous photons that excite an electron in the valence band, which subsequently promotes it
to the conduction band, thereby leaving a hole in the valence band (Fig. 2.2 a). The number of
photons (n,) required to elevate an electron to the conduction band must satisfy the following
condition:

he
npj > Egap- (2.1)

This condition indicates that the combined energy of the photons must exceed the forbidden
band’s energy (Egqp). For example, fused silica has a band gap of 9 eV. This indicates that
at a laser wavelength of 1030 nm, a minimum of eight photons are necessary to stimulate an
electron into the conduction band. This photoionisation mechanism prevails under conditions
of low laser intensities and high laser frequencies.

On the other hand, when the laser intensity is high and the frequency is low, the dominant
non-linear photoionisation mechanism is associated with the tunnel effect. The strong field
distorts the band structure, diminishing the potential barrier between the valence and conduction
bands. As a result, there are direct band-to-band transitions (Fig. 2.2 b).

Both processes linked with non-linear photoionisation are connected through the Keldysh
parameter, defined by Keldysh in 1968 [13]:
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v |mecnegEgap
= | —". 2.2
=20 7 (2.2)

This involves the laser frequency (v), the focal intensity of the pulse (I), the electron’s
effective mass (m.), the fundamental electron charge (e), the speed of light (c), the refractive
index of the material (n), and the permittivity in free space (eg). Based on the value of Keldysh
parameter, there are three potential scenarios: (1) if v > 1.5, the dominant mechanism is
multiphoton ionisation; (2) if v < 1.5, the dominant mechanism is ionisation by the tunnel
effect; and (3) if v &~ 1.5, photoionisation is a combination of both multiphoton ionisation and
the tunnel effect.

Avalanche photoionisation

Avalanche photoionisation takes place when electrons in the conduction band absorb photons,
leading to a carrier’s excitation from one state to another within the same band, a process
known as free carrier absorption (FCA). After absorbing multiple photons in sequence, the
energy of an electron in the conduction band can exceed the band’s minimum energy by a
margin greater than the forbidden band energy (Eyqp) (Fig. 2.2 ¢). At this stage, this electron
can ionise another electron from the valence band via impact, resulting in two conduction band
electrons at minimum energy (Fig. 2.2 d). These two electrons may then absorb more photons
through FCA, ionising valence band electrons and creating an exponential surge in the number
of conduction band electrons, producing a self-perpetuating avalanche effect as long as the laser
field retains its strength.

However, it should be noted that the initiation of avalanche ionisation necessitates a specific
number of conduction band electrons, which can be supplied by one of the non-linear pho-
toionisation processes, such as multiphoton absorption and/or tunneling effect. The density of
conduction band electrons will grow through avalanche photoionisation until the plasma fre-
quency nears the laser frequency. At this juncture, the plasma becomes highly absorbent. The
electron density when the plasma frequency matches the laser frequency is known as the critical
density of free electrons (around 10'3 W/cm? in glass). After this point, notable changes in the
material begin to occur.

This underscores the value of fs lasers in executing this process consistently and uniformly.
In fact, longer pulses (~ ns) trigger strong avalanche ionisation, but are unable to generate seed
electrons through non-linear absorption due to limited peak intensities, thus they depend on ran-
dom material defects. Consequently, it is unachievable to deterministically control the creation
of the free electron plasma with longer pulses, which might experience significant variations from
one point to another.

2.1.2 Relaxation and modification of the material

As depicted in Fig. 2.3, following irradiation, the energised plasma relaxes and transfers energy
to the lattice within a few picoseconds, leading to its alteration [2]. It is worth noting that the
modification timescale is lengthier than other involved physical phenomena: indeed, material
modifications can happen up to microseconds after the pulse absorption. As absorption and
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Figure 2.3. Physical phenomena during the interaction of a femtosecond laser pulse with a transparent
material. Despite light absorption occurs on a femtosecond timescale, subsequent transformations in the
material can continue even microseconds after the initial interaction. Adapted from [2].

energy relaxation occur in different temporal windows, they can be viewed as two separate
phenomena. The precise process that leads to changes in the material is not entirely understood.
Several mechanisms have been proposed as contributors to material modification, including
colour centre formation, material densification, structural modification, and ion migrations.
The precise combination and relative contributions of these mechanisms are heavily dependent
on the material and irradiation properties. Some of the specific defects associated with fused
silica are explored more exhaustively in chapter 8.

Numerous studies have been published on the observable morphological changes [7, 12],
which can essentially be categorised into four distinct types. These morphological changes,
briefly explained below, depend on both laser parameters (pulse energy, pulse duration, pulse
repetition rate, wavelength, polarisation, scanning speed) and material properties (bandgap
energy, thermal conductivity). In fused silica, Types I, IT and III of morphological changes can
be observed simply by varying the incident energy of the laser. This is not the case with Type
X, which occurs, among other factors, within a specific range of pulse duration [14].

Type I. Smooth refractive index increase.

The smooth refractive index change induced by fs laser radiation is likely due to a combination of
three effects — colour centre formation, densification (structural change) and thermal treatment
(melting) of the glass [12]. Optical waveguide devices are fabricated using laser parameters that
result in this regime of modification [10, 15-19] (Fig. 2.4 a).

The thermal model suggests that the energy deposited in the focal volume leads to rapid
local heating and modification. Because this heating process is localised, the glass cools very
quickly. In fused silica, this rapid quenching from a high temperature often results in an in-
crease in density, explaining the observed increase in refractive index [4, 20]. However, different
experiments have shown inconsistencies in this model, indicating that thermal heating is not the
sole mechanism responsible for refractive index changes.

Another theory posits that the creation of colour centres through radiation can alter the
refractive index. High electron density, resulting from non-linear absorption mechanisms, could
lead to the formation of different types of substrate defects [21]. Research has identified evidence
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of colour centre formation in regions modified by femtosecond lasers, potentially contributing to
changes in refractive index. However, experiments show that eliminating these colour centres
does not fully restore the original index, indicating they do not produce the majority of the
refractive index change.

The structural change model suggests that changes in the refractive index might be due to
densification and strain in the glass caused by femtosecond laser radiation. For example, fused
silica has large 5— and 6-fold ring structures dominant in its network. After ultrafast laser
exposure, lower rank ring structures are seen (3— and 4-membered rings), indicating elevated
energy and densification of the glass. This densification seems to correlate with refractive index
changes. However, it has been noted that densification alone cannot account for the entire
change in the refractive index.

Type 1I. Self-ordered sub-wavelength nanograting.

It has been demonstrated that the fs laser can induce nanoporous structures in modified regions
of fused silica. These structures depend on the polarisation of the fs laser writing beam [22, 23].
They are also found to be self-ordered and periodic (as small as 20 nm in size and 140 nm in
periodicity, A = \/2n), and are arranged perpendicular to the electric field vector of a linearly
polarised femtosecond laser writing beam [24-26] (Fig. 2.4 b).

These nanostructures alternate between regions of marginally increased and decreased den-
sity. This periodic change in material composition within the irradiated volume results in bire-
fringent refractive index alterations [22, 27]. Additionally, Auger electron spectroscopy of these
regions revealed varying oxygen concentrations across the irradiated area [28], indicating that
these periodic nanostructures consist of alternately distributed oxygen-deficient regions.

As detailed in Type I modification, besides point defects generation [21, 23-25, 29|, the
material experiences induced stress resulting in densification [30-32]. As the pulse-to-pulse
distance reduces, the glass starts to decompose [33]. This decomposition eventually results in a
net expansion of the volume [34]; and self-organised nanostructures emerge with an orientation
strongly dependent on the light polarisation, the so-called nanogratings.

(a) (b) (c) (d)
Figure 2.4. Potential modifications induced in fused silica by femtosecond laser irradiation. (a) Type

I [10], (b) Type II [35], (c) Type X [14], and (d) Type III [36]. Scale bars in a-d are 25 pm, 1 pm,
200 nm, and 10 pm, respectively. Reprinted with permission of the indicated references.
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Type X. High-transmission birefringent structure.

This transformation encompasses randomly distributed nanopores which are elongated in a di-
rection perpendicular to polarisation [14] (Fig. 2.4 ¢). These nanopores give rise to controllable
birefringent structures with transmittance as lofty as 99% in both the visible and near-infrared
spectrum, and exceeding 90% in the ultraviolet (UV) spectrum down to 330 nm. These ob-
served anisotropic nanoporous silica structures differ markedly from nanogratings produced by
fs lasers (Type II) and conventional nanoporous silica. A suggested mechanism for this process is
nanocavitation, initiated by the formation of interstitial oxygen via multiphoton and avalanche
defect ionisation [14]. This is discussed in chapter 8.

Type III. Void.

When exposed to very high intensity laser, the modified area of the material can exhibit damage
or even form voids due to the processes of avalanche and continuous impact ionisation. This
results in the creation of a localised plasma in the focal area, which leads to rising temperatures.
As the plasma’s temperature increases, a significant charge separation occurs, creating immense
pressure. This pressure is intense enough to trigger what is known as a Coulomb explosion,
or a microexplosion, which then produces a shock wave. As this explosion takes place within
the material’s bulk, the shock wave disperses matter and energy away from the focal point,
thus compressing the surrounding material and leaving a less dense or hollow central region,
known as a void [16] (Fig. 2.4 d). The existence of these shock waves during femtosecond laser
modification using high pulse energies is backed by the observed emission of acoustic or pressure
waves from the focal point. These voids have been utilised in the production of devices like
optical memory units [36], fibre Bragg gratings (FBGs), and 2D waveguide arrays.

2.2 Sample irradiation parameters

Let us delve into the parameters that greatly affect the interaction between light and material
during sample irradiation [16, 37]. Pulse energy (E, [nJ]), fluence (F [J/mm?]), and peak
intensity (Ipear [W/mm?]) are examined [38]. These factors are interrelated as shown in the
following equations [39, 40]:

to+7 P 2. E PRR
E, = P(t)dt = =249 2.3 F="" " 2.4
/to ()t = 52 (2.3) e (2.4)
F
Ipeak = a;v (25)

where 7 is the pulse duration, PRR is the pulse repetition rate, P is the instantaneous power,
P4 is the average power, wyg is the beam waist radius, v is the writing speed, and « is a
non-dimensional factor that relies on the time-structured shape of the pulse.

The beam waist (wg) gives the laser spot dimension (2wg) when a sample, with refractive
index n, is exposed to a focused laser beam of wavelength A, and an objective lens with numerical
aperture NA. The beam quality factor (M?) accounts for the discrepancy between actual beam
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propagation and that of a Gaussian beam. The depth of focus (2z9) is twice the Rayleigh
parameter (zp), and is essential as it influences the size and shape of the laser modification in
the material [41, 42].

M2 ~ M2n)

-4 2.6 ety
wo ) < ) <0 7TNA2

NA (2.7)

Optical aberrations, such as chromatic and spherical aberrations, can markedly affect these
parameters [43]. They often lead to an elongated focal volume in glass when the beam originates
from air, and this impact intensifies as the beam focus goes further into the glass. Chapter 5
provides a detailed explanation of the various types of aberrations that can occur when focusing
a laser pulse within a substrate, along with diverse strategies that can mitigate these aberrations.

Pulse duration lengthening due to material dispersion is another critical factor. This mainly
happens when the pulse goes through thick glass layers present in aberration-compensated ob-
jectives, reducing the peak intensity and changing the inscription conditions of the material.
This effect becomes negligible for pulse durations of a few hundreds of femtoseconds (~ 300 fs)
or longer but can be significant for particularly short laser pulses (tens of fs long), which may
necessitate proper pulse pre-compensation [44].

The writing geometry also plays a pivotal role, influencing the shape of the laser modifica-
tions. There are two main approaches: transverse and longitudinal writing, in which the sample
is scanned orthogonally or parallelly to the beam direction [16, 45]. Each approach has its pros
and cons, affecting the cross-section of the induced modification, potential aberrations, and the
fabrication of structures at different depths. These aspects are also covered in chapter 5.
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NGENDERING a profound transformation in the realms of chemistry and biology, devices
E referred to as lab-on-chip (LOC) or lab-in-fibre (LIF) systems, have sparked widespread
intrigue [1-4]. Notwithstanding their diminutive size, typically extending from a few millimetres
to centimetres, these systems serve as multi-functional platforms encompassing an array of
laboratory procedures [5, 6].

The driving force of these devices lies within their intricate network of microchannels. These
pathways, barely thicker than a human hair, offer an exquisite control over minuscule liquid
volumes (generally between nL to fL), opening the gates for a new discipline — microfluidics.
This fascinating field studies fluid properties within these small structures, shedding light on
new phenomena that govern fluid behaviour at the microscale [5, 7, 8], a concept that will be
explored in depth later in this chapter.

The origins of these microfluidic devices trace back to the evolution of microanalytical tech-
niques, like capillary electrophoresis and gas-phase chromatography. As a legacy of the Cold
War, there was a necessity to create compact, field-deployable systems for detecting chemical
and biological threats — thus microfluidic devices emerged [9]. These factors along with advance-
ments in molecular biology during the 1980s and the progress of photolithographic techniques
have contributed to the development of lab-on-chip systems. In the last couple of decades, the
scientific community has shown a surge in interest for these innovative devices. They offer sev-



eral advantages [5, 6], such as a reduction in reagent and sample usage, expedited measurement
times, and lower risks of contamination due to minimal human interference. These systems
even allow for point-of-care measurements [10], a significant departure from the traditional re-
quirement of fully-equipped laboratories. The versatility and potential of these devices indeed
promises a revolution in the scientific landscape.

Emerging from the intricate domain of microfluidics, we encounter a fascinating and syner-
gistic field known as optofluidics. In essence, optofluidics beautifully marries the principles of
optics, which involves controlling and manipulating light, with microfluidics, which pertains to
controlling and manipulating fluids on a microscopic scale. It investigates the dynamic interplay
between light and fluids and the multifaceted applications that result from this unique intersec-
tion [11, 12]. From fluid-controlled tunable micro-lenses to light-guided optothermal effects, the
field of optofluidics offers a promising frontier for technological advancements in a plethora of
applications including lab-on-a-chip technologies [4], biomedical imaging [13], chemical analy-
ses [14], and more. The potential applications of these devices are vast. From chemical sensing
to protein and DNA analysis, the possibilities are expanding. A recent focal point in microfluidic
research is the analysis of living cells. With the ability to easily achieve single-cell resolution,
these devices are instrumental in unveiling new knowledge about cellular heterogeneity, a crucial
consideration for areas such as cancer research, drug discovery, and diagnostics [15]. A couple
of examples of lab-on-chip platforms fabricated using fs lasers can be viewed in Fig. 3.1.

The evolution of fabrication methodologies for these systems will also be discussed in this
chapter. Primarily, the use of femtosecond lasers and chemical etching as a novel fabrication
technique will be explored. As the traditional silicon-based fabrication method proved both
expensive and unsuitable for biophotonic applications due to its opacity to visible wavelengths,
the need for alternate materials and methodologies arose.

(a) (b)

Figure 3.1. Illustration showing lab-on-chip devices inscribed with fs lasers on fused silica substrates in
their state prior to the wet chemical etching process. These are the (a) first and (b) second version of
a chip designed for phytoplankton analysis in water, a research work currently being undertaken by the
Photonics Engineering Group. The colour corresponds to the diffraction generated by the multiple scans
performed by the laser. For each chip, (left) a photograph is shown after its inscription, (right) as well
as the 3D model designed with Solidworks 2019 SP4.0 and rendered with Blender 3.2.
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3.1 Materials and fabrication techniques

Different types of materials, each with their distinct properties, are used for the fabrication
of microfluidic devices [8, 16]. Some of the most commonly used materials are presented in
Table 3.1. These materials each have their inherent advantages and drawbacks, hence, the
choice of material should be aligned with the expected characteristics of the final fluidic device.
The selected material also dictates the possible fabrication techniques [8, 17], which are also
summarised in Table 3.2.

While the diversity and quality of materials for microfluidic applications are continually
expanding [16], as are fabrication techniques offering greater resolution and repeatability for the
final device, our focus will be on glassy materials, as they form the core interest of this thesis.

Glass is characterised by its chemical inertness, thermal stability, electrical insulation, rigid-
ity, biological compatibility, and straightforward surface functionalisation [17-19]. These at-
tributes allows to handle extreme conditions like elevated temperatures, high pressures, and
harsh solvents [18]. Glass also offers exceptional optical transparency and the ability to inte-
grate active components [8]. This extends beyond incorporating valves and pumps made from
other materials, like silicon, polymers, and hydrogel, but also allows the integration of the glass
itself as an active component using ultra-thin glass sheets. Its transparency enables optical
detection, and its thermal and chemical stability allows efficient cleaning post-experimentation,
either by heating or chemical washing. In terms of composition, these substrates are typically
crafted from soda-lime glass, borosilicate glass, or fused silica [17].

While glass holds numerous merits and is relatively cheap, its use in microfabrication presents
several hurdles. The conversion of glass into chips is not only a costly process but also labour-
intensive and often requires the use of clean-room facilities. This consequently restricts the

Table 3.1. Comparision of diverse material options for the fabrication of microfluidic platforms. e e e
is equivalent to 'positive’, e @ o is equivalent to 'moderate’, and e o o is equivalent to ‘negative’. Adapted
from [8, 16].

Elastomers Thermoplastics

Feature Metal Silicon Glass Ceramics (PDMS) (PMMA) Hydrogels
Low cost cee e0o0 @00 cee eeo0 eee ceoe
Ease fabrication cee e0o0 @00 eece eece ee0 eeo0
Mechanical properties (X X (X X (X X [ JeNe) csee XX 00
Ease sterilisation [ X X (X X [ Jole) (X X eoe 00
Oxygen permeability ®0O0 @00 oeoe ooe eeO (XX}
Biocompatibility ceoe cee eeo0 eece eee XX
Optical clarity [ Jelle) [ Jele) oo [ Wole) ee0 oo eoe
Smallest channel (pm) <1 <1 >1 <1 < 0.1 > 1
Low absorption eee XX} XX} XX} XY} 000
Rapid prototyping L X Yol [ Jelel [ JeXel [ Jekel XY} 00
Tunable fluorescence [ Jele) eo0oO [ Jole) [ Jolo) eooe [ Jolo) ee0
Cell ingrowth 00 00 [ Jelel [ JeXel [ JoXel 00 (XX}
Flexibility [ Jele) eo0oO [ Jele) [ Jole) eooe ee0 eeoe
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3.1. Materials and fabrication techniques

Table 3.2. Classification of microfluidic fabrication techniques. Adapted from [8, 17].

Process Material removing techniques Material depositing techniques

Silicon surface micromachining

Lith: h;
Electrochemical discharge machining HPROgtaphy

Chemical Wet etching
Dry etching

Inkjet 3D printing
Powder 3D printing
Direct writing
2D virtual hydrophilic channels
Micro-milling
Micro-grinding

. Micro-abrasive air-jet machining Injection molding
Mechanical ) ) ) o )
Micro-abrasive water-jet machining Hot embossing
Ultrasonic machining
Xurography
Photothermal process
Ultrashort pulse process Selective laser sintering
Laser-based Absorbent material process Stereolithography
Photochemical modification process = Two-photon polymerisation (2PP)
Laser direct machining
Forming process
Soft lithography
Other Focused ion beam (FIB) Layer-to-layer manufacturing

Layer-on-layer manufacturing
Fused deposition modeling
2.5-Dimensional printing

scope of applications for glass microfluidic devices. However, there is an emerging laser-based
technique, known as ultrafast laser-assisted etching (ULAE), also referred to as femtosecond
laser irradiation followed by chemical etching (FLICE). Building on the concepts detailed in the
preceding chapter, this method facilitates swift prototyping and high-resolution fabrication of
glass-based chips, utilising a wet etching technique. The Part III of this thesis is based on this
technique.

3.1.1 Ultrafast laser assisted etching technique

Femtosecond lasers, apart from their application in direct writing of optical structures, open up
opportunities for the direct creation of microfluidic channels in fused silica through a technique
known as ULAE [20]. This approach involves a two-step process: initially, the sample undergoes
irradiation with focused femtosecond laser pulses (Fig. 3.2 a), followed by wet etching of the laser-
modified zone (Fig. 3.2 b). For this second step, hydrofluoric acid (HF) has traditionally been
employed [11]. However, more recently, the use of bases such as potassium hydroxide (KOH) or
sodium hydroxide (NaOH) has gained prominence [21, 22]. Occasionally, an intermediate step
is included between the two processes, involving a thermal annealing of the structure [23]. This
action refines the modifications induced by the laser, diminishing roughness, thereby facilitating
acid diffusion across the treated area. The laser irradiation escalates the etching rate by up
to three orders of magnitude [24], paving the way for high-aspect ratio (length to diameter
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ratio) channel manufacture, and for the formation of 3D geometrical fluidic devices in glass
substrates [25].

As previously outlined, there exist four distinct types of material modifications. Particularly
at reduced laser fluence (Type I), a smooth increase in the refractive index can be accomplished,
beneficial for the guidance of light. An increase in the etching rate of these regions has also
been observed [27, 28]. This phenomenon is attributed to the densification, induced by the
reduction of the Si—-O-Si bond angle within the modified area [28]. It has been demonstrated
that the etching rate is proportional to the induced refractive index increment. However, at
elevated laser fluence (Type II), nanogratings begin to emerge, leading to an enhanced etching
selectivity — up to three orders of magnitude in comparison to pristine fused silica, which can
be proficiently employed for the creation of microchannels. Selectivity is defined as the ratio
between the etching rate of laser-processed material and that of the pristine material.

The state of the art concerning etching rate and selectivity, along with the mechanisms
associated with the increase in etching rate, are thoroughly discussed in chapter 8.

An additional factor that shapes the etching process is the fact that the attack of the solution
action is not confined solely to the laser affected zones [29]. It also gradually attacks the non-
irradiated material, thereby influencing the final shape of the fabricated microchannels. As a
result, irradiating a straight line and subsequently exposing it to the solutions yields a conical
microchannel (Fig. 3.2 b). As the solution penetrates along the irradiated area, it also interacts
with the surrounding glass, broadening the microchannel’s cross-section beginning at the access
point [30]. The diameter expansion is directly proportional to the solution exposure duration,
which is the longest at the channel start and the shortest at the channel end. This particular
issue is significantly more problematic when employing HF, as it exhibits an etching rate in
pristine silica of approximately ~ 10 pm/h (20 vol%, 35°C) in comparison to the 1 pm/h of
KOH (37.5 wt%, 85°C) [29], or the 0.5 pm/h of NaOH (5 wt%, 85°C) [20].

Objective
lens
3 / Laser z Microfluidic
L:y /‘/ beam access port
) | ‘ o

Laser
affected zone

Microfluidic
«<  channel

Microfluidic
access port
«—

(b)

Figure 3.2. Illustration of the creation of microchannels in fused silica (optical fibre) using the ULAE
technique. (a) Step 1: Permanent Type II modification in the sample by non-linear absorption of focused
femtosecond laser pulses. (b) Step 2: Wet chemical etching of the laser-modified region generates a
microfluidic channel with a given aspect ratio. Adapted from [26].
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The specific chemical reactions depicting the interaction of HF, KOH and NaOH with fused
silica are presented below:

SiOy +4HF — SiO4 + 2H50 (3.1)
SiOy +2KOH — K3SiO3+ HyO (3.2)
SiOy +2NaOH —  NapSiO3 + HyO (3.3)

Continuous replacement of the etching solution within the etched cavity with fresh solution
is critical for maintaining the etching rate. This process can be facilitated by using an ultrasonic
bath (for HF [31]) or a magnetic stirrer (for KOH [32], NaOH [21]). However, the longer and
thinner the structure to be etched is, the more challenging it becomes to replace the exhausted
solution [12]. It is noteworthy that unlike when using HF, there is no observed saturation in the
length of the microchannel when KOH or NaOH is used.

The temperature and concentration of the solution play crucial roles in the etching process
and the severity of the solution attack [29]. These parameters must be thoughtfully optimised
in accordance with the specific design requirements of the device. A solution with high con-
centration can yield long microchannels, but these often have a low aspect ratio. Conversely,
a solution with lower concentration can result in a device with a larger aspect ratio, but the
maximum attainable length of the device tends to be smaller in this case.

Surface roughness is a significant characteristic of a microchannel, as it can potentially re-
strict the application of femtosecond laser-fabricated microchannels. For instance, it can affect
the transparency of channel content imaging [13], increase light scattering from the channel
surface — which is problematic for optical manipulation, and influence sample adhesion to the
surface, thereby impacting biological experiments. The roughness is typically found to be in
the range of a few hundred nanometers on the channel bottom surface [33]. Thermal treat-
ments, involving heating the glass in ovens [34], or with oxyhydrogen (OH) flames [35], have
been successfully employed to smoothen the surface, reducing the residual roughness to a few
tens of nanometers or even less. Despite these promising outcomes, the method poses certain
challenges. For one, the process could potentially damage the external glass surface [34], making
the microchannel optically inaccessible. Moreover, the high temperatures could alter the op-
tical properties of the waveguides, necessitating post-treatment irradiation, which complicates
the fabrication process of optofluidic devices. It has also been noted that the writing direction
greatly affects the quality of the channel walls [20].

3.2 Physics and scaling in microfluidics

The field of microfluidics centres around the manipulation of fluids at microscale levels, where
the dynamics of fluid behaviour can differ considerably from what we observe in macroscopic
systems [7, 8, 36, 37]. In contrast to macroscopic flows, microfluidic flows occur at length scales
that are orders of magnitude smaller, offering unique advantages that include faster operation,
size reduction, and diminished fluid requirements. Furthermore, the control of energy inputs
and outputs, such as heat generated from a chemical reaction, becomes more manageable due
to the significantly larger surface-to-volume ratio, a characteristic of microscale systems [7, 38].
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3.2.1 Continuity and Navier-Stokes equation

A fluid, whether a gas or a liquid, is subject to continuous deformation when external forces
are applied. The fundamental distinction between these two states of matter is associated with
their density (p). For gases, the considerable relative distance between molecules allows to regard
them as compressible. Conversely, the density in liquids approaches that of solids, enabling us
to typically treat them as incompressible. Therefore, p in a liquid is perceived as a constant
over space and time.

The behaviour of fluids is governed by two primary equations [39]: the Continuity Equa-
tion and the Navier-Stokes Equation, which is essentially Newton Second Law applied to fluid
mechanics:

o The Continuity Equation

This equation is derived from the principle of conservation of mass. It states that the
rate at which mass enters a system is equal to the rate at which it leaves the system, plus
the rate of change of mass within the system. In terms of fluid dynamics, it essentially
says that in any steady state flow system, the mass flowing into any section of a channel
must equal the mass flowing out [7]. If the fluid is incompressible, this simplifies to the
statement that the velocity of the fluid times the cross-sectional area it is lowing through
must remain constant. It essentially says that the net inflow of fluid volume into any
region of space is zero [39], maintaining the mass conservation principle:

V-v=0, (3.4)

where v is the velocity vector of the fluid and V- denotes the divergence operator.

o The Navier-Stokes Equation

This equation express the conservation of momentum (Newton Second Law) for fluid mo-
tion. In their most general form (assuming Newtonian, incompressible fluid), it is:

ov
p (875 +v- Vv) = —Vp+ uV3v + pg, (3.5)
where t is time, p is pressure, p is the fluid density, p is the fluid viscosity, V is the gradient
operator, V? is the Laplacian operator, i.e., the divergence of the gradient, or V - V, and
g is the acceleration due to gravity.

The left-hand side of the equation represents the inertia forces (the time rate of change
of momentum), and the right-hand side represents the forces acting on the fluid, namely
pressure forces (—Vp), viscous forces (1V?v), and body forces (like gravity, pg).

Now, let us consider a specific situation — a steady, incompressible, laminar flow of a Newto-
nian fluid through a long, straight pipe with a constant cross-section. In this case, the complexity
of the Navier-Stokes equations can be reduced significantly, leading to Poiseuille’s law [39]. There
are several key assumptions to consider:

o Steady flow: The flow rate is constant in time, so it is possible to drop the time-dependent
term from the Navier-Stokes equation.
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o Fully-developed flow: The flow profile is fully developed, which means the velocity profile
does not change along the length of the pipe.

o No-slip condition: The velocity at the pipe wall is zero due to viscous effects.

o Incompressible, Newtonian fluid: The fluid density is constant, and the stress in the fluid
is linearly proportional to the strain rate.

o Long pipe and small radial gradient of pressure: The pressure gradient is constant in time
and only changes in the axial direction (along the length of the pipe), not radially.

Under these assumptions, the velocity only varies across the radial direction — from the
centre to the wall of the pipe, and it is constant along the length and circumference of the
pipe. As a result, the Continuity Equation is automatically satisfied. Furthermore, the Navier-
Stokes equations reduce to a much simpler form, which is a second-order ordinary differential
equation. This equation can be integrated twice with the boundary conditions to get the velocity
distribution, which is parabolic, with maximum velocity along the centreline of the pipe. Finally,
integrating this velocity profile across the microchannel cross-sectional area gives the volumetric
flow rate @ [nm/s| (Poiseuille’s law):

TApR*

Q=" (3.6)

being Ap the pressure difference between the two ends of the microchannel, R the diameter of
the microchannel, and L the length of the microchannel.

3.2.2 Dimensionless numbers

The model of flow presented by Poiseuille’s law may serve as a reasonable estimate of an actual
flow scenario, provided that it is feasible to overlook the non-linear term in the Navier-Stokes
equation, v - Vv, within the practical application in question. In terms of solver stability while
addressing a microfluidics problem utilising finite element methods, it is crucial to pay attention
to two essential dimensionless numbers: the Reynolds number (Re), and the Peclet number
(Pe).

The Peclet number is significant as it describes the relative impact of convection compared to
diffusion, whether in terms of heat (Equation 3.7) or mass (Equation 3.8) transfer. Meanwhile,
the Reynolds number (Equation 3.9) signifies the comparative influence of the convective inertia
term versus viscosity within the context of the Navier-Stokes equations.

pcpvL

Pe (heat flow) = , (3.7)
K

Pe (mass transport) = o (3.8)

o inertial forces _ va. (3.9)

viscous forces 1

where L is the length scale of the problem, v is the flow velocity, ¢, is the heat capacity at
constant pressure, k is the thermal conductivity, and D is the diffusion constant. Numerical
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instabilities may occur when the Reynolds or Peclet number exceeds one. These instabilities
typically present themselves as spurious oscillations within the solution.

In situations where the Reynolds numbers are low (typically Re < 1000), viscous forces
dominate, causing any disturbances to be damped out. This results in a phenomenon known
as laminar flow [38], which is primarily used to model slow-moving fluid in environments free
from abrupt changes in geometry, material distribution, or temperature. When solving for such
scenarios, the Navier-Stokes equations are utilised without the need for a turbulence model.
Conversely, at high Reynolds numbers where the damping in the system is minimal, disturbances
have the potential to grow via non-linear interactions. If the Reynolds number is sufficiently
high (Re > 1000), this can result in a chaotic state known as turbulence.

However, for exceptionally low Reynolds numbers (Re < 1) another regime called creeping
flow, or Stokes flow, comes into play. This flow regime is commonly encountered in microfluidics
applications, where viscous forces largely rule the flow behaviour [40]. The equations governing
creeping flow are identical to those for laminar flow, albeit with the additional assumption of an
insignificant inertia term. This flow is characterised by a predominance of viscous forces to the
extent that the contribution from the inertia term can be considered negligible.

Creeping flow problems are notably simpler to solve compared to laminar flow problems.
It is the only case where Poiseuille flow can be used to approximate the fluid motion, as it is
possible to neglect the time dependent term of the left-hand side of the Equation 3.5. Therefore,
it is envisaged that the fluid reaction to modifications in the flow condition is instantaneous,
and the properties of the fluid exhibit time reversibility. A crucial feature of this flow regime is
that fluids moving alongside each other do not mix; instead, mixing predominantly occurs via
diffusion.

Intertial microfluidics

Neglecting the role of fluid inertia in microfluidic systems, simply because of the laminar nature of
the flow, can often lead to errors. In fact, even at moderate fluid velocities, inertial effects have a
significant impact on both fluids and particles [41]. To provide a practical example, considering a
100 pm wide microchannel filled with water (p ~ 1000 kg/m3 and p ~ 1 mPa) flowing at a speed
of 10 mm/s. In this scenario, Re =~ 1, indicating a regime in which passive manipulation of fluids
and particles can be achieved efficiently. Due to this, inertial fluid effects are gaining increased
recognition and are starting to be utilised in commercial lab-on-chip systems [42]. Despite this,
the field is still in its infancy, with many aspects yet to be fully explored or comprehensively
understood.

3.2.3 Relevant considerations in microfluidic devices

One of the fascinating aspects of microfluidics lies in the altering significance of physical prop-
erties as the length scale (L) of fluid flow reduces [43]. Properties that scale with the surface
area become increasingly dominant over those scaling with the volume of the flow. This shift in
scaling results in viscous forces generated by shear over isovelocity surfaces, which scale as L2,
overpowering inertial forces, which scale volumetrically as L3. Consequently, as stated above,
these flows are characterised by low Reynolds numbers (Re), indicating the predominance of
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Table 3.3. Scaling of physical phenomena with length (L) and consequences for microfluidic devices.

Length
Property 2 Consequences
scaling
Inertial forces L3 The predominance of viscosity over inertia re-
sults in flow that is characteristically laminar
Vi ‘ 12 or creeping. The absence of convection con-
1scous forces tributes to the difficulty in achieving efficient
mixing.
Volume L3 Properties related to the surface escalate in
significance compared to those linked to vol-
Area 1.2 ume, due to the high surface area to volume
ratios.
-1
Laplace pressure L In two-phase flows, the effects of surface ten-
Capillary force -1 sion become the predominant influencing fac-
p y tors.
Permeability of porous media L? Darcy law applies.
Diffusion time scale T Diffusive mixing is feasible, albeit consider-
ably slower compared to convection.
Electric field L1 There is potential to leverage a variety of elec-
trokinetic phenomena to propel the fluid flow.
Knudsen number Y Gas flows at the microscale are typically rar-
efied.

laminar or creeping (Stokes) flow regimes.

When dealing with the presence of multiple phases, the effects of surface tension start to
take precedence over those of gravity and inertia at smaller scales. Factors such as Laplace

pressure, capillary force, and Marangoni forces are all inversely proportional to the length scale
(L™1) [44].

Moreover, flow can also occur through porous media at microscale geometries. The perme-
ability of a porous medium, which is proportional to the square of the average pore radius (L?),
often results in a flow that is dominated by friction when the pore size (~ L) falls within the
micron range [45]. Darcy’s law can be applied in such cases. The Brinkman equation is also
suitable for modelling intermediate flows.

At the microscale level, fluid flow can be influenced by various electro-hydrodynamic effects.
The strength of the electric field for a given applied voltage is inversely proportional to L, which
allows the application of relatively large fields to the fluid using moderate voltages. Processes
such as electro-osmosis, electrophoresis, dielectrophoresis and magnetophoresis can move charged
or polarised particles in the fluid [46-48]. Manipulating contact angles via the electrowetting
phenomenon is also achievable in microscale devices [44].

In the case of laminar flows, mixing becomes quite challenging, leading to mass transport
that is often limited by diffusion [49]. Despite the fact that diffusion time is proportional to
the square of the length scale (L?), it is generally a slow process in microfluidic systems. This
has implications for the transport of chemicals and subsequently for reactions within these
systems [50, 51].

As the length scale of the flow approaches the intermolecular length scale, complex kinetic
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effects start to play a significant role [52]. In gases, the Knudsen number (Kn = A/L), which
is the ratio of the molecular mean free path () to the flow geometry size (L), scales with L™,
For Kn < 0.01, the Navier-Stokes equations with no-slip boundary conditions typically provide
a good description of the fluid flow. For 0.01 < Kn < 0.1, the slip flow regime applies and the
Navier-Stokes equations with appropriate slip boundary conditions can be used to model the
flow. When the Knudsen number exceeds 0.1, a fully kinetic approach is needed for accurate
modelling.

The primary concepts and phenomena detailed here is conveniently compiled and presented
for ease of understanding in Table 3.3.
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N this chapter, readers will learn about the tools and methods used in the research carried
I out in this thesis. A key facet of this chapter is the unique fabrication setup, which inte-
grates the high-precision ultrafast laser with the comprehensive functionality of a chemical hood
used for wet etching. This robust combination caters to a broad spectrum of microfabrication
requirements, aligning with the multifaceted demands of the research. Attention is also accorded
to the description of the simulation tools employed, as well as the characterisation techniques,
specifically the quantitative phase microscopy (QPM), refracted near field (RNF) profilometry,
and Raman spectroscopy. These are of paramount importance in corroborating our findings and
hypotheses, thereby anchoring the subsequent analysis. By engendering a thorough understand-
ing of these experimental methodologies, the aim is to create a rigorous context in which the
outcomes and significance of this research can be fully comprehended and critically assessed.
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4.1 Fabrication setups

4.1.1 Femtosecond laser writing

Here, the optical setup for making modifications in glass substrates using a femtosecond laser is
briefly introduced. It can be understood to represent the most important experimental configu-
ration of the thesis, being the most used, both in the creation of structures using direct-write, as
well as employing the ULAE technique. The setup shown in Fig. 4.1 is what has been formed in
the Photonic Engineering Group in Santander, as a result of this thesis. It is worth noting, how-
ever, that the experimental configurations used during research stays in Edinburgh (Institute of
Photonics and Quantum Sciences) and Italy (Institute of Photonics and Nanotechnology) are

very similar.

Regarding the laser source, in Santander there is a fibre laser chirped pulse amplifier (FLCPA)
from the Cazadero series of Calmar Laser, model FLCPA-03U-20. This laser allows for the
generation of variable pulse energies (with a maximum of approximately 5 nJ), as well as the
ability to modify the pulse repetition rate (PRR) thanks to an additional controller made with
an STM32 microcontroller, which can go from a maximum PRR of 1 MHz to a single pulse
configuration. The wavelength and pulse duration are 1030 nm and 370 fs, respectively.
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Figure 4.1. Schematic of the femtosecond laser inscription setup (Key: PBS — polarisation beam splitter,
BE — beam expander, BR — beam reducer, HS — harmonic separator, BBO - beta barium borate crystal,
C — CCD camera, TL — tube lens, DM — dichroic mirror, AL — aspheric lens, A\/2 — half waveplate, \/4
— quarter waveplate). Red colour corresponds to 1030 nm light, while green light represents 515 nm
wavelength. Beam shutters, mirrors, illumination elements, as well as alignment irises are not shown in
the schematic.
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Figure 4.2. Temporal measurement of the pulse from the BlueCut fs laser used an autocorrelator. The
370 fs corresponds to the Gaussian adjustment of the pulse autocorrelation (7 = 7,/v/2, being 7, the
FWHM pulse duration of autocorrelation).

In Edinburgh, on the other hand, the BlueCut laser from Menlo Systems GmbH was pri-
marily used, with equivalent parameters. This fibre-based laser has a wavelength of 1030 nm,
variable pulse energy up to 10 pJ, with selectable PRRs between 250 kHz, 500 kHz, 1 MHz, and
2 MHz [1-3]. The pulse duration is also 370 fs (see Fig. 4.2). In Milan, the ytterbium fibre-based
laser Satsuma from Amplitude System was used. Although the laser wavelength is 1030 nm,
inscriptions were made using 515 nm due to a second harmonic generation process carried out
prior to the focusing optics [4, 5]. The pulse duration can be varied, but 280 fs was used at
the laser output, degraded to ~ 350 fs after the intermediate optics. The repetition rate, also

modifiable by a pulse picker, was mainly fixed to 1 MHz. The maximum output power of this
laser is 10 W.

The initial beam is split into two paths: the infrared (IR) and the visible (VIS) path. This is
achieved by using a combination of a half waveplate (HWP) and a polarisation cube. Given that
the output of the laser has a linear polarisation, the HWP allows for rotation of the polarisation
plane, so that power can be directed either to the IR path or to the VIS path. Due to the
presence of manual shutters on both optical paths following the polarisation cube, this pair of
optical elements can also be used for external pulse energy control.

Concerning the IR beam, the beam diameter is enlarged using a beam expander in order to
cover the input pupil of the focusing objective lens (or the diameter of the aspherical focusing
lens). There is also a combination of half and quarter waveplates that allow for complete control
of the inscription polarisation: linear, circular, or elliptical. It is worth noting that the HWP is
placed on a mount that rotates at a speed of 5 Hz, which enables the positioning of optimal linear
polarisations in real-time inscriptions, something crucial in the ULAE technique for etching 3D
complex structures.

On the other hand, the VIS path also has complete control of polarisation, but prior to this,
a second harmonic generation (SHG) process takes place using a non-linear crystal made of
beta barium borate (BBO, $-BaB20y4). To increase the conversion efficiency, the beam energy
is spatially concentrated using a beam reducer, and the diameter is later restored with a beam
expander. The fundamental wavelength is eliminated through a harmonic separator. It is
important to note that the components used in the setup are characterised by a reduced group
delay dispersion (GDD), in order to minimise pulse duration degradation.
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The movement of the sample is carried out using a computer-controlled 3D (XYZ) stage
with nanoresolution, from Aerotech. The alignment of the sample in relation to the laser beam
(either IR or VIS) is fine-tuned using a machine vision system. This system uses a charge-
coupled device (CCD) camera to capture the image of the fibre with transmission illumination,
or the laser back-reflection from the sample, especially when using fused silica plates. Power
control is achieved either directly through the laser or via a combination of a half waveplate and
polarisation beam splitter, which are situated along the initial beam path.

4.1.2 Chemical etching

For the creation of microchannels, microfluidic devices, or simply for removing the areas previ-
ously processed by the laser, a secondary stage of chemical etching is required, as was explained
in the previous chapter. This is carried out in a fireproof fume hood which captures any vapors
that may arise during this wet etching process. For safety reasons, this stage is performed ex-
clusively within the fume hood. However, depending on the type of solution used to extract the
previously modified fused silica, a specific protocol is followed.

In both Santander (where this thesis has been carried out) and Edinburgh (where a 3-month
stay was completed in 2021 as described in chapter 9), aqueous solutions of KOH or NaOH,
both bases, are used. To maintain a consistent solute concentration throughout the process, a
magnetic stirrer is used. Temperature control is also exercised, and in this case, it is kept at
85 °C. It is noteworthy to mention that the concentrations used for KOH-based solutions and
NaOH-based solutions are 37.5 wt% and 5 wt%, respectively.

In contrast, during the 3-month stay in Milan in 2022 (chapter 10), aqueous solutions of HF
were used, at 20 v%. Here, the exposure of the glass sample to the acid needs to be carried out
in an ultrasonic bath to facilitate the etching process. The sonic bath has a temperature control
set at 35 °C.

Regardless of whether an acid or a base is used, the samples are sonicated for five minutes in
a solution of deionised water and isopropyl alcohol. Likewise, prior to wet etching, if the sample
is not clean, it can be lightly sonicated in acetone, and then rinsed with deionised water. It is
important to note that fused silica was consistently used throughout this thesis, which is why
the chosen chemical compounds are as stated. The beakers used in the etching process are made
of polytetrafluoroethylene (PTFE), a material resistant to the solution.

4.2 Simulations tools

Simulation tools are crucial instruments in the field of photonics, specifically in the design and
optimisation of sensors and devices. These tools provide a numerical platform to investigate the
interactions between light and matter, circumventing the time and resource-intensive process
of direct experimentation [6]. Comsol Multiphysics, RSoft Photonic, and Zemax OpticStudio
are key commercial softwares employed in this thesis, each offering unique methodologies for
examining photonic systems. Although additional methods have been utilised, the three funda-
mental ones upon which the majority of the work is based involve the use of geometrical optics,
finite-difference time-domain (FDTD) method, and the beam propagation method (BPM). Now
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each method is briefly developed, as they are not the main objective of this thesis.

Geometrical optics, used through Zemax, simplifies light propagation into rays, following
straight paths until they interact with a surface. This method is most effective when dealing with
systems where the wavelength of light (A) is much smaller than the size of the components. Its
main advantage lies in its simplicity and computational efficiency, although it does not accurately
model diffraction, interference or polarisation effects, making it less effective for nano-scale or
highly integrated photonic systems. However, in this thesis, it will primarily be used to model
the reflection that occurs in certain designed structures.

The finite-difference time-domain method, used both in Comsol and RSoft, is a powerful
technique for modelling time-dependent electromagnetic fields. It is a full-wave method that
can capture complex behaviours like scattering, interference, diffraction, and non-linear effects,
making it ideal for studying wave propagation in nanostructures and complex geometries. How-
ever, FDTD requires substantial computational resources and can be time-consuming, especially
for large or long-range systems. It is a rigorous solution to Maxwell equations and does not have
any approximations or theoretical restrictions.

Lastly, the beam propagation method, also available in RSoft, is designed for analysing
waveguide devices and wave propagation in structures that vary slowly along the propagation
direction. It is computationally efficient for these specific applications and can effectively model
interference and diffraction. However, its main limitation is that it cannot accurately handle
abrupt structural changes or highly scattering systems.

4.3 Characterisation techniques

Characterisation plays a vital role in material processing and the validation of experimental
results, allowing for precise measurements of the properties of a given material or structure. In
the context of fs laser processing, it becomes even more critical to characterise the modified
samples to gain insight into changes in optical properties. This data serves multiple purposes:
it provides a quality check for inscribed structures, guides the selection of laser parameters for
future designs, and assists in generating reliable simulations.

This section introduces the most important characterisation methods utilised in this research.
Not all methods are covered, but the ones that are crucial to the understanding of this work
are presented. Techniques such as refracted near field profilometry and quantitative phase
microscopy are employed for determining refractive index or phase — which is proportional to
the refractive index, respectively. Moreover, Raman spectroscopy provides valuable information
about the internal structure that can shed light on various modifications, such as structural
expansion or stress relief [7], specially relevant in chapter 8.

