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Abstract

Optical waveguides are one of the most important photonic components. They are indispensable tools in many of
today’s technologies because of their capacity of guiding light. In particular, compact, low loss, flexible polymer optical
waveguides are crucial in optofluidic and microfluidic devices for a dense integration of optical functionalities. The
sought after suitable materials and innovative fabrication techniques to achieve low loss long polymer optical wave-
guides and interconnects has proven to be challenging.

Single-mode (SM) optical fibers are a fundamental building block for compact fiber optic endoscopes, capable of ac-
cessing confined places in the human body with minimal invasion. In a fiber optic endoscope, thousands of single-
mode optical fibers acting as single pixels are closely packed together, delivering the local information to a camera
chip. Biocompatible polymer-based waveguides increasingly became valid alternatives to silica fibers to deliver and
collect light for optical diagnosis, therapy and surgery. In particular, polydimethylsiloxane (PDMS) is well known to be
a suitable polymer for biomedical implantation devices, thanks to its excellent physical and chemical properties.

Multi-photon polymerization (MPP) is one of the most important technological achievements for the microfabrication
of fine polymeric structures, because of its nonlinear feature resulting in a precisely localized and highly confined
material modification. Typically, polymer formulations for photopolymerization applications comprise a polymerizable
component, the monomer, and a photosensitive component, the photoinitiator (PI). Developments in these two-
component materials are central to the field of MPP.

In this thesis, | demonstrate the fabrication of compact optical waveguides in PDMS through multiphoton laser direct
writing (MP-LDW). The core of this research consists of the investigation of suitable combinations of monomer and PI
capable of efficient photopolymerization in a cured PDMS matrix. We achieved, for the first time, the photoinitiator-
free fabrication of optical waveguides employing phenylacetylene as the photosensitive monomer via multi-photon
absorption. Because of the dense m-electrons in phenylacetylene, we achieved a high refractive index contrast (4n >
0.06) between the waveguide core and the PDMS cladding. This allowed for efficient waveguiding at a core size of 1.3-
um with a measured loss of 0.03 dB/cm in the spectral band of 650-700 nm.

In a photoinduced polymerization process, the reaction probability of polymerization is proportional to a power func-
tion of the laser intensity depending on the order of the nonlinearity involved. This nonlinear process results in occa-
sional structural defects due to material damages during the fabrication, which is caused by self-focusing and beam
collapse. Motivated by the need of minimizing self-focusing, we investigated alternative chemical schemes and
demonstrated the fabrication of submicron optical waveguides in PDMS using divinylbenzene (DVB) as the monomer
through two-photon polymerization (2PP). We show that the commercial oxime ester photoinitiator Irgacure OXEQ2 is
suitable for triggering the DVB polymerization, resulting in a stable and controllable fabrication process for the fabri-
cation of defect-free, 5-cm long waveguides. As a proof of concept, we accomplished simple patterns delivery through
such waveguide bundles, demonstrating their potentials for imaging applications.

Moreover, | present the methodologies we have developed for the fabrication of polymer rectangular step-index
(STIN) optical waveguides using a commercial 3D printing system (Photonic Professional GT, Nanoscribe GmbH), using
the proprietary IP-dip resist (Nanoscribe GmbH). We performed a full calibration and implemented a printing strategy
for the fabrication of a 720 um long SM-fiber bundle. We characterized it in terms of refractive index, transmission
loss and imaging capabilities.



Abstract

We further demonstrate how a convolutional neural network (CNN) can reconstruct the original images from a scram-
bled output from the waveguide bundle due to crosstalk. To achieve this, we have constructed a CNN of the U-net
type and trained the network with the input images and their corresponding output from the bundle. Owing to the
CNN, the image sampling effect due to waveguide pixel discretization and the noise present in the data can be re-
moved, providing quality enhancement of the images from the fiber bundles we have realized using innovative and
substitute materials to conventional glass.

Overall, the presented work provides innovative materials and new insights into the fabrication of polymer optical
microstructures, opening new scenarios for future technological development in the field of microfabrication using
MP-LDW. We expect such waveguides will receive a wide range of applications in biosensors, microfluidic flow cytom-
etry, wearable photonic devices, electro-elastic optical modulators, flexible optical circuit boards, and optical neural
networks.

Keywords

Optical waveguides, polydimethylsiloxane (PDMS), multi-photon absorption, two-photon polymerization, micro-nano
fabrication, laser direct writing (LDW).



Résumé

Les guides d’ondes optiques sont I'un des composants photoniques les plus importants. Ils sont un outil indispensable
dans les technologies actuelles de part a leur capacité a guider la lumiére. Leur taille réduite et leur faible perte, font
des guides d’onde polymeres flexibles des composés essentiels en opto-fluidique et micro-fluidique permettant une
intégration compacte de systemes optiques. La recherche de matériaux adaptés et de méthodes de fabrication nova-
trices pour la conception de longs guides optiques polymeres a faible perte et d’interconnexions de circuits intégrés
est donc capitale et présente de nombreux défis.

Les fibres optiques monomodes (SM) sont un élément fondamental dans la conception d’endoscopes en fibre optique
compacte, permettant I'accés a des parties exigués du corps humain lors d’opérations peu invasives. Dans un endos-
cope a fibre optique, des milliers de fibres optiques monomodes, opérant chacune comme pixel unique, sont assem-
blées pour transmettre des informations a une caméra. Les guides d’onde polymeres biocompatibles deviennent une
alternative grandissante aux traditionnelles fibres silicates pour transmettre et recueillir de la lumiére pour des mé-
thodes optiques de diagnostic, de thérapie et de chirurgie. Le polydimethylsiloxane (PDMS) s’est déja démarqué
comme étant un polymere adapté aux implants biomédicaux par ses excellentes propriétés physiques et chimiques.

La polymérisation a plusieurs photons (MPP) est I'une des découvertes technologiques dominantes dans le domaine
de la micro-fabrication de structures polymeéres minces. Grace a sa nature non-linéaire, elle permet une modification
précise et localisée du matériau traité. Dans les applications de photopolymérisation, les polymeéres sont générale-
ment constitués d’'un composé polymérisable, le monomere, et d’'un composé photo sensible, le photo-initiateur (PI).
La recherche et le développement de ses deux composés est cruciale dans le domaine de la MPP.

Dans cette thése, nous avons étudié et démontré un procédé de fabrication de guide optique polymere compact en
PDMS via « multi photon laser direct writing (MP-LDW) ». Le coeur de cette recherche consiste en la découverte de
combinaisons de monomere et de photo-initiateur compatibles a une polymérisation efficace dans une matrice de
PDMS solide. Nous avons réussi pour la premiére fois, une fabrication de guide optique sans I'aide de photo-initiateur
par absorption multi-photonique du phenylacetylene, monomere photosensible. Grace a sa densité en électron- m, le
phenylacetylene nous a permis d’atteindre une différence d’indice de réfraction conséquente (4n = 0.06) entre le
cceur du guide optique et de son enveloppe en PDMS. Cela permet une transmission efficace avec un cceur de seule-
ment 1.3 um et une perte mesurée de 0.03 dB/cm dans la bande spectrale allant de 650 a 700 nm.

Dans une polymérisation photoinduite, la probabilité qu’une réaction se produise est proportionnelle a une fonction
puissance de 'intensité du laser, dont I'exposant dépendant de I'ordre des non-linéarités présentes. Ce procédé non-
linéaire crée occasionnellement des défauts structurels causés par des imperfections de fabrication du matériau, elles-
mémes provoqués par des phénomenes d’auto-focalisation et d’affaissement du rayon. Motivés par le besoin de mi-
nimiser I'auto-focalisation, nous avons recherché des modeles chimiques alternatifs et démontré la fabrication de
guide d’onde optique de taille inférieure au micrométre dans une enveloppe de PDMS en utilisant un monomere de
divinylbenzene (DVB) et une polymérisation a deux photons (2PP). Nous avons aussi démontré que I'oxime ester pho-
toinitiator Irgacure OXEQ2, disponible commercialement, était compatible pour le déclenchement de la polymérisation
du DVB, résultant en une méthode de fabrication contrélable et sans défauts de guide d’onde long de 5cm. Nous
avons réussi la transmission de motifs simples a travers de telles fibres démontrant leur potentiel dans le domaine de
I'imagerie optique.

De plus, nous présentons une méthodologie développée pour la fabrication de guides d’ondes optiques polymeres a
saut d’indice rectangulaire (STIN) par un systéme d’impression 3D commercial (Photonic Professional GT+, Nanoscribe
GmbH) en utilisant la résine propriétaire IP-dip (Nanoscribe GmbH). Pour ce faire, nous avons effectué une calibration
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complete et établie une méthode de fabrication de faisceau de fibre monomode de 720 um. Ces faisceaux de fibre ont
ensuite été caractérisés selon leur indice de réfraction, la perte de transmission et leur potentiel en imagerie.

Nous avons également démontré les bénéfices de I'utilisation d’un réseau neural convolutionel (CNN) dans la recons-
truction d’image a partir de données corrompues par effet « crosstalk » lors de la transmission par un faisceau de
guide d’onde. Pour ce faire, nous avons construit un CNN de type U-net. Ce réseau a été ensuite entrainé avec des
images et leur résultat apres transmission par le faisceau. Grace au CNN, la pixellisation de I'image lors I'acquisition de
celle-ci due au guide d’onde ainsi que le bruit présent dans les données ont pu étre réduits voir éliminés. Cela nous a
permis d’améliorer la qualité des images aprés transmission par les faisceaux de fibres que nous avons réalisé en ma-
tériaux innovants substituants les fibres classiques en verre.

Pour résumé, le travail de ce manuscrit présente des matériaux novateurs et des idées nouvelles dans le domaine de
la fabrication de microstructure optique polymeére, ouvrant la voie a de future développement dans le domaine de la
micro-fabrication via MP-LDW. Nous estimons que de tels guides d’onde auront un large champ d’application dans les
domaines des biocapteurs, de la cyrtométrie en micro-flux, des systémes photoniques portables, des modulateurs
optiques électro-élastiques, des circuits optiques flexibles imprimés et des réseaux neuraux.

Mots-clés

Guides d’onde optique, polydimethylsiloxane (PDMS), absorption a plusieurs photons, polymérisation a deux photons,
micro-nano fabrication, laser direct writing (LDW).
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object is polymerized into the photoresin. When the 3D printing is finalized, the sample is developed by
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Chapter 1 Introduction

1.1 3D microfabrication of polymer optical waveguides

1.1.1 Polymer optical waveguides

Optical waveguides are one of the most important photonic components. They are indispensable tools in many of to-
day’s technologies because of their capacity of guiding light [1, 2]. Optical waveguides traditionally consist of a glassy
material embedded into a cladding, which is better known as optical fibers, and this revolutionary idea was first con-
ceived by Charles K. Kaos, who won the Nobel Prize in 2009, stating:

‘A fibre of glassy material constructed in a cladded structure represents a possible practical optical waveguide with
important potential as a new form of communication medium. Compared with existing coaxial-cable and radio systems,
this form of waveguide has a larger information capacity and possible advantages in basic material cost.”