4.3.1 Quantitative phase microscopy

Quantitative phase microscopy (QPM) is a powerful imaging technique that allows to measure
the optical phase shift induced by a transparent or semi-transparent sample [8, 9], such a glass
substrate or an optical fibre. This method has become especially useful in the field of biological
and materials sciences, due to its non-invasive and label-free nature [10].

44



4. EXPERIMENTAL SETUPS AND METHODS

In a traditional light microscope, contrast comes from absorption or scattering of light, which
often requires staining or tagging of the sample. However, in QPM, contrast is generated from
the delay (or phase shift) that light experiences when passing through a sample compared to the
surrounding medium [11]. This phase shift is proportional to the refractive index of the sample,
allowing for quantitative analysis of the sample structure and composition:

A

An:Zw-Az

A, (4.1)

where X is the wavelength of the illumination source (typically monochromatic), A¢ is the phase
change, An is the refractive index change, and Az is the RIC length.

This technique relies in the intensity transport equation [9] (Equation 4.2). The equation
demonstrates that phase retrieval is possible when there is a known change in intensity in its
propagating direction. To achieve this, three conventional intensity images are used - one in focus
and two others defocused by a certain degree, denoted by dz [8]. This process can be executed
with a standard, well-illuminated transmission microscope equipped with a step platform that
can accurately adjust the level of defocusing.

oI(r)
0z

R - v (1Y) (4.2)
In this equation, I represents the intensity, z is the propagation direction, k is the wavenum-
ber, V is the gradient operator, and ¢ represents the phase.

4.3.2 Refracted near field profilometry

Refracted near field (RNF) profilometry is a characterisation technique used to measure the
refractive index profile of optical fibres and waveguides. It provides a non-destructive and direct
way to ascertain the refractive index variation across the radial profile of an optical waveguide.

The principle of RNF is based on the near-field scanning technique. A probe scans the exit
face of the waveguide or fibre under test, collecting the light that comes out. This light consists
of a set of guided modes, each propagating at a specific angle determined by the local refractive
index. Because of Snell’s law, the refracted light beams are deviated at different angles based
on their corresponding refractive indices [12].

By analysing the distribution of refracted light intensities at different angles, one can re-
construct the refractive index profile of the fibre or waveguide. An important prerequisite for
accurate results is the use of a monochromatic light source to ensure that the measured refrac-
tion angles are only due to the refractive index variations and not due to wavelength-dependent
effects.

Figure 4.3 shows a schematic of the measurement process. It can be observed that 62 corre-
sponds to the refracted incident angle on the circumference of the disk. This angle corresponds
to the input angle 0;. Between this angle 61 and (61)maa, the refracted light is not blocked by
the disk and, therefore, is captured by the detector. The relationship between the angle 65 and
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Figure 4.3. Measurement process of refracted near field profilometry on the end face of an optical fibre.
Adapted from [13].

0, can be determined by applying Snell’s law to the liquid cell, obtaining;:

n?(r) = sin(0y) + n? — sin®(6y). (4.3)

Taking into account that ny, and 5 are fixed during the measurement, a change in n(r) causes
a variation in the angle #;. Considering that the detector located behind the disk measures the
output beam power for 6 > 6, and that this amount is equivalent to P(;) (input beam power
associated with the angle 6;), disregarding possible losses, it is obtained:

P(61) = P(0) (1 WW) ~ P(0) (1 - Sm%’”) . (4.4)

 tan? (01)m0x sin? (01),10x

Given that the variation in the refractive index in the fibre is very small (~ 1% or even less),
the following approximation can be made:

~(
n(r) = n(0) + §(r) — n2(r) = n*(0) + 2n(0)d(r) —i—%f: 2n(0)n(r) — n%(0). (4.5)

Combining equations 4.3, 4.4 y 4.5, the following relation is obtained:
P(6)) ~a; —ag-n(r), (4.6)

being a1 and ao constant values. It is deduced that the power of the refracted light cone
is proportional to the refractive index of the focused point. Thus, using this technique and
performing a sweep over the diameter of the fibre or waveguide, the detected optical power
provides the refractive index profile.

4.3.3 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational, and other
low-frequency modes in a system. It provides a molecular fingerprint of a material, allowing to
identify the chemical composition and structure of a sample [7, 14, 15].

The method is based on Raman scattering. When light interacts with a molecule, most
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photons are scattered in an elastic manner, meaning their energy (and thus wavelength) remains
unchanged. However, a small fraction of the light (typically around 1 photon in 10°-10%) is
scattered inelastically, meaning the photons’ energy changes. This change in energy corresponds
to a transition in the vibrational or rotational energy of the molecules in the sample.

In a Raman spectroscopy experiment, a laser is shone on a sample and the scattered light is
collected and analysed. The energy of the inelastically scattered light is compared to the energy
of the incoming laser light. The difference in energy is called the Raman shift and is specific
to the chemical bonds and symmetry of the molecules, providing a spectrum that serves as a
unique fingerprint of the sample. As it is a non-destructive technique, the sample can be studied
in its natural state without the need for any prior preparation [16].
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PART 11

ULTRAFAST LASER DIRECT WRITING
(ULDW)

This part showcases the contributions made in the field of optical fibre sensors using direct
inscriptions with ultrafast lasers. The results obtained in the first half of the thesis, spanning
from October 2019 to July 2021, are consolidated in this part of the document. Significant
advancements are presented regarding the challenges encountered when depositing focused ul-
trashort pulses within transparent materials. Techniques for achieving specific focal volumes are
explored, leading to enhanced performance in fibre Bragg gratings and cladding waveguides us-
ing the slit beam shaping technique. Furthermore, the fabrication of sensors based on standard
telecommunications optical fibres and specialty fibres is documented. These sensors encom-
pass a range of applications, including multiparametric sensing, lab-in-fibre devices integrated
into surgical needles, liquid level sensing within hollow-core fibres, and refractometers optimised
for water-based solutions using perfluorinated polymer fibres. Overall, the part showcases the
progress achieved in the development of optical fibre sensors through direct inscriptions with
ultrafast lasers.

The chapters included in this part are:

o Chapter 5: Enhancement of ULDW-based passive in-fibre structures.
o Chapter 6: Standard fibre-based sensors.

o Chapter 7: Specialty fibre—based sensors.
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O PTICAL aberrations in laser processing can significantly degrade the precision and efficiency
of the process. These aberrations occur when light fails to converge at a single point due
to non-uniform refractive index distribution, often caused by imperfections in optical compo-



5.1. Optical aberrations and light focusing issues

nents or by the medium through which the light is passing. This disrupts the focusing of light
and introduces distortion, changing the form of the focal intensity distribution and potentially
affecting the quality of the fabricated device.

The two first sections of the chapter will address theoretical-practical aspects related to
the problems that arise when inscribing optical structures using ultrashort laser pulses tightly
focused within transparent materials. Specifically, the section 5.1 will present the main optical
aberrations that occur, as well as ways to limit them in laser manufacturing, considering, among
others, the work developed by Pallarés et al. [1]. On the other hand, the section 5.2 deals with
the different practical methods used to control the cross-section of the refractive index change
(RIC) induced in the material, i.e., the refractive index profile of the optical structure to be
manufactured.

Among the different ways of controlling the focal volume of ultrashort focused pulses is the
slit beam shaping technique (SBST). In sections 5.3 and 5.4, two works carried out by Roldan
et al. are developed, corresponding to the use of this technique for the inscription of plane-
by-plane FBGs [2], as well as symmetric cladding waveguides as transitions for the evanescent
coupling of light from the core of single-mode fibres (SMF) to the cores of multicore fibres [3],
respectively.

5.1 Optical aberrations and light focusing issues

Inscribing transparent materials with ultrafast lasers is an important tool in the ever-evolving
field of waveguide-based photonic devices. However, challenges persist despite significant strides
made in waveguide writing and application. A primary concern lies in the management of
optical aberrations and light focusing issues during the inscription process. The ultrafast laser
direct writing technique, while providing 3D fabrication capabilities, encounters difficulties in
achieving low insertion loss, symmetric mode fields, and reduced propagation loss. Furthermore,
the phenomena of filamentation and self-focusing can alter energy-deposition behaviour and

resultant microstructures, limiting its performance [4].

The types of aberrations typically encountered in laser processing can be classified into two
main categories: chromatic and monochromatic (or Seidel) aberrations.

Chromatic aberrations

This type of aberration arises due to the dependency of a material’s refractive index on the
wavelength of light. Different wavelengths of light refract differently when they pass through an
optical material, causing them to focus at different points along the optical axis. This results in
coloured fringes around the image, reducing its quality. In most laser processing applications,
chromatic aberration is indeed not a significant concern because lasers usually output light at
a single wavelength. This is why chromatic aberration is most noticeable in broadband light
sources that encompass multiple wavelengths, like supercontinuum lasers.

However, it is worth noting that even in a single-wavelength laser system, chromatic aberra-
tion could potentially become an issue in certain scenarios. For example, in ultrafast lasers, the
ultrashort pulse will have a broad spectrum despite being centred around a single wavelength.
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In such cases, the dispersion caused by chromatic aberration could affect the pulse shape and
duration [5], which can be significant in precision applications. Another case where chromatic
aberration could be significant is when the laser system uses second harmonic generation (SHG),
third harmonic generation (THG), or other non-linear optical processes that effectively create
new wavelengths from the original laser beam [6]. The different generated wavelengths, if they
are not removed from the optical path, could then focus at different points due to chromatic
aberration, affecting the overall process.

Monochromatic aberrations

These aberrations are caused by the geometrical properties of the material and include five
primary types:

o Spherical aberration (SA)

The most troublesome aberration in ultrafast laser processing is SA. Spherical aberration
is a prevalent issue when a tightly focused femtosecond laser irradiates a glass [7, 8]. The
RI mismatch between air and glass distorts the energy distribution in the focus, leading
to modified volumes’ shape alterations [9]. Increasing numerical aperture, focusing depth,
or the refractive index of the substrate exacerbates SA, resulting in focus distortion [10].

The use of immersion techniques, specifically water-immersion and oil-immersion, are
highly effective methods to reduce spherical aberrations [11]. Both techniques function
by replacing the air between the lens and the sample with a medium that closely matches
the refractive index of the lens. This adjustment minimises the refractive index mismatch
that causes SA. They are particularly useful for high-resolution writing because the use of
lenses with a very high NA is feasible.

o Astigmatism — this type of aberration is due to the material having different focal
lengths in different meridians. Astigmatism causes points of light off the optical axis to
form lines of light in the focal plane. In the context of laser processing, this could be
seen in the form of focal splitting, particularly when working with samples that have an
irregular or curved surface, like an optical fibre, as will be seen later [1].

o Coma — coma or comatic aberration occurs when off-axis light rays focus at different
points, resulting in a “comet-like” tail. This typically occurs when a point source of light
is not positioned directly in front of the optical system.

o Distortion — distortion aberration does not affect focus but changes the shape of the
image. Pincushion distortion swells the center of the image, while barrel distortion squeezes
it.

o Field Curvature — field curvature aberration is when the best focus is not a flat plane
but a curved one. This results in the center and edge of the field of view not being in focus

at the same time.
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Other types of aberrations

Other types of aberrations commonly encountered in laser processing occur at the edges of
samples [12]. This is particularly the case when the laser is used to write transverse waveguides.
These aberrations relate to the parts of the fabrication laser that focus through different facets
of the sample, leading to a phenomenon known as focal splitting. Furthermore, when focusing
occurs inside birefringent media [13], where different polarisation modes couple to different
refractive indices, additional focal splitting can occur.

Aberration correction

While identifying aberrations can be quite intricate in broad optical systems, in the context
of laser processing applications the process can be simplified significantly. The prime factor to
consider, in many instances, is the depth-dependent spherical aberration [4, 10]. By tracing the
light rays from the focal point back to the objective lens’s pupil plane, an analytic formula for the
phase of the depth-dependent SA can be derived [14]. This concept allows for the deployment
of an adaptive optical component in a plane that is conjugate to the pupil of the objective
lens, which can apply the counter-phase. This predictive correction of aberration is sufficient in
many circumstances. Nonetheless, when a higher degree of precision in aberration correction is
required, a method of focal feedback is essential to fine-tune the correction phase [9, 15, 16].

When it comes to the fabrication of intricate 3D devices, aberration correction proves to be
highly advantageous, particularly when the fabrication depth surpasses ~ 1 mm. For fabrications
of high resolution, such as two-photon polymerisation, aberrations can have a critical effect [17,
18]. However, the application of aberration correction can significantly amplify the spectral
attributes of devices and has demonstrated success in a variety of materials, including lithium
niobate and chalcogenides [19, 20]. Additionally, the correction of aberration has revolutionised
the process of inscribing 3D conductive graphitic wires beneath the diamond’s surface [21],
causing a substantial reduction in the resistivity of the wires. This breakthrough paves the way
for fabricating radiation detectors and components vital for quantum processing.

5.1.1 Astigmatism in optical fibres

The main challenge encountered when writing structures within optical fibres is the cylindrical
shape, which results in significant astigmatism in the focal volume. Consequently, the laser
intensity at the focal point is reduced. While immersion techniques can help alleviate this issue,
they require a specific microscope objective. Zhou et al. proposed an alternative method to
mitigate this astigmatism without the need for such objectives [22]. This method has been
successfully used in waveguide and FBG inscription [2, 3, 23]. Below, it is briefly described the
impact of the astigmatism induced by the optical fibre’s geometry on power distribution in the
focal volume. It is also presented the phase changes observed in inscriptions using astigmatic
correction compared to direct exposure at the fibre core.

According to [24], when a laser pulse with a wavelength A is tightly focused using a objective
lens with a given NA (and a background index ng), onto a planar dielectric sample with a
refractive index n, the width of its waist (wy) and the Rayleigh length (zp) can be determined
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Figure 5.1. Ray tracing analysis using OpticStudio Zemax considering an objective lens with a NA of
0.5. The lens was focused on three different scenarios: (a) planar object with n = 1.45, positioned 30 pm
above the working distance, (b) circular object with the same RI positioned at the same location, and (c)
circular object with the same RI positioned at the working distance with its centre aligned. A = 1030 nm
is considered. Adapted from [1].

using Equations 2.6 and 2.7.

This planar index change already induces a displacement on the focal point perpendicular
to the refractive index (RI) quotient n/ng in the paraxial region. The focal point is displaced to
2 = (n/ng) - z (paraxial approximation), where z is the distance from the interface to the focal
point in ng. In the majority of ultrafast laser applications, a high NA is employed, in which
the paraxial approximation is no longer valid. Therefore, ray trajectories with larger angles
will focus below the paraxial approximation, leading to spherical aberrations. Thus, there is a
defocusing proportional to the inscription depth and displacement of the focal point. Such loose
of focusing is depicted in Fig. 5.1 a for a A = 1030 nm light source focused through a NA=0.5
lens in air and a dielectric medium n = 1.45 with its interface placed 30 pm above focal spot in
air.

When the incident light encounters a circular geometry, it undergoes the typical focusing
that one would expect from a lens. For instance, if the planar surface shown in Fig. 5.1 a is
replaced with a circular surface measuring 125 pm in diameter, e.g., the optical fibre diameter,
the focal spot would shift 9 pm below, as depicted in Fig. 5.1 b. However, there is a special
case when the focal spot aligns with the centre of the circumference. In this particular situation,
all the rays are perpendicular to the surface of the circumference, resulting in no displacement
of the focal spot, as shown in Fig. 5.1 c. In this case, the Gaussian waist and Rayleigh length
(considering M? = 1) can be calculated using the following equations [24].

A A

_ S 5.2
nTtNA’ (5.1) “0 nrNA2 (5:2)

wo =

When a Gaussian beam is focused inside an optical fibre, the parallel and perpendicular
axes to the fibre’s axis will display distinct characteristics, resembling an orthogonal astigmatic
beam. The distribution of intensity for a basic astigmatic Gaussian beam with a power P is
described in [25].

2P 2 (ﬁ)ﬂ(w%f
I(z) = W& ( >, (5.3)
wi(z) = wm\/1 + (z —ZOin)Z' (5.4)
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When comparing the beam intensity along the z direction at the centre of an astigmatic
beam generated by an optical fibre and a stigmatic beam produced by a planar sample, the
latter demonstrates a higher intensity concentrated in a lower region. This observation is illus-
trated in Fig. 5.2 a using the provided parameters. The intensity distribution of the astigmatic
beam reveals two peaks corresponding to the positions of minimal waist, whereas the stigmatic
intensity distribution displays a single peak with a significantly greater magnitude compared to
the maximum of the astigmatic beam. Figure 5.2 b presents the focal volume of the stigmatic
and astigmatic beams at different intensities, all normalised to the maximum intensity of the
stigmatic beam. It is important to note that the astigmatic focal volume does not contain in-
tensities higher than 10% of the normalised maximum, requiring higher laser pulse energies to
induce modifications to the material. Consequently, this increases the modification threshold of
the astigmatic beam.

Phase study

An experimental characterisation of this aberration has been studied by analysing the phase of
induced refraction index changes. Line inscription was carried out using a femtosecond laser
chirped pulse amplifier from Calmar (A = 1030 nm, 370 fs, PRR=120 kHz). The pulses were
focused through a Mitutoyo x100/NA=0.5 objective lens, using a conventional SMF-28 placed
on a nano-resolution movable stage from Aerotech. To mitigate astigmatism in the focal volume,
the approach introduced by Zhou et al. [22] was employed. This method involves the use of a
drop of index-matching oil surrounding the fibre, sandwiched between a slide and a coverslip.

The impact of astigmatism removal is evident in Fig. 5.3 a, which shows two intensity images
of inscribed lines with a pulse energy of 470 nJ (at a speed of 0.1 mm/s). The width of the pattern
inscribed with direct exposure is significantly narrower than that of its corrected counterpart.
Furthermore, the modification appears smoother, without the sharp details typically associated
with high fluence inscriptions.

For a more quantitative analysis, the phase change was determined using QPM [26], with a
0 = £3 nm defocusing. Several lines were inscribed at speeds of 0.1 mm/s, with pulse energies
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Figure 5.2. (a) Distribution of intensity along the material at the centre of the beam varies with the
propagation distance for stigmatic and astigmatic beams. Intensity has been normalised to the maximum
intensity of the stigmatic beam. (b) Focal volume for both beams, where the astigmatic focal volume
does not exceed intensities higher than the normalised 10%. A = 1030 nm and n = 1.45 are considered.
Adapted from [1].
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Figure 5.3. (a) Femtosecond laser inscription in a fibre with and without astigmatic correction at a
pulse energy of 470 nJ. (b) Comparison of the phase change versus pulse energy for inscribed lines with
and without astigmatic compensation when focused at the fibre core, as well as 30 pm below the surface
without astigmatic correction. Adapted from [1].

ranging from 0-2.5 pJ, both with and without astigmatic correction. The results are shown
in Fig. 5.3 b, where the first phase changes occur at 60 nJ with astigmatic correction, while
direct exposure requires 470 nJ. This corresponds to an approximate factor of 10. The most
notable distinction between the two types of inscription is their sign: astigmatic beams produce
a negative change, while corrected beams produce a positive phase change.

The inscription exhibits four regions. The first region, ranging from 0-0.31 pJ, is charac-
terised by a smooth, positive Type I RIC. From 0.31-0.67 pJ, the width of the lines increases,
with an exterior region exhibiting a high phase change and an interior region displaying a lower
phase change. As the pulse energies increase, the structure becomes more complex, with posi-
tive change predominating despite the formation of secondary structures with negative indices.
Filamentation is likely to occur in this regime. For pulse energies higher than 1.09 nJ, the pulse
damages the coverslip, leading to measurement errors in the phase change.

In contrast, direct exposure results in a negative index change that is thinner than its cor-
rected counterpart. Initially, a smooth negative RIC is observed until 1.09 pJ, after which the
focal volume experiences an abrupt negative phase increase before stabilising at 1.97 nJ. The
phase change then decreases monotonically. The inscribed lines in this region exhibit filamen-
tation, with the length of the filaments dependent on the writing speed. These filaments can
exhibit positive RIC in specific zones, making them capable of guiding light [27]. Additionally,
inscriptions were performed with and without astigmatism correction at a focal point 30 pm
below the fibre surface. In this case, the degree of astigmatism is significantly lower, allowing
for a high phase change of 0.31 ym (below the modification threshold for the same parameters
focused at the core). However, the phase change remains relatively stable with laser fluence.
Filamentation occurs throughout this region, with filament lengths exceeding those observed in
the core counterpart.

From the above discussion, it is evident that astigmatism correction not only reduces the
modification threshold but also enables the creation of smooth Type I RICs that would not be
achievable otherwise. These changes are beneficial for waveguide inscription, particularly for
multiscan inscription [23], as well as for grating inscription [2], as it is presented in the following
sections.
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5.2 Cross-section control of refractive index changes

The refractive index profile of the focal volume — or cross-section — of an optical waveguide is
a pivotal property that governs the number and properties of the transverse modes supported
by the waveguide. Accordingly, precise control of the waveguide cross-section is paramount in
optimising the performance of the waveguide device.

Addressing the issues stated in the previous section is critical for the creation of complex
reconfigurable photonic circuits, vital for highly integrated on-chip devices with multifunctional-
ity [28]. Also, the demand for fabricating waveguides (WGs) with high uniformity and efficiency
is on the rise [29], pushing for better control over the highly non-linear process in WG writ-
ing and setup stability [30]. To advance the development and wide-scale implementation of
integrated photonic devices, it is crucial to confront the challenges at hand.

The direction of substrate translation during inscription has a significant impact on the
waveguide cross-section. Longitudinal writing geometry, where the substrate moves along the
laser beam’s direction, and transverse writing geometry, where it moves perpendicular to it, yield
different results. When inscribing using a circular Gaussian beam (and single pulse regime, i.e.,
no thermal accumulation) and longitudinal geometry, the waveguide core’s cross-sectional size
corresponds directly to the beam waist diameter (twice the value of beam waist radius given in
Equation 2.6). In transverse geometry, the waveguide core size is also related to the beam waist
diameter, but the size along the Z—axis correlates with the Rayleigh length (Equation 2.7).

As expected, waveguides inscribed using longitudinal geometry are inherently circular due to
the laser beam’s rotational symmetry. However, the waveguide length is confined to the focusing
lens’s working distance. Additionally, varying the focus depth inside the sample alters the SA
imparted on the laser beam by the substrate, which in turn changes the electric field distribution
around the focus and the form of the modification along the waveguide. Hence, the more
versatile transverse writing geometry has garnered more attention. However, it is worth noting
that waveguides inscribed in the single pulse regime using transverse writing geometry exhibit
significant asymmetry unless the beam waist radius is close to the light’s free space wavelength
divided by the substrate’s RI. Achieving such a small spot size would require a focusing NA close
to the refractive index (see Fig. 5.4). However, creating such small waveguides often results in
poor confinement of the guided mode, particularly at telecommunication wavelengths (1.3 and
1.55 pm), considering that the maximum RIC of ultrafast laser inscribed waveguides is usually
limited to about 0.5% in most materials. Thus, for many applications, the waveguide’s width
must be increased to support the mode adequately. The following discussion highlights some
of the cutting-edge experimental techniques developed to control the cross-section of ultrafast
laser-inscribed structures [31].

5.2.1 Slit beam shaping technique

There are multiple ways to control the cross-section of the focal volume, through a variation in
the beam waist ratio. However, most of them require additional optics, such as astigmatic beam
shaping, active optics or spatiotemporal focussing techniques, so alignment can be a major
problem. Initially utilised in the creation of embedded microchannels with symmetric cross-
sections [32]. Not long after its initial application, the technique was adapted for the inscription
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Figure 5.4. Waist radius (wg) and Rayleigh length (z) for different numerical apertures and substrates,
assuming A = 1030 nm. The ratio zq/wy is also presented. In essence, the higher the substrate’s refractive
index or the lower the numerical aperture, the greater the asymmetry in the focal volumes.

of optical waveguides [33].

The slit beam technique consists in modifying the beam previously to the objective lens
by introducing a slit (see Fig. 5.21), which offers greater simplicity and control than previous
techniques. The focal volume of a focused Gaussian beam is defined by the waist radius (wp)
and the Rayleigh length (z):

A ANf

wo; = NA, ~ <D Vi={x,y}. (5.5)
nA ,
200 = WNiAZr Vi={z,y}. (5.6)

where NA is the numerical aperture of the objective lens, f its focal length, D; beam diameter
at the lens input in axis ¢, A the laser wavelength, and n the refractive index of the substrate.
Therefore, wy and zp can vary in each axis (X, Y) if the NA is different in each axis, i.e., if the
diameter of the input beam (D) is different in each axis.

The slit is aligned with the direction of sample translation, effectively reducing the NA of the
focusing in the plane that is perpendicular to the axis of the waveguide. This means that the slit
has control over the beam waist ratio, and therefore, the symmetry of the waveguide. Unlike the
astigmatic beam shaping method, the slit beam shaping technique allows for an easier and more
flexible control of the beam waist ratio, which can be achieved using an adjustable slit. It is
important, however, to acknowledge that this technique is not efficient in terms of power, as the
slit obstructs a substantial portion of the pulse energy. In sections 5.3 and 5.4, this technique is
used for the fabrication of FBGs and in-fibre cladding waveguides.

5.2.2 Astigmatic beam shaping technique

The astigmatic beam shaping technique, pioneered by Cerullo et al. in 2002 [34], employs an
astigmatic optical system, typically involving cylindrical lenses, to shape the laser beam before
it is focused onto the substrate. Essentially, this technique modifies the shape of the inscription
laser beam, thereby controlling the shape of the modified region [35]. It capitalises on the fact
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that the waveguide’s width remains independent of the X—axis beam waist diameter, allowing for
a reduction in the waveguide’s Z—axis width by focussing tightly along the X—axis. In practice,
this approach requires a careful balance between beam waist ratios and astigmatic difference
(the offset in the focal planes for wp, and wg, [1]). The primary aim is to control the region
of highest intensity, typically found in the plane corresponding to the smallest spot (wq.), by
adjusting the astigmatic difference.

Achieving the desired waveguide symmetry in practice is more complex than it might seem
theoretically. To inscribe a waveguide with a symmetric cross-section, a beam waist ratio
(woy/wo,) of approximately 10 would be required, which demands a high demagnification cylin-
drical telescope. This presents practical challenges as it would be difficult to align, and introduce
aberrations. Cerullo et al. proposed a solution to this issue [34]: by adjusting the astigmatic
difference, a symmetric waveguide could be inscribed using beam waist ratios of only 2 to 3.

However, it is important to remember that while astigmatic beam shaping can significantly
improve the symmetry of the inscribed waveguides, it may not completely eliminate all forms
of asymmetry, as other factors such as spherical aberration, and self-focusing. Therefore, it is
often used in conjunction with other techniques or adaptive optical elements for the best results.

5.2.3 Spatiotemporal focusing

Astigmatic and slit beam shaping techniques, despite their proven success, have certain draw-
backs. One of them is that they are not ideal for creating waveguides with non-linear paths as
the cross-section of the waveguide alters with the shift in the sample translation direction. An
alternative that provides a solution to this is the spatiotemporal focusing technique (STF), first
applied by He et al. [36]. This technique offers a distinct advantage as it controls the Rayleigh
range of the focus, independent of the beam waists that are focused. As a result, STF could
facilitate the creation of optical waveguides with a symmetrical cross-section, regardless of the
direction of sample translation.

In the STF method, a spectral chirp is applied across the beam before it reaches the objective
lens. This chirp decreases the spectral bandwidth of the pulse at each point across the beam,
leading to the temporal stretching of the pulse [36-38]. The complete restoration of the pulse
duration can only occur in the focal region, where the spectral components of the pulse spatially
converge again. This means the pulse is focused both in space and time by the objective lens.

5.2.4 Multiscan technique

In multiscan technique, the cross-section is constructed by scanning many times the substrate
through the focus of the laser beam. By combining the lines of modified material induced by
each scan it is possible to correct not only the asymmetry of the waveguide, but also its refractive
index. This is because the structure of the material depends strongly on its thermal history.
The fast cooling suffered by the material after each scan involves an increase in the fictive
temperature which, in the case of fused silica (unlike common glass), implies densification [39,
40], and therefore an increase in the refractive index of the waveguide formed by multiple scans.

The waveguide manufacture consists in multiple inscriptions with sub-micron displacements
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perpendicular to both the laser beam propagation axis and waveguide axis between each scan [41]
(see Fig. 6.2). This inscribe-and-move process ends when the structure with the required geo-
metrical properties is obtained, typically when the desired waveguide width is achieved.

5.2.5 Adaptive optics

Adaptive optics (AO), originally engineered for astronomical applications, are now showing
their potential in ultrafast laser processing. They offer enhanced functionality and flexibility,
powering laser processing systems’ capabilities. As stated in the review conducted by Salter and
Booth in 2019 [4], by employing just one adaptive component, it is feasible to rectify aberrations
that occur when focusing within the workpiece [42, 43], adjust the focal intensity distribution
for the specific fabrication procedure [44-46], and provide parallelisation to decrease processing
durations [47]. This is particularly advantageous for applications that utilise ultrafast lasers for
three-dimensional manufacturing. An adaptive optical component allows manipulation over the
fabrication laser beam, making it possible to dynamically update it during processing [4]. These
adaptive elements can modify the phase, amplitude, and /or polarisation of the fabrication beam,
offering numerous possibilities for enhanced control over the laser fabrication process.

The incorporation of AO with laser fabrication can yield numerous benefits, either by con-
trolling the spatial and temporal intensity distribution at the laser focus or through adaptive
parallelisation of the process. AO can correct optical aberrations that cause distortions in light
focusing, which consequently changes the form of the focal intensity distribution. Even without
optical aberrations, adaptive optical elements can facilitate the complex shaping of the laser
focus, which can be adjusted during fabrication to produce different shapes for different parts
of a device. Addressing a major challenge in laser writing, the point-based nature of the process
that can result in extended processing times, adaptive optical elements can be used. These
elements can divide a beam and simultaneously create multiple foci through a single lens for
parallel processing [18, 48]. The reconfigurability of the element allows for updates to the spot
pattern during processing, enabling the creation of large, complex structures.

There exists a range of reconfigurable optical elements capable of altering a beam’s properties
across its profile. Liquid crystal-based spatial light modulators (SLMs) are the most prevalent
adaptive elements [18, 42, 47|, owing to their ease of use, operational flexibility, and high res-
olution. These devices can continuously modulate the output state of the laser beam. Digital
mirror devices (DMDs), developed on micro-electromechanical system (MEMS) platform, offer
amplitude modulation by steering light into or out of the laser beam path [48]. Despite their
high-speed switching capability, they do come with limitations, including the binary nature of
the amplitude modulation. Another type of adaptive element is deformable mirrors (DMs),
which consist of a highly reflective surface that can be shaped by forces from an array of ac-
tuators [49]. These mirrors are not affected by polarisation and have a good reflectance over a
broad range of wavelengths.

In conclusion, AO technology has the potential to transform laser processing by providing su-
perior control over the laser fabrication process. This will not only enhanced the performance of
optical devices but also expanded their potential applications in the field of integrated photonics.
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5.3 Slit beam shaping technique for Pl-b-Pl FBGs

This section discusses the creation of plane-by-plane (Pl-b-Pl) fibre Bragg gratings using a
single pulse, achieved by using a longitudinal slit to shape the laser beam and widen the focal
volume in the transverse direction of the fibre. This allows for 2D modifications of the refractive
index, where the width and height depend on the slit width and pulse energy, respectively. The
relationship between the diameter of the Gaussian laser beam and the slit width is determined
mathematically to obtain a circular cross-section. The experimental results show that Pl-b-P1
FBGs with a D, /D, ratio of 3 produce positive and uniform refractive index changes, which is
an improvement over the negative and uneven changes seen with point-by-point (PbP) FBGs.
P1l-b-P1 FBGs also have lower transmission losses (0.3 dB) and better reflectivity and full-width-
at-half-maximum (FWHM) due to their broader modification of the core cross-section. The
relationship between these three parameters and the slit width is found to be monotonic. The
study also evaluates the polarisation dependence of the FBGs.

5.3.1 Background

FBGs written with femtosecond lasers exhibit a great interest given the increased temperature
resistance and also a better flexibility of wavelength and composition, thanks to their character-
istic high peak power densities that makes possible to achieve non-linear ionisation at arbitrary
locations [50, 51]. Besides, FBGs can not only be manufactured with the phase mask tech-
nique [52], but also can be produced with the direct-write technique, which is far more versatile
than phase mask (works only for a given period and wavelength), being attractive for multiplex-
ing applications [3, 53].

Within the direct-write technique [54], there are three types of inscription, namely, point-
by-point, line-by-line (LbL) and plane-by-plane. The first one, PbP, essentially consists in
the inscription within the fibre core of a line parallel to the fibre axis. The line is inscribed
with a writing speed v = A - PRR were A is the grating period and PRR the pulse repetition
rate [24], allowing single pulses to be deposited with proper separation (Fig. 5.5 a). This type
of inscription is simple and straightforward. However, it usually exhibits strong broadband
losses [55, 56], lower grating strength and also the coupling of higher order modes. To limit
the latter, any refractive index change must precisely coincide with the longitudinal axis of the
optical fibre, requiring precise alignment. This can be explained through the Coupled Mode
Theory (CMT) and the transversal coupling constant between two modes [57]:

Kab = // 260 - Ang(z,y) -n(z,y) - EX(2,9) - EL*(z,y) - dzdy. (5.7)

Here, if An,,(x,y) covers the entire cross-section of the fibre homogeneously (being constant),
then the orthogonality relation will exclude coupling between different modes. However, if
An,(z,y) is asymmetric as the laser modification does not cover the entire core cross-section,
then light will be decoupled to higher m and [ modes [24].

The LbL technique was first employed by Zhou et al. [58] and is depicted in Fig. 5.5 b.
Here, instead of a single inscription, several lines are inscribed perpendicular to the longitudinal
axis. This method is significantly slower than PbP, but covers more cross-section of the core,
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(b)

Figure 5.5. Direct-write methods of FBG inscription with fs laser. (a) Point-by-point (PbP), (b)
line-by-line (LbL), and (c) plane-by-plane (P1-b-Pl). Adapted from [2].

reducing the amount of cladding modes coupled. However, the line geometry is quite exploited
to manufacture tilted FBGs where cladding modes are enhanced, allowing sensitivity to external
changes. This larger and also smoother area can allow lower broadband losses, which depend
on the length and roughness of the lines. Furthermore, the LbL inscription method allows the
manufacture of relatively complex structures, by allowing flexible control over each inscribed
line (e.g., induced refractive index change [59]).

Finally, the Pl-b-Pl method involves the inscription of a plane that produces a quasi-
homogeneous 2D refractive index change in the core (or cladding) cross-section [60]. This method
involves flexible control of the width (direction of the Y axis in Fig. 5.5) and height (Z axis)
of the planes, since the thickness of the plane (X axis) is defined by the laser wavelength and
the numerical aperture of the objective lens. Thus, width and height of equal dimensions are
possible. Pl-b-Pl method, depicted in Figure 5.5 ¢, was first reported in 2016 by Theodosiou
et al. [53], and has subsequently been used in multiple applications, such as polymer optical fi-
bres [61], or the inscription of gratings and interferometric in-fibre components [62, 63]. Another
attractive way to achieve such control is by shaping the focal volume into a plane, thus writing
planes in a single pulse in a similar way to PbP method. This was successfully achieved by Lu
et al. by means of a cylindrical lens before the microscope objective, which induces astigmatism
in the focal volume [64]. This concept is quite similar to the astigmatic beam shaping technique,
where a cylindrical telescope modifies the resulting Rayleigh range after the microscope lens in
order to achieve circular waveguides [35]. Another method to get planar modifications with a
single pulse is the slit beam method, employed by Ams et al. to carry out waveguides [33]. Here,
the cylindrical telescope is replaced by a simple slit before the objective lens, being more com-
pact and requiring much less adjustment, but with a higher pulse energy requirement. The use
of a slit was also used to reduce the focal volume distortions caused by the induced astigmatism
due to the cylindrical fibre geometry [65].

In this section the slit beam method will be employed to generate Pl-b-P1 gratings with a
single pulse. Here, one step further is taken by shaping the beam to a more adequate geometry
in order to achieve higher quality inscription. For such purpose, a theoretical revision will be
performed to select the most adequate slit width for the current setup. Then, the inscribed
gratings will be characterised using quantitative phase microscopy to compare geometry and
refractive index change of the new Pl-b-Pl gratings with their PbP counterpart. Finally, the

63



5.3. Slit beam shaping technique for Pl-b-Pl FBGs

transmission and reflection spectra are presented, as well as the polarisation dependent losses
(PDL), in order to study the improvements achieved with this new method.

5.3.2 Control of the cross-section of the focal volume

Based on the spatial axis arrangement depicted in Fig. 5.5, if a planar modification of the fibre
core is required, then the focused beam waist of the Y axis (woy) must be enlarged. This
requires a reduction in the NA and, consequently, the beam diameter (D,) along that axis (see
Equation 5.5). As a result, the slit is oriented along the X axis, and its width (s) determines
D,.

Following the slit, the resulting diffractive effect can be modelled as an elliptic Gaussian
beam, which redistributes optical energy around the focus [66]. However, assuming an elliptical
Gaussian beam at the input of the objective lens requires the distance between the slit and the
objective lens to always be less than the Rayleigh range (dg = s2/)), where s is the slit width.
By operating in the near-field regime, Fraunhofer diffraction can be neglected. To simplify
the calculation and ignore this effect, the energy distribution around the focal volume can be
expressed as:

2 s )2
Iy - W0z Woy 672 [(wzx(Z)) +(uJy(—Z)) }

I(x,y,2) = , (5.8)
Wy (2)wy(z)
with
2\ 2 nA
% = % 1 S ) i = ) Vi= ) )
w;i(z) = wo + (20) 20 WNA? i=A{x,y}

where zq is the Rayleigh length, and n is the refractive index of the substrate. Using a paraxial
approach and assuming that the beam reaching the slit (located before the objective lens) is a
circular Gaussian beam, an analytical process is performed to establish the D, /D, ratios that
result in a circular cross-section in the Y Z plane. In contrast to [33], no initial assumption is
made regarding the relationship between D, and D,.

Assuming that y; /o represents the distance on the Y axis from the focal point at which the
intensity decreases by a factor of 2, and z7/, represents the equivalent distance on the Z axis,
a circular cross-section is achieved when y;o = 21,2 (following the half-width-half-maximum
approach). Starting from Equation 5.8, the derivation proceeds as follows:

oY AXIS (z=0,2=0)

_9y2
IO 21/2
I(O7y1/270):5:‘[06 woy

Yr/2 = Woy
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1
1(070721/2> = 5 IO\/1+ (zzfo/;)z\/l R (210/2)2
()2 + 28:) ()2 + 28,) = 428,28, (5.10)

By setting y /5 from Equation 5.9 equal to z7/, from Equation 5.10, an expression is obtained
that depends on D, and D, (see Equation 5.11). The comparison of these results to those
presented in [33], where it is assumed that D, > 3D,, is illustrated in Fig. 5.6.

D ) In(2)
<1 - ozD’2”> (1+aD2) =4,  with a= T (5.11)
Y
The results obtained can be adjusted to the expression shown below, which offers a coefficient
of determination R? = 0.9994 for values of D, between 1 mm and 12 mm.

Do g307. [Dy(mm)] %993 (5.12)
D,

Using a slit can substantially enhance the symmetry of the cross-section, however, this
comes at the expense of reduced efficiency due to the loss of initial pulse energy. This trade-off
indicates that achieving a circular cross-section may not be desirable in certain situations, such
as in this study, where efficiency is significantly compromised. To solve this problem, there exist
alternatives that necessitate intricate optical alignment, but can surmount this limitation, as
reported in previous works [35, 67].

Next, based on simulations performed, the Y Z plane of the focal volume for different D, /D,
ratios is presented (Fig. 5.7), depicting the variations of its ellipticity. The circular cross-section
is obtained for D, /D, = 12, which corresponds to the result shown in Fig. 5.6 for D, = 3 mm.

Finally, the impact of efficiency is demonstrated. Fig. 5.8 portrays the variation in intensity
along the fibre (focusing the core) at = y = 0. It is observed that a D,/D, = 2 ratio leads
to a 28% reduction in intensity at the focal point when compared to the case without a slit.
Conversely, achieving a circular cross-section (D,/D, = 12) results in only 0.8% of the energy

=== Results obtained (no assumptions in D,/D, ratio) |
= = Results obtained by Ams et al.

1 15 2 25 3 35 4 45 5

Figure 5.6. Relationship between D, and D, as a function of D, to obtain a circular cross-section of
the focal volume in the YZ plane. A substrate with n = 1.47 and a focal length of the objective lens
f =8 mm has been used. Adapted from [2].
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at the focal point compared to the situation without the slit. The significantly higher laser pulse
energy required to obtain a circular cross-section is due to the slit obstructing most of the power.

5.3.3 Pulse energy setting

For FBG inscriptions, a commercially available femtosecond fibre laser chirped pulse amplifier
from Calmar laser has been employed, which functions at 1030 nm, with a 370 fs pulse duration
and a variable PRR of 1 Hz to 120 kHz. To ensure a clear wavefront, laser pulses pass through
an iris diaphragm (& 3 mm), followed by an adjustable slit positioned along the X axis, the
direction of inscription, as previously discussed.

Next, the pulses are focused using a Mitutoyo objective lens with NA = 0.42 and a mag-
nification of x50. A slide supports the stretched optical fibre, covered with a coverslip, and
separated by an index-matching oil that helps mitigate fibre-induced aberrations [22]. The sam-
ple is mounted on an Aerotech XYZ motor stage with nano-resolution capability. To achieve
correct positioning and visualisation of the fibre, transmission illumination and a CCD camera
are used.

The primary consideration to bear in mind is that the pulse energy at the laser output (E),)
is not equivalent to the amount that ultimately reaches the sample. To account for this, the
effective pulse energy ((Ep), s f) will be used to denote the energy that passes through the slit.
For comparing inscribed structures with varying slit widths, (E)), 7 must remain constant to
avoid altering the induced laser energy in the focal volume. Given that the incident pulse energy
follows a Gaussian spatial distribution (M? < 1.1),

$2 y2
[‘ (zaz + 202)]
Ep(.%', y) =A-e * v ’ (513)

with a beam diameter 2.5 mm (1/e?), it is crucial to specify the light transmission percentage

Figure 5.7. Y Z plane of the focal volume for D, /D, ratios of (a) 1, (b) 6, (c) 12 and (d) 20. The
white circle represents the core of the optical fibre. A substrate with n = 1.47 and a focal length of the
objective lens f = 8 mm has been used. Adapted from [2].
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Figure 5.8. Evolution of intensity on the Z axis (x = y = 0) with focus on the center of the SMF core
(z = 62.5 pm). Different D, /D, ratios are depicted. Adapted from [2].

through the slit, which is dependent on its width (s), and to determine the pulse energy for each
s value such that (E,).ss remains constant.

For inscribing the FBGs, the effective pulse energy will be 2.84 pJ. The required incident
pulse energy is illustrated in Fig. 5.9.

The objective of this study is to compare PbP and Pl-b-Pl FBGs inscribed with identical
energy in the focal volume, guaranteeing that the deposited energy in the focal volume is nearly
identical for any D, /D, ratio. As shown in Fig. 5.10, the detailed energy compensation (effec-
tive pulse energy) ensures that the same energy is available in the focal volume. The fluence
integrated into the integration regions displayed in the Y'Z (Fig. 5.10 a) and XY (Fig. 5.10 b)
planes is explicitly presented. Both scenarios, with and without energy compensation, are com-
pared. PbP has higher fluence in smaller focal volumes, whereas Pl-b-P1 focal volumes contain
lower and smoother fluence. Consequently, smaller integration regions result in more energy
in PbP than in PIl-b-P1l. Nonetheless, the energy deposited in the focal volume is considered
identical for both cases. For larger ratios, the integration region should be enlarged.

An alternative approach would be to equalise the energy fluence at the focal volume’s center.
This would involve increasing the energy deposited in the focal volume as D, /D, increases.
However, even if the focal point’s intensity is equalised, PbP’s smaller focal volume width would

Normalised energy after slit
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10 — ‘
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Figure 5.9. (a) Demonstration of the laser pulse evolution through a 1.5 mm width slit, illustrating
the definition of E, and (Ep)csr. (b) Plot of E, versus slit width (s) to preserve a constant (Ep)csy.
Adapted from [2].
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lead to more localised stress at the core and lower grating strength.

FBGs will be performed in an SMF-28 core using slit widths of 1 mm, 1.5 mm, 2 mm and
3 mm, which requires incident pulse energies of 4.93 pJ, 3.69 pnJ, 3.19 nJ and 2.88 1J, respectively.
The laser PRR is set to 30 Hz, and the period of the FBGs takes a value of A = 2.15 num, resulting
in the 4" order (C-band). As such, the writing speed is v = A - PRR = 64.5 pm/s.

5.3.4 Experimental results and discussion

QPM characterisation

Once inscribed the aforementioned gratings, a phase study can be performed to contrast with
the theoretical results. It should be noted that the refractive index is proportional to the phase
(n o ¢). Quantitative phase microscopy is a relatively straightforward method to retrieve phase
images from intensity images exploiting the intensity transport equation [26]. The average phase
change (A¢) and width of the gratings depending on the slit width (s) are depicted in Fig. 5.11.
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Figure 5.10. Normalised energy deposited in the focal volume, considering (a) the YZ (x = 0), and
(b) XY (z = 0) planes. The Y Z plane represents the core cross-section, while the XY plane illustrates
a longitudinal section of the fibre. The results are shown with and without energy compensation (solid
and dotted lines, respectively), as described in this section. Distinct colours indicate various integration
regions of energy fluence. Adapted from [2].
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Here, first and foremost, the inscription width increases for D,/D, > 1.5 up to a 3 factor
(s = 1 mm), which is almost the core width. Besides, another interesting property of D, /D, > 2
ratios is its positive phase change compared with higher slit values, where the PbP counterpart
shows higher but negative phase changes. These modifications become more inhomogeneous,
as shown in the transversal profile of Fig. 5.12 a. In fact, the phase change decreases with an
exponential curve (R? = 0.9982). Figure 5.12 b depicts three phase profiles corresponding to
a pristine fibre and s = {1,3} mm. The s = 1 mm inscription not only produces a positive
phase change as indicated above, but also generates a homogeneous modification compared with
§ =3 mm.

The amplitude of the phase change has also been investigated. As shown in Fig. 5.12 b, the
amplitude for s = 1 mm is weak compared to larger slit widths such as 2 mm and 3 mm, which
have approximately equal amplitudes, with s = 2 mm exhibiting a slightly more sinusoidal phase
change profile. In these PbP cases, the focal volume is more compact, resulting in higher phase
changes due to expansion. Additionally, the surrounding area exhibits stress associated with
an index change of opposing sign and without grating modulation. Based on Equation 5.7, a
higher index amplitude (An,,) could suggest a higher coupling coefficient. However, the lower
cross-section and the stress region must also be considered. In particular, the RIC surrounding
the grating can induce losses that compromise ideal transmission and reflection. This will be
discussed further in the next section.

It appears that all inscriptions correspond to Type I changes in the material. According to
the literature, Type II corresponds to a birefringent change in the refractive index, caused by
the formation of nanogratings in the material. However, multiple studies [51, 68] have shown
that the interaction of two or more pulses is required to achieve such a change. This makes
the existence of nanogratings in the FBGs unlikely. In summary, PbP FBGs exhibit more
birefringent behavior due to the asymmetry of their focal volume and the more localised stress in
the core. On the other hand, Pl-b-P1 FBGs, while still exhibiting induced stress, show markedly
inferior anisotropic behavior. Additionally, the generated planes exhibit a more symmetrical
and homogeneous change.
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Figure 5.11. Mean phase change and modification width for varying slit widths (s) are presented. The
phase change decreases in accordance with an exponential fit (R? = 0.9982). Adapted from [2].
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Figure 5.12. (a) Transverse phase profile for pristine and s = {1,3} mm, and (b) phase change parallel
to grating inscription for s = {1,2,3} mm. Adapted from [2].

Pl-b-Pl1 FBGs with slit beam shaping technique

The use of the slit beam technique enables precise control over the period of the P1-b-Pl FBGs,
as well as the width and height of the planes, depending on the pulse energy and slit width,
respectively. This allows for some flexibility in the performance of the optical structure.

The FBGs were characterised using the pulse energies and slit widths described in sub-
section 5.3.3. The results of inscribing with slit widths of 1 mm (D,/D, ~ 3) and 3 mm
(Dy/Dy ~ 1) are presented in Fig. 5.13. As the effective pulse energy is constant, an increase
in plane width can be observed as the slit width decreases. PbP FBGs are achieved when the
slit width is similar to the diameter of the laser beam (1/e?), which is approximately 2.5 mm.

The FBGs, with a length L = 1 mm (inscription time ~ 15 sec/FBG), have been charac-
terised both in reflection and transmission using a broadband light source (HP 83437A) and an

(a) (b)

Figure 5.13. FBGs inscribed in the core of an SMF-28 fibre with (a) s = 1 mm (Pl-b-Pl), and (b) and
s =3 mm (PbP). Scale bars in a-b are 20 pm. Adapted from [2].
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optical spectrum analyser (Anritsu MS9740A) with 30 pm resolution. Reflection and transmis-
sion spectra are depicted in Fig. 5.14 for slit widths s = {1,1.5,2,3} mm.

The increase in broadband losses as the inscription approaches a PbP is noteworthy, with
4 dB transmission losses for the PbP and 0.3 dB for the D,/D, ~ 3 Pl-b-Pl inscription
(Fig. 5.13 a). These losses, which are better than those reported in the literature [58], are
consistent with the phase results discussed in subsection 5.3.4, where the stress region and
lower cross-section play a major role. PbP (s = 3 mm) reflection is approximately 6 dB higher
than PI-b-P1 (s = 1 mm), but the results presented here are intended to show the tendency
of varying the slit width. By choosing the appropriate energies, it is possible to manufacture
high-performance FBGs using both PbP and Pl-b-PI methods.

The reduction of slit width clearly improves both FWHM and reflectivity. These trends are
shown in Fig. 5.15, where FWHM decreases with increasing D, /D,, while reflectivity increases
monotonically. For s = 1 mm (kL = 0.65, where  is the coupling constant), reflectivity can
reach =5 dB and FWHM can be around 0.69 nm. The increase in reflectivity can be attributed to
the increase in width and the reduction in losses, which allows more light to propagate through
the entire grating length. Likewise, the reduction in FWHM is consistent with smaller slit widths
where the cross-section is not only larger but also more homogeneous, as shown in Fig. 5.12 b.
Therefore, the presented method for inscribing P1-b-P1 gratings leads to a higher quality index
modulation, resulting in a better performance.

To validate the obtained results, the polarisation-dependence of PbP (s = 3 mm) and P1-b-P1
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Figure 5.14. (a) Reflection and (b) transmission spectra of FBGs inscribed with s = {1,1.5,2,3} mm.
These spectra consist of 2,001 data points with a 50-point average. Adapted from [2].
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Figure 5.15. Variation of the FWHM and reflectivity as a function of the slit width. Adapted from [2].

(s = 1 mm) FBGs was examined by measuring the maximum change in transmitted or reflected
power when the input polarisation state was varied over all polarisation states, as suggested in
the literature [69]. A polarisation controller and a broadband light source were used to carry
out the measurement. The results, depicted in Fig. 5.16, indicate that the PbP FBG exhibits a
greater variation with the polarisation state, mainly due to its higher birefringence and marked
transverse asymmetry. In contrast, the Pl-b-Pl FBG has a significantly lower polarisation-
dependent loss (~ 1.5 dB) because of its more symmetric structure. The Bragg wavelength shift
of the different polarisation states was always less than 70 pm.

5.3.5 Conclusions

A novel technique for inscribing plane-by-plane FBGs has been introduced and experimen-
tally validated. The method involves using a slit located before the objective lens to induce
quasi-homogeneous two-dimensional RICs, with flexible control over the width and height of
the grating plane. Despite lower energy efficiency than other methods, the technique boasts
high inscription speed as a plane is induced with each laser pulse. The resulting spectral re-
sponse outperforms that of PbP and LbL methods in terms of losses, FWHM, and reflectivity.
Additionally, Pl-b-P1 FBGs exhibit significantly reduced polarisation dependence. Phase char-
acterisation of these modifications revealed smooth and uniform changes in Pl-b-P1 FBGs with
D,/D, = 3, in contrast to the negative and inhomogeneous changes of PbP FBGs produced by
Gaussian laser beams without previous shaping.
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Figure 5.16. Polarisation dependent loss (PDL) of PbP (s = 3 mm, D, /D, = 1) and P1-b-P1 (s = 1 mm,
D,/D, = 3) FBGs. Adapted from [2].
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5.4 Slit beam shaping technique for symmetric CWGs

This section aims to contribute to the field of advanced manufacturing by focusing on the
design, simulation, and manufacturing of symmetric cladding waveguides within optical fibres
using ultrafast lasers. The proposed technique employs the slit beam shaping method. These
cladding waveguides (CWGs) possess distinctive characteristics, including low losses (measuring
approximately 0.21 dB/cm), a quasi-step-index refractive index profile, and a circular cross-
section. The primary objective of these waveguides is to facilitate the efficient coupling of
evanescent light from the core of a single-mode fibre to each of the four cores within a multicore
fibre. This work seeks to advance the capabilities of optical fibre technology and its applications
in a broader context. It is important to note that the primary motivation of this research lies in
the advancements and possibilities within the field of photonics and advanced manufacturing.

5.4.1 Background

The integration of advanced production techniques with smart technologies, commonly known
as Industry 4.0 or the 4" industrial revolution, aims to enhance the performance and efficiency
of industry processes and services [70, 71]. These smart technologies encompass a wide range of
innovations, including advanced robotics, big data, Internet of Things (IoT) [72], the “maker”

culture [73], cognitive technologies [74], nanotechnology, and photonics, among others.

Photonics, particularly the field of light science and technology, holds significant impor-
tance in the broader context of advanced manufacturing, beyond the scope of Industry 4.0.
The application of light-based technologies spans multiple domains. Firstly, the development
of devices, subsystems, and networks based on optical technologies enables advanced commu-
nications within the industry, facilitating the interconnection of different smart architectures.
Additionally, light-based sensors play a prominent role in automating the collection of physical,
chemical, and biological information from the environment, enabling precise actions. Lastly, ad-
vanced light-based manufacturing, such as the micro-fabrication of 3D optical structures using
femtosecond (fs) lasers, holds significant industrial applicability [75, 76].

In advanced manufacturing using fs lasers, waveguides are widely fabricated optical struc-
tures due to their applicability in the field of photonic sensors [76]. The optical interconnection
of diverse sensor structures enables the generation of sensors that are more comprehensive and
efficient [23, 77], which are of great importance in various applications.

This work applies the principles of advanced manufacturing and laser inscription techniques
to design, simulate, and manufacture a light-based sensor. To accommodate different optical
structures within a confined space, a multicore fibre (MCF') composed of four cores is utilised.
Each core receives light through a CWG that achieves evanescent coupling with the core of an
SMF. These waveguides, featuring a relatively circular cross-section, are manufactured using
the slit beam shaping technique [2, 33]. To the best of the author’s knowledge, this is the first
application of this method to inscribe symmetric waveguides in optical fibres.
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5.4.2 Fs laser inscription of CWGs

During the last 20 years the fabrication of waveguides using ultrafast lasers in bulk glasses has
been extensively studied [33, 78-81]. However, there is relatively less literature available on
the manufacture of waveguides in optical fibres. Inscribing waveguides in optical fibres presents
significant challenges, including the size of the waveguides and their coupling efficiency with
the fibre core and other structures. However, the primary difficulty arises from the cylindrical
geometry of the fibre.

Within fibre optic manufacturing, there are several approaches to waveguide inscription, as
indicated in the review by Pallarés et al. [82]. One approach involves inscribing waveguides
without correcting the cylindrical aberrations of the fibre, resulting in what is known as fila-
mented waveguides [27]. This method utilises high pulse energies, causing Type II modifications.
The modified region within the focal volume exhibits a negative RIC, while the filament below
possesses a positive RIC (~ 1072), acting as a waveguide. However, this structure has a clearly
asymmetric cross-section, leading to poor performance and mechanical robustness.

In an alternative approach, the cylinder lens effect of the fibre surface can be overcome by
using AO [4] and/or index-matching oil in the fibre [83], which can be used together. AO enables
the spatial shaping of a laser beam in terms of amplitude, polarisation, and phase, providing
great flexibility in aberration correction and beam shaping. Regarding the use of index-matching
oil, it is important to differentiate between oil immersion [84, 85] and surrounding the fibre with
oil and placing a coverslip on top [23, 62, 86].

Since the width of the waveguide is generally much greater than the waist radius of the
Gaussian beam focus (focal volume) [76], different approximations are necessary to achieve the
appropriate size and shape. In the context of using index-matching oil, the common practice is to
employ the multiscan technique [23, 62, 86]. This technique involves controlling the width (and
shape) of the waveguide through multiple scans. Additionally, the waveguide’s refractive index
change can be controlled by appropriately overlapping the scans [23]. Although this significantly
increases the inscription time, it allows for slight control over the waveguide’s cross-section
without adding complexity to the optical setup.

Beam shaping techniques offer an alternative means of controlling the cross-sectional shape
of the waveguide without the need for multiple laser scans. While these techniques cannot be
strictly considered adaptive optics, they enable slight corrections to the cross-section of the focal
volume [76]. Among these techniques, the slit beam shaping technique stands out.

Slit beam shaping technique

As previously described in Equations 5.5 and 5.6, the focal volume of a focused Gaussian beam
is determined by the waist radius (wp) and the Rayleigh length (zp). wp and zp can vary in X
and Y if the NA is different in each axis, i.e., if the diameter of the input beam (D) is different
in each axis. Ultimately, if the input beam to the objective lens is elliptical, an asymmetric focal
volume is achieved in the radial axis of the laser beam. An adjustable slit positioned before the
objective lens is one method to achieve an approximation of an elliptical beam.

Assuming that the longitudinal axis of the fibre is oriented in the direction of the X axis,
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and that the cladding waveguides must be oriented in that axis, a circular cross-section in the
Y Z plane is required (Fig. 5.17). Hence, to increase wg, or, equivalently, reduce D, at the input
of the objective lens, a slit can be positioned along the X axis. The adjustable slit width a
on the Y axis allows for the assumption of an elliptical beam in the near field of the refractive
element, specifically when the distance between the slit and the objective lens falls within the

Rayleigh range [87].
2
a
dslitflens < dR - 7 (514)
The use of the slit beam shaping method for manufacturing CWGs offers several significant
advantages over other techniques, such as multiscan. Firstly, it provides a notably shorter
inscription time. Secondly, it allows for greater control over the waveguide cross-section, while
adding minimal complexity to the optical setup.

The slit beam shaping method was originally proposed by Ams et al. in 2005 for inscribing
circular waveguides in phosphate glass bulk [33]. This technique has also been employed on
PMMA substrates [88]. In subsequent years, the performance of the inscribed waveguides has
been improved by combining the method with active optical elements like SLMs [89, 90] or
utilising other techniques such as spatio-temporal focusing [37], always in bulk materials.

It is worth noting that the slit beam shaping technique has not been limited to fs laser
waveguide inscription alone. In 2020, as detailed in the previous section, Roldan et al. utilised
this method to manufacture enhanced plane-by-plane FBGs, achieving planar refractive index
changes that completely covered the fibre core, thereby improving the performance of the grat-
ings [2].

In summary, Table 5.1 provides a comparison of some key characteristics of the waveguide
inscription techniques discussed in this section.

Objective
lens

Index-matching
oil

Coverslip

Figure 5.17. Illustration of the process of CWG inscription using the slit beam shaping method with
the assistance of index-matching oil. Adapted from [3].
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Table 5.1. Comparison of the characteristics among various methods of inscribing waveguides using
ultrafast lasers.
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5.4.3 Structure design and simulations

The primary objective of this study is to demonstrate, for the first time, the feasibility of
producing smooth and circular waveguides in optical fibers using the aforementioned slit beam
shaping technique. To serve as a proof of concept, the optical structure depicted in Fig. 5.18 is
designed, simulated, and manufactured. This structure facilitates the coupling of light from the
SMF core to each of the MCF cores through evanescent wave coupling.

CWGs consist of three distinct sections. The first section is a straight segment, denoted by
length L1, which runs parallel to the SMF core and is positioned as close to it as possible. This
section facilitates evanescent wave coupling without inducing modifications on the core, thus
minimising losses and enabling the placement of multiple optical structures along the fibre. The
second section, with a length of Lg, comprises an S-Bend that guides the light from the SMF
core to the cladding. Finally, the light is coupled to the MCF core through the last straight
section, denoted by length Lg.

As previously described, the slit beam method enables the production of highly circular
waveguide cross-sections [2]. For a 2.5 mm diameter (1/e?) circular Gaussian beam, Fig-
ure 5.19 depicts the focal volume in the Y Z plane and the intensity curve in the focal plane Z
(z = 62.5 pm — fibre centre). The three scenarios presented are as follows: without the use of

CF

Figure 5.18. Illustration of the simulated and fabricated optical structure. This structure involves the
evanescent coupling of light from the core of a single-mode fibre to each of the four cores of a multicore
fibre. This coupling is achieved by utilising symmetric cladding waveguides. Adapted from [3].
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Figure 5.19. The focal volume and intensity profile at the Z focus plane are depicted in the Y Z plane.
The focusing conditions are demonstrated for three scenarios: (a) without a slit, (b) with a slit of width
a = 500 pm, and (c) with a slit of width @ = 500 pnm, along with two scans performed with a 2.5 nm

offset in the Y direction. An objective lens with a focal length of f = 8 mm is used, along with the
application of refractive index adaptation using index-matching oil. Adapted from [3].

a slit (Fig. 5.19 a), with a 500 um slit (Fig. 5.19 b), and using a 500 pm slit with two scans and
a 2.5 pm Y offset (Fig. 5.19 ¢). The white circle represents the circumference that defines the
SMF core, providing a relative perspective on the waveguide dimensions.

When examining Fig. 5.19 b in detail, it becomes apparent that the laser energy distribution
at the focal point produces a more circular cross-section. However, it appears insufficient in terms
of matching the CWG diameter to that of the fibre core. To address this, two approaches can
be considered to achieve a similar width to the core with a pronounced symmetry. The first
approach involves reducing the slit width (a), theoretically achieving the desired result with a
value of approximately 170 pm. Nevertheless, in practice, this approach proves challenging as
it requires significantly higher laser pulse energy than what is available in our setup due to the
low energy transmission through the narrow slit. The second option, as depicted in Fig. 5.19 c,
involves performing two scans with a slight offset in the Y direction. By employing this method,
it can be observed that a CWG width comparable to the core, along with a circular symmetry

in the cross-section, can be achieved.

Furthermore, when considering the cumulative focal intensity of both scans, it is evident that
it exhibits a more even distribution compared to the case of a single scan. In this way, taking into
account that the quantitative RIC is a function dependent on the pulse energy (in silica [76]),
which correlates to the energy density within the focal volume, the intensity profile provides
insight into the refractive index profile of the CWG. Based on this observation, conducting two
scans yields a quasi-step—index CWG, while a single scan results in a profile characteristic of
a graded-index structure. The verification of this distinction will be carried out subsequently

through QPM measurements.
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Figure 5.20. Normalised LP(; coupled to the CWG is analysed with a fixed length L3 of 50 pm. Two
scenarios are considered: (a) varying L; (with Ly fixed at 1 mm), and (b) varying Lo (with L; fixed
at 200 pm). The shaded regions represent the optimal design values. (c, left) Filled 2D contour plot
of the normalised LPg; power of the simulated structure. This structure is defined by cutting the fibre
indicated in Fig. 5.18 using an XY plane that includes the longitudinal axes of the SMF core and two
MCF cores. (c, right) Evolution of the normalised LPg; power along the X axis is depicted. It shows
the power in the SMF core and in the combined region of the CWG and MCF core (considering only
one core). The shaded region indicates the section where evanescent wave coupling takes place. Adapted

from [3].

(normalised)

Subsequently, simulations are conducted to determine the optimal lengths of sections L1, Lo,
and Ls for the CWG. The finite element BPM within the RSoft software is employed for this
purpose. A 2D structure is defined, representing a longitudinal plane of the fibre from Fig. 5.18
that includes the axial axes of the SMF core and two cores of the MCF (with a separation of
50 pm between the MCF cores in that plane). The refractive index profile of the CWGs is
quasi—step-index, and the coupling section is positioned 1 pm away from the SMF core in the
transverse direction. The parameter Ls is set to a value of 50 pm, while L; and Lo are the

parameters whose lengths are subject to optimisation.

Figure 5.20 a illustrates the normalised power of the LPy; mode coupled in a CWG as a
function of the length of the coupling section Li. It is evident that the optimal length lies around
200 pm. By utilising this value for L; and conducting a sweep in Lo, as shown in Fig. 5.20 b,
it is determined that the optimal S-Bend length is approximately 1 mm. Shorter lengths result
in significant power losses due to the abrupt change in light direction, while longer lengths
lead to a transition so gradual that back-coupling to the SMF core occurs. According to the
simulation, the proposed design enables the coupling of approximately 36% of the LPy; power
in a CWG. However, it should be noted that in practical applications, the losses experienced by
the manufactured CWGs and the non-ideal nature of the cross-section mean that each CWG
will not achieve a power coupling of approximately 36% of the SMF core power. As a result, the
manufacturing of the CWG is performed using the optimal values obtained from the simulation.

Figure 5.20 ¢ presents a 2D contour plot representing the normalised LPg; power of the
simulated structure with the selected parameter values: L = 200 pm, Lo = 1 mm, and L3 =
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50 pm. Additionally, the plot indicates the LPg; power evolution along the X axis within the
SMF core, as well as within one of the arms composed of the CWG and MCF core. Notably,
the graph highlights the region of coupling through evanescent wave interaction.

5.4.4 Experimental results and discussion
Ultrafast laser inscription parameters

All subsequent inscriptions have been made using a commercial fibre laser chirped pulse amplifier
provided by Calmar. The FLCPA operates at a wavelength of 1030 nm and produces pulses
lasting 370 fs. The laser beam, with a diameter of 2.5 mm (at 1/e? intensity), passes through a
3 mm iris diaphragm to ensure a clean wavefront. It then proceeds through a slit aligned along
the X-axis (adjustable on the Y-axis) as described in [2]. The laser beam is tightly focused using
a Mitutoyo objective lens with a NA of 0.42 and a magnification of x50. The fibre sample is
coated with an index-matching oil as outlined in [83] and positioned on a nano-resolution XYZ
motor stage provided by Aerotech.

Based on previous studies and experimental measurements, it is deduced that circular polar-
isation enhances the light transmission in direct-write waveguides, leading to reduced roughness
and losses [91]. Consequently, a quarter-wave plate is inserted into the optical path of the laser
beam. The complete experimental setup is illustrated in Fig. 5.21. Regarding the inscription
parameters, the CWGs are generated using a laser pulse energy of 0.52 nJ (prior to the slit),
and a PRR of 120 kHz, resulting in 1,000 pulses/pm. The slit has a width of a = 500 pm, and
two separate laser scans are performed for each CWG with a 2.5 pm offset along the Y -axis.

CWG properties and cross-section

The cladding waveguide that has been manufactured possesses the dimensions Ly, Ly, and L3
as previously specified. Its width is 8.1 pm, which is similar to the core width. The transverse
separation from the SMF core in the coupling section (L;) is approximately 1 pm, as depicted
in Fig. 5.22 a. This close proximity enables significant evanescent wave coupling, as evidenced
by the image shown in Fig. 5.22 b. When red light (A = 633 nm) is introduced into the SMF it
couples with the guided modes within the waveguide, and the power contribution increases along
the coupling section (Lj) of the CWG. The scattering of red light (indicative of waveguide losses)
provides a visual indication of the amount of coupled light.

At this stage, the waveguide losses have been estimated using image processing techniques
similar to those employed in Fig. 5.22 b. Assuming that the roughness of the CWG remains
relatively constant throughout the waveguide, it is possible to establish a proportional rela-
tionship between scattering and guiding losses, as long as the power level in the waveguide
remains consistent. By analysing the scattered light captured by the complementary metal-
oxide-semiconductor (CMOS) camera and comparing it with the fibre transmission in various
differential measurements, an estimation of the losses can be obtained. The estimated loss value
for the manufactured CWGs is approximately 0.21 dB/cm.
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The cross-section of the CWG is depicted in the end-
face image shown in Fig. 5.22 ¢. It is apparent that the
dimensions of the CWG closely resemble those of the SMF
core, exhibiting clear circular symmetry. In fact, its shape
corresponds to the analytically determined focal volume de-
scribed in Fig. 5.19 ¢, which takes into account the slit width
and the Y offset (resulting from two scans) utilised during
the manufacturing process.

After specifying the properties of the cladding waveguide,
the structure illustrated in Fig. 5.18 is fabricated. The out-
come of this fabrication process is depicted in Fig. 5.23. In
Fig. 5.23 a, the region corresponding to the splice between
the SMF and MCF is displayed. By focusing the image
on the upper cores of the MCF, specifically MCF coreq, the
waveguides associated with those cores can be observed. Ide-
ally, the power coupled into each MCF core should be 25%.
However, as shown in Fig. 5.23 b, when red light is intro-
duced at the distal end of the fibre (resulting in multimode
behaviour for that wavelength), three of the cores exhibit
similar power coupling (presumably corresponding to the
LP3; mode), while one core seems to have a higher power
level (possibly indicating the presence of the LP1s mode).
Nevertheless, it should be noted that the CWGs produced
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Figure 5.21. Fs laser inscription
setup used to manufacture cladding
waveguides in optical fibres. Slit
beam shaping technique is em-
ployed. Assembly was carried out

are intended for use in the 3! window of optical communica- using SolidWorks 2019 SP4.0 soft-

ware with components from Thor-
labs, Inc. Adapted from [3].

tions, where monomode behaviour is desired. The obtained
results are highly promising and reliable.

QPM characterisation

Lastly, it is essential to characterise the RIC of the optical waveguide or at least obtain a relative
value in comparison to the core. There are various approaches to accomplish this, one of which
is QPM. As explained previously, this method enables the quantification of the phase alteration
that transpires when light passes through an optically dense medium, such as an optical fibre [26].
Consequently, a phase image can be extracted from three intensity images: one in focus (6z = 0)
and the other two slightly out of focus at £0z. It is important to note that the phase change
(A¢) and the RIC (An) are linked by the well-established relationship:

A

An =
n 2 - 2

Ao, (5.15)

where ) is the wavelength of the illumination source (453 nm), and z is the RIC length.

Figure 5.24 depicts the Y phase change profile of a SMF with a CWG inscribed at y =
—30 pm, with the manufacturing parameters indicated above. It is observed that the phase
change profiles of both core and CWG are similar, and therefore, their RI. Additionally, it can
be seen that the RIC value is marginally higher in the CWG, albeit remaining within the order
of magnitude of 1073, This RIC is well-suited for achieving low-loss transmission in waveguides.
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Figure 5.22. (a) Microscope image of the initial part of the CWG, specifically focusing on its coupling
section. The transverse separation from the SMF core measures 1 pm. (b) Microscope image of the
coupling section of the CWG, where red light (A = 633 nm) is introduced at the distal end of the fibre.
(c) Microscope image of the end-face of the SMF fibre, revealing the cross-section of the CWG. Scale
bars in a-c are 25 pm. Adapted from [3].
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Figure 5.23. (a) Microscope image showcasing the splice zone between the SMF and the MCF. The
focus of the image is directed towards MCF core;, revealing the corresponding CWG. Although slightly
out of focus, the presence of MCF core, and its associated CWG can also be observed. (b) Microscope
image of the end face of the MCF fibre after manufacturing the complete structure of Fig. 5.18. Red

light (A = 633nm) is introduced at the distal end of the fibre to aid visualization. Scale bars in a-b are
25 pm. Adapted from [3].

Application as a sensor

Lastly, as a final aspect of this study, a brief overview of its application as an optical sensor
structure is presented. In addition to the schematic representation in Fig. 5.18, four FBGs are
inscribed, with one placed in each core of the MCF. These FBGs have a length of 1 mm. What
makes them unique is the method of their fabrication, which follows the same slit beam shaping
technique employed for manufacturing CWGs. This ensures that the refractive index contrast
induced by each laser pulse fully covers the cross-section of the respective core, as depicted in
Fig. 5.25 a. This type of FBG is referred to as Pl-b-P1 FBGs [2]. The inscription setup used for
this purpose is the same as shown in Fig. 5.21.
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Figure 5.24. Transverse phase profile measured with QPM for a cladding waveguide inscribed at
y = —30 pm. Adapted from [3].
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Figure 5.25. (a) Microscope image of the multicore fibre, with a P1-b-P1 FBG inscribed in each of the
two focused cores. (b) Reflection spectrum resulting from the structure depicted in Fig. 5.18, with a
1 mm long FBG inscribed in each core of the MCF. Scale bar in a is 25 pm. Adapted from [3].

For each FBG, a laser pulse energy of 1.09 nJ (before the slit), a slit width of 500 pm, a
PRR of 300 Hz, and a specific grating period were employed. The chosen period ensures that
the fourth order of the FBG generates Bragg wavelengths at 1530 nm, 1540 nm, 1550 nm, and
1560 nm, as clearly observed in the reflection spectrum displayed in Fig. 5.25 b.

5.4.5 Conclusions

In this study, the slit beam shaping technique is employed for the first time to inscribe waveguides
in optical fibres using femtosecond lasers. The research encompasses the design, simulation,
and manufacturing of a structure consisting of four cladding waveguides, enabling evanescent
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light coupling from the core of a single-mode fibre to each core of a multicore fibre. The
manufactured cladding waveguides exhibit noteworthy characteristics, including an 8.1 pm width
(for single-mode behaviour in the C-Band), a circular cross-section, and estimated losses of
0.21 dB/cm. Furthermore, they possess a slightly higher RIC compared to the core, falling within
the same order of magnitude, and demonstrate a quasi-step-index refractive index profile. The
inscription parameters and waveguide design variables have been optimised through simulations.
The significant potential of these waveguides for the advanced manufacturing of compact light-
based sensors opens up vast possibilities within the context of Industry 4.0.
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PTICAL fibres are widely used in sensing applications due to their high sensitivity, fast
O response time, and immunity to electromagnetic interference. Since the beginning of
this century, femtosecond laser inscription has emerged as a powerful tool for fabricating optical
fibre sensors with improved performance and unique features. Making a very rough classification,
these sensors can be differentiated according to whether they are made using standard fibres or
specialty fibres. This chapter covers the works related to the former type, while the next chapter
addresses specialty fibre-based sensors.

It should be noted that the definition of the term standard fibre may vary depending on the
context, and there is no widely accepted definition. However, in the context of optical fibres, it
generally refers to a basic step-index fibre made with a standard material like silica, with typical
values for parameters such as core size and numerical aperture. Specifically, in this chapter,
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we refer to the standard telecommunication fibre, single-mode fibre (@1550 nm) with a core
diameter of 8.2 pm and a numerical aperture of 0.11 (@1550 nm).

Section 6.1 provides a brief historical background of optical fibre sensors (OFSs), which
is relevant for this chapter as well as the next one. This chapter also presents the research
conducted by Roldan et al., which is discussed in sections 6.2 [1, 2], and 6.3 [3]. It is worth
noting that there are other works on single-mode fibre—based sensors that have been conducted
but are not elaborated in this book [4]. Moreover, the review conducted by Pallarés et al. offers
a summary of such sensors documented in literature for readers who want to explore the topic
further [5].

6.1 Background of OFSs

In 1961, Snitzer demonstrated the resonant cavity behaviour of optical fibres [6], which sparked
significant research interest in the transducing properties of optical fibres [7—11]. This research
ultimately led to the development of OFSs in the mid-1970s, which boasted numerous benefits
compared to other sensing methods, including immunity to electrical interference, low transmis-
sion loss, remote sensing capability, and high sensitivity that could outperform other sensors by
10-100 dB in some cases [12]. Initially, OFS configurations were based on interferometric schemes
(e.g., Fabry-Perot interferometer (FPI), Michelson interferometer (MI), Mach-Zehnder interfer-
ometer (MZI), and Sagnac interferometer), which provided a single measurement per sensor
(point sensing) [11]. Later on, the development of FBG technology emerged from photosensi-
tivity research conducted by Hill et al. in 1978 [13]. This technology allowed for more compact
structures with higher signal-to-noise ratios and was commercialised in the 1990s. FBGs are
now one of the most widely used OFS methods due to their durability, wavelength multiplexing
capabilities, linear behaviour, small size (a few millimetres), and ability for mass production [14].

In addition to point sensing, optical time domain reflectometry (OTDR), demonstrated in
the late 1980s, enabled the development of distributed sensors in the field of OFSs [15]. These
sensors use Raman, Brillouin, or Rayleigh fibre backscattering to detect changes along the entire
fibre with resolutions initially as low as 1 metre, which have since been improved to cm-level
resolutions [16]. The oil and gas sector accounts for 46% of the total distributed sensor market
due to the suitability of these sensors for monitoring long structures such as pipelines and oil or
gas wells [17]. While point sensing was initially more popular, distributed sensing caught up by
2008 and surpassed it by 2014 [12].

This trend of optical fibre sensors dominating the market is expected to continue due to the
development of compact transducer structures and specialty fibres that allow for the measure-
ment of new parameters beyond temperature, strain, and magnetic field [10]. These advances
are particularly useful in medical and biological applications where probe size is a limitation, and
tiny transducer structures such as lab-in-fibre (LIF) or lab-on-chip (LOC) platforms are being
developed to monitor multiple parameters [3, 18-20]. Additionally, point structures like FBGs
and reflectors can be combined with distributed sensing to create quasi-distributed sensing,
which refines sensing and adds additional measurement to key positions [21].

Laser technology has been used commercially since the 1970s and offers a range of possibilities
to modify the intrinsic properties of optical fibre [22]. Ultrafast laser technologies, which have
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matured over the past 50 years, allow for precise micro-scale changes and the development of
compact, high-transduction structures [23]. This offers new opportunities for expanding the

industrial and medical market for OFS.

6.2 In-fibre MZI for multiparameter sensing

This section showcases a femtosecond laser-inscribed hybrid cladding waveguide Mach-Zehnder
interferometer (CWG-MZI) sensor. The CWG was inscribed using an aberration-compensation
technique and the multiscan method, resulting in a phase shift that varies depending on the
number of sweeps performed, thereby controlling the free spectral range (FSR) of the interference
pattern. The temperature characterisation revealed a lower and proportional RIC compared to
previously reported CWG-MZIs, indicating less degradation at high temperatures. The CWG’s
proximity to the cladding/air boundary also provides good RI sensitivity. Finally, curvature
and strain were measured simultaneously without being affected by cross-sensitivity due to the
FBG inscribed in the reference arm using the point-by-point (PbP) technique.

6.2.1 Background

The manufacturing of reliable and compact devices in optical fibre exhibits an increased demand
due to their intrinsic properties and the possibility of monitoring several parameters simultane-
ously in a single device [5, 24, 25]. For this purpose, CWGs are a key technology to enhance
the complexity and possibilities of optical fibre sensors [25]. The manufacture of waveguides as
the optical interconnection structure of different sensor elements has enabled the development of
more advanced sensor structures, such as optical couplers, waveguide Bragg gratings (WBGs),
or interferometers, in their different forms [26, 27]. One of the most straightforward patterns
that can be manufactured with CWGs is an in-fibre MZI. Its main operation principle consists
in a CWG decoupling light from core and then coupling it back in order to act as a sensing
arm of a MZI instead of using conventional cladding modes. These interferometers are quite
versatile, can measure different parameters and offer the possibility to adjust their sensitivity.
They are attractive not only for its enhanced behaviour compared to conventional MZI [28], but
also for being a solid step to future next-gen waveguide based devices [29].

This type of interferometers were introduced by several authors independently, measuring
different parameters, but not all of them together, as it is done in this work; thus, proving
its intrinsic versatility. Table 6.1 shows the sensitivities achieved for each parameter in each
work. The temperature was measured in a low range (25-100 °C), except in one case [28],
achieving sensitivities higher than conventional FBGs. Curvature and strain have been measured
in different works independently when these parameters exhibit a high cross-sensitivity. In this
work, the joint discrimination of both parameters is undertaken. Moreover, the refractive index
has only been studied once, in [30], with great uncertainty.

In addition to measuring different parameters, the manufacturing of these devices depends
on each application. The analysis of the different inscription parameters used in the manufacture
of CWGs is therefore worth highlighting. In Table 6.2, the reported inscription parameters and
types of the waveguides for the previous works are summarised. A common trend observed is the
use of low to moderate pulse repetition rates, typically ranging from 5 to 200 kHz, and 500-1200
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Table 6.1. Compilation of parameters measured with CWG-MZI existing in the literature.

Ref. Temperature Curvature Strain RI

[28]  Non linear (50 — 650 °C) - — —

[31]  0.22 nm/°C (20 — 90 °C) - 4.89 pm/pe —

[30] 0.6 nm/°C (25 — 100 °C) - — 60 nm/RIU®
[29]  0.49 nm/°C (50 — 60 °C) (with FBG) (with FBG) (with FBG)
[28]  0.023 nm/°C (25— 180 °C) 9.49 nm/m* - —

& RI Range: 1.33 — 1.34.

pulses/pm. There are three types of inscriptions depending on the method employed to deal with
the wavefront distortion caused by the cylindrical geometry of optical fibres. Waveguides can be
inscribed without addressing the distortion, exploiting the filamentation effect [28]. As a solution
to induced aberration, they can also be inscribed with an oil-immersed objective [30, 31], or
employing other arrangements such as the one employed in [2, 29]. This level of versatility further
motivates the need for extensive characterisation of RIC and its effects on the transmission
spectra of MZlIs.

In this study, a 6-mm CWG-MZI was produced using the multiscan technique, which of-
fers a more comprehensive characterisation compared to previous literature. The focus of the
characterisation is on the phase change with each scan, which provides an efficient means of
controlling the FSR. As a significant innovation, we analytically describe the degradation ratio
of the manufactured waveguide (multiscan technique) compared to that based on filamentation
for high temperatures, in order to justify the advantages of this inscription method. Further-
more, addressing the cross-sensitivity is necessary due to the number of parameters that this
interferometer can measure. To achieve this, an FBG is inscribed in the reference arm. Thus,
a hybrid MZI is demonstrated and used for simultaneous strain and bending measurements,
two parameters that share a strong cross-sensitivity as previously mentioned. Additionally, the
sensor’s ability to distinguish the surrounding refractive index (SRI) is also demonstrated.

6.2.2 Theory and sensor design

In a simple way, MZIs are based on the optical path difference (OPD) that arises when a beam of
light is divided into two optical paths, one of which is taken as a reference, while the other acts as
a sensor element. When the MZI is manufactured in an optical fibre, it can be understood that
the fundamental mode of the core (reference) is decoupled to a secondary mode that propagates
during a distance L in a cladding waveguide (sensing element), until it is coupled again, deriving

Table 6.2. Overview of inscription parameters utilised for CWG-MZI reported in the literature.

Inscription A PRR pulses 7 5
Ref. method NA (nm) (kHz) pm  (fs) (nJ)
[31] Oil immersion x100,1.25 800 5 500 35 05
[30] Oil immersion x60, 1.4 532 200 1000 250 0.12
[29] Adaptive optics x100,0.42 517 50 1000 220 0.11
[28] Filamented waveguide x100,0.5 1030 120 1200 370 1.09
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in an OPD that causes an interference defined by the well-known expression (detailed in [32])

2w AnL
I~ 1.+ Lyg + 24/ 1c1g cos < 3 +¢0> , (6.1)

where I. and I,,4 represent fundamental (core) and secondary (waveguide) irradiance, respec-

tively, An = |n. — nyg| corresponds to the effective mode index difference between both modes,
L is the length of the waveguide through which the secondary mode propagates, and ¢y the
initial phase.

The transmission spectrum has a sinusoidal shape in which local minima (known as inter-
ference dips) shifts are used to quantify the measured parameter,

N 2 - An - L
W r2m 1) — ¢y

(6.2)

Likewise, the free spectral range can be controlled during the inscription of the waveguide, since
it depends on its refractive index. FSR is defined as the spectral distance between two successive
transmitted intensity maxima or minima for a given wavelength Ag:

A3
An-L°

FSR~ (6.3)

The proposed sensor design is depicted in Fig. 6.1. Secondary mode guidance was achieved
by inscribing in a SMF a cladding waveguide whose path length is L ~ 2- L1+ Lo, where L refers
to the S-Bend section that decouples the light from the core towards the straight cladding section
Lo, separated from the core by a transversal distance d, to be subsequently coupled back to the
core under an identical S-Bend. The separation angle of the S-Bend section (6 = arctan (d/L1))
is proportional to the waveguide coupling losses.

Parallel to the MZI cladding section, a FBG of length L, was inscribed in the core through
the point-by-point (PbP) inscription method [25]. The capacity to perform gratings of period
A ~ 1 pm allows to have a 2"%-order Bragg wavelength in the S-band (Ap = %ne frA with
m = 2). The grating period (A) is controlled by A = v/PRR, where v is the writing speed, and
PRR is the pulse repetition rate of the laser.

Figure 6.1. Schematic illustration of the all-in-fibre 6 mm optical device. Adapted from [1].
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Waveguide inscription: multiscan technique

The waveguide manufacture is schematically depicted in Fig. 6.2. It is based on the multiscan
technique, through which multiple inscriptions are made, with sub-micron displacements (s)
perpendicular to both the laser beam propagation axis and fibre axis between each CWG scan [2].
This inscribe-and-move process ends when the structure with the required geometrical properties
is obtained, typically when the desired waveguide width (R) is achieved. To ensure optimal
conditions, a series of MZIs were conducted to study the values of various parameters.

6.2.3 Manufacturing

All inscriptions were performed using a commercial femtosecond fibre laser chirped pulse am-
plifier from Calmar lasers, operating at 1030 nm, with a 370 fs pulse duration and a variable
PRR from 1 Hz to 120 kHz. Laser pulses were focused through an x100, NA=0.5 objective lens
from Mitutoyo. The stripped and stretched optical fibre was placed on a slide and covered by a
coverslip [33]. As shown in Fig. 6.2, there was an index-matching oil in the middle that allows to
eliminate the cylindrical aberration inherent to the fibre when in-fibre processing is carried out.
The slide that contains the fibre was placed on a platform located on a nano-resolution XYZ
motor stage from Aerotech. Using a CCD camera and a white light source that illuminates the
platform, it was possible to accurately visualize and determine the fibre position.

Cladding waveguide

One of the crucial aspects of the MZI is the light coupling from the core (reference arm) to
the CWG (sensing arm). Regarding its design, 6 parameter is essential, determined by d and
Ly (see Fig. 6.1). Among the many existing structures for the coupling of light, two stand
out in the existing literature [26]: transition in curve (S-Bend) or transition in straight section.
The simulations were performed using finite element beam propagation method (FE-BPM) from
RSoft commercial software (version 2019.05), in order to select the most suitable geometry. The
parameters used in the simulation are shown in Table 6.3. A sweep was performed on L;. The
schematic diagrams with the notation used in the simulated structures are depicted in Fig. 6.3,
which also corresponds to the coupling section of Fig. 6.1.

Coverslip

Index-matching oil

\ Optical fibre

CWG formed by _’lsk_ cladding

5 inscriptions

Figure 6.2. Schematic illustration of the multiscan technique. Cross-section view of SMF, with multiple
inscriptions for the manufacture of the CWG. Index-matching oil is used. Adapted from [1].
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CINetag 0 Tuyg CI Nelgd T Ty

Table 6.3. Parameters used in the
CWG simulations (FE-BPM in RSoft).

Nelad 1.4661

d 40 pm

R 4 pm
NGRS X: 1073

Mode LPg;

Ly [250, 5000] pm

Figure 6.3. Schematic diagram of the simulated
structures, with the parameters indicated in Ta-
ble 6.3. (a) S-Bend transition, (b) and straight
transition. Adapted from [1].

Taking into account that, due to physical restrictions, it is interesting to make a compact
sensor, values of Ly < 1500 pm are chosen. In that case S-Bend transitions are more appropriate
than straight transitions, limiting losses in the coupling. In Fig. 6.4, the simulation results are
shown.

After modelling and experimental inscriptions, it has been found that the following pa-
rameters cause a cladding waveguide with the appropriate symmetry and light guidance. The
S-Bend sections have a length L; = 1 mm (Fig. 6.4 c¢), while the cladding section has a length
Ly = 4 mm, identical to the length L, of the FBG located in the core. The MZI cladding section
is transversally separated d = 40 pm from the core, which results in a S-Bend transition angle
of § = 2.29°. This angular value limits the coupling losses of the S-Bend section.

Regarding inscription parameters, cladding waveguides have been manufactured using a pulse
energy of 0.19 nJ, a PRR of 60 kHz and 800 pulses/pm (v = 75 pm/s).

In Fig. 6.5, the fibre end face for a waveguide formed by 5 scans is depicted. The space
between those scans is s = 0.2 pm, originating a waveguide structure with a width R ~ 4 pm.

1600 ’é\ 2500 5

1 — 0.9 = 0.9 =
309 == S-Bend - 1400 = =
Zost == Straight | 19 § T 2000 0.8 =
E o | . 00 4 0.7 % 0.7 E
06| Z 1000 g 0.6 Z = 1500 0.6 %
205 Z 800 0.5 5 = 0.5 2
204} W 04 % % 1000 04 2
-4 600 8] <
Zo0) 400 03 = 03 %
501! | 0.2 2 500 0.2 2
Z '0 | - 200 0.1 5 0.1 E
0 1 2 3 4 5 6 0 0 =z 0 0 =

0 -20 0 20 40 60 -20 0 20 40 60
Y (pm) Y (pm)
(a) (b) (c)

Figure 6.4. (a) Normalised transmission of LPy; mode based on separation angle () for straight and
S-Bend transitions. (b) S-Bend example with L; = 650 pm (6 = 3.52°). (c) S-Bend example with
L; = 1000 nm (6 = 2.29°). Adapted from [1].
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Figure 6.5. (a) SMF end face of the waveguide captured with a CCD camera. (b) 3D RI profile
measured with a RI Profiler. (¢) Core and CWG RI'Y profile (Z = 0 pm). (d) CWG and filament RI Z
profile (Y = 40 pm). Adapted from [1].

By illuminating the distal end of the fibre sample with a white light source, two light spots are
observed, corresponding to the core and the CWG (Fig. 6.5 a). It can be seen that the CWG
presents a remarkable circular symmetry. Figure 6.5 b shows the 3D profile of the fibre end-
face, with the regions corresponding to the core, the CWG and the filament generated during
the laser processing. For this, RNF profilometry was obtained with Sira Electro-Optics optical
fibre refractive index profiler.

Figure 6.5 c is intended to show the RI profile in the core and the CWG, the latter presenting
an RI change of An,, = 1.51 - 1073, If an RI profile is made on the Z axis in the region of
the CWG (Y = d = 40 nm), it can be distinguished the zones corresponding to the CWG
and the filament generated during inscription. Since aberration compensation was used in the
inscription process, the RI change is positive in the focal volume, whereas it is negative in the
filamented region (Ang; = —1.46 - 1073). In case of not using adaptive optics, the RI change is
negative in the focal volume and positive in the filament [28].