The most well known application field of optical fibers is telecommunications [3, 4]; however, they also find a wide
range of applicability in many other technological fields, such as fiber laser sources [5, 6], temperature and pressure
sensors [7], and medical imaging [8]. More specifically, optical waveguides are a key element in the development of
multifunctional platforms with tailored geometries, and the development of new materials together with novel fabrica-
tion technologies for their realization have attracted great attention in recent years. In particular, polymer-based wave-
guides are crucial soft photonic building blocks [9-11] for the development of complex multifunctional platforms, such
as chip-to-chip interconnects in electronic systems [12, 13], optical printed circuit boards [14-16], and optofluidic plat-
forms [17]. Because polymer materials well suit body and body fluids exposure [18], polymer-based waveguides find
wide range of relevance in applications which require biocompatibility with the environment, such as, for example, in
biomedical sensing [19, 20], wearable photonics [21] and physiological monitoring [22] , optogenetics [23-25] and mi-
crofluidic flow cytometry [26]. Therefore, dense integration of optical and fluidic functionalities are increasingly essen-
tial, calling for compact, low-loss, three-dimensional (3D) optical waveguides in such devices.

Several techniques aiming at inducing a refractive index change in polymers have been developed. Because of the ver-
satility of polymers, it is possible to combine standard microfabrication technologies with the advantage of embedding
the desired pattern directly into a preformed material, where undoped PMMA is the most commonly used polymer for
optical waveguide writing applications [27-29]. Electro-optic polymers show a change of the refractive index under
photo-bleaching from femtosecond laser irradiation [30], and photosensitive resists have been investigated for the
realization of stand-alone photonic wire bonding [31]. Single-mode optical waveguides have been fabricated through
laser direct writing (LDW) [32, 33], soft lithography and thermal curing methods using poly-siloxane and other commer-
cially available polymer materials [34, 35]. However, the implementation of miniaturized photonic components with
increased integration density calls for new, versatile fabrication technologies, which enable the formation of arbitrary
submicron 3D shapes within a bulk material, such as two-photon laser direct writing (TP- LDW).
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1.1.2 Laser-based three-dimensional (3D) microfabrication

Direct-write technologies refer to technological processes capable of modifying or precisely deposit functional materials
on a substrate, over digitally designed trajectories or locations. The increasing demand for miniaturized, portable mi-
crocomponents for the assembling of electronic devices, sensors and mechanical sophisticated microparts led to the
continuously growing sought after simpler, faster and low-cost alternatives to traditional photolithographic processes.
Direct-write technologies allow for a straightforward three-dimensional (3D) implementation rather than 2D, removing
more complicated process flow steps, such as the realization of masks, the multiple deposition of materials and the
etching. In general, all direct-write techniques transfer or modify a tailored material by four basic mechanisms: dispens-
ing, flow, particle beam and laser [36]. In this thesis we worked with a laser-based direct-write microfabrication tech-
nique, namely the laser direct write (LDW), which in general comprises the removal (i.e. laser micromachining), the
addition (i.e. laser printing) and the modification (i.e. multiphoton photopolymerization) of different types of materials.

Femtosecond laser LDW is a technique for the fabrication of complex structures inside glass and polymer based materi-
als that exploits both additive and subtractive manufacturing strategies [37]. When a high laser intensity is reached
inside a medium, nonlinear optical processes occur, one of which is the simultaneous absorption of multiple photons
whose combined energy induces a molecular transition that leads to structural modifications in that material. Besides
submicron resolution, the nonlinearity of multi-photon absorption also enables the formation of an arbitrary 3D shape
within a bulk material. The first 3D microstructure fabricated by means of multiphoton lithography (MPL) was proposed
by Maruo et al. in 1997 [38]. He showed, for the first time, an experimental system which comprises a 790 nm, 200 fs
pulse width Ti:Sapphire laser, for the fabrication of several kinds of microstructures using different resins made of pho-
toinitiators, acrylate monomers and oligomers. However, the field of two-photon fabrication started in 1965, with the
work of Pao and Rentzepis, where they described the photopolymerization of styrene using a red ruby laser [39]. 24
years later, in 1989, a book chapter by Cabrera et al. discussed the fundamentals of a multiphotonic process to induce
local photopolymerization, triggered by two crossing laser beams [40]; in 1992, Strickler and Webb showed experi-
mental evidence of polymerization induced by the simultaneous absorption of two photons coming from the same laser
[41], while the first photoinitiators specifically designed for MPL were proposed by Perry and published in his work in
1999 [42]. Since then, the number of papers published about this topic has grown exponentially, showing increasing
complexity and sophistication of the printed microparts, thanks to the remarkable improvements in the field of optics
and chemical synthesis of polymerizable compounds. A large number of works have focused on the structural modifica-
tion through multiphoton laser direct writing (MP-LDW), particularly in polymeric materials. This has led to the devel-
opment of a wide number of processes for the fabrication of submicron fine systems, such as miniaturized mechanical
and bioengineered parts [43-49], small photonic [50, 51] and micro-optical elements, i.e. lenses, prisms, gratings, ax-
icons and multi-lens objectives for endoscopic imaging [52-54]. Several works about the LDW microfabrication of poly-
mer optical waveguides via two-photon polymerization have been reported in the last decades [28, 29, 31, 55-57].
However, very little research about the structural modification of functionalized PDMS has been reported [58, 59]. In
this work we exploited the optimized photon flux from a femtosecond pulsed laser for the fabrication of polymer opti-
cal waveguides embedded into a pristine pre-cured PDMS bulk.

1.1.3 Overview of the thesis

Polydimethylsiloxane (PDMS) is an elastomer of great technological importance, having excellent elasticity, wide spec-
tral range of transparency [60, 61], and outstanding chemical [62] and thermal stability. Because of its easy handling
and low cost, PDMS is widely used in the fabrication of microfluidic [63] and optofluidic devices in particular [64]. PDMS
can be also used for the realization of optical waveguides by combining hot embossing and standard soft lithography
processes [20-22]. However, these methods are generally constrained to the fabrication of two-dimensional structures.

In this thesis, | study the fabrication of polymer optical waveguides in PDMS, exploiting the nonlinear feature of mul-
tiphoton absorption in the presence of suitable chemical compounds. | will describe a host-guest system approach
which includes a PDMS matrix as the host, and a liquid monomer/photoinitiator solution capable of permeating into
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the PDMS intermolecular space as a guest. Figure 1.1 illustrates an envisioned example PDMS hybrid photonic/fluidic
device where 3D optical waveguides in several different configurations and microfluidic channels are tightly integrated.
The core of this work consists of the fabrication of polymer waveguides in PDMS and other polymer materials through
multiphoton polymerization.

Receiver

Transmiﬁer

Figure 1.1 An envisioned example of 3D optical waveguides integrated in one flexible PDMS substrate with microfluidic channels.
Blue wires illustrate an imaging waveguide bundle. Red wires exemplify optical communication channels. Green wires depict optical
systems of flow cytometry or spectroscopy.

After this introductionary section, Chapter 1 will give the theoretical insight about optical waveguides and their working
principle. The most important types of fibers will be discussed, with a special mention to single-mode optical fibers and
multicore fiber bundles. | will discuss the basic theoretical background about the physical and chemical processes which
stand behind the multiphoton polymerization technology, highlighting the intrinsic difference between one- and two-
photon absorption mechanisms.

The experimental apparatus for the fabrication of polymer waveguides in PDMS is described in Chapter 2. We have
built a LDW optical set up, integrated with a tunable femtosecond-pulsed laser, conferring experimental flexibility in
terms of wavelength, peak intensity and motion speed, which are the fundamental parameters to be investigated in
multiphoton fabrication technology. We have characterized the polymerized structures in terms of refractive index
difference between core and cladding, and light transmission properties. To this end, | will give the theoretical back-
ground about digital holography and describe in detail the optical set up we have built for the phase reconstruction.
The optical loss has been measured in a transmission loss characterization platform, which will be described in Chapter
2.

Throughout this research, we have extensively investigated a wide range of monomers and photoinitiators, which com-
bination could efficiently yield polymerization inside PDMS. In Chapter 3, we demonstrate, for the first time, the photo-
induced radical chain polymerization initiated by the monomer molecule itself without a photoinitiator. Our fabrication
technique employs phenylacetylene as the photosensitive monomer for the fabrication of compact optical waveguides
in polydimethylsiloxane through multiphoton laser direct writing. However, the intrinsic nonlinear effects, such as self-
focusing, leads to beam collapse and, therefore, to irreversible material damage. Motivated by the need to minimize
self-focusing, we further explored other monomer/Pl combinations that could suit our purpose.

Chapter 4 will show the results we obtained by selecting the divinylbenzene (DVB) monomer in combination with a
commercial photoinitiator from the Irgacure family, the OXEO2. The use of a photoinitiator results in a stable and con-
trollable fabrication process, and defect-free, 5-cm long waveguides. The trade-off in achieving this, is the use of lower
peak intensities and higher writing speed. This synergy led to a lower refractive index contrast in the fabricated wave-
guide, resulting in higher transmission loss and less confined light compared with the Pl-free process. Therefore, we
propose the fabrication of enlarged cored structures to better confine the mode, and show their optical characteriza-
tion.
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In Chapter 5 we simulate the light propagation inside poly-DVB waveguides using the beam propagation method (BPM),
and describe poly-DVB multicore waveguide bundles, discussing their imaging capabilities. As a proof of concept, we
show the delivering of easy patterns through small pilot 6 x 6 waveguide bundles. The primary goal of this work was to
provide a solution to the demanding problem of cochlear implants (Cls) guiding endoscopes: an auxiliary optical micro-
endoscope based on a waveguide bundle for giving visual feedback to the surgeon while inserting the cochlear implant
in the human ear. We wanted to provide a PDMS optical waveguide bundle which would be flexible, biocompatible and
that could deliver light from the outside to the inside of the cochlea, and vice versa, providing an image of the inner
ear. | will describe the PDMS waveguide bundle prototype design and the process flow we have developed together
with our working partner Sonova for its fabrication. Technological limitations and ideas for future work will be dis-
cussed, to represent fruitful scenarios for new and future development.

Chapter 6 presents the methodologies we have developed for the fabrication of polymer rectangular step-index (STIN)
optical waveguides using the Photonic Professional GT+, a commercial 3D printing system developed by Nanoscribe
GmbH. We selected the IP-dip photoresist in dill configuration to guarantee the highest optical quality and morphologi-
cal smoothness. In this work we present a full calibration of the printing system parameters for a successful STIN wave-
guides fabrication. Transmission loss measurements have been performed, as well as optical phase reconstruction for
refractive index measurements. We identified a successful 3D printing approach for the realization of 720 um long STIN
waveguide bundles and performed BPM simulations, experimental light coupling tests and deep neural network (DNN)
image reconstruction.

This thesis will conclude with a summary of the presented research and an outlook with new ideas for the future work
(Chapter 7).

1.2 Principles of optical waveguides

1.2.1 Light propagation in optical waveguides

Optical waveguides and optical fibers are light guiding structures made of dielectric materials, and they consist of a core
with refractive index nz, and a surrounding cladding with refractive index nz, where ni1> n: (see Figure 1.2). For a simple
representation, we can describe the propagation of light with geometrical rays and apply the Snell’s law at the refrac-
tive index discontinuity between the waveguide core and cladding. When the rays propagating in the waveguide reach

the core-cladding interface at an angle greater than the critical angle ¢, where ¢, = sin™! (%), the condition for total
1

internal reflection (TIR) is satisfied (Equation 1), and light is propagated with low losses.
nysin(@.) = n,
Equation 1 Total internal reflection condition.

However, only the light coming at a certain angle ;. can enter the waveguide. Therefore, the critical angle ¢, is linked
to the light rays that can be accepted at the entrance of the waveguide and is depicted as the minimum angle at which
corresponds a maximum 8;, for the incoming light rays to be waveguided. This is the numerical aperture of the wave-
guide (NA) and can be expressed as:

_ . _ . _ . T _ nZ _ 2 2
NA = nysinf;, = n,sinf,. = n,sin i ¢c)=n |[1——== [nf—nj
ny

Equation 2 Numerical aperture of an optical fiber.
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(a) (b)

Figure 1.2 (a) Light guided in a step- index optical fiber, where a higher refractive index material constitutes the core (n;) surrounded
by a lower refractive index cladding material (n2). Rays coming at the core-cladding interface at an angle greater than ¢, will be
guided until the other end of the fiber. (b) Refractive index distribution of a step-index optical fiber along the radial direction.

As depicted in Figure 1.2, the optical fiber showing a constant distribution of the refractive index along the radial di-
mension is called step-index (STIN) optical fiber. All the possible ways (modes) for the light to be propagated are the
results of constructive and destructive interference among the TIR-reflected rays within the waveguide (Figure 1.3).
However, not all of these light rays will be guided until the fiber end: light rays need to satisfy a phase matching condi-
tion (Equation 3) in order to be propagated. This comes from the fact that the optical path of two consecutive reflec-
tions belonging to the same phase front needs to be an integral multiple of 2m. This implies a discretization of the an-
gles at which rays can travel in the waveguide structure.

Figure 1.3 Light rays and phase fronts propagating in the waveguide. The resulting constructive and destructive interference patterns
from light rays satisfying the phase matching condition are the modes of the waveguide.

tan (knlasiner - %) =

Equation 3 Phase matching condition. It shows that the propagation angles 8, that satisfy it are discrete and they depend on the
fiber radius a and relative refractive index difference A between core and cladding.

Equation 3 represents the phase matching condition, where k = ZT” is the wavenumber in vacuum, A is the source

wavelength and n; is the core refractive index. Therefore, the discrete propagation angles depend on the waveguide
properties, particularly on its dimension a and on the relative refractive index difference between core and cladding

2_.2
A= % The optical field distributions satisfying Equation 3 are the modes of the waveguide, with being m an integer.
1

The fundamental mode is found to be the one for which we obtain the minimum angle 6, (m = 0). For m > 1 the so
called higher-order modes are allowed for the propagation in the waveguide structure. Each propagation mode is an
egeinfunction of the system and is associated to their eigenvalues: the propagation constant 8 = kn,cos0, along z,

and the lateral propagation constant k = kn;siné,.
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1.2.2 Single-mode optical fibers

In order to calculate the field distribution in an optical fiber we need to perform an electromagnetic analysis: we need
to solve the Maxwell’s equations in cylindrical coordinates (Appendix 1) by applying proper boundary conditions for the
electromagnetic field. For the sake of simplicity, we will consider only the electric part of the electromagnetic field, but
the same equations remain valid for the magnetic field, as well. Let us describe the optical fiber depicted in Figure 1.2
(a) by introducing p, 8 and z, namely the polar, azimuthal and axial coordinate. In a step-index optical fiber, the refrac-
tive index distribution can be described as n(r) = n, for r < a (core) and n(r) = n, for r > a (cladding). Moreover,
we introduce the weakly guiding approximation, according to which Z—: = 1, and that simplifies the analysis. Assuming

monochromatic light and dielectric materials, each component of the electric field follows the Helmholtz equation,
which in the Fourier domain and in cylindrical coordinates can be written as:

0°E, 10E 1 0°E 92E
p,0,z p,60,z 0.0,z 0.0, 9o
+ + n°kiE =0
ap? p dp p? 06° 0z? 05p,6,2

Equation 4 Helmholtz equation for each of the electric field component.

where the electric field is given by:
E(p,z,0,t) = (E,p + Eg0+E,z)e/ @59
Equation 5 Electric field in cylindrical coordinates.

and E is its Fourier transform.

By applying the method of separation of variables (more details in Appendix 1), solutions for the radial distribution of
the electromagnetic field derived from Equation 4 are found to be the Bessel functions of the first kind, and the modi-
fied Bessel functions of the second kind, in the core and in the cladding region, respectively:

_(Ahlkrp), p=<a
Epo.(P) = {B;Q()T/p), p>a

Equation 6 Radial distribution of the electromagnetic field components inside the core and inside the cladding. [ is the order of the
Bessel function.

where k; = /k?n? — B2 and y = /2% — k?n3 are introduced, A and B are two constants, and [ is the order of the
Bessel function. The continuity of the field and its derivatives needs to be guaranteed, and following the Bessel func-
tions properties [65, 66], the formulation of the dispersion equation is obtained:

D) — 4w K1 (w)

Jiw) Kj(w)

u

Equation 7 Dispersion equation for the modes in a symmetric step-index optical fibers.

In this formula, expressions of the transverse wavenumbers are used:

u=kra=a ’kznf - p2

w =ya = a/B?% — k?n?
u? + w? = k?(n? —n3)a? = v?

Equation 8 Transverse wavenumbers u and w, and relationship with the v parameter.
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being u, w the transverse wavenumbers and v is the fiber parameter, that can be rewritten as:

_ ZHNA
v—a/1

Equation 9 v parameter of an optical fiber. It is related to the fiber properties, such as radius and numerical aperture. It depends also
on the source wavelength A.

Knowing the illumination wavelength and the fiber parameters, we are able to find solutions for the characteristic
equation (Equation 7), for example by plotting and identifying the intersections between the two graphs resulting from
Equation 7 and Equation 8. It can be shown that if v <2.405, the fiber is in single mode condition (SMC), which means
that only one mode (fundamental mode) is allowed to propagate inside the fiber. Figure 1.4 shows the fundamental
mode computed for an optical fiber with n; =1.47, n; =1.455, a =1.5 um, at an illumination wavelength 4 =0.633 um.
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Figure 1.4 Computed fundamental mode for an optical fiber with n;=1.47, n,=1.455, a= 1.5 um, at an illumination wavelength
A=0.633 um; the v number fot this fiber is v=1.56, therefore it is a single mode fiber.

1.2.3 Fiber types and imaging

In the previous paragraphs | gave the technical basis about the working principle of optical waveguides, with a special
mention to single mode optical fibers. Nevertheless, it is important to cite the other existing optical fiber types, which
became available because of the technological advances in the drawing techniques. We know that for given physical
fiber parameters, if the v number is greater than 2.405, multiple modes are supported inside the waveguide structure.
More specifically, it is shown [65] that the number of modes N in a step-index multimode fiber (MMF), with V being the
V-number can be expressed as:

4

— 2
N—?V

Equation 10 Number of modes supported inside a step-index multimode optical fiber taking into consideration the degenerate
modes in the azimuthal direction and the two polarizations.

Each mode inside a multimode fiber has a specific propagation constant £, resulting in different velocities along the
propagation direction inside the MMF. In simple words, a pulsed input light would suffer time broadening because of
the difference in the time arrival of the different modes. Moreover, small changes in the MMF configuration, as bend-
ing or structural defects, can degrade the information delivery, due to modal coupling inside the fiber. Because of these
intrinsic phenomena, MMFs are not normally utilized for imaging, since what we would see at the fiber end is a scram-
bled version of the input, called speckle pattern. However, the use of MMFs for imaging applications has turned to be
lately a very active and promising research field, because of the advances introduced by wavefront shaping techniques
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such as optimization algorithms [67, 68], digital phase conjugation (DPC) [69, 70], transmission matrix [71, 72], and
deep neural network approaches (DNNs) [73-76].

(a) (b)

Figure 1.5 (a) Light guided in a graded-index (GRIN) optical fiber. (b) Parabolic refractive index distribution of the core n, in a GRIN
fiber.

As | mentioned above, each mode in a MMF propagates at a different velocity, and the effects can be seen already after
a few hundreds of microns along the optical axis. Graded-index fibers (GRINs) are optical fibers where the core refrac-
tive index follows a parabolic distribution to compensate the modal dispersion (Figure 1.5); in other words, the refrac-
tive index distribution of the core is engineered in a way that all the supported modes of the fiber will arrive at the
same moment at the end of the GRIN fiber, leading to zero modal dispersion [65, 66]; this holds assuming a perfectly
fabricated GRIN fiber without any structural imperfection. Considering equal fiber physical parameters and wavelength,
a GRIN fiber with a quadratic refractive index distribution, as depicted in Figure 1.5 (b), would approximately support
half of the modes number N supported by the corresponding MMF [65, 66].

The small size of fiber probes represents a key advantage in biomedical microendoscopy applications, because of the
need of reaching confined and remote places inside the human body. Big endoscopes, distal lenses and additional opti-
cal components generally increase the total size of microendoscopes and imaging fiber probes, leading to severe tissue
damage. Researchers have put a lot of efforts for the implementation of novel technologies capable of scaling down the
size of medical endoscopes, with a particular attention on the removal of distal optical components, such as lenses.
Consequently, the replacement of GRIN lenses with GRIN fibers at the distal side of fiber bundles represents a valid
alternative for the implementation of microendoscopes, because of their small size and process compatibility [77-80].

(a) (b) (c)

Figure 1.6 Examples of holey fibers (PCFs) in different configurations; (a) Small air holes surround the solid fiber core (dashed line);
the diameter of the air holes can be smaller than the operation wavelength. (b) Periodic arrangement of larger air holes surrounding
the solid core of the PCF. (c) Periodic arrangement of air holes surrounding the small hollow core; the size difference between the air

holes in the cladding and the hollow core results in a lower average cladding refractive index with respect to the core.
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Another important type of fibers which deserve to be mentioned are the photonic crystal fibers (PCFs). This type of
fibers are made of pure silica and feature a periodic arrangement of air holes surrounding the fiber core, which in gen-
eral can be solid (Figure 1.6 (a)-(b)) or hollow (Figure 1.6 (c)). The first type of PCFs are called solid-core PFC (SC-PCFs)
and the latter ones are the hollow-core PCFs (HC-PCFs). In all this types of PCFs, the average cladding refractive index is
always smaller than the core refractive index, causing light to be guided via two main mechanisms: the effective-index
guidance mechanism in the case of SC-PCFs, and the photonic-bandgap guidance (PBG) in HC-PCFs [66]. The holey clad-
ding can be seen as a 2D periodic structure (photonic crystal), which implies the existence of a frequency-wave vector
dispersion diagram with photonic bandgaps: if the optical frequency lies within the photonic bandgap, light cannot
travel in the cladding, and consequently being trapped in the fiber core. Because of their low-loss feature, hollow-core
PCFs don’t suffer of drawbacks caused by nonlinear effects and, therefore, became important tools in those applica-
tions where high optical power pulses delivering is needed [81-83]; however, it has been also demonstrated that lensed
PCF can serve as side view tools in compact OCT imaging probes [84, 85], offering an alternative to conventional multi-
core fiber bundles.

1.2.4 Imaging in multi-core fiber bundles

In the previous subchapter, | briefly described some of the existing fiber types, with a particular mention to their imag-
ing capabilities; however, further description and deeper mathematical analysis of these types of fibers is beyond the
scope of this thesis, as the main work consisted in the fabrication of single mode optical waveguides in polymer materi-
als.

Single mode fibers are the fundamental building block of multicore fiber bundles (MCFs). As depicted in Figure 1.7, a
multicore fiber bundle consists of many small step-index cores placed together in a common cladding. Another type of
bundles, the so-called leached fiber bundles, consists of individual cores, where each of them is surrounded by a sepa-
rate cladding, held together by a mesh. Multicore fibers are mostly used for one-photon confocal microscopy [86-88]
and multi-photon imaging [89-92]. They are also widely used in telecommunications [93-95], optical coherence tomog-
raphy (OCT) [96, 97] and optical sensing [98, 99].