On the other hand, waveguides were also characterised through the QPM technique. As
explained in the chapter 4, it is a microscopy method that quantifies the phase change that
occurs when the light that illuminates the platform passes an optically dense sample as is the
optical fibre [34]. It must be noted that the phase change and the RI change are proportional,
being related by the well-known relation

A

2m - 2

A(An) = Ad, (6.4)

where \ is the wavelength of the light source (550 nm), and z is the region with different RI.
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In order to obtain an exhaustive study of inscribed waveguides by multiscan technique, the
phase change associated with waveguides formed between 1 and 10 scans was characterised.
QPM has been used with a defocusing of dz = 3 pm and a x100, NA = 0.5 Mitutoyo objective
lens. The experimental results of Fig. 6.6 determine that the lines of modified material induced
by each scan cause an increment in the phase change of the waveguide, until reaching a point
at which said change tends to stabilise (9 scans). On average, the overlap between consecutive
scans is ~ 72.24%. The phase increase is due to the densification caused by the increment in
the fictive temperature during multiscan inscription. In a simplified way, two sections with the
following slopes can be established:

mrad
A Ag) 94.71 . V #scans € NN [1,8].
m= s @ 5= rad (6.5)
seans 0 , V #tscans € NN [9,00).
scan

The CWG inscription of Fig. 6.5 was stopped ~ 10 pm before the cleaved end of the fibre,
which is why RNF indicates a lower RI change in the CWG than in the core, while QPM
indicates a higher phase change in the waveguide than in the core (for 5 scans).

Mach-Zehnder Interferometer

From now on, waveguides formed by 5 scans will be used to manufacture the MZI, with a
refractive index change similar to the core (Fig. 6.6), and with a circular symmetry that favours
light guidance. A greater number of scans would result in structures with an almost rectangular
cross-section, hindering the light coupling. The MZI was also characterised during multiscan
inscription. A broadband light source (HP 83437A), and an optical spectrum analyser (Anritsu
MS9740A) were used in a transmission configuration.

Figure 6.7 a shows the MZI transmission spectra when the secondary path is formed between
1 and 5 scans. It is noteworthy that the losses caused by the inscription of the sensor are relatively
low, standing at approximately 6 dB. Likewise, Fig. 6.7 b shows the variation of the FSR with
the number of waveguide scans. FSR values have been extracted from Fig. 6.7 a from the
spectral distance between two successive transmitted intensity maxima or minima. Emphasis
is placed on the idea that the multiscan technique is a potential way to control the properties

QPM measures

= ] scan == 5 scans === 10 scans —— Cubic fit (R2 = 0.9943)
1 ‘ ‘ ‘ o8s——————
Core CWG —
0.5 H . 0.6 /
— e
e & i
g0 £ 04 / ______ A core
.05
: < 0.2
-1 ¥
-1.3 : : : : ! o
-60 -40 -20 0 20 40 60 12 3 45 6 7 8 910

Z position (pm) #scans of the CWG
(a) (b)

Figure 6.6. (a) Phase profile measured with QPM for waveguides formed by 1, 5 and 10 scans. (b)
CWG-cladding phase change based on the number of scans that form the waveguide. Adapted from [1].

100



6. STANDARD FIBRE-BASED SENSORS

=
o
]

‘ ‘ 3

= -5 % 125 0
= z —) Gl B
= = -10 . . 2 9
k) . [ N . A
% e -15 R 1.5 —
= 97 ) e S
Z _10 L f| m=——- 1 scan ====2 scans | 220 o AN 1 9
g - Y i 3 scans == == 4 scans < , X S =T
5 11 by S 5 scans 1 -25 e 105

-12 ‘ : ‘ -30 —e° : : — 0

1400 1450 1500 1550 1600 1650 1 2 3 4 )
Wavelength (nm) #scans

(a) (b)

Figure 6.7. (a) MZI transmission spectra for waveguides formed between 1 and 5 scans. (b) FSR and
increment in the effective RI difference depending on the number of scans that make up the CWG (1-5
scans). The region 1400-1550 nm is selected for the determination of the FSR. Adapted from [1].

of an MZI, especially the light coupling and the FSR. According to the relationship shown in
Equation 6.14, reducing the FSR has an associated increase in An. From this equation, taking
L ~ 201+ Ly = 6 mm and \¢g = 1500 nm, the incremental values of An are obtained (Fig. 6.7 b).
For a CWG formed by 5 scans, a A(An) close to 31072 is obtained (taking 1 scan as reference),
which approximates the RI change associated with the core, thus validating the results obtained
with QPM (Fig. 6.6 b).

Mach-Zehnder with FBG

The next step is to inscribe the FBG in the core using the PbP method. The manufactured FBG
is associated with Type II grating [35]. The laser is configured with a pulse energy of 0.47 pJ
and a PRR of 10 Hz. The grating period is A = 1.051 pm, which results in a writing speed
v =10.51 pm/s. Its length is Ly, = 4 mm, being located parallel to the MZI cladding section. A
27d_order Bragg wavelength of A\g = 1516.9 nm is generated, as it is depicted in Fig. 6.8 a. The
FWHM is ~ 1.19 nm.

== M7ZI
mm \[7] with FBG in core
4 . — ————
-8 "\‘/"\‘,/—\\,%/‘\\ PRI

1 1
_ =
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|
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-24 ——— :
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Figure 6.8. (a) Transmission spectra of the complete MZI (5 scans) without and with the FBG
inscription in the core. Inset: zoom of Bragg resonance. (b) Longitudinal view of the MZI cladding
section together with the FBG inscription in the core. Adapted from [1].

101



6.2. In-fibre MZI for multiparameter sensing

6.2.4 Experimental results and discussion

First, a temperature analysis will be carried out in order to perform an even more complete
characterisation of the behaviour of the waveguide. In order to achieve this, a comparison is
made with the MZI developed by Pallarés-Aldeiturriaga et al. [28]. The MZI mentioned presents
a filamentary propagation and a birefringent RIC (Type II — An,y < 0) as a type of permanent
modification in the material [23], with a secondary optical path length L = 300 pm. In both
cases, an identical temperature cycle has been carried out: it is climbed in steps of 50°C to
800°C, remaining stable for 10 minutes in each step. It should be noted that the Type II MZI
is only evaluated up to 650°C, the temperature at which the structure is erased. A notable
difference is that, in this paper, a pre-annealing has been carried out by placing the device
6 hours at 200°C. The purpose is to improve the repeatability of the sensor in a medium-high
temperature range, as well as to eliminate laser-induced stress changes from the structure.

The experimental results, together with those collected from the study carried out in [28],
are shown in Fig. 6.9. It is depicted the shift of the interference dips (AMg;p) of both MZIs, and
the Bragg wavelength shift (AApyqgq) corresponding to the FBG. The process of annealing is
appreciated in the temperature steps, in which, remaining the temperature stable for 10 min,
a shift of Ay, occurs. This is a consequence of the stress relaxation that takes place in the
waveguide. As the stress can cause anisotropic and inhomogeneous distribution of the refractive
index in the waveguide, the annealing process originates a better behavior of the MZI, since
the refractive index is smoothed. Although annealing occurs in both MZIs, the phenomenon
is more pronounced in the one manufactured in this work, as it presents a significantly higher
sensitivity.

® Multiscan MZI
m— Cubic fit (R2 = 0.9982)
v 1 = Scale up to 650°C (R? = 0.9914)

A Filamented MZI ® FBG
= = Cubic fit (R? = 0.9982) e Linear fit (R* = 0.9963)

1 e 10

—100 B | 8
— kearzr (0 — 300°C) = —208.77 pm/°C .
= kearzr (300 — 650°C) = —878.10 pm/°C A g
- -200 karzr (650 — 800°C) = —480.89 pm/°C s :;Las':;';tte‘éo'\gzc' 16 2
/;5’ krpa = 12.87 pm/"C 1 4 /S
< -300 | —% r P xd=15981 | 4 <
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Figure 6.9. (Left Y axis) Wavelength shift of a interference dip of the MZI developed in this work for
temperatures between 23°C and 800°C (continuous line), and wavelength shift of a interference dip of the
MZI developed in [28] for temperatures between 23°C and 650°C, with fit and translation (scale factor
a) to the measurements of the present work (dotted lines). (Right Y axis) Bragg wavelength shift for
temperatures between 23°C and 800°C. The sensitivities (kr) as well as the effect of the annealing are
indicated. Adapted from [1].
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The cubic fit of the filamented MZI measurements presents a remarkable coincidence
(R? = 0.9914) with the cubic fit of the multiscan MZI measurements when applying a scale
factor 6 = 1.5981. This fact has a very important implication, which is developed below.

In order to establish a common starting point between the two MZIs, it is considered
(Adip)1(T) = (Aaip)2(T) at a temperature T, referring 1 to multiscan MZI and 2 to filamented
MZI. According to Equation 6.2:

(Anwg), (T) 71 = (Anwg)y (T) - 72, (6.6)
. 6 mm, ¢=1.
with ~; 2rLi , being L; =
m(2m; +1) — ¢; 300 pm, i=2.
Defining (AMgip); (T') as
(AAdip); (T) = Aaip); (T) — (Aaip); (23°C) = fi(T), (6.7)
f1 (T) =0 - fo(T) — Cubic fit multiscan MZI
(6.8)
f2(T") — Cubic fit filamented MZI
Taking increments on Equation 6.2, and applying the equality of Eq. 6.7
(AXdip); (T) = [A (Anuwyg)]; (T) - i = fi(T). (6.9)

Finally, according to the relationship indicated in Equation 6.8, the following equality is obtained

A (Anyg)], (T) =7 - [A (Angy)l, (T), 7= 6%. (6.10)

Thus, it is demonstrated that the variation of the RI with the temperature, for the waveguides
of both MZI (filamented Type II, and multiscan Type I), are related through a constant of
proportionality «. From the data obtained with the RNF Profiler, simulations have been applied
by means of the finite element method (FEM) in order to obtain the effective mode index
difference. In this way, it is possible to estimate v from Equation 6.6, taking T = 23°C,
temperature at which the RI measurements of the waveguides have been made.

The obtained result is coherent insofar as the MZI based on the filamentary propagation
presents a RI change higher than the MZI made by multiscan technique, so it has a degradation
v~ = 2.6129 higher. Hence, at 650°C the filamented MZI is erased, while the MZI developed
in this work is still maintained at 800°C.

Refractive Index

The 40 pm separation of the CWG (multiscan technique) from the core causes a high sensitivity
of the MZI to the surrounding RI. Due to this, the MZI was immersed in six different liquids
with variations in its refractive index of the order of 1073. Specifically, these are solutions
with sugar concentrations (solute) of 0, 20, 40, 60, 80 and 100 grams per 100 grams of water
(solvent). The refractive index of each liquid has been measured with the Kriiss Optronic DR~
6100 refractometer. The measurement process has been carried out by fixing the fibre and
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surrounding it with the different liquids.

In Fig. 6.10 the wavelength shift of the MZI interference dips is observed for the six liquids.
Air has been taken as the reference point (RI = 1 — AMg;, = 0). The developed MZI has a
sensitivity of krr = 86.52 nm/RIU (refractive index unit) (higher than [30] at that RI range),
being able to detect minimal variations of the medium surrounding the fibre.

The operational principle behind the behavior is easily justifiable from Eq. 6.2, since it is
the variation of Ay, that is monitored during the measurement. By placing the waveguide near
the outside of the fibre, if it is immersed in a liquid with a refractive index higher than that of
the air, the effective RI of the waveguide (An,) is increased, causing an increase in g, and
in turn, a decrease of the free spectral range.

6.2.5 Cross-sensitivity

Finally, after having sensed temperature and refractive index, the cross-sensitivity of two differ-
ent parameters is studied. In order to exploit the advantages that the MZI and the FBG provide
jointly, joint discrimination of strain (€) and curvature (k) is proposed. Knowing the variations
of both parameters and having their sensitivities, the Bragg and dip wavelength shifts are given

by:
Alp kip  key | |AR
= 6.11
[A/\dip] [k k ] lAJ’ (610

Kdip €dip
being k, and ke the curvature and strain sensitivities, both being specified for the FBG (k)
and the MZI (k_,, ).

With respect to the curvature, two measurement sets have been made, as it is depicted in
Fig. 6.11 a. To perform the measurements, the fibre is clamped on two platforms separated an
initial distance Ly = 15.2 cm, being the sensor at the midpoint. One platform remains fixed
while the other moves on the X axis. The bending direction must be produced on the Y axis,
since the sensitivity obtained is maximum (see Fig. 6.11 a). An estimate of the curvature is
achieved through the circumference relation [36]:

Ls-
Lf—x :Lf-sinc< f2 “), (6.12)

® Measurements (ﬁ) = Linear fit (R*=0.9631)

2.5 T T T T T T T T T

80)
(60)

o
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Surrounding refractive index

Figure 6.10. Wavelength shift of a MZI interference dip when immersing the fibre in liquids of different
refractive index. Adapted from [1].
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where x refers to the shift of the movable platform on the X axis, and x = %

vature, the inverse of bending radius R towards bending axis. The sensitivities obtained are
krp = —0.0914 nm/m™ and k., = —30.2578 nm/m™. The variation of Krq;, Detween both
measurement sets is 2.4%.

is the cur-

To carry out strain measurements, a fibre section of 15.2 cm length is fixed at both ends,
with the sensor in the middle. Subsequently, the fibre is fixed from one point and strained from
the other. It is stretched in steps of 0.03 mm to reach 0.63 mm, which results in a maximum
strain of ~ 4150 pe. According to the results shown in Fig. 6.11 b, the sensitivity obtained for
the FBG and the MZI is k., = 0.7683 pm/ne and k,,, = 0.9839 pm/qe, respectively.

At this point, from Eq. 6.11, both measurands can be obtained from the Bragg and dip
wavelengths by calculating the inverse matrix of the relation, obtaining the next equality:

Akl 1 [ ke  —key| [AXp
Ac| ™ D | ke kep | |DNaip]’

is the matrix determinant.

(6.13)

where D = k. ke, — ki, K

€dip KdipV€EB

In Fig. 6.12, the cross-sensitivity of strain and curvature is depicted. It has been obtained
by varying a measurand while the other is fixed. For this, the experimental data of Fig. 6.11 has
been used. The applied sweeps show no curvature (k = 0) or strain (¢ = 0), and are depicted
(black dotted lines) against the values estimated from the experimental data after applying
Eq. 6.13 (dots). Likewise, a linear fit is indicated (color lines) in order to evaluate the error
committed. When x sweep is applied (blue), there is an error of ~ 7.8% between the real and
estimated x value from the experimental data. Also, the estimated strain (should be null) varies
with the curvature according to -13.4 pe/m™'. On the other hand, when strain sweep is applied
(orange), the error between the real and estimate strain is ~ 1.1%. In this case, the estimated

curvature varies with the strain according to 0.00476 m™ /me.

6.2.6 Conclusions

In this work a hybrid CWG MZI with a FBG inscribed both by a femtosecond laser has been
demonstrated. The CWG has been inscribed employing the multiscan technique that allows
control of both width and RIC, as the latter increases with the increment of fictive temperature

® Set 1 === Linear fit set 1 (R*=0.9965) ® FBG === Linear fit FBG (R?=0.9992)
B Set 2 == Linear fit set 2 (R?*=0.9982) 3.5 B MZI == Linear fit MZI (R*=0.9599)
T T T T T T 9.0 T T T I | )
E 20 i S ] )
= 60 | o 3 =
$-100 | 2 3
< <
< -140 } 1 <
- [ s
-180 : -0.2 : : : — ()
0 1 2 3 4 5 6 0 1000 2000 3000 4000

Figure 6.11. (a) Dip wavelength shift when a curvature sweep is performed. Two sets of measurements

Strain (pe)

(b)

are made. (b) Bragg and dip wavelength shift when a strain sweep is applied. Adapted from [1].
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Figure 6.12. Cross sensitivity of curvature and strain. The graph is obtained by varying one measurand
while the other is fixed. Adapted from [1].

produced by each scan. In this way, the number of scans is a way to control FSR of the MZI.
The temperature characterisation of the multiscan waveguide reveals a shift (compared to the
filamented waveguide) attributed to a decrement of RIC of the CWG caused by annealing. This
change ratio has been proven to be proportional to the one exhibited by filament waveguides,
being the latter more degraded with temperature. In addition, given the proximity of CWG to
the cladding/air boundary, the interferometer exhibits higher sensitivity to RI than previously
reported MZIs at 1.33-1.35 range. The FBG inscribed at the reference arm has been employed to
independently measure both curvature and strain with cross-sensitivities as low as -13.4 p1e/m*
and 0.00476 m™! /me.

6.3 Reflection-based LIF sensor integrated in a surgical needle

Lab-in-fibre (LIF) sensors have recently emerged as a novel approach in various fields, including
optofluidics, due to their capability to integrate multiple sensor elements that account for various
physical phenomena in a compact space. This work proposes the creation of a multi-parameter
sensing device by combining an in-fibre air microcavity with a Pl-b-P1 FBG. This sensor is
reflection-based, less than 300 pm in length, situated at the end of an SMF, and integrated into
a surgical needle for use in biomedical applications. This paper presents the first ultra-short LIF
sensor designed under the “touch and measure” method. The prototype is capable of detecting
both axial tensile strain (6.69 pm/ne in the air cavity) and the surrounding refractive index
(11.5 nm/RIU in FBG) simultaneously.

6.3.1 Background

In recent years, there has been a substantial growth in the advancement of lab-on-a-chip plat-
forms, leading to significant impacts in diverse fields such as biology, chemistry, clinical proce-
dures, and more [37, 38]. These platforms offer wide functionality by integrating multiple sensor
elements in a compact space, leading to the emergence of LIF systems that leverage the benefits
of optical fibres to create multifunctional sensing elements [20]. The presence of the fibre core
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as a waveguide allows optimal interconnection of different optofluidic sensor components [39].

Femtosecond lasers are commonly used to create three-dimensional structures in optical
fibres due to their simplicity and flexibility in inscribing patterns directly into the bulk volume
of transparent materials [40]. The induced RICs can create gratings or waveguides, leading to
optofluidic microchannels (via selective chemical etching), all of which have great potential in
biomedical applications. It is essential that sensors used in such applications exhibit a reflection

detection mode to facilitate minimally invasive procedures.

Several studies have integrated in-fibre air cavities and FBGs to enable multi-parameter
sensing. Notably, Liao et al. manufactured two sensors in 2010 [41] and 2013 [42]. The first
sensor comprises an FBG with an integrated Mach-Zehnder interferometer formed by a half-core
trough-hole (transmission detection mode) [41]. The second sensor is a tunable phase-shifted
FBG based on an in-grating through-hole bubble (reflection detection mode) [42]. However,
these sensors are 4 mm and 5 mm long, respectively, more than 13 times greater than the sensor
manufactured in this work, and have lower strain sensitivity (0.48 pm/pe).

6.3.2 Theory and sensor design

This work presents the detailed design and manufacture process of a highly compact LIF sensor
integrated into a surgical needle for multiparameter sensing. The sensor is located within an SMF
and consists of an in-fibre air bubble that acts as a Fabry-Perot microcavity, along with a plane-
by-plane fibre Bragg grating situated at the tapered fibre end (as shown in Fig. 6.13). Using this
device, clinicians can determine the contact of the fibre with a tissue and measure the SRI using
a “touch and measure” approach. This is the first ultra-short reflection-based LIF sensor (less
than 500 pm) capable of simultaneously detecting axial tensile strain and SRI. To optimise the
final structure and verify experimental results, a numerical study of light propagation through
the sensor elements is conducted.

The air bubble can be understood as an in-fibre Fabry-Perot interferometer. There are many
more configurations apart from the air cavity used in the present work, such as hollow tubes,
hollow-core photonic crystal fibres or tapered optical fibres. All of them stand out for their high
sensitivity in a structure of small dimensions, as well as for a linear response and a potential

Surgical
Lab-in-fibre X— 5400 pm 8t
1) N needle
sensor 77 M >,
—————————— l——————————————————————————————————————————ﬂ————\
! Sensor z

e ——————————

__________________________________________________________

Figure 6.13. Schematic illustration of the manufactured LIF sensor. It contains an in-fibre air bubble
(Fabry-Perot cavity) and a P1-b-P1 FBG in the tapered final section of the fibre. The sensor is integrated
into a @400 pm surgical needle. Adapted from [3].
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reflection-based detection mode [43].

In the manufactured LIF, the air microcavity allows the axial strain to be detected in the
fibre end (“touch”). This parameter is protected from cross-sensivity error with radial strain,
since the fibre is embedded in the needle. The incident light that is transmitted by the fibre core
is reflected in each of the two fibre-air interfaces (|RIC| ~ 0.45). Both optical paths recombine
in reflection, resulting in an interference pattern whose free spectral range (FSR) is defined by
the well-known equation:

)\2 with {n =1 (cavity refractive index) (6.14)

FSR ~

n-2L’ L = & cavity (diameter)

where 2L is the optical path difference.

The second structure corresponds to the FBG located in the tapered fibre section (between
air bubble and fibre end-face). The fibre tapering process makes it possible to increase the SRI
sensitivity (“measure”). Its length is small enough that the Bragg wavelength (Ap) reflection is
greater than the interference pattern of the in-fibre air cavity (~ 1% of the incident light power).

6.3.3 Finite element simulation

The physical dimensions and the relative positioning of each sensor element has been optimised
from the electromagnetic point of view in order to maximise reflection, limiting losses as much
as possible. To this end, simulations using finite element BPM have been carried out in the
Comsol Multiphysics software. The maximum element size in the mesh is 0.19 pm (< \/8).

The most restrictive element in terms of losses is the in-fibre air bubble. Consequently, a
study of the electric field is performed by varying the cavity diameter and the wavelength (op-
erating in C-Band). Specifically, it is performed a study for circular air-cavities of 50 pm, 70 pm
and 90 pm in diameter, as well as a square bubble (unreal) with 90 nm side. The electromagnetic
study, shown in Fig. 6.14, has been carried out in the wavelength range between 1520 nm and
1570 nm. Based on the results, it can be seen that the square bubble configuration exhibits
the optimal performance in terms of reflection and losses, making it the proof-of-concept for an
ideal behaviour (Fig. 6.14 b). This is because the RIC interface of the two reflective surfaces
is perfectly perpendicular to the longitudinal axis of the fibre. In this way, reflections towards
the cladding, which lead to losses, are minimised. These unwanted reflections towards cladding
increase as the cavity diameter decreases, as observed in the simulations corresponding to cir-
cular cavities. The power confinement in the central part of the bubble (and therefore in the
posterior section of the fibre core) improves as the bubble diameter increases, up to the ideal
case. Likewise, cavity lengths of 45.26 pm, 70.69 pm and 90.35 pm have been determined by
post-processing the FSR of the reflection patterns of the circular air cavities (Fig. 6.14 e). It
corresponds to relative errors (e,) of 9.4%, 0.9% and 0.4%, respectively, with respect to the real
values, verifying the validity of the simulations carried out. From a trade-off between perfor-
mance (reflection and losses) and robustness of the sensor against breakage, the manufactured
LIF will present an air micro-cavity with a diameter ~ 70 pm.

Based on the detailed results, the initial point of the FBG must be placed at the optimum
point to limit the total length of the LIF sensor, while maximising its reflection performance.

108



6. STANDARD FIBRE-BASED SENSORS

60
ERU
o]
% 20 1
< 0
=-20 10.9
=
! ]
E -40 0.8 <
-60 o7&
70 =25 0 20 40 -110 45 02040 || " F
Longitudinal distance (pm) Longitudinal distance (pm) {06 E
(a) (c) 3
0.5 &
60 g
— 5}
g; 40 0.4 =
g 20 103 E
z 0 02”
=2 0.1
240 '
"
-60 -
-90 -35 0 20 40 -110 -45 0 20 40
Longitudinal distance (um)  Longitudinal distance (pm)
(b) (d)
i%i 0"'—-—'5 e o P -, hond - . o )
. 5 o T e T e S e T T e
g é -10 e N TN
- é Circular bubbles

-15 . | . .
1520 1530 1540 1550 1560 1570 == 50 um

Wavelength (nm) @ 70 pm
. sene @90 pm
@ Al ,
S \/\/\/\/  Sauare bubble
=
2 201 e S S . ™
g b g . - TN S . C
T 30T~ sl e
aet

1520 1530 1540 1550 1560 1570
Wavelength (nm)

(e)

Figure 6.14. Simulation of the electric field in circular air cavities of diameter (a) 50 pm, (b) 70 pm,
(c) and 90 pm within an SMF, (d) together with the ideal case of a square bubble with 90 nm side. (e)
Loss and reflection spectrum for each case is presented. Adapted from [3].

Consequently, the following function E*(z) is defined, which refers to the average electric field
(in wavelength) in the longitudinal axis of the fibre (y = z = 0) (Comsol cutline core is required):

1 1570 nm

E*(x) |[E(X\, z,y =0,z = 0)[dA,

~ 50 nm 1520 nm (6.15)
Vaz,A€R:1520 nm < X\ < 1570 nm.

where E()\, x,y, z) refers to the electric field. The reference point on the X axis (x = 0) is
located at the end of the air micro-cavity.
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Figure 6.15. (a) Simulated E*(x) value (Equation 6.15) in circular air cavity of 70 pm diameter, (b)
with the section after the bubble emphasised (0-40 pm). Adapted from [3].

In Fig. 6.15, it is depicted the value of E*(z) for the simulated @70 pm circular air cavity
(bubble later manufactured). Focusing on the section after the bubble (Fig. 6.15), the electric
field is more tightly confined to the core centre (y = z = 0) in the first ~ 20 pm (the final
interference is due to the simulation fibre end, located at 40 pm). This aspect is also slightly
appreciated in Fig. 6.14. In order to maximise reflection efficiency, it is important to take
advantage of this area by locating the beginning of the FBG.

6.3.4 Manufacturing

A commercial fs fibre laser from Calmar was used for the inscriptions made in this work. The
operating wavelength is 1030 nm, with a pulse duration of 370 fs, and a maximum pulse energy
of 5 pJ. The beam is tightly focused with a long working distance objective lens from Mitutoyo
(NA=0.42). The fibre samples are mounted on a high-precision air-bearing XYZ translation
stage (Aerotech) that allows controlled movement during the inscription procedure. In order to
avoid the cylindrical aberrations inherent to the fibre, it is surrounded by an index-matching
oil [44].

The manufacturing process of the sensor device can be divided into three differentiated
stages: in-fibre air microcavity generation, fibre end tapering, and inscription of the PIl-b-P1
FBG. The stages are depicted schematically in Fig. 6.16.

Since the subsequent FBG inscription will be done with the fs laser, it is also used to
generate the bubble inside the fibre. In this way, the use of special optical fibres (hollow core
fibres, photonic crystal fibres) is avoided, as well as the dangerous acid corrosion in case of using
chemical etching. Initially, there are two cleaved Corning SMF-28 sections. In the core of one
end-face section a micro-hole is made with the fs laser. Both the hole properties and the splice
characteristics (time and current of the electric arc discharge) determine the air-cavity size [42].

Empirical determination of laser inscription parameters is carried out to obtain the optimal
diameter as predicted by the numerical model. A 3 pm diameter micro-hole is generated from
120 pulses with E, = 2.7 nJ (Fig. 6.16 a). Then, based on a commercial fusion splicer (Fujikura
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Figure 6.16. Schematic of the LIF sensor manufacturing process. (a-c) In-fibre air microcavity gener-
ation, (d) fibre end tapering, (e) and P1-b-P1 FBG inscription. Adapted from [3].

FSM-100P), a splice is performed using an arc of 1500 ms and 25% of the maximum current
(Fig. 6.16 b). The result of the splice is a 72 pm diameter in-fibre air cavity (Fig. 6.16 c).
After manufacturing a set of 10 bubble samples, the repeatability is characterised by a standard
deviation of 3.76 pm.

The second stage in the manufacturing process refers to the non-adiabatic tapering of the
fibre end. The splice electrodes are placed 300 pm apart from the location of the in-fibre bubble.
Subsequently, an electric arc discharge of 3,000 ms and 15% of the maximum current is applied.
While performing the arc, the right and left fibre holders move backward to each other a distance
d in order to apply an axial tensile stress (Fig. 6.16 d). Parameter d defines the subsequent
waist of the tapered fibre generated. After a series of tests performed, d = 30 nm is applied,
causing a diameter of the fibre end of ~ 75 pm.

Finally, the fibre is cleaved and an FBG is inscribed between the point determined by sim-
ulation and the fibre end. The plane-by-plane inscription method is used, which is achieved
by means of the slit beam shaping technique [45]. In this way, the width and depth of the
2D refractive index change induced in the material is controllable by the slit width and pulse
energy, respectively. With this, a 200 pm FBG is inscribed 18 pm after the bubble. The period
is A = 1.61 pm, which generates the 3'¢ order in the C-Band (around 1545 nm). The pulse
energy of the laser is 5 pnJ. However, only 25.1% crosses the slit and is absorbed non-linearly by
the fibre. This is because the slit width is set to 400 pm, while the diameter of the Gaussian
laser beam is 2.5 mm (1/e?). According to the measurements made with the quantitative phase
microscopy (QPM) technique, the Type I RIC estimated for the modifications generated with
the fs laser is An ~ 5-1073 (An o< A, with ¢ being the induced phase change) [45]. A slightly
greater An is undertaken to maximise the grating reflection, at the cost of slightly increasing
the losses.
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6.3.5 Experimental results and discussion

Once the optical fibre sensor is manufactured, it is inserted into a @400 pm surgical needle, and
is fixed using epoxy resin. It is important to note that the sensor, being located near the fibre
end, is susceptible to breakage when contacting solid surfaces. Consequently, the fibre end-face
is placed ~ 200 pm before the needle end. In this way, the needle itself acts as a fibre protection.
Another option would be to place the FBG before the bubble, so that changes of the end-face
do not vary the sensor response.

During the inscription, the reflection spectra of the different manufacturing stages are ob-
tained using a broadband light source (HP 83437A) and an optical spectrum analyser (Anritsu
MS9740A, 30 pm resolution). The spectra measured after finishing the manufacturing stages (c)
and (e) are depicted in Fig. 6.17 b. Likewise, the simulation result of the complete lab-in-fibre
sensor (after (e) stage) is shown, verifying the experimental result. Detection of the FBG peak
position is performed by first decoupling the contribution of the interference pattern, and then
applying a threshold-based centre of gravity (COG) algorithm [46].

The measurement procedure is detailed below. The lab-in-fibre sensor essentially consists
of two sensor elements: the in-fibre air microcavity and the Pl-b-Pl FBG. The air bubble is
only sensitive to axial strain (insensitive to SRI and temperature, and protected from radial
strain by the needle), and has an FSR that takes a value of 16.58 nm (Fig. 6.17 b). This FSR
value offers a cavity length of 71.98 pm according to Eq. 6.14 (e, = 0.03%), which is consistent
with the measurement obtained from the picture of Fig. 6.17 a. On the other hand, FBG is
sensitive to both axial strain and SRI (due to fibre end tapering). It is important to maintain
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Figure 6.17. (a) Microscope images of LIF sensing elements: in-fibre air micro-cavity and Pl-b-P1 FBG,
and its integration into the @400 pnm surgical needle. (b) Reflection spectra of the complete LIF sensor,
both manufactured and simulated, as well as that corresponding only to the manufactured air cavity.
Adapted from [3].
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a stable temperature compared to the reference temperature, as the sensor is also sensitive to
temperature changes.

However, it should be noted that a second cavity between the bubble and fibre end is also
strictly manifested in the spectrum. It has a cavity length of ~ 218 pm (FSR=3.75 nm),
being slightly sensitive to axial strain and SRI. Despite this, such a low FSR value induces high
measurement errors, and it is additionally dispensable for this two-parameter detection, so it will
not be taken into account. Therefore, the detection problem can be expressed mathematically

[ AXp ] _ l(mg)FBG (KSRI)FBOG] l Ae ]’ (6.16)

as follows:

A FSR (k)pp  (ssere | |A SRI

where k. and kggy are the axial strain and SRI sensitivities, respectively, both being specified for
the FBG and the in-fibre bubble (Fabry-Perot cavity, FP). AAp refers to the Bragg wavelength
shift, and AFSR corresponds to the FSR variation of air cavity.
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Figure 6.18. (a) Measured axial strain sensitivity of air cavity ((ke)rp = 6.69 pm/pe) and FBG
((ke)rBG = 8.38 pm/pe). (b) Simulated (1.3-1.4) and measured (1.33-1.35) SRI sensitivity ((ksr1)FBG =

11.5 nm/RIU) of the FBG. (¢) COMSOL simulation of the sensor’s SRI sensitivity for different taper
waist diameter. Adapted from [3].

113



6.3. Reflection-based LIF sensor integrated in a surgical needle

In order to determine the various sensitivities (k_), measurements have been conducted
to evaluate the response of the sensor to changes in both axial strain and the surrounding
refractive index (using various sugar concentrations in water). The results obtained are depicted
in Fig. 6.18. The strain measurement setup is as follows: the fibre end is fixed, and a fibre point
located 13 cm from the end is fixed to a translation stage. A tensile strain is applied to the LIF
sensor by moving the translation stage away from the fixed one in steps of 0.01 mm (at room
temperature). The axial strain suffered by the sensor when touching an object/tissue has been
determined to vary between 200 pe and 400 pe. On the other hand, Ap shift due to SRI has been
experimentally measured in the range 1.33-1.35, and simulated using Comsol (Finite-Element
Frequency-Domain, FEFD) in the range 1.3-1.4. Likewise, the response of the sensor to the
SRI for different waist diameter of the non-adiabatic tapered fibre has also been evaluated using
Comsol FEFD simulations (Fig. 6.18 c). The trade-off that exists between robustness and SRI
sensitivity is observed. A more abrupt tapered fibre end (lower waist) causes more interaction
of the modal field with the area around the fibre, increasing sensitivity.

6.3.6 Conclusions

To summarise, this work describes the development and fabrication of a LIF sensor integrated
into a surgical needle at the end of a single mode fibre. The sensor is compact, with a length
of less than 300 pm, and comprises an in-fibre air micro-cavity and a plane-by-plane FBG that
was inscribed using a femtosecond laser. The reflection detection mode enables the sensor to
be used in biomedical applications, with minimal invasiveness during the measurement process.
The sensor follows a “touch and measure” approach, detecting the surrounding refractive index
of a fluid upon contact with an object/tissue. The sensor exhibits sensitivities of 6.69 pm/pe
for axial strain (touch) and 11.5 nm/RIU for SRI (measure) in the range of 1.33-1.35.
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S PECIALTY fibres are generally defined as optical fibres that have at least one unique property
that sets them apart from standard fibres. These properties can place specialty fibres into
various categories, some of which are presented below.

Some examples of these fibres include tapered fibres [1], polarisation-maintaining fibres (e.g.,
spun fibres, PANDA fibres, and bow-tie fibres) [2], chirally-coupled-core fibres [3] (which have a
core surrounded by one or more satellite cores that are chirally wound around it), hollow-core
fibres (e.g., photonic crystal fibres [4], negative curvature fibres [5], and capillary fibres [6]),
active fibres (fibres doped with laser-active ions, such as erbium-doped fibres, ytterbium-doped
fibres) [7], triple-clad and double-clad fibres [8], radiation-resistant fibres, solarisation-resistant
fibres, and fibres that use non-standard materials (e.g., fluoride fibres, phosphate glass fibres,
polymer fibres [9]).



7.1. Liquid level sensor using capillary fibres and dynamic FPIs

Due to the wide range of special properties that these fibres can possess, it is often preferred
to use more specific terms rather than a generic term like specialty fibres. The works related
to hollow-core fibres (section 7.1) and perfluorinated polymer optical fibres (section 7.2), as
described in contributions [6] and [9], respectively, are covered in this chapter. While other
works utilising specialty fibres in this thesis are not included here, they can be found in [7, 10,
11]. Moreover, some biomedical photonic sensors existing in the literature and based mainly on
specialty fibres can be found in the review conducted by Ochoa et al. [12].

7.1 Liquid level sensor using capillary fibres and dynamic FPIs

In this section, a novel optical fibre sensor capable of measuring both the liquid level and its
refractive index is designed, manufactured and demonstrated through simulations and experi-
mentally. For this, a silica capillary hollow-core fibre is used. The fibre, with a sensing length
of 1.55 mm, has been processed with a femtosecond laser, so that it incorporates four holes
in its structure. In this way, the liquid enters the air core, and it is possible to perform the
sensing through the Fabry-Perot cavities that the liquid generates. The detection mode is set
to reflection. With a resolution of 4 ym (liquid level), it is in the state-of-the-art of this type of
sensor. The system is designed with the capability to measure the level of immiscible liquids in
the future, i.e., liquids that form layered structures. This feature could be valuable in identifying
the presence of impurities in tanks.

7.1.1 Background

Optical fibre sensors have traditionally been used in multiple application fields, such as biology,
industry, communications, chemistry, or clinical procedures in medicine. The possibility of
discriminating different physical, chemical or biological parameters in complex or inaccessible
environments makes its presence very relevant today, with a great capacity of improvement.
In recent years, what is known as lab-in-fibre has begun to take on a notable importance. A
LIF sensor is characterised by providing a wide functionality by integrating in relatively small
dimensions a large number of sensor elements [13-16]. Typically, these are optical structures
that allow small volumes (pL, nL) of biological fluids and liquids to be interrogated [13, 15, 17].
In an optical fibre, this type of optofluidic structures are favoured by the presence of the fibre
core as a waveguide that allows the different elements to be optimally interconnected.

Typically there are two options for sensing fluids located around the fibre: by guiding the
light to the cladding [18, 19] (or by modifying the geometry of the fibre [20, 21]), or by entering
the fluid inside the fibre [13, 15, 22, 23]. The latter notably improves sensitivity, and has been
achieved through the manufacture of microchannels or microfluidic reservoirs [13]. However, it is
also possible to use optical fibres whose characteristics allow to dynamically introduce fluids into
the core, such as hollow-core fibres (HCFs). This type of fibre, which has been used mostly in
applications such as fibre lasers [24-26], or non-linear optics [27], is also a very useful platform for
use as a sensor [28, 29]. There are multiple types of HCFs, among which are hollow-core photonic
band gap fibre [30], hole-assisted dual-core fibre [31], two-core hollow eccentric fibre [32], single
hole twin eccentric cores fibre [33], or silica capillary, among others. This last fibre type is
cheaper than the rest of the other fibre types and allows splicing without collapsing air regions.
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Within the large number of parameters that can be measured, the detection of the liquid
level with optical fibres is a really useful application in corrosive environments (such as car
batteries or chemical processing), or with flammable liquids (such as fuel tanks). Table 7.1 lists
the most relevant works in the literature regarding liquid level detection.

Although it is possible to use structures such as long period gratings (LPGs) [34] or fibre
Bragg gratings (FBGs) [35] to perform the liquid level sensing, it is common to use HCFs to
perform this type of sensing, due to the advantages that they present with regard to the handling
of liquids, mentioned above. Photonic crystal fibres (PCFs) have been used [36], as well as more
special fibres based on reflection originated by Bragg resonance [37], with sensitivities in both
cases of 1.1 dB/mm (transmission). In recent years, silica tubes have been used, with different
air core diameters, and sensing lengths between 1 and 2 cm. Likewise, the use of antiresonant
(AR) mechanism [38, 39] for detection has been common in such works. Liu et al. developed
in 2019 the first liquid level sensor whose resolution was below pm (~ 0.7 pm), with a sensing
length of 4.73 mm [40]. The sensor, also based on AR mechanisms, uses power variations in
transmission for its detection.

As far as the author is aware, this work contains the first liquid level sensor that features
a reflection detection mode, and uses Fabry-Perot mechanisms to perform sensing. For this, a
silica capillary is used. The creation of four holes using a femtosecond laser allows for the ingress
of the liquid into the air core. Although the sensing length is shorter than in other reported
works, a resolution of 4 pm is achieved, and it allows simultaneously determining both the liquid
level and its refractive index. However, it is important to note that the Fabry-Perot dual-cavity
(air-liquid) concept is mentioned by Lee et al. in 2015 [43].

Table 7.1. Table comparing liquid detection sensors found in the literature.

Ref. Optical Sensing Op .era.tlon Parameter Sensitivity Rfesolutlon
fibre length principle (lig. level)
[41] a7 p.m silica 18 mm AR_ Liq. level 0.4 dB/mm 25 pm
capillary mechanism
[40] 2 p'In silica 4.73 mm AR_ Liq. level 0.014 dB/pm 0.71 pm
capillary mechanism
[37] Hollow core 18 mm Bragg Liq. level 1.1 dB/mm 9.1 pm
Bragg fibre reflection a ' SR
[42] MMF-HCF-FBG 18 mm MZI Liq. level 1.145 nm/mm 26.2 um
FBG Temperature 15 pm/°C
SMEF with LPG . 4.8%/mm
34 40 Liq. level 33
[34 LPG B (A=400 pm) (RI=1.456) H
MF with Etch
[35] S FB‘gt 24 mm ;‘];éd Liq. level 2.56 dB/mm 3.9 um
136] Hollow-core 10 mm AR. Liq. level 1.1 dB/mm 9.1 ym
PCF mechanism  Temperature -0.48 nm/°C
. o7 . . . -3 -1
This 260 p.m silica 1.55 mm Dynamic Liq. level 1.13-10 nm™ /pm 4 pm
work capillary FPs SRI (@ 1.3-1.4)

# A wavelength resolution of 30 pm and intensity resolution of 0.01 dB (typical detector) are considered as

reference.
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7.1. Liquid level sensor using capillary fibres and dynamic FPIs

7.1.2 Sensor structure and manufacturing parameters

Figure 7.1 illustrates the schematic design of the sensor, which consists of a 1.55 mm long HCF
connected at each end to separate sections of a SMF. The HCF has undergone femtosecond laser
processing to create various holes that connect the hollow-core to the surrounding medium. It
is worth mentioning that the HCF has a hollow-core with a diameter of 60 pm.

First, to perform the splice between HCF and SMF, the electric arc is not performed at the
intersection, but slightly offset towards the side of the SMF (d ~ 100 pm in Fig. 7.2), and with
the ends of both fibres in close proximity. Likewise, the electric arc is shorter (1 sec) and less
intense (18% of maximum current) than a normal splice, in order not to collapse the hollow-core.
The result of the splice can be seen in Fig. 7.2. The contact surface of the hollow-core with the
SMF core is flat, so losses are significantly reduced.

Next, the four holes that communicate the hollow-core with the surrounding medium are
manufactured. These holes are located as shown in Fig. 7.1. It can be seen that the separation
between each hole and the ends of the HCF is unique. This fact is important, as will be
explained later in section 7.1.3 subsection. For its manufacture, a commercial femtosecond fibre
laser chirped pulse amplifier from Calmar laser is used [44, 45]. It operates at 1030 nm, and the
pulses are tightly focused by a Mitutoyo objective lens (x50, NA=0.42). The sample, placed on
an XYZ motor stage from Aerotech, is illuminated in transmission and displayed by a CMOS
camera.
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Figure 7.1. Schematic view of the manufactured
sensor. It is based on a 1.55 mm long HCF with
four holes fabricated by femtosecond laser abla-
tion. This structure behaves as a liquid level sensor
through the dynamic variation of the Fabry-Perot
cavity length that forms the liquid within the fibre.
Adapted from [6].

Figure 7.2. Microscope image of the HCF spliced
to SMF sections (x20 objective lens), with a zoom
of the splice section (x50 objective lens).

depicted. Adapted from [6].
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The holes have dimensions of 25 x 25 nm (square shape) (Fig. 7.3 a), going from the outside of
the fibre to the hollow-core, so they have a depth of ~ 32.5 pm (Fig. 7.3 b). For its manufacture, a
laser pulse energy of 2.77 pJ is used, as well as a PRR of 60 kHz. The inscription process outlined
in Fig. 7.3 c is followed: the square shape of the hole is based on the inscription of 8 lines of 25 pm
each, and 3.125 pm separated from each other. The writing speed is v = 2 pm/sec, so 30,000
pulses (PRR/v) are deposited for each pm of the fibre. Once the 8 lines have been inscribed,
which define the plane located on the outer surface of the fibre, the laser inscription is repeated
in a plane located 2 pm below, and so on until the inscription of 20 planes is made. The result
obtained is shown in Figs. 7.3 a and 7.3 c¢. The separation between planes has been defined in
such a way that the focal volume of the focused laser beam allows the material existing between
both planes to be ablated. Given the objective lens used (NA=0.42), the Rayleigh length of the
Gaussian beam focus (using the paraxial approximation [46]) is yo = 2.7 pm. Consequently, the
successive planes are arranged so that they are 2 pm apart, causing the focal volumes in both
positions to be slightly overlapping.

7.1.3 Operating principle

The operation principle of the manufactured sensor is based on interferometry. The 1.55 mm
HCF acts as a single Fabry-Perot cavity when there is no liquid, or as a multi-cavity when liquid
enters the fibre through the holes, as depicted in Fig. 7.4. In the latter case, the incident light
that goes through the SMF core is reflected by the three surfaces present in the hollow-core
fibre: coresyp—airgcr, airgcr—liquidgcr, and liquidgcp—coregyr. Consequently, there are three
cavities, corresponding to the different combinations offered by these three existing surfaces in
the HCF.

Top view
8 scans in X direction
Yy ©' (y and z fixed)
A !
z €T d T _::::::::#: 3.125 um
(a) \ I | —
Fs laser \
beam )
E 3 Side view
20 XZ planes in
Y direction
(b) (c)

Figure 7.3. (a) Top view microscope image (x50 objective lens) of the processed HCF, with the square
25 x 25 nm hole. (b) Side view microscope image (x20 objective lens) of the hole corresponding to the
final section of the processed HCF. (c¢) Schematic of the fs laser manufacturing process of the holes.
20 planes are made from the fibre surface to the hollow-core. Each plane corresponds to 8 laser scans of
25 pm in length. Adapted from [6].
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Figure 7.4. Schematic explanation of the manufactured sensor, with the interferometric contribution of

the different Fabry-Perot cavities: air section, liquid section and both combined. Adapted from [6].