Each small core supports generally one mode (or few modes depending on the wavelength [100]) and acts as a single
pixel, capable of detecting the information in a specific point of the object under observation, and deliver it to the fiber
end. Unlike MMFs, MCFs can directly transfer an image on a detector, most likely by means of additional optics, and it
doesn’t require further data processing. Therefore, there is a direct spatial correspondence between the object at the
distal side of the fiber bundle and the image which is transferred to its proximal facet. In the case of MCF bundles, the
resolution is given by the core-to-core spacing, which on average is about 5 um in commercially available endoscopes
[101, 102].

However, the high packing density of the cores doesn’t come without a price, which in this case is payed in terms of
cross-talk between the cores. For a given refractive index difference between cores and cladding, if the cores sit too
close to each other, the information travelling in one core will be transferred to another adjacent core, leading to
blurred images and low signal to noise ratio. A lot of effort has been done in order to study and propose solutions to
highly cross-talking MCFs [103-106]. It has been shown that the strength of the cross-talk decreases with the degree of
the core size variation in the bundle [103, 104], which makes it an additional element to play with, besides the physical
fiber parameters and the source wavelength and polarization.
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Figure 1.7 (a) Schematic of a multicore step-index fiber bundle. (b) Bundle refractive index distribution with n,; and n, being the
cores and cladding refractive index, respectively.

Depending on the fiber structure and physical parameters, one could theoretically predict what the critical core-to-core
spacing D should be in order not to have information transfer between the cores [65]. In the case of cylindrical optical
fibers, the distance in the optical propagation direction at which 100% of the signal is transferred from one core to the
other is called coupling length L., and is given by:

LT
€7 2k

Equation 11 Coupling length formula. It predicts at which fiber length the 100% of the input signal is transferred to an adjacent fiber.

with k being the coupling coefficient for a cylindrical structure:

N v
"= a KZ(w)v3 WDexp[ a ]

Equation 12 Coupling length for cylindrical optical fibers [65].

where D is the core-to-core spacing (pitch), considering as a starting and ending points of this segment the two wave-
guide core centers. Therefore, the imaging performance of a multicore fiber bundle depends mainly on the refractive
index difference between cores and cladding, the size of the cores, the pitch between the cores and the illumination

wavelength.
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Figure 1.8 (a) A digit from the MNIST data base is used as an input. Output intensity from a multicore fiber bundle having a core-to-
core spacing of 5 um (b) and 3 um (c). The diameter of the fibers is a= 1.5 um, An=0.015, the illumination wavelength is 1=0.633 um

and the propagation distance is 2.5 mm.

It appears immediately clear that the resolution of the transmitted image is limited by the intrinsic pixelation of the
imaging system and the degree of cross-talk between the cores (Figure 1.8).

1.3 Multiphoton absorption

1.3.1 Technical foundation: multi-photon absorption

Multi-photon absorption is a nonlinear optical phenomenon which is implemented in multi-photon polymerization
techniques. It involves the simultaneous absorption of multiple photons in the transition of an atom from its ground
state to an excited state (Figure 1.9). The dipole moment per unit volume, or polarization P(t) of a material is depend-
ent on the strength of the electric field E(t), the dielectric constant &,, and the susceptibility of the first and higher
orders )(("). The general expression of the polarization takes the form:

P(t) = P1(t) + P2(t) + P3(t) = eox WE(®) + £ox PE®)* + eox VE®)® + - + ey WE(©)"
Equation 13 Material polarization as a function of the electric field strength and the nonlinear susceptibilities.
where the material susceptibility which is dependent on otpical frequency w and can be written as:
x(r,w) = Re[x(r, w)] + jIm[x(r, ®)]
Equation 14 Material susceptibility.

If we consider a plane wave illumination, in the linear approximation the way light is absorbed when travelling through
a material is described by the Lambert-Beer’s law:

dl = —aldz
Equation 15 Linear Lambert-Beer’s law for a plane wave illumination.

with I being the light intensity throughout the absorbing medium, and a the one-photon absorption coefficient, pro-
portional to the imaginary part of the material susceptibility [107]:

o
a= Elm[)((r, w)]
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Equation 16 One-photon absorption coefficient.

where n being the material refractive index and ¢ the speed of light. If we consider the absorption of two photons, the
Lambert-Beer’s law takes the form:

dl = —(a+ pDldz
Equation 17 Two-photon absorption Lambert-Beer’s law.
B is the two-photon absorption coefficient and can be written as [107]:

8n’w
b= c?n?

Im[x®]

Equation 18 Two-photon absorption coefficient.

Equation 18 links the two-photon absorption coefficient to the third order nonlinear susceptibility, and this is therefore
a nonlinear effect of third order. If we assume negligible linear absorption (@ = 0), Equation 17 has a solution in the
form:

j=_To
"1+ Blyz

Equation 19 Solution for the nonlinear Lambert-Beer’s law.
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Figure 1.9 Diagram of the atomic transition in the one-photon (a) and two-photon (b) absorption processes. In one-photon excitation

the atom makes the transition from its ground state to an excited state through the absorption of a single photon; in the two-photon

absorption mechanism, the transition is made by absorbing two lower-energy photons. Fluorescence can occur after the absorption
of photons and it is the same in both linear and nonlinear processes.

Typically, in most two-photon polymerization systems, the absorption of multiple photons is achieved by focusing
femtosecond pulsed lasers by means of high numerical aperture objectives; this is because of the need of increasing the
probability of having multiple photons at the same time and in the same focus region. The one-photon absorption is
proportional to the intensity of the laser beam, while in the two-photon case it is proportional to the laser beam inten-
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sity squared. The characteristic spatial intensity profile of an aberration-free circular aperture with numerical aperture
NA is described by the Airy disk:

=2 (]1(77))2

v
Equation 20 Intensity distribution of a circular aperture.

with J; (v) being the first order Bessel function and v the normalized radial optical coordinate:

v =krNA

Equation 21 Normalized optical radial coordinate.

where k = 2771 is the wavenumber, NA the numerical aperture of the lens and r the radial coordinate. Figure 1.10 shows
the one-photon (blue) and the two-photon (red) spatial distribution for a laser source having 1=680 nm and NA=0.7,
and since they represent the geometry of the absorption volume, they can be directly compared. Photopolymerization
is a threshold mechanism, which means there is a certain energy which is required in order to trigger the photopoly-
merization reaction. When the threshold is achieved, the optical resolution of a two-photon polymerization mechanism

is proportional to the one of linear absorption by a factor of %; this, together with the very high confinement of the

excitation at the focus spot, makes it a powerful technique for the fabrication of nm-sized features through femtosec-
ond laser direct writing (LDW).
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Figure 1.10 One-photon vs two-photon normalized intensity distribution along the radial coordinate for a light source having 1 =680
nm and a NA=0.7.

1.3.2 Free-radical chain polymerization mechanism

As mentioned in the previous subchapter, nonlinear multi-photon absorption is the ground physical phenomenon
which rules the multi-photon polymerization mechanism. | will now introduce the general concept of free-radical chain

photopolymerization and give some technical terminology that will help understanding the methodologies we followed
for the fabrication of polymer optical waveguides.

Photopolymerization is a chemical reaction that converts light into chemical energy; one photopolymer is a polymer
that changes its properties if exposed to light. Polymer from Greek: moAu-uépocg, literally means that has many parts;
one photopolymer consists of subunits called monomers and/or oligomers, which are mixed together with a photoac-
tive molecule called photoinitiator (P1). When photons, generally in the UV or visible range of the electromagnetic spec-
trum, are shined on a photoactive resin, they can change its structural properties, for example by hardening, as a result
of the cross-linking between the single unit monomer molecules (Figure 1.11). In free-radical chain photopolymerization
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this is achieved via photo-produced reactive species, the radicals. The free-radical chain photopolymerization consists
of three main steps: the initiation, the propagation and the termination [108].

Liquid photopolymer hv Crosslinked photopolymer
e - @
@ Oligomer ® -, ‘.o @ .
> Monomer ... " E. -@® - ° ."
*  Photoinitiator .' e . =« @ o -

- ® -
- . . .-
Figure 1.11 Liquid photopolymer hardening as a result of cross-linking of monomer/oligomer molecules via light absorption.

The initiation step is considered to involve two reactions: the first is the dissociation of the photoinitiator species I to
yield two initiating radicals R*; the second reaction involves the production of the first initiated monomer M;". Both
reactions are governated by two rate constants, the dissociation rate constant k, of the initiating molecule I and the
initiation rate constant of reactive centers k;:

hv,kgq
I — 2R
k.
R+M->M,:
Equation 22 Photoinitiation step of Norrish type | photoinitiators.

This type of photoinitiation is depicted as Norrish type I, and the photoinitiator molecule undergoes bond cleavage,
generating free radicals upon absorption of light. Irgacure 369 is a very common one-photon radical Norrish type | pho-
toinitiator and the bond cleavage mechanism is shown in Figure 1.12.

O\
N

Figure 1.12 Irgacure 369 bond cleavage under light illumination and consequent generation of two radicals R'.
Photoinitiators of Norrish Type Il involve a bimolecular reaction with a co-initiator C, resulting in slower curing rate and
easier to be quenched by monomers with low triplet energy (such as styrene) or by oxygen.

hv,kg
I+ C— 2R
k.
R +M-M,:
Equation 23 Photoinitiation step of Norrish type Il photoinitiators.

Benzophenone and its derivatives are typical Norrish Type Il photoinitiators; they work together with synergists (e.g.
tertiary amines) which donate a hydrogen atom to the excited PI. Very reactive alkyl-amino radicals are produced after
hydrogen abstraction, which subsequently initiate polymerization (Figure 1.13).
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Figure 1.13 Bimolecular reaction of benzophenone and a tertiary amine; the amine is radicalized and triggers the polymerization
reaction.

In both cases, the second reaction of the initiation step starts the chain growth along the polymer chain caused by the
propagation of reactive monomers. The propagation step follows the initiation and is characterized by the successive
addition of monomer molecules. Monomers continue to add, creating larger and larger macroreactive molecules
M, .1'; the propagation rate constant k,,, regulates this process, making the polymer growth rapid and efficient [108]:

Kk
( My +M 3 My
kep
M, +M 3 My’
-+
My +M = My
Equation 24 Propagation step.

The polymer growth termination involves two chain radicals and according to the termination mechanism, combination
or disproportionation, it leads to the formation of one or two dead polymers, respectively. This is the termination step:

ktc
My + My = My
k
M, + M, =5 M, + M,,

Equation 25 Termination step.

It is important to specify that depending on the nature of the reactive species, which can be free radicals, anion or cati-
on reactive centers, the monomers show a certain degree of selectivity towards the photoinitiators, which depends on
their capability of triggering the monomer polymerization. As it will be described more accurately in the next sections,
the main goal of this work consisted in the direct femtosecond laser writing of high refractive index waveguides in pre-
crosslinked PDMS. | will describe a host-guest approach which includes a PDMS matrix as the host and a liquid mono-
mer/Pl solution capable of permeating into the PDMS intramolecular space as a guest. Therefore, besides being
polymerizable with good reactivity, further requirements on the monomer formulation came into play:

e the refractive index of the monomer must be higher than that of the PDMS host matrix;

e the monomer molecule must be small and nonpolar to allow for a high solubility in PDMS and an easy extrac-
tion after laser exposure;

e the absorption spectrum of the monomer must not overlap with the PDMS host.

Based on these fundamental constrains, an important part of this work focused on the investigation of suitable mono-
mer/Pls compounds for the fabrication of optical waveguides in PDMS. The first requirement generally necessitate -
electron rich phenyl group in the monomer formulation. The third requirement is usually satisfied in most nonpolar
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small-molecule monomer formulations: styrene, phenylacetylene and divinylbenzene were identified as the best candi-
dates for our purpose.

1.3.3 One-photon and two-photon radical photoinitiators

The photoinitiator efficiency is an essential prerequisite for the preparation of performing photopolymers. At the early
stage of two-photon polymerization (TPP), one-photon photoinitiators, such as Irgacure 369 [38, 109, 110] and Irgacure
184 [36], have been used to demonstrate TPP. The two-photon absorption (TPA) efficiency is measured in GM [GOp-
pert-Mayer], to honor Maria Géppert-Mayer that in 1931 predicted multi-photon excitation processes in her doctoral
dissertation on the theory of two-photon quantum transitions in atoms [111]. 1 GM = 10~5°cm*s photon™" is the unit
of the so called two photon absorption cross-section 8,4 of a photosensitive molecule, and can be considered the corre-
sponding extinction coefficient € in one-photon absorption processes described by the Lambert-Beer’s law (Equation
15). a is the one-photon absorption coefficient and is dependent on the extinction coefficient € and the photoinitiator
concentration [I]:

a = ¢g[l]

Equation 26 One-photon absorption coefficient.

€ is expressed in [ ] and [I] in [mTOl] Predicting how much monomer is polymerized in a photopolymerization pro-

L
mol cm
cess is not an easy task because of several unknowns in the system, but we can estimate the photopolymerization pro-

file by retrieving the rate equations under specific assumptions and the important steady-state approximation, accord-
ing to which the rate of change of radicals concentration is zero during the course of the process (Appendix 2). Both in
one-photon and two-photon polymerization mechanisms, the rate of polymerization R, governates the kinetic of the

process and corresponds to the rate of monomer disappearance [108]:

dM 11PP 2PP
Ry = —% kp M) | =25

Equation 27 Rate of polymerization in free-radical chain polymerization.

being [M(t)] the monomer concentration at a certain instant t, and R; the rate of initiation, wether for one-

lipp/2PP
photon or two-photon polymerization mechanism. Therefore, the determination of R; is crucial for understanding the

intrinsic differences which reside between linear and nonlinear processes. The main difference between one-photon
and two-photon polymerization mechanisms is that, while in 1PP the concentration of photoactive molecules [I(t)] at
any instant t is linearly proportional to the photoinitating beam intensity, in two-photon polymerization [I(t)] depends
on the square of the flux of the initiating beam [36]:

dI®]

1 2
Rizpp = dt _52A [I(t)]F

Equation 28 Rate equation for the generation of radicals in two-photon polymerization processes [36].

photons

with F being the photon flux of the photoinitiating beam ([ ]) Therefore, appears immediately clear that a large

8,4 is an essential prerequisite to guarantee an efficient and succesful two-photon polymerization and, therefore, pre-
cise microstructures during the fabrication process; however, §,4 is a physical property of a molecule, thus strongly
dependent on its molecular structure. The molecular properties which can affect the magnitude of §,, can be, for ex-
ample, the strength of electron donor and/or acceptors [112-114], the -conjugation length [115-117] and the molecu-
lar coplanarity [118, 119]. Rhodamine B is a modest two-photon absorber and exhibits a TPA cross-section §,,4 of 220
GM at 840 nm wavelength illumination [120]. Strong two-photon absorbing molecules exhibit a 10-50 fold two-photon
absorption cross-section [36]. In recent years, because of the remarkable developments of two-photon microfabrica-
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tion techniques, a lot of work has been done in order to increase the §,4 of photoactive molecules [36]. The experi-
mental investigation and chemical structure modification of new molecular formulas with increased §,, is outside the
scope of this thesis, and therefore it won’t be deepen in the following chapters; nevertheless, we based our experi-
mental research on previous studies and literature on this topic to find good Pl candidates for our purpose (Chapter 3
and Chapter 4).
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Figure 1.14 One-photon (a) and two-photon (b) polymerization profile assuming a Gaussian beam illumination, 0.7 NA and a polymer
refractive index n=1.5.

Assuming negligible photons absorption and a Gaussian beam intensity distribution one can see that in one-photon
polymerization mechanism (Figure 1.14 (a)) the polymerization falls within the illumination cone described by the op-
tics, while in two-photon polymerization (Figure 1.14 (b)) the polymer formation is confined only to the laser focus. This
represents a very important advantage and allows for a precise and circumscribed fabrication of um-sized features.
Details about the physical parameters and computational environment for the qualitative comparison between one-
photon and two-photon polymerization processes using Irgacure OXEO1 as a photoinitiator are described in Appendix 2.

1.4 Summary

In this chapter | explained the basic concepts of light propagation in optical fibers. The modes formation in optical fibers
was discussed with a special mention for single-mode optical fibers. The imaging capabilities and applications of the
different types of fibers have been described, in particular of multicore fiber bundles. Moreover, | gave the basics about
the physics and chemistry beyond single- and multi-photon absorption and described the free-radical chain photopoly-
merization process. The description of the nonlinear dependence of the photopolymerization on the light intensity is
the fundamental aspect for a full understanding of the intrinsic differences between one and two-photon polymeriza-
tion processes. In the next chapter | will present the experimental methodologies we followed for the fabrication of
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pum-sized polymer waveguides in PDMS, describing the LDW fabrication set-up, and the techniques we used for the
characterization of the waveguides.
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Chapter 2 Experimental apparatus

This chapter presents the experimental methodologies we implemented for the fabrication and characteriza-
tion of polymer waveguides in PDMS. A two-photon polymerization fabrication system has been built, together with a
holographic interferometer and a transmission loss/light coupling platform for the investigation of the optical proper-
ties of the polymer waveguides.

Most of the material presented in this chapter can be found in publications ([121, 122]):

e Panusa, G., Pu, Y., Wang, J., Moser, C., & Psaltis, D. (2019). Photoinitiator-free multi-photon fabrication of com-
pact optical waveguides in polydimethylsiloxane. Optical Materials Express, 9(1), 128-138. doi:
10.1364/0ME.9.000128.

e Panusa, G., Pu, Y., Wang, J., Moser, C., & Psaltis, D. (2020). Fabrication of Sub-Micron Polymer Waveguides
through  Two-Photon  Polymerization in  Polydimethylsiloxane. ~ Polymers 2020, 12(11), 2485;
doi:10.3390/polym12112485.

2.1 Femtosecond laser three dimensional micro-nanofabrication

2.1.1 Optical apparatus

Multi-photon polymerization can be achieved by focusing high intensity pulses from a femtosecond laser by means of
high numerical aperture objectives into a photopolymer. For this purpose we used a femtosecond Ti:Sapphire tunable
laser (Coherent Chameleon Ultra I, 80 MHz repetition rate, 140 fs pulse width), which is capable of tuning its wave-
length from a minimum wavelength of 680 nm to a maximum wavelength of 1050 nm. The tunability of the laser source
is of great importance because of the possibility of setting the irradiation wavelength according to the absorption spec-
tra of the photoactive molecules we have tested throughout all the research. A scheme of the femtosecond laser direct
writing (LDW) system is depicted in Figure 2.1.

The beam diameter measures approximately 1.2 mm and reaches a maximum average power of 4 W. The laser beam is
expanded and collimated by means of a 5x (NA=0.1, Newport) microscope objective (L1) and an achromatic lens (L2)
with focal length f= 100 mm. The collimation system magnifies the laser beam to approximately 5 mm, to fill the back
aperture of the focusing objective (OBJ). We have used a water-immersion, 0.7 numerical aperture objective (Nikon,
working distance WD=2.3 mm) to focus the laser beam into the samples. As it will be described in the next chapters, we
have tested two different PDMS materials, the Sylgard 184 (n=1.4225 at 632.8 nm) and the biomedical grade NusSil
MEDG6215 (reported n=1.406). Water has a refractive index of 1.33 at 590 nm. Higher NA objectives can be used in
combination with higher refractive index matching media closer to PDMS, such as oil or glycerol, but there is a price
which experimentally needs to be payed, that is the short available working distance (~570 um at 170 um cover slip)
during the waveguide writing. The alignment and the precise sample positioning along the writing direction are crucial
aspects, as the polymer waveguides written by means of this set up reach 5 cm.
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Figure 2.1 Femtosecond direct laser writing (LDW) system schematic implemented for the waveguides fabrication. A pulsed femto-
second Ti: Sapphire laser beam is expanded and collimated by means of a 5x (NA=0.1, Newport) microscope objective (L1) and an
achromatic lens (L2). A water-immersion, 0.7 numerical aperture objective (OBJ: Nikon, working distance WD=2.3 mm) is used to

focus the laser beam into the samples. A dichroic mirror allows for 50% transmission/reflection at 650 nm, and lets a very small
amount of leaked laser light reflected from the top surface of the sample cover slip to reach the CCD camera (Chameleon 3, Point
Grey Research) after a focusing lens (L3) in 4f configuration with the focusing objective.

The optical average power is varied by means of a Glan-Thompson polarizer; this allowed for a systematic calibration
procedure before the commencement of each printing. As we will see in the following sections, the laser power togeth-
er with the writing speed imprinted by the motion stages are fundamental parameters during a photopolymerization
process, and a calibration procedure is always needed. The careful adjustment of these two parameters avoids material
damages and leads to a successful printing; therefore, the presence of this optical element is of crucial importance. As it
will be described in the following chapters, most of the photoinitiators we have tested had their maximum absorption
peak in the UV region of the electromagnetic spectrum, around 320-340 nm; this is the reason why we mostly worked
by tuning the laser wavelength to 680 nm, so that the photoinitiator molecule excitation is reached via the absorption
of two photons at ~340 nm. The way the samples have been prepared will be fully described in the next chapters, but
at this point is important to mention the presence of a thin (~170 um) glass coverslip on top of the PDMS sample. A
dichroic mirror inserted in the optical path allows for 50% transmission/reflection at 650 nm, and lets a very small
amount of leaked laser light reflected from the top surface of the sample cover slip to reach the Silicon photomultiplier
(Si PMT Hamamatsu 320-900 nm), in order to monitor the fluorescence signal during the photopolymerization, after
passing a band pass filter (335-610 nm) and a focusing lens (L4). A beam splitter (BS: 700:1100 nm, 90:10, Thorlabs)
redirects the laser beam reflected at the top cover slip surface towards the CCD camera (Chameleon 3, Point Grey Re-
search), after being focused by a lens (L3) in 4f configuration with the focusing objective. A good focus spot on the
camera indicates that the laser is focusing on the top surface of the coverslip, and the consequent depth control is
achieved by moving the objective using a translation stage with a micrometer drive, while the samples are placed on a
50 mm-long travel range stage (Newport motorized stage UTS50CC).

2.2 Optical waveguides characterization: digital holography

The word holography comes from Greek OAoypapia (6Aog=holos; ypadn=graphy) and it means total recording. This
concept was first introduced by Dennis Gabor in 1948 who called this imaging process wavefront reconstruction [123].
Gabor was proposing a lensless imaging technique, according to which it is possible to fully reconstruct an optical field,
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both in amplitude and phase, by letting interfering an optical field, scattered by or diffracted from an object, with a
coherent reference field [123]. Recording media are sensitive only to light intensity, and Gabor’s revolutionary idea
demonstrated that it is possible to retrieve also the phase information of a complex field from interference patterns
recordings. More specifically, the fundamental problem addressed by its idea was the phase reconstruction through
intensity measurements, and this becomes possible thanks to interferometric techniques, which are capable of translat-
ing phase modulations into amplitude variations. The interference between the two beams produces an interference
pattern, in which the phase information is encoded. However, it is only thanks to the technological developments in the
second half of the 20™ century, particularly the invention of lasers (T. H. Maiman, 1960), that his invention got more
attention, and he finally won the Nobel prize in physics in 1971. Lasers were providing the right degree of coherence for
holographic reconstructions, and from then on holography has undergone a real revolution. The above mentioned
interference pattern takes the name of hologram, and it represents an extremely useful tool for a complete field recon-
struction on intensity only recording media.