These optical paths recombine in reflection, resulting in the interference pattern given by
the next equation:

27Tnai7‘ . 2Lair 27Tni uid * 2L iqui
I=1+ I+ Is+ 2111y cos ( + %w) + 24/ 1515 cos ( g d)\ liguid ¢liquid> +

A
Air section of HCF Liquid section of HCF
2mnpcr - 2Lucr
+2¢/I1I5 cos < 3 + oucr | + E i - cos (i)
7
HCF section (air and liquid) AR and other contributions

where ngi =1, Lygcr = 1550 um, Lycr = Lair + Liiquids

n tair n + tliquid n
HCF — 77—, Nair T, 5+ Tliquid,
tair + tliquid tair + tliquid
Nair Nliquid
tair = 2. Lair c tliquid =2 Lliquid c .

(7.1)

I, I and I3 correspond to the light intensities reflected by the three mentioned surfaces; A
is the wavelength of the incident light; L, Liiquia and Lycr are the length of the cavities
corresponding to the cavities formed in the HCF (air, liquid, and combination, respectively)
(2L is the difference of optical paths); and n4ir, Niguia and npcr are the refractive indices of
the cavities. ngcp, effective refractive index of the cavity that forms the complete HCF (with
air and liquid), must be computed taking into account the time that the light is in air (¢4:,) and
liquid (tsiquia)- ¢ is the speed of light in vacuum.

The last term refers to intensity contributions whose importance is not relevant in this case.
Fundamentally, it corresponds to the antiresonant mechanisms that take place in a structure
such as SMF-HCF-SMF when hollow-core fibre has a length greater than what is known as the
critical length (L.) [38, 39]. In this work, only Fabry-Perot mechanisms will be used.

It is important to note that the final section of the SMF is cleaved at an angle, as depicted
in Fig. 7.1, thus avoiding unwanted reflections that could lead to other cavities. Consequently,
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7. SPECIALTY FIBRE-BASED SENSORS

the FSR of the three dominant interference patterns corresponds to the following expression:

= 2mAmAl o Ghere  Am =~ P ¢ Lair, liquid, HCF}, m e N. (7.2)
2- n; - Li m

FSR;
These FSR values, and therefore the refractive index of the liquid and its level (length of the
cavities), can be obtained from the higher-order modes of the fast Fourier transform (FFT) of
the spectral signal. To do this, it is essential to start from a known state. Hence, in the design,
the holes have been made so that if there is liquid up to the level of each hole, the cavities that
they create have unique lengths for each hole. However, HCF is typically considered to be liquid
free in the initial state. The liquid filling process is noticeably slower than the spectra capture
frequency, making it possible to track from the reference spectrum.

7.1.4 Results and discussion
Experimental setup

The experimental measurement setup must be such as to ensure a resolution of pm in the liquid
level of the HCF. For this, a syringe pump manufactured by 3D printing and controlled by an
Arduino platform is used [47]. The vision system consists of a CCD camera and a x10 Mitutoyo
objective lens. Figure 7.5 depicts the complete setup used. With the syringe used (10 mL),
the minimum volume of liquid that the stepper motor can move is 1 pL, and with the beaker
and the vision system used, that pL of liquid displacement in the syringe causes a movement
of 0.65 pm in the liquid level of the beaker. Consequently, filling the 1.55 mm of the HCF
implies a liquid displacement of 2.37 mL from the syringe. Moreover, the reflection spectra are
obtained using a broadband light source (HP 83437A) and an optical spectrum analyser (OSA)
(Anritsu MS9740A, 30 pm resolution). The only consideration to take into account in choosing
the light source is that it offers a power density such that the interfering signal reflected by

Optical
fibre ——,

Stepper

motor
Open-source
syringe pump

CCD

camera

®. Glass

beaker

X 10 objective
lens

Figure 7.5. Illustration of the experimental setup used to regulate the liquid level in the hollow-core
fibre. Adapted from [6].
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7.1. Liquid level sensor using capillary fibres and dynamic FPIs

the sensor is above the noise level, with a relatively high optical signal-to-noise ratio (OSNR).
For this, it is important to highlight that, based on simulations carried out using the finite
element bidirectional beam propagation method (bidirectional BPM) of RSoft software, there is
a ~11.6% back-coupling efficiency from the silica capillary back to SMF (LP¢; guided mode).

Experimental and simulated results

As mentioned above, the designed and manufactured sensor allows not only to determine the
liquid level in the structure, but also the refractive index of the liquid. Consequently, the
experimental results carried out, which are shown below, comprise two large groups. First, for
different water levels, the real liquid level has been compared with the estimated one. Second,
both the liquid level and the refractive index have been determined for different liquids. In both
cases, simulations have been carried out using bidirectional BPM of RSoft software. The sensor
does not measure temperature and, therefore, is not able to compensate for deviations in its
value. Consequently, the experiments must be carried out at a constant temperature from the

first reference measurement.

The spectral characterisation of the manufactured structure is presented in Fig. 7.6. In
Fig. 7.6 a, the spectral response of the HCF without holes is depicted (Fig. 7.2), as well as the
response when HCF has been processed with the fs laser (four holes inscribed). The introduction
of holes is seen to result in increased losses and reduced amplitude of the interference pattern.
Moreover, in both scenarios, an interferometric contribution with a lower frequency component
is evident, attributed to AR mechanisms, in addition to the Fabry-Perot cavity associated with
the HCF. Figure 7.6 b shows the FFT amplitude of the spectra in Fig. 7.6 a, as well as the one
corresponding to the simulation of the structure. The realization of the holes does not modify
the spatial frequency but only the amplitude of the spectral contribution of the Fabry-Perot
cavity. The dominant spatial frequency has a value of 1.3 nm™, which corresponds to a cavity

length of ~1550 pm (real HCF length).

Fig. 7.7 depicts the experimental spectra for different levels of liquid in the HCF (200 pm,
700 pm and 1200 pm) (Fig. 7.7 a), as well as the resulting FFT spectra for liquid levels of
100 pm, 400 pm, 700 pm, 1000 pm and 1300 pm (Fig. 7.7 b). The liquid is water, with a
refractive index of 1.318. It is important to note that during the filling of the HCF, it is

=== Experimental no-hole HCF == mm Experimental 4-hole HCF

== BExperimental no-hole HCF
Simulated 4-hole HCF
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=35 EE
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-55 e R o —e
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Figure 7.6. (a) Reflection spectra of the no-hole HCF (Fig. 7.2), and the 4-hole HCF (Fig. 7.3 b).
(b) FFT amplitude from the spectra of Fig. 7.6 a, as well as the one corresponding to the simulated
structure. Adapted from [6].
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Figure 7.7. (a) Examples of measured reflection spectra for water levels of 200 pm, 700 pm and 1200 pm,
respectively. (b) FFT amplitude of measured spectra corresponding to water levels of 100 pm, 400 pm,
700 pm, 1000 pm and 1300 pm. Adapted from [6].

necessary to wait approximately ~ 90 seconds (25 x 25 pm hole) in order to stabilise the liquid
and thus obtain a stable spectral pattern. Larger holes cause faster filling [48], but greater
degradation in the amplitude of the interference spectral signal. Moreover, filled contour plots
of the spatial frequency corresponding to liquid levels between 100 pm and 1400 pm measured
experimentally (Fig. 7.8 a) and by simulation (Fig. 7.8 b) are presented.

In the FFT spectra, the presence of three large contributions can be observed, corresponding
to the air, water, and joint cavities (complete HCF), as previously indicated in Equation 7.1. In
this work, unlike those indicated in the introduction, the spatial frequency shift is evaluated, and
not the power variation due to the uncertainty that this parameter may present. The sensitivities
determined for the experimental and simulation measurements are: —8.89 - 10~ nm™! /pm and
—8.19-10~* nm! /pm (air cavity), 11.3-10~% nm™ /pm and 10.9-10~* nm™! /pm (water cavity),
and 2.28 - 107* nm™ /pm and 2.75- 1074 nm™! /pm (both cavities), respectively.

From Equations 7.1 and 7.2, it is possible to determine the length of the cavity in each case. If
the refractive index of the liquid is known, as in this case, the lengths of the air and liquid cavities
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Figure 7.8. (a) Experimental FFT amplitude measured for water levels in the HCF between 100 pm
and 1400 pm, with a spacing of 100 num. (b) Simulated FFT amplitude for water levels in the HCF

between 100 pm and 1400 pm. Adapted from [6].
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7.1. Liquid level sensor using capillary fibres and dynamic FPIs

can be obtained directly. In Fig. 7.9, the cavity lengths extracted from the spatial frequency
are depicted, as well as the relative error committed, both for the experimental and simulation
results. The slope corresponding to the real-estimated water level curve takes values v = 1.027
(experimental) and v = 0.9951 (simulation). Furthermore, the experimental measurements
have shown that the relative error in estimating the liquid level is consistently less than 2.5%,
indicating the accuracy of the results. The resolution, in this case, depends exclusively on the
OSA, since the span and the number of points in the measurements determine the frequency
spacing in the FFT spectrum. For the configuration used, the frequency resolution obtained
is 0.00333 nm™', which corresponds to a resolution of 4 pm in the liquid level. Although the
spectral resolution of the OSA is the most important contribution regarding the calculation of
the detection limit (DL) [49], two types of noise contributions must be taken into account [50]:
amplitude noise (shot and thermal noise of the photodetector, and light source relative intensity
noise), and spectral noise (thermal variation, and thermal-induced fluctuations because of the
liquid in the capillary fibre), the latter being the most important in this case. Considering water
as a liquid, as well as a N (25,9) temperature distribution during the measurements, the DL
obtained is 4.42 pm (compared to the value of 2.95 nm in the absence of noise). On the other
hand, sensor repeatability is adequate. The relative error made between the values obtained by
increasing and decreasing the liquid level, as well as by complete liquid removal and re-injection
is less than 2%, with respect to the values in Fig. 7.9 a.

Subsequently, experimental measurements have been carried out with Cargille liquids of
refractive indices between 1.3 and 1.4 (increment of 0.01), in order to determine both parameters
(liquid level and RI) simultaneously. The liquid levels where the measurements have been made
are 300 pm and 1300 pm. The resulting FFT spectra for those liquid levels are depicted in
Fig. 7.10.
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Figure 7.9. (a) Estimated cavity length (air and water) and relative error for different real water
levels. (b) Estimated cavity length (air and water) and relative error for different simulated water levels.
Adapted from [6].
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Figure 7.10. (a) Experimental FFT amplitude measured for different liquids in the HCF with a liquid
level of 30 pm. (b) Experimental FFT amplitude measured for different liquids in the HCF with a liquid
level of 1300 pm. Adapted from [6].

It can be seen that, in both cases, the frequency corresponding to the air cavity remains fixed.
The change of liquid in the cavity only affects the two remaining contributions. For detection,
the air cavity length is first determined from its spatial frequency. Subsequently, the length of
the liquid cavity is deduced by knowing the HCF length. For the cases presented, liquid cavity
lengths of 287.25 pm (it should be 300 pm) and 1327.29 pm (it should be 1300 pm) have been
determined, which offer relative errors of 4.25% and 2.1%, respectively.

Once the length of the liquid cavity is known, it is possible to extract the refractive index
of the cavity from the corresponding spatial frequency (Equation 7.2). Figure 7.11 depicts the
estimated RI, as well as the absolute error made, for the two cases presented in Fig. 7.10. The
sensitivities of the spatial frequency corresponding to the liquid cavity are 0.2296 nm™/RIU
(liquid level of 300 pm) and 1.1099 nm™ /RIU (1300 pm). The absolute error made is always
lower than the order of the measurement step, so the sensor can be valid to offer an indicative
measure of the liquid whose level is being evaluated. In any case, the precision in detecting the
liquid level or the RI will be significantly higher when the other parameter is known. In this
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Figure 7.11. (a) Estimated refractive index of the HCF liquid whose level is at 300 pm. (b) Estimated
refractive index of the HCF liquid whose level is at 1300 nm. Adapted from [6].
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7.2. Perfluorinated POF-based refractometer for water solutions

case, the worst scenario has been presented, in which none of the parameters are known.

7.1.5 Conclusions

In this section, a novel sensor to evaluate the liquid level and its refractive index was designed,
manufactured and experimentally demonstrated. The sensor is based on a 1.55 mm long silica
capillary hollow-core fibre (260 pm core). The sensor section underwent femtosecond laser
processing to create four holes, enabling the liquid to enter the HCF’s air core. This technique
enhances sensitivity compared to previous works, and enables the utilisation of dynamic Fabry-
Perot mechanisms for reflective sensing, which is unprecedented in liquid level sensing. With a
liquid level resolution of 4 pm, the sensitivity obtained experimentally is 11.3 - 10~% nm™ /pm
(spatial frequency shift), and its ability to measure liquids whose refractive index is between 1.3
and 1.4 has been verified. Similarly, the simulations have been validated by the experimental

results.

7.2 Perfluorinated POF-based refractometer for water solutions

The use of new CYTOP (Cyclic Transparent Optical Polymer) fibres for the inscription of
optical structures and the detection of different parameters has started to gain importance in
the last decade. This section presents the design, simulation and manufacture of a CYTOP-based
surrounding refractive index sensor for water-based solutions, given its high sensitivity in the
range 1.315-1.333 (@1550 nm wavelength). The structure is based on a bent and polished fibre,
the polished area being the surface on which a diffraction grating is inscribed with a femtosecond
laser. The interaction of the field propagated by the fibre with the grating causes diffraction of
certain orders towards the outside, depending, among other things, on the refractive index of the
fluid. In addition to a maximum sensitivity of -208.8 nm/RIU, and a remarkable insensitivity
to temperature, it offers a spectral fingerprint of each sensed fluid.

7.2.1 Background

A great attention and research effort have been drawn to the transducing properties of optical
fibres, which has made possible a breakthrough in the last 50 years with respect to optical fibre
sensors, whether in glass fibre [51] or plastic optical fibre (POF) [52, 53]. The development of
new fibre materials with enhanced optical properties has led to their widespread use in various
fields, including engineering, industry, medicine, biochemistry, and more.

Regarding plastic optical fibres, poly(methyl methacrylate) (PMMA) has traditionally been
used. The first fibres based on PMMA cores emerged in the 1960s, and their growth has been
extraordinary to this day. In contrast to glass fibres, POF stands out for its ease of handling,
flexibility, and reduced price [52, 54]. Likewise, the improvement of the manufacturing process
has considerably limited their attenuation, and they can be used for short-haul communications
or even optical fibre sensors.

However, in the late 1990s Asahi Glass Co (currently ACG Inc.) developed a special type of
POF, based on an amorphous fluorinated polymer called CYTOP [55, 56]. It is poly(perfluoro-
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butenylvinyl ether). Characterised by a refractive index of ~ 1.34, it stands out for its compat-
ibility with the aqueous index regime, an important feature for biosensing [12, 57]. Moreover,
it has a very low near-infrared attenuation (~ 10 dB/km) and a transmission bandwidth of up
to 1300 nm. It is a graded-index polymer optical fibre (GI-POF), with less modal noise and
material dispersion than PMMA fibres [52]. The use of CYTOP fibres began to gain impor-
tant relevance in the 2010s, so it is a field with a great future projection. In recent years, the
inscription of optical structures using fs lasers in CYTOP fibres for the development of OFSs
stands out [58]. The most significant works on this topic are listed in Table 7.2. These studies
are relatively recent, and a majority of them utilise FBGs as the sensing structure.

In this work, an optical structure based on a perfluorinated POF is designed, simulated
and manufactured using a femtosecond laser. Taking advantage of its infrared transmission,
the device is used as a highly-sensitive RI sensor in aqueous solutions, thus having potential
applicability in the field of biomedicine [12]. To this end, in addition to increasing sensitivity
to the external medium by bending the fibre and polishing its cladding, a diffraction grating is
inscribed into the previously polished area. The variability of the transmitted diffraction orders
provides a spectral fingerprint of the different aqueous solutions, which can be used for the
sensing of their refractive index, among others.

7.2.2 Optical structure design

The designed optical structure is the one depicted in Fig. 7.12. The dimensions of the CYTOP
fibre used are listed below. The graded-index core has a diameter d.... = 120 pm, while
the cladding has a thickness of 20 pm (dcqaq = 160 pm). Likewise, there is a polycarbonate
protection overcladding with a total diameter d,. = 490 pm. The fibre, measured in transmis-

Table 7.2. Studies focusing on fs laser-assisted manufacture of optical structures in CYTOP fibres.

Optical Parameter

Ref. Year structure sensed Sensitivity
[59] 2021 FBG*  Temperature 27.5 55 (10 —60 °C)
L —26.2 pm/kGy
[60] 2020 FBG ~ radiation (0— 41 kGy)
FBG and Bending —3.9 pm/°
(61] 2020 FPIP angle (0—190 °)
Force and 200 N range
C
[ 2020 CEFEG liquid level 50 cm range
63 2019  FBG Toraue and 8.8-1072 pm

array displacement
Strain and ~ 1.35 B2 (0 — 5040 pe)
temperature  26.4 55 (40 — 60 °C)

[65] 2017  FBG Vibration -

[64] 2018  FPI

1.3 pm/pue

[57] 2015 FBG Strain (0 - 50 pic)

# Fibre Bragg grating;
P Fabry-Perot interferometer;

¢ Chirped FBG.
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Figure 7.12. Schematic illustration of the CYTOP-based optical structure. Adapted from [9].

sion, was placed with a curvature defined by a radius of curvature (ROC) R. To fix the fibre,
two PMMA bulks were manufactured with the groove where the fibre was placed, closing the
sandwich-structure with epoxy resin.

Subsequently, the PMMA bulk corresponding to ¥ = 90° started to be polished (first with
ultra-fine grit sandpaper, P4000; and then with 12 pm lapping film). e refers to the depth
of polish. At the moment in which the outer interface of the fibre is reached, ¢ = 0. When
polishing continued (e > 0), the polished part of the fibre began to generate an elliptical shape
in the XY plane. To determine the polishing depth (¢), the dimensions of the ellipse generated
were considered, specifically their minor and major axes. The geometric and trigonometric
relationships that relate the different design parameters are presented in Fig. 7.13 a (for the
major axis) and Fig. 7.13 b (minor axis) [22]. The expressions that relate e and the axes of the
ellipse (z, y) are shown below:

d 2 doe\ 2
v+ <R+ —é’c — e> = (R+ 2) , (7.3)
dOC 2 dOC 2

7.2.3 BPM simulations

Diffraction grating aside, there are two design parameters: R and e. To obtain the optimal
values, finite element simulations are carried out using the BPM with the commercial software
RSoft. First, a 3D simulation (in order to obtain the spatial-pattern of the cross-section) is
performed by sweeping the radius of curvature (R). Subsequently, once the R value has been
chosen, the sweep is performed on the polishing depth (¢). In the latter case, by focusing only
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(b)

Figure 7.13. Geometric parameters that define the (a) major axis and (b) minor axis of the ellipse
generated in the XY plane (Fig. 7.12). Adapted from [9].

on the final fibre losses, a 2-D simulation is sufficient. The simulation parameters used in both
cases are listed in Table 7.3.

It should be noted that in both cases, in order to make the bending simulation feasible in
BPM, a mathematical coordinate transformation called conformal mapping is used [66, 67]. The
transformation used, that preserves the angle between oriented curves, is as follows:

W:u—i—iv:f(Z):f(x—i—iy):R-ln(]Z%), (7.5)
for which
dz u
T | = P (R) . (7.6)

In this way, the fibre curvature can be modelled from a tilted refractive index profile, achiev-
ing a translation invariance in light propagation direction. The tilted RI profile (ng;) as a
consequence of the transformation is obtained by multiplying the actual RI of the material

Table 7.3. Simulation parameters used in RSoft for both cases (R sweep and e sweep).

o COMMON PARAMETERS

deore 120 i Nepe(r)  1.352,/1 — 2447

dclad 160 nm Nelad 1.34

dOC &9 noc 1.58

v [0,180]° A 1550 nm

e R-SWEEP SIMULATION (3-D)

€ 0 pm R {1:10,20} mm
® ¢-SWEEP SIMULATION (2-D)

R 5 mm € {0:10:60} pm
SRI 1, 1.36]

r: radial distance to the axial axis of the fibre;

A = (ncore)gna:c - nzlad
Q(ncore)gnuz
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(nreqr) by Equation 7.6:

Nt (U, V) = Npeqr(u, v) - €Xp (g) ~ {doaa<R} R Nypeqi (U, v) (1 + z) i (7.7)
Figure 7.14 depicts, for both unpolished (R sweep, Fig. 7.14 a) and polished (e sweep,
Fig. 7.14 b) fibre, a schematic of the fibre in the Z-plane (no transformation) and in the W-plane
(conformal mapping applied), as well as the corresponding refractive index profiles. The RI
profile in Fig. 7.14 b corresponds to a polished fibre in the ¥ = 90° position. Fibre polishing
centered at U = 90° is mathematically associated with the function shown below (defined in the
Z-plane), in polar coordinates. The limits of 8 are defined from trigonometric relations obtained
according to Fig. 7.13 a.

R+ delad _ ¢ T 0
) = ——2e e |- —a,— 7.8
o) = 0e|F-ag+a]. (79)
. 1 R+dclad7€ .
with a = cos W . Accordingly, § = 2Ra.
-2

Once conformal mapping has been defined, the simulations are carried out. First of all,
regarding the ROC, a value of R must be chosen such that it causes relevant bending losses. In
this case, an increase in attenuation is the basis of many optical sensors, due to the high sensi-
tivity achieved to detect variations in the surrounding medium. Fig. 7.15 depicts the simulated
cross-section of the fibre (core and cladding) at ¥ = 90° (polishing position) for different values
of R.

It can be seen that extremely small R values (e.g., 2 mm) result in excessive sensing atten-
uation (> 15 dB), as well as greater ease of fibre breakage. On the other hand, bending radii
larger than 6 mm make the power propagate more easily along the axial axis of the GI-POF,
with less dependence of the bending losses on the outer refractive index. Consequently, the
optimum bending radii are around 5 mm, which is the value chosen. At this specific value, one
can observe a significant presence of propagated cladding modes, which will be influenced by
the SRI after the polishing process.

For the chosen bending radius value (R = 5 mm), the fibre losses L (at ¥ = 180°) are
simulated for the values given in the corresponding part of Table 7.3. Specifically, a sweep is
performed on the surrounding refractive index (SRI between 1 and 1.36) for different values of
polishing depth (e between 0 pm and 60 pm with steps of 10 pm). The results are plotted in
Fig. 7.16.

It can be seen that, together with the fibre curvature itself, the polishing of the cladding
contributes to increase the sensitivity to the external medium. However, due to its graded-index
refractive index profile, the transverse field travels more confined to the axial axis of the fibre.
Consequently, there are no evident differences with increasing polishing depth (only a slight
increase in losses), even going into the core (€ > 20 pm). This approach is different from using a
step-index fibre as reported by Lomer et al. [22]. To inscribe a sufficient number of periods on the
diffraction grating, a polish of approximately 50 pm, slightly inside the core, is recommended,
as described in the following subsection.
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Figure 7.14. Schematic of the fibre in the Z-plane (no transformation) and in the W-plane (conformal
mapping applied) for (a) unpolished (R—sweep simulation), (b) and polished (at ¥ = 90°) fibre (e—sweep
simulation). Refractive index profiles are depicted for each case (with and without transformation).
Adapted from [9].
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Figure 7.15. RSoft simulation of the resulting field in the fibre cross-section at ¥ = 90° for bending
radii of (a) 2 mm, (b) 4 mm, (c) 5mm, (d) 6 mm, (e) 10 mm and (f) 20 mm. The attenuation obtained
at the end of the curvature (¥ = 180°) for each radius is 31 dB, 16.3 dB, 12.7 dB, 9.7 dB, 5.1 dB and
2.7 dB, respectively. The boundaries corresponding to core (dotted line) and cladding (solid line) are
also depicted. Adapted from [9].
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Figure 7.16. (a) RSoft simulation of fibre losses (L) due to curvature (R = 5 mm) as a function of
polishing depth (¢) and surrounding refractive index. (b) 9L/9SRI of the values represented in a. The
SRI range between 1.318 and 1.336 is highlighted, due to its remarkable sensitivity. Adapted from [9].
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7.2.4 Operating principle

A diffraction grating is inscribed on the polished surface. The angles of the diffracted modes (64
for transmission, and 6, for reflection) are related to the wavelength (\) and grating period (A)
through the grating equation, both in the transmission (Equation 7.9) and the reflection region
(Equation 7.10).

A
ny,sin 04 = Neore Sin 0; + L peZ. (7.9)
. ) A
Neore SIN Oy = Neope SIN O; + AP p€EZ. (7.10)

0; refers to the angle of the incident wave, p to the diffraction order, ncore to the core RI,
and ny, to the SRI. These equations only predicts the direction of the modes, not how much
power is in them. A schematic of the aforementioned process is shown in Fig. 7.17.

To ensure relevant efficiency in the diffracted orders, a low-order grating (A > \/ngore) must
be chosen with a period that matches the spectral range to be used (A € [1500 — 1600] nm). A
grating period of A = 2 ym was selected, based on an e value of 50 pm. This yields an ellipse
with major and minor axes of 1.42 mm and 148 pm, respectively, and allows for more than
700 periods to be inscribed, thereby improving the efficiency of the different diffraction orders.

In this case, the appearance of new diffraction orders (as a function of A\ and np) causes
a transfer of energy from the old to the new diffraction orders (Rayleigh anomalies [68, 69]).
Consequently, there will be transitions or power variations (absorption peaks in short) in the
spectrum transmitted and collected in an OSA. This is the main feature to be exploited in the
measurement process.

p=-3 p=-2 p=-1

Figure 7.17. Diagram of 1D diffraction grating. The diffraction orders in transmission and reflection
are depicted. It is assumed that there is no cladding (removed in polishing). Adapted from [9].
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7.2.5 Experimental results
Manufacturing parameters

The inscription of the diffraction grating has been carried out using the following optical setup
(also depicted in Fig. 4.1).A commercial fibre laser chirped pulse amplifier from Calmar has been
employed. It has a 1030 nm wavelength, and 370 fs pulse duration. However, the laser beam
is passed through a barium borate crystal (BBO) in order to generate a 515 nm laser beam
(second harmonic generation). After harmonic separation is performed, the previously reduced
beam (higher irradiance in the BBO results in higher conversion efficiency) is expanded. The
pulse energy is controlled by the combination of \/2 plate and linear polariser. Subsequently,
a half-wave plate and a quarter wave-plate are arranged in order to have total control of the
polarisation state of the laser beam. Subsequently, an iris diaphragm is placed to provide a clean
wavefront. The laser pulses are tightly focused through a NA=0.5, x100 Mitutoyo objective lens.
The sample is placed on a nano-resolution XYZ motor stage from Aerotech. The inscription
process is monitored and visualised using a CMOS camera.

Once the structure is polished with ultra-fine sandpaper, the surface depicted in Fig. 7.18 a
is obtained. The area corresponding to the cladding corresponds to an ellipse with major and
minor axes of 1.41 mm and 148 pm, respectively. According to Equations 7.3 and 7.4, the €
value is 49.2 pm. Fs laser inscription parameters of the diffraction grating are A = 2 yum, grating
length of 1.45 mm, grating line length of 160 pm, E, = 220 nJ, pulse repetition rate of 30 kHz
and 1,000 pulses/nm. Figure 7.18 ¢ depicts an image of the diffraction grating, with the final
complete structure in Fig. 7.18 d.

(a)

(b) (c) (d)

Figure 7.18. (a) 5x microscope image of the ellipse generated as a result of polishing, showing both
cladding and core, as well as overcladding. 20x microscope images (b) before (¢) and after diffraction
grating inscription of the region indicated in (a) are also shown. (d) Image of the complete CYTOP-
based optical structure. Scale bar in a is 500 pm, and in b-c it is 100 pm. Adapted from [9].
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Sensor application

The functionality of the produced structure as an aqueous solution refractometer is confirmed
by conducting transmission measurements using the super-luminescent diode (SLD) S5FC1005S
(Thorlabs) and OSA MS9740A (Anritsu) with a resolution of 30 pm. The measurement setup
involves a length of approximately 1 m of CYTOP fibre with SMF connections at both ends.

The liquids used in the measurement process are obtained using different ratios of sucrose-
aqueous solution. The RI determination of those liquids has been carried out with the Kriiss
DR6100 refractometer, at a temperature of 23.9 + 0.4°C. The RI values, both measured in the
yellow doublet D-line of sodium (589.3 nm) and estimated in C-Band (1550 nm), are presented in
Table 7.4. The estimation is made by combining existing literature data [70, 71], and Sellmeier
coefficients in water [72]. According to the simulation results in Fig. 7.16, the liquids used are
in the RI range of highest sensitivity.

Placing the manufactured structure in a fixed position, it is immersed in the different liquids,
obtaining the transmission spectra depicted in Fig. 7.19 a. The measurements are repeated five
times, with the uncertainty (95% confidence level, CL) depicted in the shaded region of each
curve. Processing the spectra, it is observed that there are six points whose tracking consistently
gives a discrimination of ny with a high sensitivity in the range 1.315-1.33. These are valleys
(absorption peaks) 2, 4, 5 and 6 in the figure, and peaks 1 and 3. Figure 7.19 b contains
the wavelength shift (A)) of each of these peaks/valleys for the six liquids used, with the
corresponding quadratic fit. In addition to the high coefficient of determination (R?) of the fits,
it is worth noting that there are three obvious trends, i.e., peaks with similar behaviour: 1, 2
and 6 have a higher sensitivity in the range ny € [1.325 — 1.33], 4 has its highest sensitivity
in the range 1.315-1.32, while 3 and 5, although they have a lower sensitivity, have a higher
linearity over the whole range 1.315-1.33 (Table 7.5).

The fibre losses are also depicted in Fig. 7.19 c¢. For A = 1550 nm, both the experimental
results and their quadratic fit, as well as the simulation results (Fig. 7.16 a), are shown. Taking

Table 7.4. Solute concentration, np and n(1550 nm) of the liquids used in the experiments.

Solute
comatite & 20g 40g 60 g 80g 100g

np? 1.3322 1.3353 1.3390 1.3415 1.3438 1.3468
n(1550 nm) 1.3163 1.3184 1.3221 1.3246 1.3269 1.3299

# C12H22011 grams per 1L H2O;
® np =n(589.3 nm).

Table 7.5. Parameters of the quadratic and linear fits of the six curves depicted in Fig. 7.19 b.

QUADRATIC FIT: ain? + agny + a3  LINEAR FIT: bing + be (only by indicated)

ap (2m?)  qy (o) ag (nm) np — 1.315—1.32 1.32-1.325 1.325— 1.33

nm nm nm

P R R ] W ]
o B U g U

ii (159138 —127716050 111837830 —1392; i —11658 5 m —5517285 i
#5 1827 4776 ~3122 3693 MM 5521 A 7349
: RIU . RIU : RIU

#6  —6879 18080 ~11890 —4253 2L 1114 20 _1gp.2 jim
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into account that the intrinsic losses of the CYTOP fibre have not been taken into account in
the simulation, the similarity is remarkable. In fact, the Pearson correlation coefficient between
the simulation curve for ny, € [1.315 — 1.333] and the quadratic fit of the experimental results

-, = 1.3153 n, = 13184 w=n, = 1.3221
w1, = 1.3246 w=n;, = 1.3260 ==y, = 1.3299

) 1234 | B
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Figure 7.19. (a) Transmission spectra when the structure is immersed in liquids with different RI. The
6 peaks and valleys on which the tracking in sensing is performed are highlighted. (b) Wavelength shift
(AN) of each of the 6 peaks/valleys for the liquids used, with their quadratic fit and error bars (CL=95%).
(c) Simulation and experimental transmission losses for A = 1550 nm, as well as experimental results for
A = 1500 nm and A = 1600 nm, with the associated error bars (CL=95%). Adapted from [9].
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is p = 0.9799. In this range, the sensitivities are 695.9 dB/RIU (experimental measurements)
and 422.5 dB/RIU (simulation). Lastly, the trend of experimentally obtained losses for the 1500
and 1600 nm wavelengths is also shown. Considering that sensitivities above 120 nm/RIU are
obtained in any of the three defined ranges (Table 7.5), it is possible to sense changes in SRI
when they are in the order of 1073 (AX > 0.12 nm) or even 2.5-107% (AX > 30 pm). Only peak
#4 presents an uncertainty higher than the OSA resolution (30 pm), especially in the first of
the linear sections defined in Table 7.5. In that range (ny, € [1.315 — 1.32]), the detection occurs
for AX > 57 pm, but the sensitivity in that section is —179.7 nm/RIU, so it is possible to detect
changes in SRI of up to ~ 3.1 -10~%. Peaks with a positive concavity, such as #4, are used as
sensing points for the lower range of the sensing zone, due to their high sensitivity.

Temperature cross-sensitivity

Temperature cross-sensitivity significantly affects refractive index measurement by altering the
properties of the diffraction grating, particularly its period (A). Firstly, it is important to
note that the coefficient of linear thermal expansion (CLTE) of CYTOP is ~ 7.4 -107° °C1,
which is slightly lower than PMMA. Therefore, it is not a relevant factor here, even less so in
a temperature range below 30°C. To evaluate the behaviour of the SRI sensor, a temperature
sweep between 23°C (room temperature) and 40°C is performed. In the measurement process,
the device is immersed in water (n; = 1.3153), and the peaks/valleys indicated in Fig. 7.19 a
are tracked. The variation of the refractive index of the liquid in this temperature range is less
than 5 - 1074, The results obtained are depicted in Fig. 7.20. The most pronounced variation
is observed at peak #1, with 1.67 pm/°C. In any case, this is a value that can be considered
negligible, since it gives rise to an error in the SRI measurement that is in the order of 107°. It can
therefore be concluded that the measurement of the surrounding refractive index is insensitive
to the temperature of the fluid.

#1 - tracking fit (1.67%)(®) #4 - tracking fit (-1.6 - 10752)(A)
#2 - tracking fit (0.42%)(m) #5 - tracking fit (-0.93%)(»)
#3 - tracking fit (1.27%)(¢) #6 - tracking fit (0.11 %) (*)
0.1f o ]
Z005Fr s " .
E OR aRal8n o A A —2—1% 2
A005Fe+ 8 o0 . ﬁ
_0‘1 L L L - L L L L L L ]

2426 28 30 32 34 36 38 40
Temperature (°C)

Figure 7.20. Wavelength shift (A)X) of each peak/valley as a function of temperature. The structure
has been immersed in water (ny, = 1.3153), and a temperature sweep between 23°C and 40°C has been
performed. A linear fit is made, with the slope of each fit. It should be noted that the wavelength step
in the spectrum is 50 pm. Adapted from [9].
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7.2.6 Discussion

To conclude this section, it is interesting to briefly outline the main innovations and advantages
compared to existing work on fibre-based refractometers. In a 2019 review, Urrutia et al. present
the state-of-the-art associated with optical fibre refractometers [73], classifying them according
to whether they are interferometers, grating-based structures, or resonance-based structures
(coating). Although it can be concluded that there is not a great difference in performance
between these three groups, it can be highlighted that tilted fibre Bragg gratings (TFBG) have
been traditionally used as they are absolute refractometers in a wide wavelength range [74,
75]. Moreover, they are relatively robust and simple, as they do not need specialty fibres, nor
modifications of their geometry that degrade their practical use from a commercial point of view.
With an accuracy of £5- 107, the grating-based refractometer presented in [74] indicates that
works are beginning to exist that obtain comparable performances to the Abbe refractometer.

TFBG-based refractometers have even been developed on polymer fibres [76]. These are
custom PMMA fibres with a core diameter of 8.2 pm and NA=0.23, which gives rise to a few-
mode behaviour (4 guided modes). Although the performance is lower than silica single-mode
fibres, sensitivities of up to ~ 13 nm/RIU are achieved. They also allow to increase their high
sensitivity measurement range up to SRI=1.49, compared to silica fibres, with a range of up to
about SRI=1.45.

However, commercially available perfluorinated fibres have a highly multimode behaviour,
which makes it impossible to use TFBGs to detect SRI with high accuracy. The great advantage
of using polishing in combination with diffraction gratings is that, by eliminating cladding in
a curved area, it is possible to induce most of the guided modes to interact with the external
medium and condition their propagation as a function of SRI. Also, although these fibres do
not allow a high sensitivity region as wide as PMMA fibres, they do have a maximum sen-
sitivity region of around SRI=1.34. These fibers are well-suited for applications that involve
distinguishing between different aqueous solutions.

7.2.7 Conclusions

As far as the author is aware, this is the first work using perfluorinated polymer fibres for the
sensing of the surrounding refractive index. This device presents a novel approach to refractive
index sensing by using an in-fibre diffraction grating inscribed with a femtosecond laser on a
polished curvature zone. This structure modifies the diffraction orders transmitted and reflected
by the fibre in response to the surrounding refractive index, resulting in a unique "fingerprint"
of the external liquid. The device is designed for use in aqueous solutions and has potential for
biomedical applications. Its encapsulated design ensures robust practical use. It has a maximum
sensitivity of -208.8 nm/RIU, can detect changes in SRI of around 2.5 - 1074, and is insensitive
to temperature, thus avoiding cross-sensitivity issues.
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PART 111

ULTRAFAST LASER ASSISTED ETCHING
(ULAE)

Part III showcases the contributions made utilising the technology that combines ultrafast laser
inscription and wet chemical etching. This section covers the time period from August 2021
until the completion of the thesis in September 2023. The advancements made during this pe-
riod are presented. Firstly, a new regime of femtosecond laser inscription is explored, enabling
a high etching rate in fused silica using NaOH (or KOH) independent of the employed polar-
isation. Although a complete understanding of the process is still being researched, insights
and evidence are provided to shed light on its origin. Secondly, the outcomes resulting from a
research stay conducted in 2021 at Heriot-Watt University in Edinburgh (UK) are documented.
A powerful method for selective plane illumination endomicroscopy in human lung tissue is pre-
sented, utilising an ultrafast laser-fabricated silica end cap placed at the distal end of a polymer
imaging fibre. This approach effectively addresses the issue of autofluorescence from both the
imaged tissue and the fibre. Lastly, preliminary data associated with a research stay in 2022 at
the Institute of Photonics and Nanotechnology in Milan (Italy) is described. The design and
fabrication of a photonic chip utilising Bloch surface waves excited in a dielectric 1D photonic
crystal are presented, showcasing the potential for detecting molecular chirality through circular
dichroism spectroscopy. The part highlights significant advancements achieved through ultrafast
laser assisted etching.

The chapters included in this part are:

o Chapter 8: Polarisation—-independent ULAE in fused silica.
o Chapter 9: SPIM using polymer coherent fibre bundles.

o Chapter 10: Molecular sensing with Bloch surface waves.
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N fused silica, ultrafast laser assisted etching enables high chemical etching rates
I (> 300 pm-h~1) by setting the light polarisation linear and perpendicular to the beam writ-
ing direction. However, for many non-planar surfaces and 3D structures, dynamic polarisation
control is difficult or not yet possible to implement.

This chapter describes the results corresponding to the identification of a laser inscription
regime in which high etching rates are accomplished independently of the light polarisation.
In this regime (< 15 pulses/pm), etching rates ~ 300 pm-h™! (4 hours in NaOH) are mea-
sured, including femtosecond-pulse energies corresponding to Type II modifications. Few pulses
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inscriptions exhibit a low degree of anisotropy as compared to higher number of pulses, thus en-
abling the polarisation insensitivity whose mechanisms are discussed in the chapter. To demon-
strate the capabilities of the processing, curved and square-wave microchannels are fabricated,
together with a complex 3D geometrical structure (stellated octahedron) containing an inter-
plane arrangement with challenging angles (45°), difficult to achieve even employing dynamic
polarisation control.

Two theoretical sections are included prior to the work carried out, with two clear objectives:
firstly, to provide a concise overview of the current understanding of intrinsic defects in silica that
affect its optical transparency (section 8.1); and secondly, to investigate how these imperfections
may be related to the fs laser inscription regime identified in this work through a state-of-the-art
review of mechanisms driving high etching rates in SiOg (section 8.2).

The contributions detailed here were published in 2023 by Ochoa et al. [1-3], and the data
that support the findings of this study can be found in [4]. The study has also been featured on
the inside back cover of the Lab on a Chip journal, in its volume 25, issue 7.

8.1 Point defects in SiO, glass

The study of defects in silica is primarily motivated by its various applications. Silica glass
possesses exceptional properties that set it apart from other glassy materials. It is mechani-
cally and chemically durable, and its excellent mid-IR transparency makes it indispensable for
long-range, low-loss optical communication fibres. Additionally, silica boasts the highest UV
transparency among all glasses, making it the ideal material for UV optics and high-power
pulsed laser optics, where the energy of multiphoton excitations must remain lower than the
band gap. The longstanding dominance of silicon-based microelectronics is largely facilitated by
the high quality and ease of obtaining thin amorphous silicon oxide films on silicon, which have
excellent dielectric properties. Silica glass also possesses the best resistance against coloration
in radiation environments, making it the material of choice for many space and nuclear energy
technology-related optical applications.

However, point defects and impurities in silica can often be detrimental to these applications.
While the issue of impurities has largely been resolved, with the most troublesome impurities
eliminated to below parts-per-billion levels, intrinsic point defects continue to be a formidable
problem. These defects can be preexisting or created by ionizing or particle irradiation, by light
or by charge carriers (Fig. 8.1). Despite decades of research, a number of practically important
tasks remain unsolved and will be discussed below.

Silica in its glassy form can be viewed as a continuous network comprising relatively rigid,
undistorted SiO,4 tetrahedra that are connected at their corners by shared (“bridging”) oxygen
atoms. The O-Si—O angle deviates by less than 4° from the expected tetrahedral value of 109.5°.
The disorder of the glassy state is primarily accommodated by a continuous distribution in the
intertetrahedral Si—-O-Si angles, which range from 120° to 180° with a peak at 144°-150°, as
well as in the torsional angles. The arrangement of the silica network can be described by
the distribution of n-membered (Si-O), rings (Fig. 8.2 a). The a—quartz lattice is composed
solely of 6— and 8-membered rings, but modeling of amorphous SiO reveals a range of 3— to
10—membered rings. The statistics of these rings depend on the thermal and radiation history
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Figure 8.1. Overview of the main optical absorption bands in synthetic glassy SiOs that stem from
intrinsic defects and typical dopants/impurities. The spectral position and FWHM of the bands are
represented by the centre and width of the bars. Only the oxygen vacancy band (which peaks at 7.6 eV)
is observable in a—quartz crystal among these bands. For optical applications in the visible to deep-UV
ranges, the bands associated with dangling oxygen (NBOHC) and silicon bonds (E’—center) are the most
prominent and problematic. Adapted from [5].

of the silica.

Raman spectroscopy can be utilised to directly observe structural modifications such as
changes in the inter-tetrahedral Si—-O-Si angle or fluctuations in ring statistics (e.g., number
of strained bonds in the silica network). The presence of 4— and 3—membered rings results in
distinct Raman lines at ~495 cm™ (D7 band) and ~606 cm™ (D2 band), respectively. In general,
when the population of 3— and 4-membered ring structures increases, it indicates a reduction in
the overall bond angle and, as a result, the densification of the glass. However, it is important
to note that the changes observed in the Dy and Ds lines differ slightly between compressed
and irradiated glasses. In the case of the latter, the enhancement of the D line is particularly
noteworthy.

By utilising this technique, it was discovered that the creation of dangling bonds (E’-centre
and NBOHC) is closely linked to the quantity of strained 3-membered rings in silica, i.e., Dg line
in Raman spectrum. Consequently, it seems likely that the generation of non-bridging oxygen
hole centre (NBOHC) and E’-centre defects is associated with the densification of the silica glass.

Regarding point defects, some assumptions were made in the past that suggested that the
“glass-specific” defects, which are not present in a—quartz, are located on internal surfaces of
the silica network. This was based on the observation that while SiO4 tetrahedra have the same
size in silica glass and a—quartz, the density of glass is significantly lower (2.20 vs. 2.65 g/cm?),
indicating the presence of large interstitial spaces. However, extensive studies have confirmed
that many of the defects observed in bulk silica are also found on surfaces. The atoms on
the surface have weaker binding compared to those in the bulk, and thus, they can be easily
displaced under excitation.
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Pure silica glass
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Figure 8.2. Schematic illustration of (a) a 6-membered ring ((Si-O)s) and a 3-membered planar ring

((Si-0)3) in amorphous SiO,. (b) Vacancy-interstitial type defects, (¢) and basic dangling-bond type
defects observed in SiOs. Adapted from [5].

Next, we present some types of defects, specifically Frenkel (vacancy-interstitial type) defects,
which could be expected to be roughly similar to defects in crystal quartz, and dangling bond
type centres, which are closely related to centres observed in surfaces. There will be no mention
regarding the role of hydrogen and fluorine dopants in strained bonds.

8.1.1 Frenkel defects

The decomposition of an Si—-O—Si bond into an oxygen vacancy and interstitial oxygen species is
an inherent defect process in glassy SiO9, analogous to the creation of vacancy-interstitial pairs
in crystalline materials. In an amorphous material, this is referred to as the “Frenkel defect
process”. When fused silica is irradiated with vacuum-UV light or electron beams, oxygen is
known to be emitted from its surfaces. However, the spectroscopic signatures of the interstitial
oxygen atom are not well-established. Among the different types of Frenkel defects that exist,
the following can be highlighted (Fig. 8.2 b):

o Oxygen vacancy (Si—Si bond): The Si-Si bond (oxygen deficient center I, ODC(I))
is the most prevalent oxygen-deficiency related defect in SiOs. It exhibits diamagnetism
and is identified by a strong optical absorption band at 7.6 e€V. Neutron beam irradiation
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and y—ray exposure trigger the appearance of the 7.6 eV band in both amorphous—SiOg
and crystalline-SiO», suggesting that the geometry of the Si—Si bond is unaffected by the
structural disorder that distinguishes amorphous— and crystalline-SiO,. This indicates
that a robust Si-Si bond is formed at the vacancy site of O, leading to a significant atomic
displacement around it and preserving the distance between Si atoms.