2.2.1 Basic concepts of holography

Holography is an imaging technique based on the coherent interference between two optical fields, and provides am-
plitude and phase information from intensity measurements at a specific spatial plane. In general, a known reference
field (reference beam in Figure 2.2) is summed with an unknown field (object beam in Figure 2.2), in which is encoded
the information we are interested in. If we do not have a purely monochromatic source, then our ability to observe
interference is generally impaired, since the correlation length of a light source is inversely proportional to its band-
width; therefore, coherent light sources such as lasers are needed.

~N

Beam splitter

VAR

Input field
Reference beam

N

/ 4 Recording medium
Object ) .

Object beam

Figure 2.2 Working principle of holography. An input field is split into a reference beam and an object beam by means of a beam
splitter. The reference optical beam travels unperturbed towards the recording medium and interferes with the object beam which
has been scattered from the object.
The reference field can be mathematically described as:
R(x,y) = |R(x,y)|e/?rCY)

Equation 29 Reference field mathematical expression.

and the object field as:
0(x,y) = |0(x,y)|e/ Pt
Equation 30 Object field mathematical expression.

where (x,y) are the spatial coordinates and @g(x,y) and @, (x,y) are the spatial phase distribution of the reference
and object beam, respectively. The intensity of the sum is given by:
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I(x,y) = |R(x,y) + 0(x,»)|?> = [R(x,¥) + 0(x, MI[R(x,y) + O(x, »)]"
=R, YI* + 100, >+ R(x,y)0(x,y)* + R(x,¥)"0(x,y)
= RO, YI? +10Cx, )2 + 2IR(x, W10 (x, y)| cos(pr(x,¥) — 9o (x, 7))

= Ir(%,¥) + Io(x,¥) + 2/ I (6, ) o (x, ¥) cos(@r (x,¥) — @0 (x, )
Equation 31 Interference intensity pattern.

The first two terms in Equation 31 are related only to the intensity of the two interfering beams I and I,; however, the
intensity of the recorded hologram depends also on both the amplitude and phase of the unknown field. Once the
hologram intensity is recorded, we can illuminate the hologram with the same reference illumination beam in order to
reconstruct optically the complex field of the object (Figure 2.3). This leads to:

RO, »)I(x,y) = R, 1)I(x,¥)+ R, )0 (x,¥) + R(x,¥)?0 (x, )" +Ig (x, )0 (x, )
Equation 32 In-plane wavefront reconstruction mathematical expression.

The first two terms on the right side of Equation 32 describe the read-out light that goes through the transparency (the
hologram), slightly modulated by the sum of the intensities of the reference and object beams Iz (x,y) and I, (x,y).
The fourth term is the term of interest, since it contains the original wave multiplied by the reference intensity, which is
constant assuming a uniform reference field such as a plane wave [2]. In other words, if the object wave in Figure 2.2
was a light field scattered from a 3D object, the reconstruction described by Equation 32 would reproduce the same
optical field of the object, giving rise to a 3D sensation (the reconstructed image of the object). The third term in Equa-
tion 32 is the conjugated version of the original object wave, modulated by the squared reference field; in fact, a holo-
gram can be thought as a grating where the third and fourth term on the right side of Equation 32 represent the +1 and
-1 diffraction orders, and the first two terms represent the light travelling straight through the transparency (DC term)
[123].

Reference beam -
Object

—)

Hologram

Figure 2.3 Wavefront reconstruction by illuminating the hologram with the reference wave.

The holograms created using a reference beam which travels in-line with the object under investigation are called the
Gabor’s holograms; however, these kind of holograms suffer background noise due to the unmodulated light propagat-
ing through the transparency (along the optical axis), and twin images formation from the +1 diffraction order [123]. In
this thesis, | made use of the so called offset-reference holography (also known as Leith-Upatniekis holography or off-
axis holography), where the reference beam during the hologram recording interferes at an angle with the object
beam. This leads to a clear separation of the hologram diffraction orders, which makes their analysis more efficient. The
holograms we have recorded have been processed digitally using the software Matlab and the encoded polymer wave-
guides phase has been reconstructed.
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2.2.2  Offset-reference holography

As discussed in the previous paragraph, offset-reference holography (or off-axis holography) differs from the inline
holography for the fact that the reference and the object beams interfere at an angle to create the hologram. This vari-
ant of the holographic technique presents an important advantage, as it provides a separated DC term and well spaced
diffracted orders. If we consider the reference wave to be a plane wave coming at an angle 8 = (6,,0,), k, the free
space wavevector amplitude and A the beam wavelength, the dependency on the spatial coordinates (x,y) is lost, and
its complex field can be written as:

R(x,y) — Rej(kgsinexx+kosin9yy)
Equation 33 Reference complex field propagating at an angle 6 with the optical axis.

By substituting Equation 33 into Equation 31 we obtain:

I(x, y) — |R|2 + IO(X, y)lz + Rej(kosinexx+kosin9yy)O(X.' y)* + R*e—j(kosinexx+kosin9yy)0(x, y)

DC term along Propagates at angle 6 Propagates at angle—6
the optical axis

Equation 34 Hologram intensity with an incoming reference beam at an angle 8 = (6y, 6,).

The first two terms are referred as DC and they don’t contain any information about the phase of the object; they cor-
respond to that portion of light which travels straight through the recording plane, which means at zero angle respect
to the optical axis. The third and the fourth entities are two complex conjugate terms and they contain information
both of the amplitude and phase of the object field. If the hologram is illuminated with an illumination normal to the
recording plane, these two field component would diffract in opposite directions, at angle 8 and —8, respectively, be-
cause of the phase carried by the reference field. It appears immediately clear that a good orders separation facilitates
the object reconstruction, and this is achieved by optimizing the incident reference angle.

Any signal can be represented as a superposition of harmonic functions of different frequencies and complex ampli-
tudes [66, 123]; this is the basic idea of the Fourier analysis, which is widely used in signal processing to retrieve the
information encoded in digital signals. Also an optical signal as a beam light can be thought this way, thinking at the
wave vector coordinates ky, k,, k, as its spatial frequencies; an image is nothing but a 2D signal, therefore we can
apply a Fourier transformation to decompose it and analyse it. Here, if we apply the Fourier transform to Equation 34,
we obtain:

F{1(x, )} (ks ky)
= F{IRI*}(kx, ky) + F{l0(x,¥)|*}(ky, k) + F{Re/KosinOxx+kosin6yy) g (xr, y)*}(k,, k)
+ F{R*e—j(kosinexx+kosin9yy)O(x’ y)}(kx' ky)
= 8(ky, ky) + FUO 23Ky, ky) * F{1O(x, ) [} (ks Ky)
+ RF{0(x,¥)"(ky — kosinby, ky, — kosind,)} + R*F{0(x,y)(ky + kosing,, k, + kosind, )}

Equation 35 Fourier transform of the hologram intensity when the reference beam is tilted at an angle 6 = (6y, 6,).

Equation 35 is the frequency spatial distribution of the hologram intensity expressed by Equation 34; the first term is a
Dirac function related to the constant reference beam, the second term is derived by taking into consideration the
autocorrelation property of the Fourier transform, while the third and fourth terms are the two diffracted orders relat-
ed to the object in the frequency domain.
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Spectrum

FUOG, Y B (ks ky) * F{10 0, ) (K Ky )

ki

- RF{O(x,y)*(kx — kosinéy, k, —kosiney)}
R*F{O(x,y)(ky + kosinby, ky +kosing, )}

Figure 2.4 Fourier spectrum of the hologram.

Considering k; = kosenb,, k;, = kosenf,, and k=0 for the sake of simplicity, Figure 2.4 represents the Fourier spec-
tral components of the recorded hologram. B is half of the bandwidth of the object signal, therefore, it appears imme-
diately clear that in order to have nicely separated diffracted orders it needs to be [123]:

a =3B
or equivalently:
kymin = 3B
Analysing it further, we obtain the expression of the theoretical minimum reference angle:

kosen8, = 3B

2

TSenGx =3B
0, = 3 B

senf, = o

= (_3 )
O, mi arcsen B
x,min 2
Equation 36 Minimum reference angle in off-axis holography.

2.2.3 Digital holography

A hologram is nothing but an interferometric recording of a complex field; as discussed in the previous paragraphs, a
first step consists of the hologram recording, followed by a second step which is the original image reconstruction.
When the holograms are acquired by a camera and they are processed digitally, this technique takes the name of digi-
tal holography. Therefore, in order to fully recover the complex field from holography interferometric measurements,
we have to digitize the hologram and demodulate the carrier. This way it is possible to retrieve amplitude and phase of
the unknown optical field, where the information is encoded. The polymer optical waveguides reported in this thesis
presented an unknown refractive index difference An that needed to be measured. The waveguides phase information
in the holograms has been measured and the refractive index change between core and cladding has been calculated

following the equation:

An=-——A
n 2md @
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Equation 37 Refractive index difference between core and cladding of the polymer waveguides as a function of the accumulated
phase.

where A is the illumination wavelength, d is the waveguide dimension and A is the phase difference encompassed in
the acquired holograms.

z coordinate [Pixel]

0 500 1000 1500 2000 100 200 300 400 500 600 100 200 300 400 500 600
y coordinate [Pixel]

100 200 300 400 500 600 50 25 0

x [um] x [um]

(d) (e) (f)
Figure 2.5 (a) Hologram recording on a camera and selection of the region of interest ROI (in the red square); (b) Region of interest
ROI; (c) Fourier transform of the cropped hologram and selection of the diffraction order (red circle); (d) digital shift to the centre of

the computational window of the diffraction order (red circle), where everything else is put equal to zero; amplitude (e) and phase (f)
information extracted from the back Fourier transform of the shifted diffraction order.

The extraction of the phase and amplitude from a digital hologram is performed following the block diagram showed in
Figure 2.6, which comprises the following steps:

e the optical recording of the hologram on a digital camera (Figure 2.5 (a)), and crop of the region of interest
(ROI'in Figure 2.5 (b));

e digital Fourier transformation of the hologram (Figure 2.5 (c));

e selection of the desired diffraction order (+1 or -1) which contains the object phase information (red circle in
Figure 2.5 (c));

o filtering of the desired diffraction order (+1) by means of a digital mask in order to remove contribution from
the DC term and the other diffracted component (Figure 2.5 (d));

e digital shift of the selected order to the centre of the k vectors computational space; this digital operation cor-

responds to an experimental hologram illumination with the conjugate reference wave (wavefront reconstruc-
tion step, Figure 2.5 (d));

e back Fourier transformation to obtain the complex field of the object, namely amplitude Figure 2.5 (e) and
phase (Figure 2.5 (f));
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e apply a digital refocusing step, if needed.

Spectrum
Hologram FFT > [ ] Q @
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‘— Selection ——
Filtering
o
-1
\
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(Re? 2 -1
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Figure 2.6 Digital holography block diagram.

The hologram processing has been carried out by subtracting the background information, which is contained both in
the reference and object wavefront; this is made by digitally subtract a blank hologram (in a different area of the sam-
ple), from the original hologram. By doing so, any phase accumulation which is not proper of the object can be re-
moved, and the sample thickness phase delay can be neglected; however, this leads to a ‘duplication’ of the object of
interest (the waveguides in Figure 2.5 (f)), which is not anyway critical for the purposes of the measurement.