The Frenkel process in amorphous SiOy primarily produces interstitial O° (oxygen atom)
as its intermediate product:

=Si-0-Si= — =Si-Si= + 0" (8.1)

o Peroxy linkage (= Si—-O—0-Si bond): interstitial O° is readily incorporated into the
amorphous SiO2 network to form an Si-O—-O-Si bond (peroxy linkage, POL). Although
POL is anticipated to exhibit a faint optical absorption band at 7.1 eV, there is a lack of
knowledge regarding other spectroscopic markers of interstitial O°.

o Interstitial oxygen molecule O2: At room temperature, O° in the form of POL is
expected to be immobile, but it becomes mobile at >200 °C and transforms into interstitial
Oq (reaction 8.2), NBOHC (reaction 8.3), and peroxy radical (POR) (reaction 8.4):

20" — 0?, (8.2)
=Sie + O° —  =8Si—Oe, (8.3)
=Si—-0e 4+ O —  =Si-0-0e. (8.4)

As previously stated, glassy SiOs is a low-density oxide that possesses a significant num-
ber of interstices capable of accommodating small molecules. Within these interstices,
interstitial O is dissolved and considered the most stable form of excess oxygen species in
amorphous SiO9. This species is generated as a significant secondary product of the Frenkel
process through the dimerisation of interstitial O°, which is produced via the mechanism
described in reaction 8.1. At or below room temperature, interstitial Oy exhibits minimal
mobility and remains almost immobile. The detection of interstitial Oy within glassy SiO»
is achieved using optical absorption, Raman, and photoluminescence (PL) spectroscopies,
which rely on the vibronic and electronic transitions in Os.

o Interstitial ozone molecule O3: The formation of interstitial O3 occurs as a result of
the reaction between interstitial Os and OP. Identification of interstitial O3 is based on the
optical absorption at 4.8 eV and IR phosphorescence of interstitial O2, which is created in
an excited state due to UV photolysis of interstitial Os. Thermal annealing at >200 °C
causes interstitial O3 to decompose quickly.

8.1.2 Dangling-bond defects

Dangling-bond defects of the type depicted in Fig. 8.2 ¢ pose the greatest challenge for optical
applications of silica. The optical absorption spectrum of irradiated silica is typically dominated
by the presence of both dangling oxygen (NBOHC) and silicon (E’—centre) bonds. These point
defects can be induced by different types of irradiation, including neutrons, ions, electrons,
X-rays, y-rays, and the most significant for this work, laser photons. The creation of defects
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is primarily driven by two mechanisms: elastic collision (direct transfer of kinetic energy of
irradiating particles) and electronic excitation (ionisation followed by the decay of excited states).

During the process of electronic excitation due to ultrafast laser irradiation, band-to-band
excitation is a critical step that leads to the generation of electron-hole pairs and excitons. In
SiOq, the strong electron-lattice interaction readily localises these holes and excitons, resulting
in self-trapping. The formation of self-trapped excitons (STE) is extremely fast in SiO2, taking
only around 150 fs.

The decay of STEs produces a photoluminescence band at around 2.7 eV — much smaller
than energy necessary for band-to-band excitation (~ 9 eV). This shift of the PL band indicates
that there is a significant lattice relaxation around the STEs. This localisation of excited energy
and accompanying lattice distortion is a key factor in defect formation in SiO5. The transient
absorption of STEs resembles the sum of the optical absorption bands of dangling bond pairs
(E’-centre and NBOHC), suggesting the transient formation of these defects.

The E’-centre is the most extensively investigated defect in SiOo, with over 10 different
variants discovered. The vast majority of E’-centres share a common characteristic of having
a dangling Si bond. This type of defect exhibits a prominent absorption band at 5.8 eV. On
the other hand, the absorption spectrum in the visible-to-near-UV regions is dominated by the
oxygen dangling bond, NBOHC, with their absorption bands at 2.0 eV and 4.8 eV. These defects
are present on the surfaces of silica and can be transformed into surface E’-centres, or peroxy
radicals (= SiOOs) by adding an interstitial O atom.

Although most STEs decay without forming permanent defects, they can be converted to
stable defects when formed at heavily distorted sites in the amorphous SiOs network, such as
strained Si—O—Si bonds. Consequently, as detailed before, it seems that these point defects lead
to a densification of the irradiated material. Femtosecond laser pulses have enough power to
induce rapid changes in density and refractive index, even by a single pulse.

8.2 Etching mechanisms in SiO; glass

Ultrafast laser assisted etching is a widely known manufacturing technique for applications in-
cluding integrated optics, photonics, and microfluidics. A focused laser beam of short pulses
(fs-regime) generates different material modifications depending on —but not only— the pulse
energy, pulse width, repetition rates and writing speed [6]. In fused silica, the material modifi-
cations can be achieved by solely varying the pulse energy (E,) and they include tiny isotropic
refractive index variation (Type I), birefringence (Type II), or voids (Type III) [6, 7]. It is worth
noting that in 2020, Sakakura et al. published a work on a new type of birefringent modifica-
tion (referred to as type X) in silica glass, which allows for optical transmission rates of over
99% [8]. Birefringence is highly desirable for controlling the optical properties of the materials
at the nm scale. In these cases, such modifications result in self-ordered polarisation-dependent
sub-wavelength nanogratings (NGs) [9, 10], formed by nanoporous layers [11]. Controlled NGs
have been demonstrated to produce optical elements, e.g., polarisers, nanofluidic channels and
nanocapillaries, and have been employed for 3D optical data storage [8, 12-15]. Furthermore,
Type II alterations combined with chemical etching enable the fabrication of 3D optical and
microfluidic components, or the so-called lab-on-chip and lab-on-fibre devices, featuring high as-
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pect ratios and surface qualities. Hence, the 3D fabrication of microfluidic and photonic systems
with the capability to build multifunctional platforms have been developed [16-20)].

Traditionally, hydrofluoric acid (HF) has been employed as etching solutions [12], but potas-
sium hydroxide (KOH) started to be used a few years ago [21-23]. Alternative solutions were
sought to reduce the use of HF, which is one of the most hazardous acids to handle. Although
operator safety is increased, KOH, like all alkali metal hydroxides, remains highly corrosive and
hazardous when used at high concentrations (>5 mol/L), as in KOH-based ULAE works. Re-
cently, a couple of recent works used sodium hydroxide (NaOH) in fused silica, showing promising
high chemical etching rates (ERs) in the laser-affected-zone (LAZ) and lower ERs in pristine
material, thus increasing the aspect ratio of the technique [23]. Additionally, not only is the risk
reduced for the operator during handling, but the environmental impact also drops drastically,
as it has been used at really low concentrations (<2 mol/L).

8.2.1 Nanograting—driven etching

It was with the discovery of Type II birefringent periodic nanostructures, i.e., NGs, in 2003 by
Shimotsuma et al. [10], and their application by Bellouard (2004) [24], and Hnavotsky (2005) [25]
to achieve notably high etching selectivity, that ULAE became a highly precise manufacturing
technique in multiple fields of photonics. However, fused silica must be processed with a po-
larisation linear and perpendicular to the writing direction due to the highly anisotropy of the
NGs. This is a NG-driven etching process.

As described by Lancry et al. in 2013 [11], Type II modifications exhibit strong form
birefringence (102), attributed to the presence of nanostructures known as nanogratings (see
Fig. 8.3 a-b). Nanogratings are composed of nanoplanes with a sub-wavelength period around
A/2n, which are porous (see Fig. 8.3 ¢) and have an average index lower than typical silica
(An =~ —0.20). The formation of nanogratings is explained as a result of rapid decomposi-
tion of the glass under localised, high-intensity femtosecond laser radiation, where non-linear,
multiphoton-induced photoionisation generates plasma. Due to rapid relaxation, recombination
is prevented, and dissociated atomic oxygen instead combines with each other to form molecular
oxygen, as observed using Raman microscopy. Some of the molecular oxygen dissolves in the
condensed glass, while the remainder becomes trapped within nanovoids. Chemical recombina-
tion can only occur at temperatures of 1200 °C for extended periods. These porous nanoplanes
lead to densification of the region between them.

The mechanism underlying the etching rate in nanogratings is not fully understood to this
day. It is known, as stated above, that the etching is polarisation-dependent, meaning that
there is chemical selectivity only when the polarisation direction is linear and perpendicular
to the etching direction, ensuring that the nanogratings are aligned parallel to the subsequent
microchannel [24, 25]. What is it that allows the NG to increase the chemical selectivity of the
processed area by up to a factor of ~ 1,0007

Several existing works in the literature state the following. By acknowledging that the LAZ
is composed of porous material in the nanogratings, the formation of each nanopore would
induce the creation of compressively stressed regions surrounding them. If the stress reaches
a sufficiently high level, it would locally result in a mechanical densification [26]. The stress
also contributes to variations in the bond angles within the SiOy matrix. In fact, the decrease
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(a) (b) (c)

Figure 8.3. SEM images of nanograting structures formed along the writing direction with laser polari-
sation (a) parallel || and (b) perpendicular L to the writing direction. The samples are etched for 20 min
in 0.5% HF. Reprinted with permission from [12]. (c) Field-emission gun SEM images of the porous
region of the nanoplanes, with the polarisation aligned parallel to the direction of writing. Reprinted
with permission from [11].

in the bridging angle in densified silica enhances the reactivity of oxygen due to the distorted
configuration of the oxygen’s valence electrons of oxygen (in terms of Lewis base), which explains
the faster etching rate in the LAZ [27]. Similarly, in line with the described findings, Tomozawa
et al. discovered that a higher rate is linked to an increased fictive temperature (T%) of the
glass, and consequently, to a higher density [28]. Another possible explanation is the presence
of a Si-rich structure in the laser-irradiated area [29], particularly when alkali alkaline solutions
such as KOH or NaOH are used.

8.2.2 Non nanograting—driven etching

There are also certain studies where relatively high etching rates have been achieved, with a
certain level of polarisation independence. However, this has been achieved through very high
pulse energies (~ pJ), pulse durations in the ps range, or through pulse shaping. In all these
scenarios, there seems to be the existence of disordered nanostructures, unlike the self-ordered
nanogratings discussed in the previous section which offered a notably high etching rate.

In the first of these cases, Yu et al. demonstrate that, for a pulse energy greater than 2.5 pJ,
an etching rate is achieved with relative polarisation independence (albeit at a rate as low as
90 pm/h) [30]. This independence is achieved at the expense of a notable drop in the etching
rate, due primarily to the transition that occurs from the presence of nanogratings (< 1 pJ) to
completely disordered nanostructures (see Fig. 8.4 a).

Similarly, Li et al. also observed polarisation independence, but this was achieved by using
pulse durations in the ps range (~ 500 pm/h with 7 = 10 ps) [31]. Randomly oriented nanocracks
are reported in this regime (see Fig. 8.4 b). However, the physical mechanism behind the
transition from self-organised nanogratings to chaotic nanocracks is not completely understood.

Finally, Yan et al. demonstrate etching rates of 500 pm/h with some polarisation indepen-
dence by introducing temporally shaped pulse trains [32]. Pulse shaping involves pulse trains
with double subpulses (pulse delay At > 1 ps). Again, it seems that disordered but intercon-
nected nanostructures generated by the pulse train irradiation is what lies behind this regime
(see Fig. 8.4 c).

As has been observed, ULAE does have some areas that need improvement. NG-driven
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(a) (b) (c)

Figure 8.4. SEM images of the nanostructures that have emerged within the zones that underwent fs
laser irradiation for (a) pulse energy of 1 nJ and parallel polarisation, (b) pulse duration of 10 ps and an
energy of 8 nJ under circular polarisation conditions, and (c) when using a pulse delay of At = 1000 fs
and parallel polarisation. Images are reprinted from [30], [31], and [32], respectively.

etching has allowed the manufacturing of optofluidic devices to expand in less than 20 years in a
repetitive and highly precise manner. However, it has the major drawback of needing to control
the polarisation of the laser source during inscription. As a result, dynamic polarisation control
is necessary [22], which is challenging to achieve for many 3D geometries or non-planar surfaces.
From a technological perspective, eliminating polarisation dependence is crucial for simplifying
the systems and reducing both processing and etching times. Likewise, the necessity of using a
large number of pulses per pm for nanograting generation leads to low processing speeds.

On the other hand, as stated above, polarisation insensitivity has been reported for picosec-
ond pulse widths and significantly higher pulse energies than those typically used for Type II
modifications (pJ-range with NA=0.45) [31]. In fact, such polarisation dependence has been
shown to partially diminish with E, [13]. However, higher E, and longer pulse durations imply
collateral damage that negatively affects the aspect ratio, increases roughness, reduces etching
rates (ERs), and loses processing precision [7, 12, 24].

Is it possible to achieve polarisation independence in the femtosecond-laser regime using
lower pulse energies or simpler strategies? It is widely known that fewer pulses (or lower fluence)
reduce anisotropy. But is etching still possible? In this year, 2023, the first two studies achieving
polarisation-independent etching using fewer pulses have been reported.

The first of these, carried out by Yao et al. [33], uses HF as the chemical agent in etching.
As for the fabrication parameters, a laser operating at 780 nm and 120 fs is used, with pulses
focused by a 0.55 NA lens. The PRR is kept fixed at 1 kHz, and the minimum pulse energy
used (always seeking to operate with the lowest possible pulse energy) is 500 nJ. By varying the
speed, they manage to deposit between 17 and 1033 pulses/pm. The results reveal an etching
rate of 150 pm/h in the low pulse regime, and a notably superior aspect ratio (~ 40) compared
to a higher pulse overlapping.

The second study, in this case, uses KOH and NaOH and is detailed in this chapter [1].

8.3 Experimental setup and protocol

In this chapter, it is performed a more comprehensive study that enabled the identification of
a laser inscription regime in which high ERs can be maintained independently of light polari-
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sation and utilising low-energy femtosecond pulses (minimum FE,=240 nJ). NaOH is employed
as etching solution to evaluate its performance in ULAE and to expand the scarce literature re-
garding its use. The laser source is a commercial femtosecond fibre laser chirped pulse amplifier
from Calmar, which emits 370 fs-pulses at 1030 nm. The PRR varied from 10 kHz to 480 kHz.
The beam is focused onto the sample by an aspheric lens with NA=0.4 (A110TM-B, Thorlabs).
The sample is placed on a nano-resolution XYZ motor stage from Aerotech. A CCD camera
(DMK 31AGO03 Imaging Source) is used to visualise the focused beam on the sample. Three
polarisations referenced to the beam writing direction were tested: transversal L, circular O and
longitudinal ||. The light polarisation was changed by controlling dynamically half and quarter
waveplates (Fig. 8.5).

Pulse energies in a wide range (150 nJ—2 pJ) were tested (up to 600 nJ are shown), covering
net fluences (NF) from tenths to hundreds J-mm~—2. The NF is defined as [34, 35]:

Np = LB PRR (8.5)
Tw- Vv

where w = 2wy is the beam diameter (1.98 nm), and v the inscription speed. The number
of pulses per pm (N) is defined as N = PRR/v. To achieve a wide range of N, v was adjusted
accordingly. The ERs were estimated by measuring the length of a series of microchannels. The
channels were inscribed with a single laser scan (same writing direction) in fused silica samples
(Spectrosil ® 2000 from UQG Optics). The channels are separated by 20 pm (otherwise stated)
and inscribed at a depth of 70 pm. The single scan covers the entire length of the samples
(10x10x1 mm), starting/ending sufficiently away from the edges to avoid any undesirable ac-
celeration/deceleration ramps of the stage. After the inscription, the sample edges were polished
and etched for four hours in a 5 wt% NaOH solution at 85+2 °C and magnetically stirred. Then,

the samples were heavily rinsed with distilled water.

To confirm the microchannel fabrication (bottom image of Fig. 8.6), one sample was soaked
in a solution of isopropyl alcohol and Rhodamine 6G (R6G) dye after etching for 30 minutes [14].
The fluorescence intensity of R6G was detected with a confocal microscope (Nikon AR1) using
laser excitation of 561 nm and spectral detection 570-620 nm (top image of Fig. 8.6). To measure
the induced birefringence, we obtain optical images of the samples placed between two crossed
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Figure 8.5. Illustration of optical setup used for ultrafast laser inscription (Key: BE — beam expander
(2x), C — CCD camera, TL — tube lens, DM — dichroic mirror, AL — 0.4 NA aspheric lens). Adapted
from [1].
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Figure 8.6. (top) Fluorescence intensity of the R6G within the microchannels for ©, L and || polarisa-
tions for several pulses, N, (bottom) and corresponding optical microscope image. The images are not
to scale. E,=600 nJ and PRR=120 kHz. Adapted from [1].

polarisers. The intensity is related to certain degree of birefringence, whereas dark regions
indicate isotropic material not affected by the laser [9, 13, 36].

8.4 Etching rate results

Figure 8.7 shows the ERs and ER ratios as a function of N (bottom axes) and NF (top axes)
for L, © and || polarisations and two pulse energies: 300 nJ and 600 nJ. PRR is set to 120 kHz.
Polarisation insensitivity is found at a low number of pulses (N<15 pm~!), exhibiting high
ERs (~300-350 pm-h~!). The ER reduces at a moderate number of pulses (20<N <50 pm~1!),
more than three times for © and || cases, whereas L decreases only for 600 nJ by 20%. At
N>100 pm~!, the ERs recover for © and 1, reaching the maximum values measured (approx-
imately 15-25% higher than those at the insensitive region). In contrast, the ERs for || remain
low, as expected. Figure 8.8 includes results associated with a more comprehensive study, specif-
ically for PRR values of 10 kHz, 120 kHz, 240 kHz, and 480 kHz, and with pulse energies for
each PRR of 180 nJ, 210 nJ, 240 nJ, 270 nJ, 300 nJ, and 600 nJ.

8.4.1 Definition of N—-dependent regimes

According to Fig. 8.7, we define three regimes, namely low (N < 15 pm™), moderate
(15 < N < 100 pm™) and high number of pulses (N > 100 pm™). In general, upon laser ir-
radiation and prior to any etching, the material undergoes several structural changes in these
regimes. Besides point defects generation [5, 13, 37-39], the material experiences induced stress
resulting in densification [26, 40, 41]. As the pulse-to-pulse distance reduces, glass decomposition
occurs [11] that ultimately yields a net volume expansion [42]; and self-organised nanostructures
emerge with an orientation (and order) strongly dependent on the light polarisation.
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Figure 8.7. (a-b) ERs for O, || and L polarisation for (a) £,=300 nJ and (b) 600 nJ. The etching
time is 4 hours, and the PRR is 120 kHz. (c-d) ER ratio of L and O polarisation with respect to ||
polarisation for (¢) £,=300 nJ and (d) 600 nJ. The region where the ER is independent of polarisation
is highlighted. The mean values are shown whereas the shaded regions are the standard deviations of
two measurements. Adapted from [1].

At this point, two main questions arise:
o What are the implications of the structural changes on the ERs shown in Fig. 8.77

o What is the relationship of such changes with the polarisation insensitivity?

We attempt to answer these questions by describing our interpretation of the three regimes
identified.

8.4.2 Low N regime (N < 15 pm™)

First, at N < 15 pm!, the material undergoes densification and point defects are generated. The
point defects include E’-centres, NBOHC, and divalent silicon with oxygen deficiency centres,
i.e., SIODC (II) [5, 13, 37-39]. The few pulses limit the defects incubation process [43] (null
formation of nanogratings, see Fig. 8.9 a), being distributed within a narrow region with certain
orientation, but low anisotropic degree as will be shown below [38]. Defects can drive the
ERs [23], and their low induced-anisotropy could be behind the high ER at the polarisation
insensitive region. However, it should be noted that this relation has not been confirmed, and
there may be other factors contributing to this phenomenon. The low-level material anisotropy is
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Figure 8.8. ERs for transversal L and longitudinal || polarisation for several pulse repetition rates

(PRRs) and different pulse energies (E,) as a function of the number of pulses (V). Adapted from [1].
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Figure 8.9. (a-c) SEM images of the cross section of laser affected zone using | polarisation at 600 nJ
and 120 kHz for pulses (a) N=5 pm~!, (b) N=20 pm~! (c) and N=100 pm~'. Red squares indicate
the region shown in the bottom row images with higher magnification. After inscription, the sample
was polished and etched for 2 minutes in NaOH solution (5 wt%). Scale bars in (a-c) are 1 pm. (d)
Optical images of the microchannels placed between two crossed polarisers and illuminated with 660 +10
nm light (filtered halogen lamp). (e) Maximum intensity measured at different number of pulses, whose
values are averaged from 150 different points along the laser affected zone whereas the shaded regions
represent the standard deviations. The samples were positioned at an angle (x-y) where the maximum
birefringence intensity was measured (45°). Each symbol in (d) corresponds to a fringe (microchannel)
in (e). The microchannels are separated by 20 pm. The pulse energy is 600 nJ at 120 kHz. Note that
reducing the pulses exhibits a less homogeneous birefringence along the laser inscription. The higher
intensity at high number of pulses for the longitudinal case indicates the LAZ contains higher domains
with material modification, possibly arising from a more homogeneous and ordered damage because the
nanogratings length is restricted to the beam waist. Adapted from [1].

consistent with the slightly lower ER for || polarisation as compared to L for 300 nJ (Fig. 8.7 a).
At E, > 600 nJ (Fig. 8.7 b), the ERs are similar for all cases.

Regarding material densification, it results in decreased angle of Si—-O—Si bonds and a higher
number of lower order membered rings in the silica network (e.g., 3 and 4) [37]. Lower ordered
rings than in an unstrained structure and decreased Si—O-Si angle have been correlated to
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higher ERs (in HF) [26, 28]. However, it has been recently shown that the etching mechanisms
may differ depending on the etching solution, i.e. NaOH or KOH, as compared to HF, for
which the etching of KOH or NaOH may be less affected by densification [23]. We confirm
similar etching rates and trends with N by using KOH (Fig. 8.10), suggesting that the physical
mechanisms behind the etching rates are the same for NaOH and KOH. On the other hand,
three-membered rings are precursors of oxygen hole and E’-centres that could also promote
etching, as previously mentioned [44]. Thus, with the results described here it appears plausible
to expect the polarisation insensitivity is mainly due to a benign anisotropy degree of point
defects and, to a lesser extent induced densification. Future investigations could shed more light
on the interplay between specific point defects, densification and their contribution to the ER.
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Figure 8.10. Comparison of (a) ERs and (b) ER ratios using two different etching solutions (NaOH
and KOH) for different pulse energies and PRRs. Both etching solutions yield similar ERs and trends
with the number of pulses, hence the mechanisms behind etching are likely the same. The highest ERs
correspond to the nanogratings regime for NaOH and by setting the polarisation perpendicular to the
beam writing direction. Note that different samples than those of Fig. 8.8 have been used for NaOH
obtaining comparable results. Etching time was four hours for NaOH solution of 5 wt% and KOH of
40 wt%. Adapted from [1].
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8.4.3 Moderate N regime (15 < N < 100 pm™)

Now, we turn to the transition regime at a moderate number of pulses, 7.e., 15 < N < 100 pm™.
In this case, there is a polarisation-sensitive ER. For N>10 pm™, nanopores of nm-size are
expected to form in nanolayers [11, 42]. The formation of nanopores has been attributed to glass
decomposition, for which defects cause oxygen atoms dissociation from the silica structure [11].
Since the number of nanopores and their orientation increase with N [11], these regions exhibit
higher anisotropy that could hinder (or favour) the ER to a greater or lower extent depending
on polarisation (O or ||), being consistent with Fig. 8.7.

All in all, we attribute the drastic drop in the ERs for || polarisation to an increased material
anisotropy degree (see [38]) with the number of pulses [13], as will be further supported below.
Indeed, the polarisation contrast between L and || is not surprising because oriented NGs are
partially formed under these conditions [42], as confirmed by SEM measurements in our sam-
ples (Fig. 8.9 b). Finally, since the formation of nanopores is not related to the presence of
nanogratings [42] that could be slightly developed (especially for N<20 pm™, we speculate the
moderate ERs (steepest variation in ERs for 15</N<30 pm™') are due to a mixed impact from
low anisotropic point defects, etching solution penetrating through nanopores to highly reactive
densified areas, and the little or null formation of nanostructures.

8.4.4 High N regime (N > 100 pm™)

At N>100 pulses per pm, the complete formation of highly oriented NGs occurs (Fig. 8.9 c) [13,
23]. Once the NGs are fully formed, their orientation determines the ER, being highly dimin-
ished for || polarisation. This polarisation contrast is well-known, and can be explained by
an uneven ER between alternate regions with modified and unmodified material (~0.5 pm-h
for NaOH [23]) that dramatically slows down the process [25]. For O polarisation, disordered
nanostructures are expected to fully develop, enabling ERs comparable to L, as reported in [9,
45].

8.5 Discussion about ER and polarisation dependence

Hitherto, we have considered the increasing material anisotropy degree with N as the main
responsible of the diffferent ERs and their polarisation sensitivity; either by point defects or
assisted by the influence of nanopores and oriented nanostructures. To support this hypothesis
in our samples, we perform polarisation microscopy. We measure a certain level of birefringence
for | and || polarisations from N = 10 pm™ that rapidly increases until it reaches maximum
values for N>100 pm™ (Fig. 8.9 d-e). As shown by Richter et al. [13], the polarisation contrast
intensity of the LAZ increases with the pulse energy and the number of pulses, in agreement
with Fig. 8.9 d-e and the interpretation of Fig. 8.7 described above. Indeed, the higher degree
of material anisotropy is consistent with a high polarisation contrast in etching rate between ||
and | or O cases. For instance, at N = 1000 pm™' and 300 nJ (Fig. 8.7 a), the || ER is more
than ten times lower (~25 pm-h™!) than the L case. Furthermore, the birefringence intensity
qualitatively agrees with the polarisation contrast between L and || at the moderate pulse regime
(15 < N < 100 pm1).
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8.5. Discussion about ER and polarisation dependence

We now compare our results with the literature. Few works exist regarding the impact of low
number of pulses on the ERs in fused silica, especially using NaOH. In this regard, we note that
contrary to Casamenti et al. results [23], we find high ERs at few pulses for both, L and ||, and
using £, > 240 nJ (up to 2 pJ tested). Casamenti et al. showed high polarisation sensitivity
(high and low ERs for L and || polarisations, respectively) for similar pulse energies. Besides
setup construction, the main differences between the conditions used for the inscriptions (equal
depth) are the PRR, being 333 kHz for [23], and 120 kHz in our case. The second difference is
the pulse width: 270 fs in [23] and 370 fs in our case. These pulse widths are similar; both lie
above the threshold to produce self-organised nanostructures [46]. Although the slight difference
in the pulse width cannot be discarded, it is reasonable to expect a lower influence from this
parameter.

Therefore, to investigate a possible cause that explains the discrepancy, we increased the
PRR up to 480 kHz and explored lower E, (Fig. 8.8). As can be seen in Fig. 8.11, we find
similar traditional polarisation sensitivity for N<10 pm™ and for 480 kHz (also for 240 kHz as
shown in Fig. 8.8), as in [23], but using slightly lower E,=180 nJ. There is a high polarisation
contrast for low N (high ERs for 1), which decreases at moderate N to recover at a high N
(NGs-regime). Hence, the E,— and NF-threshold may promote a sufficient incubation of defects
that enables high ERs at a few pulses regime.

In turn, increasing the PRR approaches to regimes in which thermal accumulation effects
could play a role. Thermal accumulation effects depend mainly on the PRR, E,, and v [47].
Indeed, we found higher width of the LAZ for 480 kHz than that of 120 kHz, indicating extended
damage originating likely from thermal accumulation effects. Hence, the reconciliation of our
results with those of Casamenti et al. [23] (only at a few pulses N<10 pm™) involves the
influence of thermal accumulation effects and defects generation. It is worth highlighting that
the experiments at higher PRRs show the impact of this parameter on the ERs at the transition
regime (15<N <100 pm~1), being stronger with higher E, for the L case. For instance, ERs
for 300 nJ and 600 nJ exhibit a steeper drop with PRR increase (see Fig. 8.8). High E, in
combination with thermal accumulation do not promote polarisation-dependent etching at the
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Figure 8.11. Polarisation etching rate contrast calculated from the difference between L and || average
etching rates at two different E,. Solid lines depict the etching rates for L, while dashed lines show
the etching rate contrast. Lower E, (180 nJ) and higher PRRs (240 kHz and 480 kHz tested) than the
one used for polarisation independence (120 kHz and E, >240 nJ) retrieve traditional high polarisation
contrast at a few pulses. Adapted from [1].

166



8. POLARISATION-INDEPENDENT ULAE IN FUSED SILICA

transition regime, requiring an increased N to recover it [9].

Finally, to demonstrate the capabilities of a few pulses yielding high ERs independent of
polarisation, we inscribed curved and square-wave microchannels (Fig. 8.12 a and Fig. 8.12 b).
The final penetration of the etching after 4 hours is shown by the solid circles. Both, curved
and square-wave microchannels show that N = 8 pm™' achieves polarisation-independence with
an etching rate ~ 300 pm-h!. The polarisation sensitive regime at N = 1000 pm! for ||
and L polarisations, respectively, exhibit significantly lower ER rates (ER ~ 10 — 35 pm-h™!), as
expected. We further test the polarisation insensitivity along the volume of the fused silica plate
by inscribing a mm-size regular compound stellated octahedron (Fig. 8.13). Manufacturing a
stellated octahedron within reasonable times is highly complex because it contains twenty-four
facets at 45°, the most challenging angle for polarisation-dependent 3D processing. Less than
2.5 hours of etching enabled the detachment of the stellated octahedron from the substrate,
consistent with the ERs obtained at the polarisation-independent regime.

8.6 Etching mechanisms in polarisation-independent regime

In the regime of interest for this work, characterised by a low number of pulses (N < 15 pm™),
the material undergoes several modifications, including densification, formation of defect sites,

N = 1000 pm™ N = 1000 pm™ N=8 um!
I 1 L

()

N = 1000 pm™ N = 1000 pm* N=8 pum’
|1 L 1

(b)

Figure 8.12. (a) Curved and (b) square-wave microchannels inscribed at a depth of 70 pm. Solid
circles show the final penetration of the etching after 4 hours in a NaOH solution (5 wt%). Scale bars
are 100 nm. Adapted from [1].
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(a) (b)

Figure 8.13. (a) SEM image and (b) photograph of the stellated octahedron. Scale bars are 200 pm
for SEM picture and 500 nm for the photograph. Adapted from [1].

and morphological changes such as the appearance of nanopores. Widespread literature exists
regarding the impact of fs laser irradiation and this kind of modifications. Nevertheless, there
is no attempt to link the subtle material modifications (in the non-nanograting regime) and
the high etching rates in this polarisation-independent regime. Besides, the mechanisms behind
high etching rates at a few pulses are not understood, with some literature pointing to the im-
portant role of matrix defects [23, 48]. In this section, some preliminary results are included to
provide insights into the mechanisms behind the high etching rates in this regime. Absorbance,
photoluminescence, and Raman spectroscopy are performed in laser-processed fused silica sub-
strates after thermal annealing treatments. Three annealing temperatures were chosen: 300°C,
600°C and 900°C, such that electronic defects could be annealed (> 500°C) and the structural
modifications (e.g., densification) at the laser-affected-zone could be reversed (> 900°C). In this
manner, the objective is to connect the high etching rates with specific material modifications
caused by the laser.

Photoluminescence and absorbance (Fig. 8.14) signatures associated with electronic defects
(e.g., the non-bridging oxygen hole centres with peak at 248 nm) vanish at 600°C, consistent with

4 ;
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Figure 8.14. Resultant absorbance present in pristine fused silica, as well as in a modified substrate pro-
cessed at 600 nJ and 120 kHz by raster scanning (1 jim spacing) fs laser pulses at high speed (N = 5 pm™)
and using || polarisation. The results shown are presented without annealing, and after annealings of
2 hours at 600°C and 900°C. A deuterium UV lamp and a high-sensitivity UV spectrometer Maya2000
Pro from OceanOptics are employed.
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the literature [49]. In contrast, the etching rates (Fig. 8.15) remain high at 600°C and drastically
diminish at 900°C. These findings suggest some matrix defects may not be strongly related to

the polarisation-independent high etching rates. Instead, other laser-induced structural changes

(reversed after 900°C annealing) could be the key drivers at this regime.
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Figure 8.15. ERs for || polarisation at 600 nJ and 120 kHz in modified fused silica substrate with no
annealing, and after 2 hours at 600°C and 900°C. Etching of four hours in 5 w% at 85°C is considered.
Shadow areas correspond to the standard deviation of two measurements.
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Figure 8.16. Raman spectra of the cross-section of LAZ are shown for (a) no annealing, and after
annealing for 2 hours at (b) 600°C and (c) 900°C. (d) Microscope image of the LAZ cross-section is
provided. Filled contour 2D plots depict the normalised Dy Raman band area (using a two-point baseline
correction algorithm) for the LAZ cross-section under the following conditions: (e) no annealing, and
after annealing for 2 hours at (f) 600°C and (g) 900°C. The experimental parameters used are 600 nJ
pulse energy, 120 kHz PRR, || polarisation, and N = 5 pm™'. The scale bar in d is 4 ym. Spectra were
acquired using a confocal Raman microscope NRS-4500 (JASCO Inc.) equipped with a 532 nm laser

excitation source.
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Finally, Raman measurements have been carried out on the cross-section of the modified
area for different thermal annealings (600°C and 900°C). The results are shown in Fig. 8.16.
It is important to note that the Dy band (with peak at ~ 606 cm™) is significantly increased
compared to the pristine silica. This could be attributed to an increase in the number of
3—-membered rings as well as a higher number of strained bonds in the silica network, resulting
in a reduction in the overall bond angle and, generally, densification of the area. After annealing
at 600°C, this densification decreases, and it practically disappears at 900°C, along with the
etching. This could suggest as a possible hypothesis that the reason for high etching rates with
low-pulse regime (anisotropy structures resulting in polarisation insensitivity) is not so much
due to the presence of point defects but primarily due to densification and/or quasi-spherical
nanopores precursor to nanogratings with a higher number of pulses.

Although not presented here, ongoing research conducted mainly by Mario Ochoa and
Mariela Ferndndez-Manteca appears to indicate the presence of certain differences in the
1552 cm™ band corresponding to O,. While it cannot be stated with certainty, this could
explain the presence of nanopores in the LAZ. According to the Lewis base, it is the densifica-
tion of silica that may be behind the etching [27, 50|, but this could be caused by laser-induced
nanopores, which do not correspond to the simple increase in refractive index characteristic of
Type I, as they involve different physical mechanisms [51]. However, this is only a hypothesis
that needs to be thoroughly explored to draw conclusions about the mechanism that leads to
this regime.

8.7 Conclusions

In summary, it is demonstrated the fabrication of complex geometries in fused silica with-
out any requirement of light polarisation control. A wide range of F, that achieved high
ERs (~ 300 pm-h™') was employed in the polarisation insensitive regime, including low-energy
femtosecond pulses typically employed for Type II (or even Type X) modifications (minimum
E, ~ 240 nJ). It is also shown that a cumulative effect of the pulses dominates the sensitiv-
ity because the transition to a polarisation-sensitive regime occurs at a given number of pulses
instead of a given pulse energy or repetition rate within the limits of the investigated ranges.
The results presented enable the fabrication of microstructures with high aspect ratios and ERs,
avoiding polarisation control.

In the insensitive range, the mechanisms driving the ERs are not determined by NGs (not
evident in SEM results as compared to higher N cases). Instead, a given nanopore density with
a low anisotropic degree that results in densification is suggested. The reduction in the bridging
angle within densified silica enhances the reactivity of oxygen due to the distorted arrangement
of its valence electrons. This deformation of the electron configuration can be understood in the
context of the Lewis base. However, further research is needed to better understand the role of
densification, nanopore formation, point defects and other mechanisms behind the polarisation-
independent high ERs, and their implications on the development of lab-on-chip devices and
integrated optics.
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MAGING fibres are used to perform real-time fluorescence endomicroscopy in vivo, in situ, with
the goal of increasing diagnostic information for a plethora of organ systems and diseases.
Widefield fibre endomicroscopy systems are simple, cost-effective, and come with fast image
acquisition times. However, alternative approaches such as scanning systems produce higher
contrast images with intrinsic optical sectioning, improving the visibility of histological features,
albeit at the expense of simplicity, cost and acquisition rate.



9.1. Background

This chapter describes the development of a selective plane illumination microscopy (SPIM)
endoscopic fibre platform consisting of an ultrafast laser fabricated end-cap integrated with a
polymer coherent fibre bundle and an epifluorescence microscope. Polymer fibres are known
to fluoresce when pumped with blue light, increasing background and noise in images. Our
end-cap design circumvents this challenge. We demonstrate a reduction of out-of-focus features
along with improved contrast of in-focus features in images of a tissue phantom. Moreover, we
demonstrate the utility of our platform for endomicroscopy using a whole ex vivo human lung
model.

The results presented in this chapter arise as a consequence of the 3-month research stay
at the Photonic Instrumentation Group (Institute of Photonics and Quantum Sciences) of the
Heriot-Watt University of Edinburgh (UK), under the supervision of Prof. Robert R. Thomson.
This chapter follows the corresponding works by Roldéan et al. [1, 2], and Parker et. al. [3], as
well as the patent application filed on 215¢ April 2022 to the UK Intellectual Property Office with
application number GB2205826.7. A dataset with raw data, 3D models, simulations, videos, and
other data related to the work can also be accessed in [4].

9.1 Background

Optical fibres are used across a range of clinical applications due to their flexibility, small cross-
section, and ability to reach remote sites in the body. Coherent fibre bundles (CFBs) are a type
of optical fibre used for imaging which consist of an array of many thousands of light-guiding
cores [5]. These cores maintain their relative spatial positioning along the length of the bundle,
each acting as a pixel in an acquired image. Silica CFBs are used clinically for minimally invasive
fluorescence fibre-bundle endomicroscopy (FBEp) of various organs of the body [6, 7], providing
the opportunity for a better understanding of biological processes. For example, FBEn has
been used within urinary [8, 9], gastrointestinal [10-15], and respiratory systems [16-18], for the
identification of neoplasia [8, 13, 15], dysplasia [12], cancer [9, 17], infection [16], or more general
histological assessment [10, 11, 14, 18].

Coherent fibre bundles have been used within various endoscopic imaging applications since
the late 1950s [19]. However, widespread commercial uptake of CFBs has been hindered by their
high cost. Factors determining this cost include the price of the material and the complexity
of fabrication. For example, many CFBs are made with highly doped silica cores in order to
maximise core-cladding refractive index contrast and minimise core crosstalk, which can have
a non-negligible effect on imaging performance [20-22]. Such doping is expensive, although
impressive advances have been made to realise inexpensive CFBs using low-cost silica preforms
intended for telecoms fibre [21, 23]. Polymer CFBs may be an attractive alternative to silica
fibres as they can enable extremely high core-cladding refractive index contrasts, higher diameter
CFBs which maintain relative flexibility, and are fabricated using inherently lower cost materials
and facilities. However, it is known that polymer CFBs exhibit substantial fluorescence when
pumped with blue light, which can be prohibitive for biological fluorescence imaging, particularly
at shorter wavelengths, e.g., green imaging. In order to open up the use of polymer CFBs for
low-cost FBEy, the issue of polymer CFB fluorescence must be overcome.

In fluorescence FBEn, sample illumination is carried out, conventionally, in either a widefield
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(WF) [24-26] or scanning [27-30] modality. Widefield systems may be favourable in clinical sce-
narios due to simplicity, low cost, and fast acquisition times. However, image contrast is limited
by the presence of out-of-focus fluorescence within highly scattering tissue [31]. Scanning systems
allow for optical sectioning, reducing unwanted background, but come with inherently more com-
plex and costly optical arrangements and a decrease in image acquisition rate. On the bench,
SPIM combines speed and simplicity with optical sectioning and high contrast imaging [32].
With this technique, a thin sheet of excitation light is projected across the focal plane, ensuring
that out-of-focus sample is not excited. Accordingly, SPIM requires two orthogonally positioned
objectives. To miniaturise and integrate SPIM into the form factor of a fibre-endoscope would
therefore require a creative solution. To date, efforts towards miniaturised fibre-based SPIM have
been directed towards tissue targets in animal models which can be surgically accessed, such
as the brain [33, 34]. Alternative format, i.e., not fibre-based, miniaturised SPIM implantable
devices have been developed for animal studies [35, 36]. Although promising, these technologies
have cross-sections and optical geometries which are not suitable for minimally invasive delivery
through an endoscope in humans.

Ideally, a fluorescence FBEp system would combine the benefits of several approaches and be
cost-effective, be deployable through a conventional endoscope, produce high contrast images,
and have a large field of view (FOV) with fast image acquisition. In pursuit of these key features,
we have developed a proof-of-concept SPIM probe which consists of a fused silica end-cap and
a commercial PMMA CFB. The SPIM probe is functional when operated with a bespoke WF
epifluorescence microscope. We refer hereafter to the entire SPIM imaging system as the SPIM
probe platform. While its name highlights its SPIM functionality, it is important to note that our
approach also crucially negates the negative effect of CFB fluorescence. Herein, we describe the
fabrication of the end-cap by ultrafast laser inscription and selective chemical etching (ULI-CE)
and evaluate its performance using a fluorescent tissue phantom. We present images and video
data acquired from a whole ez vivo human lung model as a proof-of-concept, whereby the SPIM
probe was passed to the distal parenchymal region of the human lung. Thus, we demonstrate
that our SPIM probe platform operates within an appropriate regime for the visualisation of
tissue autofluorescence. This work represents an important step towards the translation of SPIM
to in vivo scenarios.

9.2 Overview of the SPIM probe platform

The SPIM probe platform combines an in-house developed fused silica end-cap with a PMMA
CFB and a custom-built epifluorescence microscope (Figures 9.1 and 9.3). The PMMA CFB we
used is the MCL-1500-1.75, from Asahi Kasei Corporation. The CFB has a diameter of 1.5 mm
and 13,000 cores, each with a diameter of ~ 10.5 pm (Fig. 9.2 a). The cores are PMMA and
the cladding is a fluorinated polymer with refractive indices of 1.49 and 1.4, respectively (as
stated by the manufacturer and confirmed with refracted near-field measurement). The core
pitch (distance between core centre and nearest neighbour core centre) is ~ 12 pm (see SEM
image in Fig. 9.5 a) and the cores have a numerical aperture of 0.5. The CFB is packaged with
a polyethylene jacket which results in a full outer diameter of 1.75 mm.

A potential clinical deployment strategy of the SPIM probe into the distal lung via the
working channel of a bronchoscope is shown in Fig. 9.1 (left). Due to its small form factor, the
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Figure 9.1. Schematic illustration of the SPIM probe platform for lung imaging. The SPIM probe is
intended to be introduced through the working channel of a standard bronchoscope. (a) The diameter
of the SPIM probe (1.9 mm) is narrow enough to reach the alveolar space for structural imaging of
endogenous fluorescent tissue. (b) The custom-made fused silica end-cap secured to the distal end
of a PMMA imaging fibre. (c) Cross-section of the end-cap when in contact with tissue showing its
operational principle. The end-cap is fabricated in two parts, 1 and 2, between which is a thin mirrored
surface. Illumination from a laser guided by the outer fibre cores is reflected by the mirrored surface
towards the centre of the distal tip, generating a light-sheet perpendicular to the direction of observation.
Fluorescence from a sample in the front recess of the distal tip is collected through the central column of

cores. Adapted from [1].

SPIM probe can be delivered directly into the alveolar space (Fig. 9.1 a-b) via a transbronchial
pass where it can visualise endogenous tissue fluorescence. SPIM functionality arises due to
the light path through the probe as described as follows. The end-cap is affixed to the distal
end of the PMMA CFB, shown in Fig. 9.1 b (see also a 3D video animation of the end-cap
assembly into the polymer CFB in [4]). Tissue depressed into a shallow front recess is excited
by an illumination plane orthogonal to the fibre propagation axis (blue light in Fig. 9.1 ¢) via
pump light that is coupled at the proximal end to the outer cores only. Fluorescence induced in
the illumination plane is collected through a central imaging array of cores of the CFB (green

arrows in Fig. 9.1 ¢).

The SPIM probe platform acquires images in real-time using proximal-end instrumentation

\ 2
- 70 pm

?1.36 mm

1.5 mm

(b)

Figure 9.2. (a) Schematic of the imaging fibre MCL-1500-1.75 (Asahi Kasei) and its key dimensions:
fibre diameter, core diameter, and spacing between cores. (b) Subset of cores used to provide the excita-
tion (70 pm outer ring), and central column of cores used to collect the sample fluorescence (& 1.36 mm).
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consisting of an epifluorescence microscope and computer (Fig. 9.3 a). Figure 9.3 b-c schemat-
ically depicts the epifluorescence microscope. For the purposes of this work, we incorporated a
second illumination path to straightforwardly convert the platform’s operating modality from
SPIM to WF, as desired for characterisation experiments.

9.3 Epifluorescence microscope setup

A dual-illumination epifluorescence microscope was constructed, shown schematically in
Fig. 9.3 b. The microscope allows for easy switching between optical paths via a rotatable
dichroic mirror leading to either ring-illumination or flood-illumination of the proximal end of
the fibre for SPIM imaging or WF imaging, respectively. In either arrangement, excitation was
provided by a 485 nm laser (L) (LDH-D-C-485 with PDL 800-D driver, PicoQuant) operated in
CW mode.

For SPIM imaging the following excitation path was used. A lens (L;) (C230TMD, Thorlabs)
was used to collimate the output of a single-mode patchcord (P5-405-FC-2, Thorlabs) connected
to the laser. The collimated beam was then expanded using a 5x beam expander (BE) (GBEO05-
A, Thorlabs) and passed through an excitation filter (Ex) (FITC-Ex01-Clin-25, Semrock). The
light was then reflected via an aluminium mirror (M) (PF10-03-GO01, Thorlabs) and passed
through an axicon lens with a 0.9° angle of divergence (Lax) (AX122-A, Thorlabs). An image
plane (Im.) of the ring-shaped beam was then created by a lens (Ly) (LA1131-A-ML, Thorlabs).
An optical mask (Mask) positioned in the image plane was used to block any stray light in the
centre of the ring-shaped beam. This image plane was relay imaged onto the proximal end
of the CFB using a second lens (L3) (LA1131-A-ML, Thorlabs) and a 4x objective lens (Lop;)
(RMS4X, Olympus) via the dichroic (DM) (FITC-Di01-Clin-25x36, Semrock). The optical mask
was fabricated via ULI-CE on a 1 mm thick fused silica substrate (UV Grade Corning 7980 OF),
onto which a @ 1.36 mm central circle was silver-coated to opacity. The axicon and lenses were
selected together to create a ring of illumination on the CFB with a 1.5 mm outer diameter and
70 pm inwardly protruding thickness. Thus, excitation light was only coupled to cores capped
by the end-cap mirror (Fig. 9.2 b).

For WF imaging the following excitation path was used. Excitation light from a single-
mode patchcord (P5-405-FC-2, Thorlabs) connected to the laser was collimated via a tube lens
(Ly) (TTL-200-A, Thorlabs) and passed through an excitation filter (Ex) (FITC-Ex01-Clin-25,
Semrock). The dichroic mirror (DM) (FITC-Di01-Clin-25x36, Semrock) was angled to redirect
this light through the objective lens (Lop;) (RMS4X, Olympus) onto the proximal end of the
CFB. The relative position of the patchcord output and the tube lens was then adjusted to
massively defocus the laser spot incident on the CFB until even illumination of the central
column of cores was obtained.

In either SPIM or WF mode, fluorescence images were acquired through the same objective
lens and dichroic mirror. Subsequently, after an emission filter (Lgy) (FITC-LP01-Clin-25,
Semrock) and a tube lens (Ls) (TTL200-A, Thorlabs), the images were captured by a camera
with a monochrome CMOS sensor (C) (GS3-U3-32S4M-C, FLIR).
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Figure 9.3. Schematic of the proximal end instrumentation (Key: (L) — 485 nm fibre coupled laser,
(L1) —lens, (BE) — beam expander, (Ex) — excitation filter, (M) — mirror, (L,x) — axicon lens, (Lg) —
lens, (L3) — lens; (Mask) - silver-coated optical mask, (DM) - dichroic mirror, (Lop;) — objective lens,
(Obj.) — object plane and location of proximal end of SPIM probe, (Em) — emission filter, (Ls) — tube
lens, (C) — CMOS monochrome camera, (Ls) — tube lens). (a) The entire SPIM probe platform consists
of the SPIM probe (packaged end-cap shown in photo) coupled to an axicon lens-based epifluorescence
microscope and a PC for real-time imaging. (b) Epifluorescence microscope which enables the SPIM
probe. Note that the greyed-out illumination path is an integrated WF epifluorescence microscope which
was used for characterisation experiments and is not a part of the SPIM probe platform. (c) 3D view
with real optical elements of the axicon-lens based epifluorescence microscope (the WF arm in Fig. (b)
is not included here). Adapted from [1] and [2].

9.3.1 Optical design of the axicon-based microscope

Working backwards, an illumination ring in the object plane has the following dimensions: inner
diameter (ID) & 1.36 mm, outer diameter (OD) & 1.5 mm, and thickness 70 pm. The objective
(Lon;) was preselected in combination with the tube lens (Ls) in the fluorescence emission optical
path. The objective lens has an effective focal length of 45 mm.
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The lens (L3) was preselected in such a way that it works at 1.1x magnification from the
image plane to the object plane. Therefore, in the image plane, we wanted to produce a ring
with approximately: ID = 1.5 mm, OD = 1.65 mm, and thickness = 77 pm.

An axicon deflects light according to Snell’s Law, which can be used to find the deflection
angle (5):
n -sin(a) = sin(a + G), (9.1)

where n is the refractive index of the lens, « is the physical angle of the prism, and [ is the
angle the deflected beam creates with the optical axis. Beyond the Bessel beam region (overlap
region in Fig. 9.4 a) of the lens, a ring of light is formed. The thickness of the ring (¢) remains
constant and equivalent to r. For the wavelength used (A = 485 nm) the refractive index of
the lens is n = 1.4632. Under these conditions, and with r = 77 pum, the thickness of the ring
is shown in Fig. 9.4 b for different values of . It can be seen that ¢t ~ r can be considered,
especially for small values of «:

= rv1-n’sin’a ~ . (9.2)

CoS (v (n sin? a + cos a1 — n? sin? a)

In the setup depicted in Fig. 9.3 b, the diameter of the image plane ring (2R = 1.65 mm) is
the result by the deflection angle (3) of the axicon (Lax) and the focal length (fy,) of the lens
(L2) (see also Fig. 9.4 a):

tan f = ——. (9.3)
fL

With (§’s available from Thorlabs options of axicons and r = 0.825 mm, Table 9.1 lists the
possible focal lengths of the lens (Lg). The lens (La) chosen is the AX122-A (a = 2°, 5 = 0.9°),
not only because of the closeness of its focal length to that required, but also because of the
practical reasons for setting up the microscope. In fact, focal lengths less than ~ 50 mm make
it difficult to position the different optomechanical components, and distances greater than that
begin to create a discrepancy between the required and available focal lengths. Also, the error
made in the thickness of the ring is minimised (¢t = 76.96 pm, » = 77 pum).

[ (degrees)

L= 0 5 10 15 20 25
' ' 80 P O R m—— L B
ty ]
\ i . 70 ¢
= | s
\6 : = 60 |
2r i 2R =
i 50 [ wmm Real value of ring thickness
i = = Approximated value of ring thickness
« ! 40 E L L L L L L L
L L 0 5 10 15 20 25 30 35 40

i « (degrees)
(a) (b)

Figure 9.4. (a) Schematic of an axicon lens showing the ring-shaped beam that propagates after the
overlap region (Bessel beam region). (b) Error made when using the approximation ¢t = r for different
values of «, the exact value being given in Eq. 9.2. n = 1.4632 (UV fused silica at A\ = 485 nm) and
r =77 nm are considered.
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Table 9.1. Required focal lengths for the lens (o) depending on the different axicon lens options from
Thorlabs.

Item # B fLs Closest (Lz) focal length available

AX1205-A  0.2° 236.3 mm 199.3 mm

AX121-A 0.5° 945 mm  99.7 mm

AX122-A 0.9° 525 mm 49.8 mm (chosen as the most practical option)
AX125-A 2.3° 205 mm 19.9 mm

AX1210-A 4.7 100 mm —

AX1220-A  10° 4.7mm -

AX1240-A 29.9° 14 mm -

Moreover, the thickness of the image plane ring (¢t ~ r) is a result of the magnification
from the laser fibre output to the image plane. The laser is fibre coupled and has a mode field
diameter (MFD) of ~ 4 pm, while r must be 77 pm:

r 77 pm

05 MFD 05 4mm 38.5 x magnification. (9.4)

The focal lengths of lenses (L;) and (Lg) are 4 mm and 50 mm, respectively. Consequently,
the magnification is f1,,/fr., = 12.5x. To get the 38.5x magnification, a beam expander (BE)
is needed. BEs (with fixed magnification) were available either at 3x or 5x. We chose 5x BE
(resulting in an overall magnification of 62.5x) to make sure the ring is large enough. We still
used the mask to ensure that there was no light coupled into the imaging region of the fibre.

9.4 SPIM probe: design and fabrication

This section explains both the 3D CAD design process of the end cap, as well as the subsequent
fabrication, including the steps of fs laser writing, chemical etching, silver coating, and assembly.

9.4.1 End-cap design: 3D CAD modelling

The end-cap was designed to be secured to the distal tip of the PMMA CFB and result in
SPIM functionality without adding bulkiness (Fig. 9.5 a). The design, which can be found
in [4], was made using Solidworks software version 2019 SP4.0. Its key functional feature is
an annular, angled, mirrored surface which circumscribes the distal end face of the PMMA
CFB (Fig. 9.5 b) and redirects excitation light into a plane across the FOV. Both the mirrored
surface and the peripheral inner surface of the end-cap were given curvatures (radii of curvature
0.45 mm and 0.15 mm, respectively) to prevent excitation light from diverging excessively outside
of the imaging region. The mirrored surface protrudes inwardly a distance of 70 pm from the
perimeter of the PMMA CFB end face, capping a ring of cores approximately six cores thick.
This represents 18% of the total cores in the fibre. As previously discussed, proximally, the
epifluorescence system features an axicon lens in order to couple excitation light only into this
ring of cores, delivering excitation to the sample at the distal end. The remaining 82% of the
cores are reserved for the collection of fluorescence: this equates to a FOV of @ 1.36 mm. The
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Figure 9.5. End-cap design. (a) Illustration of the SPIM probe. Inset shows an SEM image (taken with
Phenom Pro, Thermo Fisher Scientific) of a region of the end face of the fibre. Scale bar is 50 pm. (b) 3D
cross-sectional slice of the designed end-cap. The top and bottom parts are shown slightly separated, to
indicate the location of a mirrored surface between the two parts. (c) 2D CAD drawing of the end-cap.
R refers to radius of curvature. Dimensions are shown to scale. Figures (a-b) are made using Blender
3.2, while Fig. ¢ is based on the model made with Solidworks 2019 SP4.0, which can be found in [4].
Adapted from [1].

end-cap outer diameter is 1.9 mm (Fig. 9.5 ¢) and can be delivered down the working channel
of most commercial bronchoscopes.

9.4.2 End-cap fabrication: ULI-CE

The end-cap fabrication process centres around ULI-CE, also known as ultrafast laser assisted
etching (ULAE) [37], or femtosecond laser irradiation followed by chemical etching (FLICE) [38,
39]. As detailed extensively in Chapter 3, ultrafast laser inscription (ULI) [40] is a powerful tech-
nology which enables the production of micro-optics with remarkable freedom and precision [41-
43]. In this technique, tightly-focused ultra short pulses (< 350 fs) are used to induce nonlinear
photoionisation in a dielectric substrate [44-46]. The resulting modified substrate volume is
highly localised so that material directly outside of the focal point is largely unaffected. One
result of ULI-CE on a substrate is an increased etching rate (up to x10%) when compared to pris-
tine material [37, 47]. This effect can be harnessed to “write” 3D structures into bulk material
that can then be revealed by wet etching.

In the first part of the fabrication process, the end-cap structure is inscribed into a fused
silica substrate as two separate parts (Fig. 9.5 b). Femtosecond laser writing was performed
using a Menlo Systems BlueCut fibre laser (Menlo Systems GmbH) that delivers 350 fs laser
pulses at a central wavelength of 1030 nm. A PRR of 250 kHz and a pulse energy of 250 nJ
were used. The inscription speed was 3 mm/s, thus obtaining 83.3 pulses/pum. To obtain the
highest selectivity in the subsequent chemical etching of the structures, the polarisation was
set linear and perpendicular to the intended etching direction [37]. As the end-cap inscription
is circular, the polarisation was dynamically controlled during laser inscription by rotating a
A/2 waveplate. Figure 9.6 shows the direction of polarisation in the inscription of the different
parts of the end cap. The laser pulses were tightly focused into the 1 mm thick high purity fused
silica glass (UV Grade Corning 7980 OF) using a 0.4 NA aspheric lens (A110TM-B, Thorlabs).
The substrate was translated through the laser focus using a motorised nano-resolution XYZ
crossed roller bearing stage (Alio Industries), and the stage motion was controlled using ACSPL—+
programming language. Figure 9.7 a shows micrographs of the fused silica substrate after ULL.
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Figure 9.6. Polarisation control techniques used in the different laser inscriptions that result in the
end cap. (a) The vertical surfaces (inscribed while moving in Z) present a surface-matched polarisation
technique, while the horizontal surfaces (inscribed whit constant Z) are inscribed with a static polarisation
state, being E, in this case. (b) Appearance of the end-cap in a top view (XY plane). The arrows show
the polarisation direction in the surface-matched polarisation inscriptions, which depends on the angular
position.

In the subsequent etching process, the inscribed fused silica glass was immersed for three
hours in a magnetically stirred etching solution of KOH diluted with deionised water (8 mol/L,
85°C). The etching time was determined empirically to facilitate easy release of the two parts
forming the end-cap, without over-etching. The two parts were individually removed and rinsed
with deionised water (see Fig. 9.7 b).

The top part of the end-cap was silver-coated on the surface shown in Fig. 9.5 b by e-beam
deposition (MiniLab 080 System, Moorfield Nanotechnology Limited). The coating thickness
was 90 nm + 10 nm.

Before assembling the end-cap to the fibre, the two ends of the CFB were polished according
to the following procedure: 30 s (1,000-grit sandpaper), 1 min (4,000—grit sandpaper), 2 min
(12 pm of grit size lapping film), 3 min (5 pm grade lapping film), 4 min (3 pm grade lapping
film), and 5 min (1 pm grade lapping film).

Finally, both parts of the end-cap were assembled using manual translations stages and
glued with UV-curable optical adhesive (NOA 61, Norland) (see Fig. 9.7 ¢ — left). Similarly,
the end-cap was glued (NOA 68, Norland) to the polished distal end of a 1.5 m length of the
fibre (see Fig. 9.7 ¢ — centre), and a flexible heat-shrink tube was attached for protection during
experiments (see Fig. 9.7 ¢ — right).

9.5 SPIM probe characterisation

Three aspects of the SPIM probe were characterised. Firstly, we quantified the fluorescence
emission of the cores in the PMMA CFB when pumped with blue light. Secondly, we simulated
the distal-end light field of the SPIM probe and compared it with simulations of the CFB fibre
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Figure 9.7. End-cap fabrication. (a) Ultrafast laser inscription. (left) Side and (centre) top view
micrograph of the end-cap inscribed in the fused silica substrate. (right) Image of a 10 x 10 x 1 mm
fused silica substrate where twelve end caps are inscribed. (b) Micrographs of the (left) bottom and
(centre) top parts of the end-cap, after KOH etching process. (right) Micrograph of the bottom part of
the end-cap in a slightly oblique position. (c¢) Assembly. (left) Image of the two parts of the end-cap
glued together. A silver thin film is located on the surface between the two parts, as depicted in the
illustration in Fig. 9.5 b. (centre) Image of the end-cap bonded to the PMMA CFB. (right) Image of two
end cap samples attached to different illuminated PMMA CFBs, one of them with the protective shrink
tubing. Scale bars in (a) are 300 pm. Scale bars in (b-c) are 400 pm. Adapted from [1].

when used as a WF imaging fibre. Finally, we investigated the extent of core crosstalk in the
PMMA CFB as a means to compare it with silica CFBs.

9.5.1 Fluorescence of PMMA CFB

The fluorescence emission from single cores of both the PMMA CFB and a commercial silica
CFB (FIGH-30-6508, Fujikura) is shown in Fig. 9.8 a. Figure 9.8 b shows the system used
for measuring the fluorescence emission of fibre cores. The output of a fibre-coupled 485 nm
laser (L) (LDH-D-C-485 with PDL 800-D driver, PicoQuant) was collimated and coupled into
a single core at the proximal end of the CFB via lenses (L;) and (L2) that were selected so that
the incident laser spot would not over-fill the core. At the distal end of the fibre, a camera (C)
(DCC1645C, Thorlabs) was used to provide feedback for positioning the fibre with respect to the
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Figure 9.8. Measurement of fibre core fluorescence. (a) Fluorescence emission spectra of the cores
of the PMMA CFB. Plot shows PMMA fibre cores exhibiting a strong green fluorescence (black line)
which coincides with endogenous tissue emission band (blue fill). The silica fibre exhibits a weak, broad
fluorescence (red dashed line). Dashed vertical line represents the excitation filter edge. Relative fluo-
rescence units (RFU) refers to fluorescence counts per metre of fibre. (b) Epifluorescence system used
to measure the fluorescence emission spectra of the cores of the PMMA CFB and the silica CFB when
pumped with a 485 nm laser (Key: (L) — 485 nm fibre coupled laser, (Li5) — lenses, (Ex) — excitation
filter, (DM) - dichroic mirror, (C) — camera, (Spec.) — spectrometer). Adapted from [1].

proximal end laser spot such that the pump light was incident on the core and not the cladding.
The laser was operated in CW mode and the power was measured to be 200 pW. Backscattered
fluorescence induced in the core was then coupled via a multimode fibre (M42L01, Thorlabs) to
a spectrometer (Spec.) (QE-Pro VIS, Ocean Optics now Ocean Insight) for readout.

When normalised to the length of the fibre, the fluorescence of the PMMA fibre cores was
found to be two orders of magnitude greater than that of the silica fibre cores and overlaps
with the emission wavelength range of endogenous tissue fluorophores [48]. Thus, using the
same cores to provide excitation and to collect fluorescence, as is done in standard WF imaging
techniques, would result in a significant fluorescence background and a decreased signal-to-noise
ratio. Indeed, this effect can be seen in Figs. 9.14 and 9.15 and is discussed later. In contrast,
the SPIM probe uses separate sets of cores for excitation and collection, avoiding the negative
impact of core fluorescence.

9.5.2 Simulation of light field

Ray-trace simulations were carried out with the aim of predicting the spatial properties of the
excitation plane parallel to the distal end face of the SPIM probe (Fig. 9.9 a bottom). We also
simulated the case of the PMMA CFB used in a WF modality, .e., without an end-cap and
with proximal-end flood illumination (Fig. 9.9 a top). A simulated detector perpendicular to
the end face of the fibre shows the intensity distribution in these two scenarios.

Zemax OpticStudio software (version 22.2) was used with Matlab (version R2022a Update 1,
The MathWorks Inc.) as the application programming interface (API). Standalone mode was
the program mode used for the connection between Matlab and Zemax OpticStudio. For the
simulations, non-sequential ray-tracing mode was employed. Both end-cap parts were included
as CAD parts, and each simulated core was modelled as a source point with an illumination angle
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cone defined by the NA of the fibre. A nominal 1 mW was launched at the proximal end of the
fibre, with a total of 1,000 rays per core. 485 nm wavelength was employed. It should be noted
that neither the attenuation of the PMMA fibre nor its dispersion was taken into account in the
simulations. The autofluorescence of the PMMA fibre when excited at the working wavelength
was also not considered. Both the 3D model of the end-cap and simulations are included in [4].

The intensity distribution in the 2D detector plane (Fig. 9.9 b) was obtained in the SPIM
case using the end-cap with a 70 pm thick ring-illumination (2,337 cores simulated, 100%),
and in the WF case using a bare fibre with flood-illumination (10,000 cores simulated placed
randomly, 76.92%). The 2D detector plane was oriented as shown in Fig. 9.9 a, i.e., containing
the axial axis of the fibre, initiating at the fibre end face, and with dimensions of 1.35 and 4 mm
in the Y and Z axes (1001 x 1001 pixels), respectively. The averaged intensity as a function
of propagation distance (Fig. 9.9 c), for both SPIM and WF, was extracted from the intensity
distribution in the 2D detector plane, as I(z) = (L,) ! J, 1(y, 2) - dy, with L, = 1.35 mm.

Plots of the intensity distribution in the detector plane (Fig. 9.9 b), and the integrated
intensity as a function of distance from the fibre end face (Fig. 9.9 c) allow two key conclusions
to be drawn. Firstly, the intensity drop-off as a function of distance is noticeably steeper in SPTM
than WF. A 20 dB decay is observed at a distance of ~ 0.7 mm for SPIM and ~ 3.3 mm for WF.
Secondly, the power within the front recess of the end-cap (z < 170 pm) is ~ 2.97 times higher
than within the equivalent propagation distance in the WF case. According to the simulations,
for 1 mW launched into the proximal end of the CFB 0.232 mW will be confined in the front
recess of the SPIM probe compared to 0.078 mW in the equivalent 170 pm after the fibre at the
distal end in the WF case. For an increased distance of 0.5 mm extending from the fibre end
face, the power is 0.448 mW in the SPIM case and 0.194 mW in the WF case. In short, almost
half of the power delivered in the SPIM probe is confined in the first 0.5 mm after the fibre.
Thus, in the SPIM case, distant features in any given FOV receive less light and more light is
contained within the CFB imaging volume. It should be noted that some light exiting the CFB
diverges outside of the finite detector plane and is not captured in the simulations.
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Figure 9.9. Simulations of light fields in WF and SPIM cases. (a) Illustration depicting arrangement of
the 4 x 1.35 mm ZY rectangular detector in the simulation for both WF (flood illumination without end
cap) and SPIM (ring illumination with end cap) cases. (b) 2D simulated excitation light intensity profile
in the detector plane using both WF and SPIM illumination. Absorption/scattering have not been taken
into account. Dotted white line at z = 170 pm on the SPIM profile represents the end of the end-cap.
(c) Integrated intensity as a function of distance (I(2) = (L)™' [, I(y,2) - dy, with L, = 1.35 mm) for
WF and SPIM illumination. Front recess region (z < 170 nm) is shown as grey fill. Adapted from [1].
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9.5.3 Core crosstalk

Silica CFBs are typically designed with a range in core size as a means to prevent crosstalk [20,
21], a power-coupling between neighbouring cores which degrades imaging performance. The
PMMA CFB features very uniform core size (10.5 pm, SD=0.24 pm) and spacing (1.5 pm,
SD=0.15 pm) (extracted from SEM image of Fig. 9.5 a, and depicted in Fig. 9.2 a).

Experimental measurement

Crosstalk of light at 515 nm between cores in the PMMA CFB was measured experimentally on
a total of 13 cores. We chose this wavelength as it is representative of the fluorescence originating
from the alveolar tissue of a human lung [26, 48], and therefore of the images retrieved with the
SPIM probe. As shown in Fig. 9.10, light from a laser (L515A1, Thorlabs) with single mode fibre
output (P1-460B-FC-2, Thorlabs) was butt-coupled into a single core of the proximal end of the
1 m long PMMA CFB fibre (MCL-1500-1.75, Asahi). In this way, the cores were underfilled.
However, this experiment was not intended to be a complete study of the power cross-coupling
of these fibres. In other studies of CFB crosstalk, such as in [20, 21], large data sets were
required for valid statistical analysis. This was due to the non-uniformity of the core structure
in the CFBs, which also precluded the possibility of simulation. The CFB employed in this work
presents almost identical cores which are arranged in a uniform pattern. Thus, we determined
that experimentally measuring a small set of cores as well as using simulation to validate our
results was appropriate (and possible) to estimate the effect of crosstalk.

The spatial distribution of the light at the distal end of the fibre was imaged with a 7.5 mm
focal length lens and a monochrome camera (DCC1545M-GL, Thorlabs). With the help of a
micro-positioner at the proximal end of the fibre, different cores were excited and images of
crosstalk distribution at the distal end were taken. All non-saturated images were taken with

Camera
Lens
CFB
Laser : ; o
— T
source SMF 3
Proximal end face Distal end face Distal end face image

(butt-coupling)

Figure 9.10. Optical system used for illuminating (laser at 515 nm) a single core within a coherent
fibre bundle by butt-coupling, and recording the coupling of light across its immediate and extended
neighbouring cores by means of an unsaturated image.
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Figure 9.11. Experimental measurement of the core crosstalk of the PMMA CFB. (a) Number of modes
per core in the PMMA CFB as a function of A. (b) Example of a coupling spread pattern, highlighting
the excited core (515 nm wavelength), as well as the first three neighbouring layers. (c¢) Box plot with
the relative power in the excited core, as well as in each of the three neighbouring layers, either for the
whole layer or for an individual core. Adapted from “Supplementary Information” in [1].

an exposure time of 80 ps. Figure 9.11 b shows an example of the light distribution at the distal
end of the fibre upon excitation of a single CFB core.

We found that, despite the uniformity of the core pattern in the PMMA CFB and the number
of supported modes of the 10.5 pm cores (~ 512 at 515 nm, Fig. 9.11 a), along a 1 m length
of fibre, 66.3% =+ 2.4% of light coupled into one core of the PMMA CFB remained confined
to the core, while the remaining ~ 33.7% power-coupled to neighbouring cores. These values
are comparable to the available reported measurements of silica CFBs [20, 21]. Thus, it can be
expected that image degradation as a result of core crosstalk is no more of a concern using the
PMMA CFB than it is using a silica fibre.

The algorithm to obtain the inter-core coupling is detailed below. It is mainly based on
the one presented by Perperidis et al. [20], with some modifications. The power in the excited
core is obtained relative to the power in the three adjacent rings of cores (6, 12 and 18 cores,
respectively).

o I(z,y) is the matrix containing the intensity values of the non-saturated end face image,
with {z,y € Z$ | < Ny, y < N,}, where N, and N, are the number of pixels in width
and height, respectively.

o M; is the mean intensity in ring ¢. Ring 0 is the excited core. 3 rings are considered.

M= le‘y

Z I(x,y), V{ieZ{|i<3} (9.5)

xy ECU
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9.5. SPIM probe characterisation

¢ j is the core j in ring ¢, and n; the number of cores in ring ¢ (ng = 1, ny = 6, ny = 12,
and ng = 18).

o The relative power remaining in each ring is:

M
j=0 M;
Thus, the power remaining in the excited core (P,.) can be extracted, as well as the power

coupled to other cores (FP.):

My _ ?:1 M;

P =
3 M ) 3 M :
j=0+*"j =07

(9.7)

The results obtained are shown in Fig. 9.11 c¢. The power remaining in the excited core
after 1 m of fibre is 66.29%=+2.43% (confidence level of 95%), with the remaining 33.71% being
evanescently coupled to adjacent cores, with the distribution shown in the box plot.

Simulation

In order to verify the experimental results, the commercial software RSoft Photonics CAD Suite
(version 2021.09-1) was used for simulation. Specifically, the advanced finite element beam
propagation method was applied within the BeamPROP BPM simulation engine. Within a 3D
simulation model, a 2D lattice formed by four hexagonal rings was defined, with the geometrical
structure and refractive indices of the PMMA CFB. Only the central core was excited with
an input field corresponding to a superposition of all fibre modes supported by the core (equal
power and random phase for each mode) (see Fig. 9.12 a). The core crosstalk was evaluated after
1 m of propagation (see Fig. 9.12 b). It should be noted that the mesh grid size took a value
of A/4 in the X and Y axes, and A\/2 in the Z axis (propagation direction), where A = 515 nm.
Neither the attenuation of the PMMA fibre, nor its fluorescence when excited at the working
wavelength, nor other effects have been considered in the simulations.
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Figure 9.12. Simulation measurement of the core crosstalk of the PMMA CFB. (a) Field existing at
the beginning of propagation, corresponding to a multimode launched field in the central core. (b) Field
existing at the end of propagation (1 m). Scale bars in (a-b) are 10 pm. Adapted from “Supplementary
Information” in [1].
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According to the simulation results, 52.31% of the power remains in the excited core. The
remaining power is distributed according to 27.17%, 14.45% and 6.07%, for the first, second
and third neighbouring layers, respectively. This difference with the experimental result can be
explained by the fact that in the simulation all the modes of the core are excited and, therefore,
power cross-coupling is more likely.

Finally, in Fig. 9.13 the effect of cross coupling is shown when images are sent through 1 m of
fibre without any bends. At the proximal end of the fibre three different shapes, corresponding
to an off-centre cross (Fig. 9.13 a), four asymmetrically positioned elliptical dots (Fig. 9.13 b),
and a capital letter “A” (Fig. 9.13 c¢), are illuminated by a plane wave with wavelength 515 nm.
For this, as in the previous simulation, we have a 3D simulation model using BeamPROP on
RSoft. In this case the 2D lattice is formed by a geometrical structure of the PMMA CFB such
that it has a rectangular image region of 612 x 528 pm (X x Y'). The total number of simulated
cores is 2,500. The rest of the simulation parameters are identical to the previous one.

9.6 Imaging

In this section, the SPIM probe is used to verify that the conclusions drawn during the char-
acterisation process result in adequate imaging performance. For this purpose, both a tissue
phantom and a human lung tissue are used. Previously, the processing of the images acquired
in the experiments is shown and detailed.

9.6.1 Image processing

The data consist of images of circular fibres captured in a rectangular format such that there is
clipping of the fibre diameter in the horizontal and vertical direction (see Fig. 9.14). The subset

Normalized field
amplitude (V/pm)

10" 10" 102
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200 200 200
— 100 00 ) 100
2 0 0 0
” 200 | -100 -100
2200 2200 2200

-300  -100 100 300  -300  -100 100 300  -300  -100 100 300
X (pm) X (pm) X (pm)

() (b) (c)
Figure 9.13. Simulation of the transmission of an image along a 1 m long MCL-1500-1.75 imaging
fibre. The existing field at the distal end of the fibre is superimposed with the contour of the transmitted

images (dotted red lines). The transmitted images are an (a) off-centre cross, (b) four asymmetrically
positioned elliptical dots, and (c) a capital letter “A”. Scale bars in (a-c) are 100 pm.
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9.6. Imaging

of fibre cores used for excitation in the SPIM case were excluded from the analysis below, as well
as the corresponding cores in the WF case. The array of remaining cores, the imaging cores, are
referred to collectively below as the fibre FOV. All images were acquired with a monochrome
sensor and 8-bit depth in each pixel (L = 8). The mathematical notation of each image is shown
in Equation 9.8.

I, € Z"PN o I(z,y)€[0,2 —1]czf, Vi{zeX, yeY}, (9.8)

where « can refer to the raw image (o = r), background image (o = b), subtracted image
(av = s), contrast-optimised image (a = ¢), or filtered image (o = f). Likewise, X = [1,N]| C Z,
and Y = [1, M] C Z, where N and M refer to the width and height in pixels of the image,
respectively. In this case, N = 2048 and M = 1536.

For visualisation of image data contained in Figs. 9.14, and 9.16, image processing was carried
out as follows. The acquired background (Iy,) was subtracted from the corresponding raw image
(I,), obtaining Is (Equation 9.9),

I =1, - 1. (9.9)

The contrast within the fibre FOV in Ig was then enhanced by performing a linear transform
of the pixel values, while maintaining the “zero” value, to obtain I.. To determine this transform,
we established a “useful” maximum pixel value contained within the fibre FOV, [,4;, which we
later used to adjust the image while ignoring dead or anomalously high-valued pixels. For the
calculation of [,4;, a histogram of the fibre FOV within Ig, defined as Hg, was taken. Then,
defining [, as the modal value within Hg we determined [y as the maximum pixel value that
satisfies Hy(lqq7)> 0.01 - Hy(le).

We then apply a linear transform on Ig to obtain I according to Equation 9.10,

(Is)mina Is(xyy) < (Is)mzn
2L -1- Is man
Ic(l’,y) = l g — (I() ) [Is(ﬂ%y) - (Is)mzn] + (Is)mina (Is)min < Is($,y) < ladj~ (910)
adj s)min
oL 1, I(z,y) > lagj.

In this way, the “zero” value in the fibre FOV is maintained while maximising contrast enhance-

ment of useful information in the image.

Finally, to reduce the prominence of the core pattern in the displayed image, a two-
dimensional Weierstrass transform (Gaussian blur with standard deviation o = 4) was ap-
plied [49], resulting in image (If). Figures 9.14, and 9.16 contain processed images (I¢). As can
be seen, the computational burden of image processing is significantly light.
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Figure 9.14. Widefield and SPIM images showing improved contrast and a reduction of out-of-focus
features. (a-h) Corresponding FOVs acquired in WF and SPIM modality. Raw images demonstrate
the strong fibre fluorescence which is present in the WF case. The clear ring present in the raw SPIM
images is backscattered fibre fluorescence as a result of pumping the excitation light down these cores.
Processed images demonstrate qualitatively improved imaging using the SPIM probe. Scale bar is 500 pm.
Evaluation of the images (a-d) is shown in Fig. 9.15. Adapted from [1].
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9.6.2 Evaluation with a tissue phantom

Image characterisation was performed using a polymer sponge (yellow dish sponge) which has a
loosely-packed strand structure. The distal end of the CFB and the tissue phantom were secured
to separate 3-axis translation stages (MBT616D, Thorlabs), providing a way to precisely locate
a FOV and maintain it through sequential image acquisitions. In SPIM/WF mode, the power
of the 485 nm laser was set to 1.6 mW as measured between the objective and the proximal fibre
face. With the distal end of the CFB retracted from the tissue phantom and non-reflective black
card placed between the CFB and the phantom, a background image was taken. The distal end
of the CFB was then translated to make contact with the tissue phantom and another image was
acquired. Without moving the CFB or the tissue phantom, the fibred laser was coupled to the
WEF/SPIM illumination path and the dichroic mirror was rotated to flood/ring illuminate the
proximal end of the CFB. The laser output power was adjusted, if needed, to achieve 1.6 mW
measured between the objective and the proximal fibre face and an image of the phantom was
acquired. The CFB was then retracted, black card was used to block the extended light path
between the CFB and the phantom, and a background image was acquired. This process thus
resulted in a data set containing four images: a FOV image and a background image pair in
both SPIM and WF modality. Images were taken with a 200 ms exposure time and a detector
gain of 15 dB.

Representative examples of a tissue phantom imaged in both WF and SPIM modality are
shown in Fig. 9.14. Raw WF and SPIM images of each FOV are given to demonstrate the
significant fluorescence background originating from the PMMA CFB cores. In the WF case, it
can be seen that this fluorescence background is severe and obscures many of the image features.
Subtraction of the background improves visibility of image features but does not minimise the
presence of out-of-focus features within the FOV.

Quantitative evaluation of the tissue phantom images is shown in Fig. 9.15. Line profiles
were taken on each of the (a-d) images in a data set using ImageJ [50]. Any displacement of the
relative position of the fibre within the image frame was accounted for to ensure that lines were
drawn through corresponding image scenes without lateral translation. Any data sets where the
phantom itself had moved during data collection were discarded. The data were plotted after
being smoothed by a Savitzky-Golay filter [51] with a window-length of 29 and a polynomial
order of 2. The filter parameters were determined empirically such that the fibre core pattern
present in the data was minimised while preserving the apparent relative signal-to-noise ratio
between WF and SPIM data.

Each subfigure contains three plots: (i) The left plot represents a WF image. (ii) The middle
plot represents a SPIM image of the same FOV. In these plots, line profiles of the measured
background are shown as yellow dashed lines, raw images as orange dotted lines, and images
with background subtracted as blue solid lines. (iii) The right plot compares WF (red dotted
line) and SPIM (purple solid line) after background subtraction and normalisation. In Fig. 9.15
a and b random pairs of WF and SPIM images were selected and horizontal line profiles were
drawn through the FOV. Several observations can be noted. (i) The measured background in the
WF case is higher than in the SPIM case (yellow dashed lines). Furthermore, the background
within the SPIM FOV was comparable to the measured camera background itself, except for
an uptick in background within ~ 100 pm of the excitation ring of cores, as can be seen at the
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extreme ends of the line profiles. (ii) Out-of-focus features, indicated by grey arrows in images
and grey fill in plots, are diminished in the SPIM case. This is particularly clear when comparing
normalised WF and SPIM line profiles (red dashed line and purple solid line, respectively). (iii)
Signal-to-noise is improved in the SPIM case in comparison to the WF case. In Fig. 9.15 ¢ and
d, line profiles within the FOV were preferentially chosen to include out-of-focus features which
are clearly present in the WF image and minimised in the SPIM image. Again, grey arrows
indicate out-of-focus features in the inset images which are represented in the grey fill regions of
the plots. From these results, it is clear that the SPIM probe results in higher contrast images
with a reduction in out-of-focus image features.
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Figure 9.15. Evaluation of WF and SPIM images. (a-d) Line profiles across images shown in Fig. 9.14 a-
d demonstrate reduced out-of-focus background and improved contrast of SPIM. Insets show image and
line plotted (dashed white line). (Left) and (middle) WF and SPIM image, respectively, with measured
background (yellow dashed line), raw image (orange dotted line) and image with subtracted background
(blue solid line). (right) Normalised WF (red dashed line) and SPIM (purple solid line) line profiles
after background subtraction. Grey fill in each plot corresponds to areas shown by grey arrows where
background features are less visible in SPIM. Brightness and contrast of inset images have been adjusted
for visibility. Line profiles were taken on raw data and then smoothed using a Savitzky-Golay filter
(window=29, polynomial order=2). Adapted from [1].
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9.6.3 Demonstration in ex vivo human lung

Finally, as a proof-of-concept demonstrator, we acquired images from human lung tissue at
the Queen’s Medical Research Institute (QMRI) in Edinburgh (UK), within the Translational
Healthcare Technologies Group. This was done with both excised lung tissue and whole ven-
tilated ex vivo lungs, whereby the SPIM probe was delivered into the alveolar space. For the
former, a few centimetres of tissue was excised from a lower lobe and placed in a dish. The tissue
was punctured as necessary to gain access to the alveolar space. Images were acquired at 200 ms
exposure (5 fps) with a detector gain of 15 dB in sets of 200 images. Fibre background images
were taken before and after each 200 image set. For the latter, a pair of whole ex vivo human
lungs were mechanically ventilated (Drager Savina 300) by securing the ventilator endotracheal
tube within the trachea. The SPIM probe was delivered via the endotracheal tube and passed
into various regions of the distal lung by an operator, using real-time SPIM probe platform
imaging for guidance. Images were acquired at 150 ms exposure (7 fps) with a detector gain of
15 dB in sets of 1,000 images. Fibre background images were taken before and after each 1,000
image set.

Figure 9.16 shows various frames from video capture of excised tissue imaged on the benchtop
(Fig. 9.16 a) and of whole lungs imaged via the trachea (Fig. 9.16 b) (see also supplementary
videos in [4]). Without the use of exogenous fluorophores, we were able to visualise alveolar tissue
in real-time (either 5 fps or 7 fps) using the SPIM probe platform. Due to the dynamic nature
of the experiment, it was not possible collect comparable FOVs in WF and SPIM modality. A
full quantitative comparative study of the SPIM probe with a WF system is out of the scope of
this work, but will be pursued in future.
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Benchtop lung
tissue
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=3
~—

Whole ex vivo

lung (ventilated)

Figure 9.16. Representative examples of ex vivo human lung tissue. (a) Lung tissue sample imaged
on the benchtop using the SPIM probe at 5 fps. (b) Mechanically ventilated, whole ez vivo human
lungs imaged through the SPIM probe at 7 fps. The alveolar space is reached via a transbronchial
pass. Images and videos have been processed as described in “Image processing” subsection. Scale bar is
500 pm. Adapted from [1].
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9.7 Discussion

In this work, we developed a fused silica end-cap to enable SPIM through a fibre while main-
taining a form factor conducive to endoscopic deployment. Our SPIM platform has two key
strengths. Firstly, it avoids the effect of PMMA fibre core fluorescence (when pumped with blue
light) by using separate excitation and imaging cores. Secondly, it reduces the appearance of
out-of-focus features in an imaged sample, which would otherwise decrease image contrast.

As measured, the fluorescence emitted from cores of a PMMA CFB is undesirable. The
fluorescence spectrum (Fig. 9.8 a) reveals several strong emission peaks within the typical en-
dogenous fluorescence imaging window (~ 500 nm — 600 nm). Careful selection of filters could
result in removal of these peaks from the images, but with a severe loss of signal. Moreover,
regions of minima between the measured emission peaks are still significantly higher than the
measured emission from the silica fibre within the same wavelength range. It is important to
note the effect of this fibre fluorescence in images. When used in WF mode, the fluorescence
emission of the PMMA CFB can be thought of as a DC component in the acquired images. Re-
moving this background is trivial, as we did in Fig. 9.14. However, the fluorescence background
adds noise to the image, which is not removed through background subtraction, and can be
seen in Fig. 9.15. Thus, using separate cores for excitation and collection is a superior approach
for improving the usability of PMMA CFBs. Furthermore, due to the unusually large diame-
ter of polymer fibre, it is possible to subdivide the core array in this way without significantly
compromising the FOV. We allocated ~ 2,300 cores to the excitation path (~ 18% of the total
cores), leaving a sizable 1.36 mm diameter imaging window (~ 82% of the total cores). This is
significantly larger than many commercial silica CFBs, for example the Confocal Miniprobes™
range of imaging fibres with FOVs in the range of 240 pm — 600 pm (Mauna Kea Technologies,
Paris, France).

Our investigation found that despite the uniformity of the core pattern in the PMMA CFB
and the fact that the 10.5 pm cores supported numerous modes, 66.3% 4 2.4% of the light
coupled into one core of the PMMA CFB remained confined to that core over a 1 m length of
fibre (Fig. 9.11 ¢). The remaining ~ 33.7% power was coupled to neighboring cores, which is
similar to the results reported for silica CFBs. Hence, we can conclude that image degradation
due to core crosstalk is not a more significant issue when using the PMMA CFB than when
using a silica fibre [20, 21]. We further supported this conclusion with BPM simulations of
rectangular image regions measuring 612 x 528 pm, where we simulated the transmission of
various known shapes over 1 m of imaging fibre with the same characteristics as the one used
experimentally (MCL-1500-1.75, Asahi Kasei). As depicted in Fig. 9.13, although image contrast
is slightly reduced, macroscopic tissue structures in a human lung tissue could still be clearly
distinguished, as demonstrated experimentally (Fig. 9.16).

Simulation data show our SPIM end-cap results in good confinement of excitation light in the
end-cap front recess (Fig. 9.9 b). Specifically, when integrated over the 170 pm corresponding
to the depth of the front recess of the end-cap, the power is ~ 2.97 times greater than in the
corresponding propagation distance in the WF case. Furthermore, an intensity decay of 20 dB
is achieved in just ~ 0.7 mm (Fig. 9.9 ¢), enabling the optical sectioning capabilities seen here.
These results bear out in our comparison of image feature contrast in equivalent WF and SPIM
FOVs of a tissue phantom. We selected line profiles through these images and revealed that,
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in addition to a reduction in noise as discussed above, the prominence of out-of-focus features
is decreased in SPIM images (Fig. 9.15). Additionally, using an ez vivo human lung model
(Fig. 9.16), we demonstrated that the SPIM probe platform operates with sufficient excitation
and collection efficiency to visualise tissue fluorescence in situ without the use of any exogenous
fluorophores.

Underpinning several of our choices in this work was the goal of achieving a high performance
fibre-based imaging probe without high cost. Silica CFBs are available direct from manufactur-
ers, such as Fujikura [52], for ~ $100s USD per metre (FIGH-30-650S, $575 USD per metre).
Many of the fabrication steps of the SPIM probe are scalable. Multiple end-caps can be in-
scribed in a single glass substrate, decreasing both fabrication time and cost. Further reduction
in inscription time could be achieved by adopting laser beam shaping techniques [53]. Likewise,
etching and silver coating processes can be performed in batches. With appropriate scaling, the
manufacturing costs of the end-cap can be considered practically negligible compared to the price
of PMMA fibre (~ $30 USD per metre [54]). It is therefore conceivable to consider, even taking
into account future regulatory costs associated with translation of a device to the clinic, that
such a polymer SPIM probe holds potential as a low-cost, single-use, disposable device. As such,
we have avoided the need to overcome challenges related to sterilisation processes, which may
add substantial cost or be impossible to perform. For example, while the fused silica end-cap
could tolerate an autoclave procedure without issue, the PMMA fibre is irreversibly damaged
by temperatures above 60-70 °C and would not survive the autoclaving process. PMMA is
routinely used within microfluidics contexts and sterilisation with ethylene oxide [55] could be
a viable pathway towards re-usability, although this is beyond the scope of the work.

Finally, we identify several potential areas of improvement. We observed trapped air during
ex vivo lung imaging (Fig. 9.16 b right). Although the air could be dispersed with gentle
agitation of the SPIM probe from outside of the lung, small notches integrated in the perimeter
of the end-cap design could alleviate this issue without much disruption to the excitation path.
Some imaging targets/tissues may benefit from a tighter illumination plane and therefore higher
fidelity optical sectioning. This could be achieved by reducing the thickness of the ring of cores
used for excitation, provided sufficient illumination is preserved overall. Along similar lines,
dynamically addressing separate, thin rings of cores of different diameters, corresponding to a
change in the depth of the illumination plane, could allow us to achieve Z-stacking of the FOV
(with a reduced acquisition time compared with the current SPIM arrangement).

9.8 Conclusions

To summarise, we demonstrated a powerful new approach to enable selective plane illumination
microscopy using polymer coherent fibre bundles. This approach exploits an ultrafast laser fab-
ricated silica-glass end cap that was passively aligned onto the distal end of the polymer CFB,
and which circumvents the issue of autofluorescence from the polymer CFBs by spatially sepa-
rating the pump delivery and fluorescence imaging paths. It was also revealed that appearance
of out-of-focus features in an imaged sample is decreased.