2.2.4 Optical apparatus

In the previous paragraphs | gave the theoretical basics about the off-axis digital holographic interferometric technique
we have used for measuring the refractive index contrast of the polymer structures. Here, | propose the experimental
set up we have built for the phase recording, showed in Figure 2.7. In holographic recording techniques a coherent light
source beam is split into two arms, an object beam (Object) and a reference beam (Reference) by means of a beam
splitter (BS1). In this experimental set up we have used a 632.8 nm wavelength HeNe laser and separated it by means
of a beam splitter (BS1: 400:700 nm 50:50, Thorlabs). The object beam is a plane wave which travels unexpanded
through the sample and recombines with the reference beam by means of a second beam splitter (BS2: 400:700 nm
50:50, Thorlabs).

g

L2 L1
(]:[) I Reference
I

Pinhole
Sample g
g
\ L3 3
BS2 \ .
Objective Waveguide

Figure 2.7 Off-axis holographic interferometer built for the measurement of the refractive index difference of the polymer wave-
guides. A HeNe laser ((A=632.8 nm, Thorlabs) is split by means of a beam splitter (BS1) into a reference and an object arm. The object
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plane wave travels through the PDMS sample and recombines with the reference arm through a second beam splitter (BS2). The
waveguides are imaged on a camera (CMOS) using a long working distance objective (Objective) in 4f configuration with the lens L3.
The reconstructed holograms are digitally processed with a computer.

The reference arm is expanded and collimated through a Newport, 5x magnification objective, NA=0.1 (L1) and a lens
with focal length f=250 mm (L2); a pinhole with diameter d=20 pum is inserted at the Fourier plane of L1 to clean spatial-
ly the beam. A long working distance objective (Objective: 20x Mitutoyo, NA=0.42) images the polymer structures on a
CMOS camera (Edmund Optics, 2056 x 1542 pixels, 3.45 um pixel size) in 4f configuration with L3 (f= 200 mm). The
polymer optical waveguides are placed perpendicularly to the optical incident field, introducing a phase change that
can be revealed and processed with Matlab.

2.3 Characterization platform

2.3.1 Set-up design requirements

Together with the refractive index difference between core and cladding, one of the most important properties of a
waveguide is its capability of transmitting light. To quantify the transmission loss of the waveguides we have built an in-
out light coupling platform (Figure 2.8), where the fine positioning and stability of the samples represented a very im-
portant aspect to consider in order to have a repeatable and reliable measurement, especially in this case where the
fabricated waveguides were very small (<1 um). To do so, we mostly used incoherent thermal light source in order to
ensure the waveguide alignment with the light illumination spot, using positioning stages with an accuracy better than
1 pum. We have measured the output power of the light source with a power meter, stating a statistical coefficient of
variation of 1.5% over two hours. As it will be shown in the next section, the light spot at the waveguide entrance was a
demagnified image of the thermal light passing a 1-mm iris (Iris3 in Figure 2.8), which is about 17 um in diameter with
uniform intensity profile; this, together with the small size of the waveguides ensures that the coupling condition was
repeatable.

2.3.2 Optical apparatus

For the waveguide transmission loss measurements, we built the optical set up shown in Figure 2.8. The proposed con-
figuration shows the implementation of a double-path which consists of two parts: a coherent light source (red) and an
incoherent white light illumination path (green). A 2-mm HeNe laser spot (A=632.8 nm, Thorlabs) is magnified and col-
limated through the beam expansion system consisting of the lenses L1 (f=75 mm) and L2 (f=200 mm). A 50 um pinhole
is inserted at the Fourier focal plane of L1 in order to spatially clean and stabilize the laser beam. The beam is then
focused on the proximal facet of the sample by means of a high numerical aperture objective (OBJ1: 50x Zeiss, NA=0.7).
As we already discussed in the theoretical part about the working principle of fibers, in order to maximize the coupling
efficiency of light into a waveguide we need to match its NA; in order to do so we placed an iris (Iris1) just in front of
the input objective that could be opened or closed, depending on the NA of the fabricated waveguides. Light is collect-
ed at the sample distal end by means of a long working distance objective (OBJ2: 20x Mitutoyo, NA=0.42) and imaged
on a camera (CAM1: Andor Ixon 885 EMCCD, 1004x1002 pixels) by means of a lens (L3: f=160 mm). Moreover, the back-
reflected light from the proximal facet of the sample is redirected using a beam splitter (BS1: 400-700 nm, 45:55,
Thorlabs) on a second CCD camera (CAM2: Chameleon 3, Point Grey Research) after being focused by the lens L4 (f=160
mm). This allowed for a precise localization and alignment of the waveguides with the source illumination; a notch filter
placed in front of CAM1 blocked most of the 633 nm wavelength laser light, preventing damages to the camera.
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Figure 2.8 Light coupling set up schematic: a 2-mm HeNe laser spot (A=632.8 nm, Thorlabs) is magnified and collimated through a
beam expansion block (L1 and L2) and then focused on the proximal facet of the sample by means of a high numerical aperture
objective (OBJ1). Light is collected at the sample distal end by means of a long working distance objective (OBJ2) and imaged on a
camera (CAM1) by means of a lens (L3). The back-reflected light is redirected using a beam splitter (BS1) on a second camera (CAM2)
after being focused by the lens L4. A broadband thermal light source (Introlux 6000-1) is collimated using a long focal length lens (L5)
and an iris (Iris2). A beam splitter (BS2) splits the illumination beam into two arms: the first arm is redirected towards the input ob-
jective (OBJ1) by a thin pellicle beam splitter (BS3) to be coupled into the waveguides contained in the sample. The second arm is
focused by means of a lens (L6) into the back focal plane of the output objective (OBJ2) by means of another pellicle beam splitter
(BS4).

As mentioned already in the previous paragraph, we mostly worked with incoherent light illumination, because of the
advantages offered in terms of coupling efficiency. Light transmission measurements are very sensitive to the wave-
guide facet morphological conditions; PDMS is a soft and flexible material, therefore the air-PDMS interface scratches
resulting from the knife cut played a critical role in light coupling experiments. In Chapter 3 it will be further explained
how the PDMS waveguide interface was experimentally cleaved, but at this point it is important to mention that an
end-face flatness is strictly required in light coupling measurements. Broadband light sources don’t show interference
and therefore, small material inhomogeneity and defects don’t form speckle patterns that would be imaged on the
distal camera. We have used a broadband thermal light source (white light illumination Introlux 6000-1) and collimated
it over the set up distance using a long focal length lens (L5, =330 mm) and an iris (Iris2), carefully placed at the right
distance from the emitting fiber bundle facet of the light source. A third iris (Iris3) was placed right in front of it on or-
der to change the spot dimension of the incoherent light source. An image of this spot is projected on the proximal
sample facet by means of OBJ1, covering the desired sample area. A beam splitter (BS2: 488 nm 50:50, Thorlabs) sepa-
rates the illumination beam into two arms: the first arm is redirected towards the input objective (OBJ1) by a thin pelli-
cle beam splitter (BS3: 1:2 um, 8:92, Thorlabs) to be coupled into the waveguides contained in the sample. The second
arm is focused by means of a lens (L6, f=200 mm) into the back focal plane of the output objective (OBJ2) by means of
another pellicle beam splitter (BS4: 400-700 nm, 45:55, Thorlabs). The laser beam and the white light source are aligned
in the same path to ensure that they both illuminate the same area of the sample and in a way their focal plane coin-
cide. Moreover, the second arm of the white light source served as illumination in transmission from the distal facet of
the sample, making the coupling procedure more efficient; however, this arm has been always blocked in all the trans-
mission loss measurements with incoherent light illumination.
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2.4 Summary

In this chapter | have described the experimental methodologies we have developed for the fabrication and characteri-
zation of the polymer optical waveguides. We have built a femtosecond laser direct writing (LDW) set up, together with
a digital holographic interferometer for the phase change reconstruction and a light transmission platform. Matlab
codes for waveguide writing, phase retrieval and light intensity measurements have been implemented. Compared to
commercially available two-photon polymerization platforms (such as Nanoscribe GmbH), the above described LDW
platform offered the fundamental feature of wavelength tunability, which made it possible to test a various number of
photoinitiators and monomers, in different concentrations and chemical configurations. Another important advantage
consists in the high travel range of the motion stages, which allowed for long waveguides fabrication, without stitching;
for fine um-adjustments, piezo stages have been integrated in the sample motion system. Moreover, the digital holo-
graphic technique and experimental apparatus for the waveguide phase extraction have been discussed, together with
the light coupling platform for the transmission loss measurements.

In the following chapter | will present the results we have obtained in a photoinitiator-free chemical scheme and de-
scribe the methodologies we have followed for the fabrication of poly-phenylacetylene waveguides in PDMS.
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Chapter 3 Photoinitiator-free microfabrica-
tion of optical waveguides in PDMS

In this work, we demonstrate, for the first time, the fabrication of compact (1.3 um wide) PDMS optical wave-
guides through multi-photon laser direct writing (MP-LDW) in polydimethylsiloxane (PDMS) using phenylacetylene as
the photosensitive monomer without a photoinitiator.

Most of the material presented in this chapter can be found in the publication ([121]):

e Panusa, G., Pu, Y., Wang, J., Moser, C., & Psaltis, D. (2019). Photoinitiator-free multi-photon fabrication of com-
pact optical waveguides in polydimethylsiloxane. Optical Materials Express, 9(1), 128-138. doi:
10.1364/0ME.9.000128.

3.1 Introduction

PDMS optical waveguides fabrication in a host-guest system has been previously reported [58, 59]. When a preformed
PDMS substrate is immersed into a high-refractive index liquid monomer formulation, the monomer molecules will
permeate into the intermolecular space of the PDMS matrix. Selective photopolymerization of the permeated mono-
mer by a laser focus can induce a local change of the refractive index in the substrate material. Waveguides with a di-
ameter of 50 um, a refractive index change of An=0.01, and an optical loss between 0.3 and 0.6 dB/cm at a wavelength
of 850 nm have been reported [59].

As | have discussed in Chapter 1, in photopolymerization, the energy of light upon absorption must be transformed into
suitable chemical energy in the form of reactive intermediates, a process called photoinitiation. This conversion is usu-
ally achieved with a photoinitiator, since light absorption in most monomers is only efficient in deep ultraviolet (DUV)
region. A photoinitiator is a compound that produces reactive species upon absorption of light in the designated spec-
tral region. The reactive species then start a chain-growth polymerization by transferring the chemical energy to the
monomer molecules. In certain circumstances, however, the addition of photoinitiators increases the chemical com-
plexity of a polymer system. In particular, in biomedical applications where biocompatibility is a prerequisite, a great
special design effort is required to ensure that the photoinitiator is nontoxic. Regardless of the biocompatibility of the
final polymer product, reducing the chemical complexity by eliminating the photoinitiator would be beneficial in all
biomedical applications, particularly implanted devices. Although photoinitiators were ubiquitously used in multi-
photon photopolymerization [[124-126]], ultrafast lasers provide an opportunity to achieve this goal with multi-photon
absorption without the use of photoinitiators. Given sufficient laser intensity, the DUV absorption peak of most mono-
mers becomes accessible through two- or three-photon absorption at an appropriate laser wavelength and intensity.

Here, we demonstrate, for the first time, the fabrication of compact (1.3 um wide) PDMS optical waveguides through
MP-LDW in PDMS without using a photoinitiator. As it will be further discussed in the following section, the basic idea
of this work includes PDMS as a pre-crosslinked network, in which a liquid monomer/PI solution is capable of infiltrating
the polymer structure (in Figure 3.1 (a)-(d)). It appears immediately clear that, besides the photopolymerization effi-
ciency and constrains listed in Paragraph 1.3.2, the photoactive solution must present the key characteristic of being in
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a liquid/low viscosity form, feature that consistently restricted the choice of commercially available polymerizing candi-
dates; for this purpose, we have tested phenylacetylene.