We believe that our technique has the potential to be an enabling technology for cost-effective
microendoscopes in many applications, including FBEn of the respiratory system. COVID-19

198



9. SPIM USING POLYMER COHERENT FIBRE BUNDLES

has demonstrated we urgently need new safe and effective therapies for respiratory infections,
and polymer imaging fibres can image across a multi-mm field-of-view while maintaining great
flexibility, thus allowing access to the acinar units in the distal lung, providing a view of macro-
scopic tissue structures to observe cellular signatures. Working with Prof. K. Dhaliwal, Director
of the Pandemic Science Hub at the University of Edinburgh, we successfully demonstrated that
this technology facilitates high quality endomicroscopic widefield imaging of human lung tissues
that are free of background autofluorescence signals from the polymer CFB, opening a new route
to enable their exploitation in clinical and experimental medicine applications.
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HIS chapter explores the promising field of molecular sensing, with a particular emphasis
T on the use of Bloch surface waves (BSWs). Optical sensors have become indispensable in
various domains, notably in medical and life science applications, due to their ability to detect
minuscule amounts of analytes. Among the potent tools in this regard are BSWs, which are gen-
erated on the surface of a one-dimensional photonic crystal (IDPC). BSWs share similarities with
surface plasmon polaritons (SPPs) as both are evanescent surface waves employed in surface-
enhanced spectroscopies. Yet, their differences offer diverse application potentials. Unlike SPPs,
which are constrained to a metallic surface and a red-near infrared part of the spectrum, BSWs
can be finely tuned across the visible-UV range, thereby enabling the investigation of resonant
electronic states of molecules.



10.1. Surface waves

The chapter further presents an innovative photonic chip, fabricated using ultrafast laser
technology, which incorporates a 1IDPC. The design enhances the overlap of dispersion relations
across a wide spectral range, thereby creating new opportunities in the field of molecular sensing.
The work in this chapter is the result of a 3-month research stay at the Institute of Photonics
and Nanotechnology (IFN, Istituto di Fotonica e Nanotecnologie) in Milan, part of the National
Research Council of Italy (CNR, Consiglio Nazionale delle Ricerche), under the supervision
of the researcher Rebeca Martinez-Vazquez. The presented work arises from the collaboration
between IFN and the Department of Physics (DFIS) at Politecnico di Milano. The experimental
measurements presented here are carried out by Erika Mogni and Paolo Biagioni, both from
DFIS, while the fabrication of the photonics chip is performed by Rebeca Martinez Vazquez,
from IFN, and the author of this thesis.

10.1 Swurface waves

A surface wave (SW) represents a type of electromagnetic mode that travels along the boundary
between two different media. Characteristically, SWs demonstrate a high level of localisation,
with the greatest amplitude of their fields centred near the interface and decaying exponentially
with increased distance from it [1, 2]. These waves have been explored in a vast array of materials
and structural conditions, further emphasising their versatility and potential.

SWs have the unique ability to manipulate and confine light below the diffraction limit. This
field localisation attribute and their unique surface sensitivity have spurred extensive research
over recent decades. This has unlocked new opportunities for optical devices and applications
including near-field imaging [3], sensing [4, 5], polarisation control [6], light-trapping [7, 8], and
nano-guiding [9, 10].

Several kinds of SWs exist, each defined by unique attributes related to the permittivity
or permeability of their constituent materials. Existing types of SWs can be grouped into the
following categories [11]:

o Surface plasmons: require negative permittivity of one of the media in the interface.

o Bloch SWs: require periodic permittivity of one of the media along the interface.

o Tamm SWs: require periodic permittivity of one of the media truncated by the interface.
o Dyakonov SWs: require linear anisotropy of at least one medium.

o Surface solitons: require non-linear permittivity of one medium.

o Magnetic plasmon: require negative permeability of one medium.

o Other types: Dyakonov plasmons, 2D plasmon waves, surface phonon-polaritons, surface
excitons-polaritons, topological SWs, among others.

The two most prevalent types of surface waves in the field of photonics are SPPs and
BSWs. Both SWs have become established tools for molecular sensing and surface-enhanced
spectroscopy [12, 13]. Brief overviews of these are presented below.
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10. MOLECULAR SENSING WITH BLOCH SURFACE WAVES

10.1.1 Surface plasmon polaritons (SPPs)

SPPs are electromagnetic surface waves that are resonantly coupled to the collective oscillations
of electronic charge on the surface of a metal [14]. The excitation of SPPs requires two conditions
to be met [14]. Firstly, the sum of the dielectric functions of the incident media (e;(w)) and the
external media (e2(w)) must be less than zero (Equation 10.1). Secondly, the product of the
dielectric functions must be negative (Equation 10.2).

€1(w) + e2(w) < 0, (10.1)
€1(w) - e2(w) < 0, (10.2)

It is impossible to fulfil the aforementioned conditions with two materials that possess a
positive real dielectric function. At least one of the materials must have a negative dielectric
constant, which makes metals ideal candidates for satisfying these conditions.

In plasmonic applications, spectral regions are sought where interband transitions are absent,
enabling electrons to be treated as free [15]. This characteristic makes metals such as gold
optimal for utilisation in the red to near-IR part of the spectrum. A metal-dielectric interface
can potentially guide a surface plasmon, but there is a requirement regarding the illumination
geometry to excite an evanescent SW. Specifically, the incident beam must be TM polarised as
TE polarised waves do not couple with the electron plasma oscillations at the metal surface [14].

10.1.2 Bloch surface waves (BSWs)

As mentioned earlier, a platform capable of sustaining SPPs requires a metallic layer, often
using gold as a common choice. On the other hand, BSWs are generated at the surface of
a truncated one-dimensional photonic crystal (see Fig. 10.1), which is a periodic multilayer
structure composed of dielectric materials [17]. Photonic crystals are optical media that exhibit
periodic changes in the refractive index. This periodicity of the dielectric function can occur
in one (leading to 1DPC), two (2DPC), or three dimensions (3DPC). 1DPCs possess a simple
structure but retain the advantages and features of photonic crystals in general. For instance,
they can be designed to operate within specific wavelength ranges, exhibit a photonic band gap,

p Evanescent W&VO\» BSW

I-» 1DPC
X Y
Transmitted Reflected
wave wave
Prism

Figure 10.1. Illustration of the evanescent wave at the surface of a generic 1DPC in a Kretschmann
configuration [16], and the BSW propagating through the interface between the two media.

207



10.1. Surface waves

and support localised modes in the presence of defects [6, 18, 19]. As depicted in Fig. 10.1, a
general 1IDPC can be seen as a stack of layers, homogeneous in the XY plane and periodic in

the Z direction, with a certain refractive index contrast.

Modes associated with this particular geometry can be characterised using the Bloch form
by the in-plane wavevector k|, the wavevector along the Z direction k., and the band number
m [20]. The in-plane wavevector can take any value since the structure is homogeneous in the
XY plane. On the other hand, k, has a finite range of possible values. It is constrained within
the so-called one-dimensional Brillouin zone, which has a dimension of 27/d, where d is the

periodicity of the crystal over which k, repeats.

When considering a homogeneous material, i.e., there is no variation in the refractive index,
and focusing on an electromagnetic wave propagating solely along the Z direction (k:” =0), the
allowed modes of propagation align with what is known as the light line [21]. The light line
represents the boundary between the region where electromagnetic waves can propagate and the
region where they cannot. The position and characteristics of the light line are determined by

the dielectric function of the material:

(10.3)

where ¢ represents the speed of light in a vacuum, while € is the dielectric function of the material
through which light is propagating.

On the other hand, in the presence of a heterogeneous crystal composed of different materials
with distinct dielectric functions, the band structure exhibits the appearance of a band gap

0.95 ‘ ‘ ‘ ‘ ‘ 0.95
0.9 0.9
= © ~3 Q
318§ 0.85 3|8 085
& 08 g 08
: :
gz“ 0.75 g 0.75
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(a) (b)

Figure 10.2. (a) Dispersion relation (frequency vs. wavevector) of a homogeneous material with a
refractive index n = 1.45. The structure does not exhibit any band gap. (b) Dispersion relation of a
1DPC with a refractive index contrast of npign/niow = 1.4. The thickness of both materials is equal. The
index contrast leads to the formation of a band gap, characterised by frequency ranges where no states
exist. In both graphs, the shaded area represents the continuum of allowed bands where electromagnetic
waves can propagate, while frequencies within the band gap correspond to evanescent waves. The bottom
line is the light line. The MIT Photonic-Bands (MPB) package has been utilised to calculate the definite-
frequency eigenstates of Maxwell’s equations within a semi-infinite 1DPC. This computation was achieved
by applying the supercell method [22] and the plane wave expansion (PWE) method [23].
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(Fig. 10.2 b). This phenomenon is directly influenced by the periodic arrangement of the layers
and the specific refractive indices of the materials utilised. When the crystal is illuminated with
a frequency falling within the band gap, there are no electromagnetic modes, so the resulting
wavevector becomes complex, indicating the presence of evanescent modes [24]. These modes
experience a decay in amplitude as they propagate within the crystal (see Fig. 10.1). The
imaginary part of k, determines the length scale associated with the exponential decay in the
evanescent wave, as illustrated in Fig. 10.1. By examining the dispersion relation depicted in
Fig. 10.2, one can observe the contrast in the band structure between a homogeneous material
and a 1DPC.

To achieve localised states at the surface (evanescent waves), two conditions must be met.
Firstly, the frequency of the wave must fall within the band gap and be below the light line.
Secondly, it is necessary to illuminate the crystal with an angle above the critical angle deter-
mined by the Snell’s law. When the incident angle exceeds the critical angle, which corresponds
to the total internal reflection condition, a complex wavevector k is obtained [19]. In this case,
the corresponding electromagnetic field exhibits exponential decay as it moves away from the
surface of the 1DPC. It is also important to note that total internal reflection occurs when the
refractive index of the incident medium is higher than the refractive index of the transmitting
medium.

Consequently, the evanescent states under consideration are those that lie below the light
line, and the surface wave generate a dip in the reflectivity spectrum [20, 25]. The characteristics
of this resonance arise from the interplay between two factors: radiation leakage of the surface
mode (radiation losses) and coupling efficiency [20]. When the 1DPC consists of an increased
number of layers, the mode becomes narrower spectrally, but its coupling efficiency diminishes
as well. Therefore, a compromise must be achieved between these two aspects. Additionally, the
inclusion of additional periods in the structure introduces new guided modes, which manifest as
weaker dips in the spectra.

Taking into account an illumination with a fixed angle (k| # 0), the bands of modes polarised
in the X direction (transverse magnetic, TM) or in the Y Z plane (transverse electric, TE) are
no longer degenerate, unlike the case when k| = 0. Consequently, there is no direct correlation
between the dispersion relations of TE and TM modes. In general, these modes have different
phase velocities during the propagation, indicating their distinct polarisation and propagation
characteristics [6, 26].

Overlapping dispersion relations for TE and TM modes

In the context of a one-dimensional photonic crystals, the reflectivity spectrum may initially
suggest that the TE and TM modes exhibit the same dispersion relation [20]. However, upon
closer examination at specific wavelengths, it becomes evident that the resonances differ for each
mode. This distinction implies that with a perfectly periodic 1DPC, it is not possible to control
the polarisation state of the combined surface mode (TE and TM) over a broad spectral range.
Instead, the control is limited to adjusting the spectral position of the resonances independently.

In the field of molecular sensing and surface-enhanced spectroscopy, the ability to control the
polarisation state of the combined surface mode is highly desirable. To achieve this, a custom-
designed structure for the 1DPC is required, leading to overlapping dispersion relations for both
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10.2. Circular dichroism spectroscopy

TE and TM modes [6, 19, 26]. The key aspect is ensuring that both surface modes possess the
same phase velocity. Thus, by carefully engineering the 1DPC structure to achieve overlapping
dispersion relations, the control and manipulation of polarisation states become feasible.

For example, the differential signal obtained from the simultaneous TE and TM modes can be
utilised to detect the birefringence of a molecular layer situated on the surface of the 1DPC. This
capability allows for the determination of molecular orientation within a broad spectral range.
Additionally, the superposition of TE and TM modes enables circular dichroism spectroscopy,
facilitating the study of molecular interactions and optical properties.

10.2 Circular dichroism spectroscopy

In recent years, the pharmaceutical and biochemical industry has recognised the growing impor-
tance of analysing and separating chiral molecules [27, 28]. Chiral objects, three-dimensional
bodies that are asymmetrical and non-superimposable with its mirror image, play a significant
role in various biochemical processes. Enantiomers, which are molecules of opposite chirality,
have the same chemical composition and physical properties, except for their ability to rotate
the plane of polarised light in opposite directions. Their chiral nature becomes apparent only
in the presence of a chiral environment. This geometric characteristic is commonly observed in
biomolecules, with DNA serving as a remarkable example [29, 30].

Circular dichroism (CD) is a widely used technique for studying chiral molecules, as it mea-
sures the difference in absorption between left and right circularly polarised light. Enantiomer
discrimination often relies on CD as a key tool. Nevertheless, CD signals typically exhibit sig-
nificantly lower intensity compared to standard achiral absorption spectroscopies. This poses a
considerable challenge when analysing small quantities of chiral analytes [31], requiring specific
approaches to enhance sensitivity and accuracy [32, 33].

In recent times, innovative superchiral methods have emerged to amplify the CD signal
through the manipulation of the optical chirality of the electromagnetic field using nanostruc-
tured systems [34, 35]. The optical chirality (C') represents the helicity (handedness) of an
electromagnetic field, and is defined mathematically through the Equation 10.4.

C= —%Im(E* .B), (10.4)
where E and B represent the electric and magnetic fields at the molecule, respectively. w is the
frequency of the electromagnetic field, and ¢y is the permittivity of free space.

The enhancement of optical chirality beyond the values obtained with plane waves has led
to the emergence of what is known as the superchiral surface wave. This term is now commonly
used to describe electromagnetic fields that exhibit a higher degree of optical chirality compared
to circularly polarised plane waves [36].

CD signals are characterised by the difference in absorptivity between left-handed (Af) and
right-handed (Ag) circularly polarised light:

I
AA= AL — Ag = logy, (é) , with I = Iy- 10 emel, (10.5)
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I

I, and Ip denote the intensities of left and right circularly polarised light, respectively.
The symbol € represents the molar extinction coefficient, [ represents the path length, and ¢,
represents the concentration of the chiral analytes (mol/L).

10.3 1DPC for superchiral SWs

Based on previous works conducted by Mogni et al. in 2022 [6], the design of the 1DPC utilised
throughout the rest of this chapter is presented. The designed 1DPC exhibits the capability
to generate superchiral SWs, resulting in an optical chirality enhancement of around 102 [6],
and uniform throughout the structure. The unique feature of this proposed 1DPC design is
the inclusion of a defect atop an otherwise perfectly one-dimensional periodic crystal. This
arrangement enables the superposition of dispersion relations for TE and TM surface modes
across a broad spectral range spanning from the visible to the near-UV, and over a uniform
surface.

While the original design comprised 13 layers alternating between SiOy (low RI material,
nr, = 1.45440.00017) and Tay0O5 (high RI material, ng = 2.0640.001%), the improved platform,
as documented in [6] and utilised in this chapter, is composed of only 7 layers. This enhanced
structure, depicted in Fig. 10.3 a, maximises the overlap of TE and TM modes specifically in
an aqueous-based environment.

The multilayer platform was manufactured at the Instituto de Ciencia de Materiales de
Sevilla (CSIC-Universidad de Sevilla) by layering the different materials on a BK7 standard
coverslip substrate. The thin film layers were deposited sequentially using reactive magnetron
sputtering (AE Pinnacle Plus), under a base pressure of 5 - 10® mbar. The thicknesses of each

Si0O, .
Ta,O; '™ \TE
176 nm
5.4 nm 9.4
4 nm
87 nm
251.4 nm
87 nm

251.4 nm

7
XL’Y

™

(a) (b)

Figure 10.3. (a) Diagram illustrating the 1DPC, with the incident TE and TM polarised waves depicted
at the lower section, and the corresponding TE and TM surface modes displayed at the upper section.
Layers of different RI are distinguished by different colours. (b) Scanning electron microscopy (SEM)
image (Hitachi S4800) of the truncated 1DPC, shown in a cross-section view. The brightness contrast
between layers arises from the contrasting atomic weights of the TagOs (lighter) and SiO2 (darker). Scale
bar in b is 500 nm. Adapted from [6].
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=== Light line in water

=== Light line in water === Light line in water = Light line in substrate (n = 1.53)
= Light line in substrate (n = 1.53) = Light line in substrate (n = 1.53) = TE surface mode
= TE surface mode = TM surface mode === TM surface mode
0.95 w 0.95 : 0.95 . y
°[TE > [T™ ? [TE+TM
0.9 0.9 0.9
~|© ~| © ~| ©
3|§o0.85 3|§o0.85 3|§0.85
g 08 g 08 g 08
g 0.75 g 0.75 g 0.75
= = =
0.7 0.7 0.7
0.65 0.65 0.65
08 09 1 1.1 1.2 1.3 14 08 09 1 1.1 1.2 1.3 14 0.8 09 1 11 1.2 13 14
Wavevector M Wavevector M Wavevector M
2T 2 2
(a) (b) (c)

Figure 10.4. Dispersion relation of the 1DPC depicted in Fig. 10.3 for (a) TE polarisation, (d)
TM polarisation, and (c) the overlap of these two graphs. The shaded area represents the continuum
of allowed bands where electromagnetic waves can propagate. Light lines in water and BK7 are also
shown. The MPB package has been utilised to calculate the definite-frequency eigenstates of Maxwell’s
equations [22, 23]. Adapted from [20].

layer and the cross-section image of the fabricated 1DPC can be observed in Fig. 10.3.

Figures 10.4 a and b show the band diagrams with dispersion relations of both TE and
TM modes, respectively. The TM dispersion relation is observed to be closer to the band
edge (red continuous line) compared to the TE mode (blue continuous line), indicating higher
radiation losses, resulting in a broader mode profile. Figure 10.4 ¢ demonstrates the overlapped
band structures achieved by the designed 1DPC. This enables the TE and TM surface mode
dispersion relations to nicely overlap in the (k‘”,w) space. The shaded regions represent the
regions where optical modes are allowed to propagate within the 1IDPC. These modes can exhibit
either extended or exponentially decaying behavior in the upper semispace, depending on their
position above or below the light line [19]. This achievement provides the unique opportunity to
launch surface modes with arbitrary polarisation states across a wide spectral range, in contrast
to isolated BSWs. It is important to note that the illumination is always considered in the
Kretschmann configuration [16], with an incident medium having a refractive index of n = 1.53
(BK7). Further characterisation and reflection maps can be accessed in [6, 19, 20]. The designed
1DPC is subsequently utilised for preliminary chiral measurements.

10.4 Optofluidic platform

The experimental setup, which will be discussed in the section 10.5, is designed to provide
real-time molecular sensing through an optofluidic lab-on-chip where the liquid to be analysed
flows over the sensing surface, i.e., the top surface of the 1IDPC. The design and fabrication of
the photonic chip, which was the primary objective of the author during the research stay at
the Institute of Photonics and Nanotechnology (Milan), will be presented next.
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10.4.1 Design

The platform is composed of various layers or elements, which can be referred to as the 1DPC,

SU8 chamber, top plate, and semicylindrical BK7 lens. These components are schematically

arranged as shown in Fig. 10.5.

o 1DPC: it refers to the custom 1DPC fabricated as described in section 10.3. The 1DPC is

deposited onto a BK7 glass coverslip with dimensions of 20 x 20 mm.

SU8 chamber: layer that contains the microfluidic chamber. It is made from SUS, an
epoxy-based negative photoresist.

Top plate: 20 x 20 x 1 mm fused silica plate that contains the 3D clepsydra reservoirs,
where the inlet and outlet tubes are plugged. Both reservoirs are fabricated using the
ULAE technique.

Semicylindrical BK7 lens: semicylindrical BK7 substrate that acts as the supporting base
for the optofluidic chip, with direct contact between the substrate and the 1DPC. The in-
terface between the two surfaces is optically matched using immersion oil (n = 1.51). This
configuration enables the excitation of SWs through illumination using the Kretschmann

configuration.

The key aspect in the design of the photonic chip lies in the microfluidic chamber, particularly

in terms of its shape and dimensions. To achieve this, simulations were conducted using the

commercial software Comsol, and the shape that provides the most uniform laminar flow across

the entire chamber surface was selected. It is important to note that, in steady-state conditions,

the entire chamber is filled with fluid, so the simulation study primarily focused on the transient

filling phase of the chip. Consequently, the Laminar Flow and Level Set modules of Comsol were

utilised to study the two-phase flow problem associated with the filling of the chamber. Water

was assumed as the fluid in the simulations, so two phases were present: air and water.

Fluidic
tubes

4\

Top fused

silica plate
SU8 microfluidic

chamber \

1D photonic
crystal

Semicylindrical
BKY7 lens

Figure 10.5. Physical arrangement of the different elements comprising the sensor platform. The figure
is created using Blender 3.2.
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10.4. Optofluidic platform

By considering flow rates of 1 pL/min (slow flow), 10 pL/min, 25 pL/min, 50 pL/min, and
100 pL/min (fast flow), the chosen shape ensures the absence of turbulence on the walls and
promotes a flow velocity as uniform as possible along the axis connecting both reservoirs. Fig-
ure 10.6 a depicts the physical dimensions of the designed chamber, while Fig. 10.6 b illustrates
an example of a simulation carried out showing the volume fraction of water filling the chamber
with a flow rate of 25 pL/min after 3.5 seconds.

The chamber, with a center-to-center distance between reservoirs of 14 mm and a width of
4 mm in its central part, will be fabricated using a 100 pm layer of SU8 epoxy, as detailed in the
fabrication section. As for the 3D reservoirs located in the top fused silica plate, they feature
a clepsydra profile, as shown in Fig. 10.7, allowing for easy plug and unplug of microfluidic
polyetheretherketone (PEEK) tubes. This design ensures that there are no liquid leakages
during the filling process and throughout the entire measurement. The chosen PEEK tubes
have an external diameter (dgy:) of 1/32 inches (~ 794 pm) and an internal diameter (d;y) of
0.02 inches (~ 508 pm) (Ref. 1569 from IDEX Health & Sciences).

In the fabrication process, the clepsydra profile of the reservoirs is defined as follows. In the
1 mm thick fused silica plate, the tube will extend to a depth of 0.75 mm, at which point a
cylinder with a 600 pm diameter extends to the end of the glass, allowing the passage of the
entire fluid as it is larger than the internal diameter of the tube (~ 508 pm). The external
diameters of the upper part of the reservoir are fixed at 794 num (external diameter of the tube),
which will be slightly widened after etching. On the other hand, the central part of this clepsydra
features a diameter 20 pm smaller, in order to keep the tube securely in place once it is plugged.

Velocity field (mm/s)

== Water
3mm 8 mm ‘ 1 Air 12 10 8 6 4 2
\ ——
g =
£ 1((210.5 mm |
— <t
(a) (b)

Figure 10.6. (a) Physical dimensions of the microfluidic chamber. (b) Two-phase flow simulation of
the filling of the chamber with a flow rate of 25 pL/min after 3.5 seconds. The chamber design was
carried out using Solidworks 2019 SP4.0, and the simulation was performed using Comsol Multiphysics.

d, ., «_ Tube
plugged

d.
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Clepsydra Top fused
reservoir “S—. silica plate

Microfluidic chamber

Figure 10.7. Illustration of a tube plugged into the 3D reservoir of the top fused silica plate.
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10.4.2 Fabrication

The fabrication of the photonic chip involves several distinct stages that are carried out sequen-

tially. These stages are listed and described below. It is worth noting that for tasks involving the

use of ultrafast laser writing, the Satsuma femtosecond laser (Amplitude System) is employed

with a pulse energy of 300 nJ and a repetition rate of 1 MHz. The wavelength used for inscrip-

tion is 515 nm, achieved by generating the second harmonic from the fundamental wavelength

(1030 nm) using a lithium triborate (LBO) crystal. The specific parameters for each inscription

are indicated in the corresponding stage.

(1)

Firstly, the top 20 x 20 x 1 mm fused silica plate of the sensor is fabricated using the fs laser,
which includes the two 3D clepsydra reservoirs separated by 14 mm with the previously
detailed characteristics. The inscription speed is 1 mm/s, with a spacing of 1 pm between
scans in the X/Y direction and 5 pm in the Z direction, and the objective lens used is a
63x/0.75 NA from Zeiss. Subsequently, the glass undergoes wet etching for 1 hour in a
20% HF ultrasonic bath at 35 °C. See Fig. 10.8 a.

The top plate is immersed in a chromic solution (CrOs in a sulfuric acid solvent) for
12 hours to remove any organic residue that may be present. Afterwards, the surface of
the plate that will be in contact with the SUS8 resin is treated with oxygen plasma cleaning
(Zepto M2 from Diener Electronics). This activates the surface, making it more receptive
to the photoresist.

The chamber is contained in a 100 pm thick layer of SU8 epoxy photoresist. Several drops
of SU8 are deposited onto the surface of the fused silica plate and spun up according to
a specific time and revolutions per minute profile (with a maximum value of 2,000 rpm)
using a commercial spin coater (Polos SPIN200i). Through empirical investigation, the
parameters are adjusted to achieve a quasi-uniform layer with a thickness of 100 pm.

The 1DPC, also previously activated through oxygen plasma cleaning, is placed on top
of the SU8 layer (on the surface of the photonic crystal, not the BK7 substrate). Subse-
quently, a soft baking is carried out for 2 hours at 95 °C. See Fig. 10.8 b.

Using fs laser writing, the shape of the chamber is inscribed on a fused silica plate mea-
suring 20 x 20 x 2 mm (see Fig. 10.9 a). The inscription includes two small protruding
cylinders, which will be aligned with the reservoirs on the top plate. The inscription speed
is 2 mm/s, with a scan spacing of 1.7 pm in X/Y and 10 pm in Z. A 20x/0.4 NA Achro
Zeiss objective lens is used. Subsequently, wet etching is performed for 3 hours using the
parameters specified in step (1). The extracted mask is then gold coated with an 80 nm
layer using the Cressington 108auto sputter coater. See Fig. 10.8 c.

Aligning the mask with the corresponding holes of the top plate’s reservoirs, the chip
is polymerised with UV light for 1 minute. Due to the reflective gold mask, the region
corresponding to the chamber is not polymerised. See Fig. 10.8 d.

Post exposure bake at 95 °C is performed for 3 minutes.

The uncured resin from the chamber is removed from the chip through the reservoirs using
an SU8 developer for 12 hours. See Fig. 10.8 e and Fig. 10.9 b.

215



10.5. Experimental setup

Fused silica plate
with SUS layer Fused silica mask

Fused silica plate
and 1DPC

with reservoirs

Gold coated fused
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Chip polymerised with UV light
(mask aligned with the reservoirs) Final chip
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Figure 10.8. (a-e) Illustration of some of the different stages involved in the fabrication of the chip.
The figures are created using Blender 3.2.

() (b)

Figure 10.9. (a) Image of the 20 x 20 x 2 mm fused silica glass after the fs laser inscription of the
mask used in the UV polymerisation stage of the SUS8 layer. (b) Image of the final optofluidic chip. It is
equivalent to the illustration in Fig. 10.8 e.

10.5 Experimental setup

Circular dichroism measurements are carried out using the experimental setup depicted in
Fig. 10.10 a. This setup allows for the acquisition of angular scans of the 1DPC at a wave-
length of 405 nm. The fibre laser output is collimated by a lens (L;) and then passes through
a quarter waveplate (A/4) and a half waveplate (A/2) to optimise the intensity of the beam
and compensate for polarisation changes in the fibre. A beam splitter (BS) is used to collect
the original beam for reference measurements, while a Glan-Taylor polariser (GTP) enables the
adjustment of the incident light polarisation between TE and TM.
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A photoelastic modulator (PEM) is introduced after the Glan-Taylor polariser. The PEM
allows for the modulation of the incoming light between right- and left-circular polarisation
states at a frequency of 50 kHz. To demodulate the detected response, a lock-in amplifier (LIA)
is employed at the end.

Since the sample is mounted on a semicylindrical BK7 substrate (see Fig. 10.10 b), which
also acts as a lens, another semicylindrical BK7 element (Lg) is positioned before to ensure
a collimated beam in the 1DPC. This guarantees a precisely defined excitation angle (in the
Kretschmann configuration) for the SW and maintains a normal illumination in the sample.
The sample is optically matched to the prism using immersion oil (n = 1.51), and the reflected
light is collected by a detector (D) for further analysis.

The reflected intensity is then processed to obtain reflectivity signal, which is a check on
the alignment of the optical elements, and demodulated by the LIA to extract amplitude and
phase components. The combination of these two last parameters gives rise to the CD signal,
which is an essential parameter for studying the optical properties of the sample and molecular
interactions. Figure 10.10 ¢ shows a real image of the photonic chip placed in the actual setup,
with the chamber filled with a chiral molecular solution.

BS GTP PM L,

—

Dl L3

LIA [ ]

L, 3

L

(a)

(b) (c)

Figure 10.10. (a) Schematic of the experimental setup for CD measurements of the sample (Key:
L — 405 nm fibre laser, L; — collimation lens, A/2 — half waveplate, A/4 — quarter waveplate, BS —
beam splitter, GTP — Glan-Taylor polariser, PM — photoelastic modulator, Lo — semicylindrical BK7
lens, S — sample mounted on a rotating holder, L3 — signal capture lens, D; — intensity detector, Dy —
reflectivity detector, LIA — lock-in amplifier). (b) Illustration of the optofluidic platform assembled with
the semicylindrical lens and the microfluidic tubes placed in the reservoirs. The figure is created using
Blender 3.2. (c¢) Image of the photonic chip mounted on the rotating holder in the actual setup. The
chamber has been filled with custom chiral molecules o-MR-PEA (o-methyl red conjugates with chiral
1-pheniyl-ethykamine).
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10.6 Preliminary measurements of molecular chirality

In this section, some of the preliminary measurements conducted with chiral molecules are
presented. However, ongoing work is still being carried out in order to optimise the setup and
achieve real-time molecular chirality sensing using the fabricated optofluidic device. Therefore,
the results presented here reflect the current progress rather than the final outcome of the study.

10.6.1 Chiral molecules

The chiral molecules used were synthesised at the Department of Chemistry, Materials and
Chemical Engineering of Politecnico di Milano following the procedure described in [37]. Enan-
tiomerically pure o-MR-PEA (o-methyl red conjugated with chiral 1-phenyl-ethylamine) is em-
ployed, with the detailed chemical structure shown in Fig. 10.11 a.

As depicted in Fig. 10.11 b, this molecule absorbs in the blue region of the spectrum, which
is the desired range for the designed 1DPC, and it is not soluble in water, requiring highly
active solvents. This limitation restricts the use of standard materials in microfluidics, such as
PDMS, which is why the chamber has been fabricated using SU8. SUS8, which is also another
well-established material for fluidic applications, has been proven to be resistant to acetonitrile
(CH3CN), which is the solvent ultimately used. In fact, the chamber has been filled with
acetonitrile overnight, and no defects have been observed at the edges, indicating that its shape
and dimensions have remained intact. The reason for choosing SUS is also its flat and reduced
absorption (< 10%) in the spectral range of interest, as well as its very low viscosity, making it
suitable for microfluidic chambers.

10.6.2 Measurements

The aim of the experimental measurements is to differentiate the chiral signal between the oppo-
site enantiomers of the o-MR-(R)-PEA molecule. Therefore, circularly polarised light modulated
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Figure 10.11. (a) o-MR-(R)-PEA molecule represented in a 2D structure. (b) Molar extinction
coefficient spectrum obtained from the absorption spectrum of a 200 M solution of the (R) enantiomer.
Its peak centred in the blue region of the spectrum, which is the desired range for the 1IDPC. Adapted
from [20].
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Figure 10.12. (a) Optimal amplitude signal of the 1IDPC under normal incidence without fluid in the
chamber. (b) Optimal amplitude and reflectivity signals of the 1IDPC when the chamber is filled with
the solvent (acetonitrile). Adapted from [20].

by the PEM is used for illumination and then demodulated into amplitude and phase compo-
nents by the LIA. The first step is to acquire the baseline signal of the solvent alone. This
is crucial as the birefringence of the 1DPC may introduce significant extrinsic chirality, which
cannot be observed when acquiring only the reflectivity signal.

Ideally, the amplitude response with no fluid in the chamber should be flat, so adjustments
in the position of the 1DPC are made using micropositioners to achieve the flattest response
possible. A strong dependence of the tilt of the photonic crystal on the baseline signal is
observed, emphasising the need for optimal adjustment. The optimal result achieved is shown
in Fig. 10.12 a. The minor peak observed at approximately 65° corresponds to the excitation
angle of the SWs in the sample.

In order to further optimise the alignment of the sample in the fluidic environment, it was
decided to fill the chamber with the solvent. The results obtained are shown in Fig. 10.12 b. It
should be noted that the magnitude of the baseline signal is significantly worse (around 10 times
worse) than the signal optimised with the 1DPC alone, as shown in Fig. 10.12 a. This is due
to the presence of an absorbing external medium like the acetonitrile. The prominent features
can be attributed to the TE and TM surface modes. The correlation between the amplitude
peaks and dips in reflectivity is noteworthy. It is observed that both modes are clearly present
and partially overlapping when the platform is illuminated with circular polarised light. The
tilt optimisation has a slight effect on the position of these features (oscillation around 0.2°).
However, the intensity of the peaks associated with SWs appears to be unaffected. Considering
the strong response of the solvent, it was determined that a solution of chiral molecules at a
high concentration of 20 mM would be employed, which is two orders of magnitude higher than
the 200 pM solution analysed in Fig. 10.11 b. Therefore, a higher absorption is expected.

The amplitude and phase signals derived from the 20 mM solution of chiral molecules are
depicted in Fig. 10.13. The amplitude signal for both enantiomers is observed to be higher than
that of the solvent, indicating a variation in the signal due to the presence of chiral molecules.
However, it is notable that the amplitude and phase signals from (R) and (S) enantiomers exhibit
the same shape and are overlapped. Consequently, the CD response is also overlapped.

This suggests that artefacts are still dominant and are further amplified by the absorption of
the solution. The absence of distinguishable differences between the signals of both enantiomers
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Figure 10.13. (a) Amplitude signal, (b) phase, and (c) CD signal from solvent and both (R) and (S)
enantiomers. Adapted from [20].

suggests that the artefacts have a stronger influence than the chiral properties of the molecules.
The collected surface mode primarily reflects the absorption properties of the crystal materials
and the external medium, as the propagation length of the 1DPC surface modes is approximately
100 pm and the diameter of the illumination beam is around 1 mm.

10.7 Conclusions

Work is currently ongoing on these preliminary results (June 2023), with the aim of further
developing the acquisition technique. One possible approach to collect the CD signal is to
reduce the concentration of the molecular solution, which would decrease the level of absorption
by the external medium. However, even with a less concentrated solution, the contribution from
acetonitrile may still be significant, resulting in only a modest improvement. In order to limit the
extrinsic chirality from the platform and allow the intrinsic chirality of the molecules to emerge,
it may be necessary to use a crystal with less intense modes. The choice of the photonics crystal
for the chiral investigation is crucial: while visible and sharp modes are optimal for optical
characterisation of surface modes and proof of concept of the platform, they may not be the
most suitable for investigating CD signals. Further exploration and improvement of photonic
crystals remains an ongoing area of research, with potential for advancements and investigation
in the future.

The investigation demonstrates a pioneering endeavour to employ Bloch surface waves for
real-time molecular chirality sensing on an custom ultrafast laser fabricated optofluidic platform.
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The 1DPC fabrication process, designed with calculated periodicity, successfully enhanced res-
onant BSWs. In the developed experimental setup, an innovative coupling of the circularly
polarised light mechanism with a photoelastic modulator enabled precise amplitude and phase
measurements for circular dichroism. Concurrently, the integrated SU8-based optofluidic device,
resistant to the employed solvent acetonitrile, facilitated the study of chiral molecules, specif-
ically o-MR-PEA enantiomers. Despite the successful setup, the preliminary measurements
highlighted the challenge of artefact interference due to absorption properties of the external
medium, overshadowing the intrinsic chiral properties. This multifaceted study serves as a
significant foundation for further improvements in BSW-based optofluidic platforms, opening
promising avenues in molecular chirality sensing and optofluidics.
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PArT IV

FINAL REMARKS AND FUTURE
LINES OF WORK

This last part of the document concludes the thesis by highlighting the significant conclusions
drawn from the research and outlining future avenues of exploration. The key highlights of
the conducted research are summarised, and crucial lines of action based on the findings are
identified. This section provides a comprehensive wrap-up of the thesis, emphasising the notable
contributions made and suggesting potential directions for further research.

The chapter included in this part is:

o Chapter 11: Conclusions and future lines.
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11

Conclusions and future lines

S can be seen at a glance by referring to the table of contents, this thesis delves into
A. a multitude of techniques and methods centred around the processing of transparent
materials using ultrafast lasers. The research diversifies in order to propose solutions to existing
problems in various fields such as medicine, industry, biochemistry, and healthcare, among
others. It is important to highlight that the decision not to restrict the scope to a specific
application has required the use of interdisciplinary knowledge, primarily in the intersection
of engineering and physics, with some concepts from medicine, biology, and biochemistry also
playing a smaller role.

It is worth mentioning the valuable contributions made to this thesis by not only the su-
pervisors at the University of Cantabria but also Robert Thomson (Heriot-Watt University,
Edinburgh, UK) and Rebeca Martinez-Vézquez (Institute of Photonics and Nanotechnology,
Milan, Italy). Their expertise in the use of chemical etching processes, coupled with ultrafast
laser writing, for the fabrication of custom 3D structures in glass has been instrumental in the
second half of this thesis. This work forms the foundation for the main research directions pur-
sued by both the Photonics Engineering Group (University of Cantabria) and the author of this
thesis.

In this chapter, brief comments will be provided on each relevant area of research covered.
While specific conclusions have been drawn for each individual work in this thesis, a concise
summary and potential avenues for further research will be highlighted.

Optical fibre sensors. This pertains to the field which covered the first two years of the thesis.
The three chapters corresponding to Part II are collectively included here. Several sensors have
been developed using fibres. In standard telecommunication fibres, notable examples include
a hybrid cladding waveguide Mach-Zehnder interferometer sensor and a 200 pm long multi-
parameter sensor that houses an in-fibre air cavity alongside a plane-by-plane FBG inscribed
in the final part of the fibre. The latter, integrated into a surgical needle, can detect tissue
and the surrounding refractive index. On the other hand, in relation to specialty fibres, the
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first highlight is a liquid level sensor fabricated in a silica capillary tube through the ablation
of the cladding, in which detection is carried out with dynamic Fabry-Perot interferometers.
Secondly, a refractometer was made using multimode fibres based on the new material CYTOP
for the measurement of aqueous solutions, taking advantage of the specific properties of the
fibre, particularly its refractive index (n = 1.34).

Future lines of action are quite diverse given the broad nature of this field. It seems clear
that the major efforts in optical fibre sensors lie in achieving an extremely low cost, as well as
higher precision, miniaturisation, and multiplexing capabilities, with ever-increasing resolution
and sensitivity. The use of ultrafast lasers will enable complex microstructure fabrication, and
their integration into increasingly smaller spaces, further developing the lab-in-fibre paradigm.
Additionally, investigating the incorporation of fs laser-inscribed optical fibre sensors into Inter-
net of Things systems and artificial intelligence platforms for real-time, intelligent monitoring
and control offers another promising avenue for research. While it does not correspond to sen-
sors but rather to imaging applications, the use of multimode fibres initially gained importance
in photonic lanterns to provide imaging capacity to the multicore fibres within. However, in
recent years, notable strides have been made in controlling the propagation of fibre modes and
being able to predict their response, largely based on invariant modes. Consequently, there is a
substantial area of activity aiming to use multimode fibres to achieve imaging with resolution
beyond the diffraction limit. This could be game-changing, especially if integrated into func-
tional catheters or endoscopes, as it would provide the capability to spatially resolve organisms
of hundreds of nanometres.

Polarisation-independent etching in fused silica. Related to the ULAE-related funda-
mental research, the achievement of polarisation-independent high etching rates in fused silica
is not a new concept. Previous studies have shown quasi-independence from polarisation, either
by using very high pulse energies (~ 2 pJ), pulse durations in the picosecond range, or specific
pulse shaping techniques. However, achieving polarisation-independent etching in the range of
hundreds of nJ (pulse energy) and hundreds of fs (pulse duration) with standard pulses is in-
deed novel. This discovery opens up a new realm of possibilities in the field of ultrafast laser
microfabrication. This identified regime brings notable advantages over traditional approaches,
including higher fabrication speeds, reduced fluence in etching (thus higher energy efficiency),
and simplified optical setups where complete polarisation control is no longer a necessity for
creating 3D structures in glass. Nevertheless, the exploration of this femtosecond laser regime
not only introduces a new tool in the field of ultrafast laser microfabrication but also gives rise
to several questions that have emerged over the past year and continue to arise today.

What physical mechanism underlies this regime? This is the fundamental question. It ap-
pears likely that it differs from the mechanism governing nanograting formation. The structures
generated, with significantly lower anisotropy compared to a nanograting, and the absence of a
requirement for > 10 pulses/pum to achieve high etching rates, suggest that the physical mech-
anism may differ. However, I hesitate to dismiss the presence of nanopores in an initial stage.
Ongoing research on absorption, annealing, and various spectroscopic methods may shed light
on whether we are dealing with an etching process dominated by point defects (e.g., NBOHC, E’
center, ODCs, among others). Material densification could be another physical mechanism be-
hind the high etching rate in this regime, involving a reduction in bond angles or the appearance
of a higher number of 3— and 4-membered rings in the fused silica network. These are conjectures
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that, once supported by a precise physical explanation, can lead to process optimisation and
ultimately offer high-quality and high-speed etching. What chemical solution conditions provide
improved etching rates or selectivity? Studies on NaOH are relatively new (since 2021), so fur-
ther research on solution concentrations and/or temperature could optimise the etching process
for fused silica structures. Can the PRR reduce the energy threshold in the discovered regime
while maintaining the fluence? Is it possible to induce the formation of symmetric nanopores
that turns into polarisation-independent high etching rates with 1 or 2 pulses per um? How does
the etching rate in the discovered regime change when the beam is focused on the substrate with
different numerical apertures? What influence does the pulse duration have on the discovered
regime? Could other pulse duration values optimise the process? Which combination of laser
and/or etching parameters allows us to minimise surface roughness as much as possible?

Polymer fibres for lung endomicroscopy. As an example of a game-changing application
of ULAE, a powerful and innovative approach has been demonstrated to enable selective plane
illumination microscopy using polymer imaging fibres. This approach utilises a silica-glass end
cap, fabricated with ultrafast laser technology, which is passively aligned onto the distal end of
the polymer CFB. By spatially separating the pump delivery and fluorescence imaging paths, this
novel design effectively circumvents the issue of autofluorescence from the polymer CFBs. The
successful implementation of this technology has enabled high-quality endomicroscopic widefield
imaging of human lung tissues, free from background autofluorescence signals originating from
the polymer CFB. This breakthrough paves the way for the utilisation of polymer CFBs in
various clinical and experimental medicine applications.

In the context of respiratory diseases, the COVID-19 pandemic has highlighted the urgent
need for safe and effective therapies for respiratory infections. However, traditional pharma-
ceutical drug development processes are slow and costly. There is a growing recognition that
experimental medicine, employing micro-dosing approaches in human patients, can greatly en-
hance the efficiency of drug-target engagement validation. To fully unlock the potential of
experimental medicine for respiratory diseases, new tools are required. The work conducted in
this thesis enabled polymer imaging fibres to capture images across a multi-mm field-of-view
while maintaining excellent flexibility, thereby providing a new perspective on macroscopic tissue
structures and cellular signatures. Future directions include the development of multi-functional
catheters that combine pull wires to provide mobility to the catheter tip, as well as the incor-
poration of additional tools such as micro-dosing of small quantities of experimental medicines,
widefield fluorescence lifetime imaging, and gas sensing, among others.

Multi-functional lab-on-chip devices. In relation to the lab-on-chip devices manufactured
in this thesis, the emphasis has solely been placed on the 1DPC-based optofluidic chip for the
detection of molecular chirality. The methodology involved the strategic design of a 1D photonic
crystal with a defined periodicity to increase resonant Bloch surface waves. After that, an SU8-
based chamber, resilient against the solvent acetonitrile, was leveraged, and the primary focus
was given to o-MR-PEA enantiomers. Despite the noteworthy progression, the intrinsic chiral
attributes were somewhat eclipsed by the absorption characteristics of the external medium.
Current and future endeavours are directed towards improving the data collection method,
such as contemplating the reduction of molecular solution concentration and the selection of a
photonics crystal with subdued modes. This pioneering research sets a substantial foundation
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11. CONCLUSIONS AND FUTURE LINES

for forthcoming enhancements in BSW-based optofluidic platforms and the realm of molecular
chirality sensing.

Despite not being detailed in this document, the Photonics Engineering Group is currently
engaged in a couple of projects related to the creation of lab-on-chip devices. The first one is
specifically designed for the detection and analysis of phytoplankton, encompassing everything
from taxonomic classification to the assessment of vital conditions. This is achieved through the
implementation of in-chip modules that facilitate absorption, fluorescence, and scattering. The
other project involves cardiac tissue engineering, a leading research area in regenerative medicine,
providing forward-thinking strategies for cardiac disease modelling, cardiotoxicity testing, and
cardiovascular repair. The aim is to develop a glass-based lab-on-chip device that can emulate
native adult heart tissue, thereby allowing us to evaluate methodologies for potential treatments
in the future.

Most of the results obtained during this R&D work and included in this document have been
validated by the international community. The industrial application of the obtained results has
been previously analysed to be protected before its communication in specialised international
conferences and journals. As a result of this thesis work, a UK patent application, 24 articles in
journals and more than 35 contributions to conferences have been obtained. In addition, different
R&D works are currently being prepared for presentation. Lastly, it is worth highlighting that,
according to the Google Scholar database, an h-index of 10 with over 400 citations have been
achieved in just 4 years.

I would like to bring this thesis to a close with one last reflection. In order for the research
conducted to be truly useful, future research should focus on the translation of these systems,
techniques, and devices into real-world applications. Moving beyond the comfort zone of tailor-
made laboratory research to adapt to the constantly changing and challenging conditions of the
real world is not only motivating but also indispensable for achieving meaningful impact.
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