3.2 Materials and methods

All chemicals were used as purchased without further purification. Phenylacetylene (98% purity, CAS Number 536-74-3)
was purchased from Sigma Aldrich (Buchs, Switzerland); optically transparent PDMS (Sylgard 184, n =1.4225 at 632.8
nm) was purchased from Dow Corning.

3.2.1 Sample preparation

Phenylacetylene (inset in Figure 3.1 (e)) is an alkyne hydrocarbon containing a phenyl group and it appears as a yellow-
ish liquid. It presents a refractive index of 1.549, which is due to the presence of the phenyl ring in the molecule, and
this made it an excellent candidate for testing. The host-guest system | describe in this paragraph includes a PDMS
matrix as the host and a liquid monomer permeated into the PDMS intermolecular space as the guest.

Pristine PDMS Monomer I
F
|] 0.8+
8 0.6 Phenylacetylene molecule
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Figure 3.1 Principle of waveguides fabrication in PDMS. (a) Preparation of a pristine platinum-cured PDMS substrate. (b) Permeation
of the monomer molecules into the PDMS matrix by immersing the PDMS substrate into the monomer liquid formulation for 24
hours. (c) Exposure of the monomer-permeated PDMS substrate to a focused ultrashort laser irradiation for waveguide writing. (d)
Removal of the unreacted monomer through an optional ethanol washing and a heating at 100-130 °C for two hours. (e) Absorption
spectrum of 0.01 mM phenylacetylene in acetonitrile. Violet arrows indicate energies of two-photon (2PA) and three-photon absorp-
tion (3PA). Inset illustrates the chemical structure of the phenylacetylene molecule.

The fabrication procedure of the waveguides consists of four steps (Figure 3.1 (a)-(d)):

1. the preparation of a pristine Pt-cured PDMS slab (Figure 3.1 (a)). We used the commercially availbale Sylgard
184 throughout all the experiments described in this chapter. It consists of a Part A and a Part B to be com-
bined in a ratio of 10:1 followed by a mixing and defoaming process. To ensure the homogeneity of the PDMS
substrate, which is the key to high-quality waveguides, the mixing and defoaming were performed in a Thinky
automatic mixer for about 3 min, followed by a final deaeration procedure in a vacuum desiccator. We cured
the PDMS samples at room temperature over 48 h to ensure surface flatness and parallelism with the working
plane. For the optical clarity of the PDMS substrate, the above preparation was performed in an ISO7 clean-
room; condensation cured PDMS should also work in a similar fashion, although we did not test it specifically;

2. the permeation of the monomer into the PDMS matrix by immersing the PDMS slab in the phenylacetylene
liquid formulation (used as purchased from Sigma Aldrich) for 24 hours [58, 127] to ensure the concentration
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of phenylacetylene in the PDMS slab reaches the saturation point, after which the PDMS slab gains more than
40% in weight Figure 3.1 (b);

3. the exposure of the monomer-permeated PDMS slab to a focused ultrashort laser irradiation to induce
polymerization of phenylacetylene and form waveguide structures (Figure 3.1 (c));

4. the removal of the unreacted monomer through an ethanol washing followed by a heating step at 100-130 °C
for two hours (Figure 3.1 (d)).

Phenylacetylene is a small molecule and therefore capable of entering and escaping the PDMS matrix easily. Figure 3.1
(e) shows the UV absorption spectrum measured with a UV-visible spectrophotometer (Cary-100, Agilent Technolo-
gies), which reveals an absorption peak in the spectral range of 215-250 nm; therefore, for triggering photopolymeriza-
tion, the wavelength must be tuned down to the minimum wavelength, 680 nm, offered by our femtosecond pulsed
Chameleon laser. Phenylacetylene is responsible of the absorption of light and at the same time of its photopolymeriza-
tion via a three-photon process, which is in consistency with the heuristics from previous studies in multi-photon pho-
toinitiators [126]. In order to avoid fast monomer evaporation, the phenylacetylene-permeated PDMS slab sample was
sandwiched between a glass microscope slide and a coverslip, as exemplified in the close-up look in Figure 3.2 (b) and
exposed to the laser focus (Figure 3.2 (a)); the phenylacetylene reaction scheme of the multi-photon polymerization is
illustrated Figure 3.2 (c).
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Figure 3.2 (a) Experimental set up for poly-phenylacetylene waveguide writing in PDMS through MP-LDW. (b) After monomer infiltra-
tion, the pre-crosslinked PDMS slab is sandwiched between a glass slide and a 170 um thick microscope coverslip to avoid monomer
evaporation. (c) Phenylacetylene multi-photon polymerization reaction scheme under laser irradiation.

Considering an average laser power at the level of 60 mW, 680 nm wavelength source and 0.7 NA lens, we estimate
that the focal intensity, ignoring the spherical aberration due to the refractive index mismatch between water and
PDMS, and the possible self-focusing effect, reaches approximately 2x10%2 W/cm? with fine adjustments by tuning the
laser power. We wrote waveguides at writing speeds ranging between 0.5 and 1.5 mm/s, at a laser peak intensity be-
tween 1.6x10% and 2.4x10'2 W/cm?, and at a focusing depth between 800 um and 1.3 mm below the sample top sur-
face.

3.3 Results and discussion

3.3.1 Waveguides verification

A phase contrast microscope (Olympus IX-71) was used to observe the sample after irradiation, and the phase contrast
images clearly reveal the formation of the waveguides. An example phase contrast image of the waveguides is shown in
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Figure 3.3 (a), which were fabricated at 1.3 mm depth inside the PDMS material, with 1.9 x102 W/cm? peak laser inten-
sity and at 0.7 mm/s writing speed. A bright field microscopy image of the waveguide (Figure 3.3 (b)), obtained using a
1.4 NA oil-immersion objective, reveals a smooth core refractive index structure. The width of the waveguide was
measured to be 1.3 um.

Phase contrast microscopy 10x objective (NA 0.25) Bright field microscopy 100x oil imm.objective (NA 1.4)

gl

1.3 p.m_r

(a) (b)

Figure 3.3 (a) Phase contrast microscope (Olympus IX-71) image of written PDMS optical waveguides. (b) Bright field microscope
image of an optical waveguide (100x magnification objective), written at 1.3 mm below the sample top surface, 1.9 x1012 W/cm?
laser peak intensity and 0.7 mm/s writing speed.

The experimental parameters that determine the width of the focal volume, and therefore the resulting feature size,
are the pulse energy, the writing speed, and the numerical aperture of the lens used for focusing the beam on the sam-
ple. We performed a series of writing experiments to characterize the material in terms of polymerization threshold
power and writing speed. Figure 3.4 (a) exemplifies the strategy followed to determine the writing power threshold,
defined as the minimum laser power for which continuous, sharp, and intact polymerized structures are clearly identifi-
able in our phase contrast microscope. These experiments suggest that the laser peak intensity needed to fabricate a
waveguide inside the PDMS slab at the investigated depth is 1.7x10? W/cm?. This set of experiments was performed at
a writing speed of 0.7 mm/s, which is in the optimal range found experimentally to fabricate undamaged polymerized
structures. The cross section of each waveguide has been evaluated by performing a cross-sectional cut and inspecting
its core with phase contrast microscopy, as shown in Figure 3.4 (b).
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Figure 3.4 (a) Top view image and (c) waveguide width and height for optical waveguides written at 0.7 mm/s, 1.1 mm below the
sample coverslip interface, for different laser peak intensities; cross-sectional image (b) and width and height (d) for waveguides
written at 1.9 x1012 W/cm? peak intensity, 1.1 mm below the sample coverslip interface, for different writing speeds.

Waveguide width and height increase with increasing peak intensity and decreasing writing speed, as revealed in Figure
3.4 (c) and (d). The aspect ratio, considered as the ratio between waveguide height and waveguide width, ranges from
approximately 3.8 at the photopolymerization threshold of 1.7x10*2 W/cm? to 4.1 at 2.1x10'? W/cm?. Indeed, the
waveguide depth increases at a faster rate compared to its width, resulting in a more elliptical shape at high peak in-
tensities. At constant laser peak intensity and writing depth inside the material, waveguide width and depth decrease
linearly with the writing speed, as depicted in Figure 3.4 (d).

We also evaluated the impact of the writing depth at fixed writing speed and laser peak intensity on the waveguide
cross section (examples are reported in Figure 3.5 (a)). Plot in Figure 3.5 (b) shows the linear decrease of both lateral
and vertical waveguides dimensions with increasing writing depth, as expected considering that a deeper focusing dis-
tance corresponds to an increased aberration in the PDMS matrix.
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Figure 3.5 (a) Waveguide cross section for optical waveguides written at laser peak intensity of 1.9 x10!2 W/cm? and a writing speed
of 0.7 mm/s, for 900 um (top panel), 1.1 mm (middle panel) and 1.3 mm (low panel) focusing depth. (b) Plot of waveguide width and
height as a function of writing depth, showing linear decrease of both lateral and vertical waveguides dimensions with increasing
writing depth.

3.3.2 Waveguides characterization

Raman spectroscopy

We performed Raman spectroscopy measurements in order to understand the chemical behaviour of phenylacetylene
towards photopolymerization. Raman spectroscopy provides the sample molecular information using scattered light.
When a material is hit by rays of light, the molecules in the material vibrate in different ways, which are referred as
vibrational modes. Each type of chemical bond responds external excitation with different vibrational modes and with

different light frequencies k, with k = %and A being the wavelength shift in cm, relative to the illumination wavelength.

Vibrational modes can be considered as finger prints of the chemical bonds present in a material; therefore, Raman
spectroscopy is a suitable choice to statically evaluate microstructures fabricated by TPP [128-130]. Moreover, it re-
quires a minimal sample preparation, and it provides excellent resolution. For all these reasons it is often used to de-
termine the so-called degree of conversion (DC) of a photopolymer, which is defined as the percentage of initial starting
material, such as monomers or oligomers covalently bond together, to form the polymer product after being exposed
to light. In acrylic monomers (or oligomers), the chain addition which takes place during the propagation step of the
polymerization, is characterized by the carbon-carbon double bond (C = C) opening, which decreases in favour of the
C — C single bond [36].

The ordinary Raman spectrum of neat phenylacetylene (PA) is known from literature [131, 132]; among the ring breath-
ing (at 1001 cm™) and the C — C stretching vibrational mode (at 1601 cm™), the phenylacetylene Raman spectrum
shows a very strong peak at 2111 cm™. This is associated to the C = C bond stretching [131, 132]. Raman spectra were
acquired by focusing a 488 nm wavelength laser in a Raman spectrometer (Renishaw), at ~14.3 mW using a 5x magnifi-
cation objective (NA=0.12). The Raman signal was taken at an exposure time t = 10 s in two different locations of the
sample (Figure 3.6 (b)), specifically, a region where there were no polymerized structures (A), and a region containing
the waveguides (B), at three different depth locations with respect to the waveguide plane, +20 um, 0 um, and -20um,
respectively. The polymerizable bond in the phenylacetylene molecule is the carbon-carbon triple bond, € = C, and its
vibrational mode can be detected at 2111 cm™ [131, 132]. Among the vibrational modes detected, which are listed in
Table 1, there was clearly no peak of C = C bond stretching, which strongly supports the polymerization process of
phenylacetylene we have hypothesized.
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Figure 3.6 (a) Raman spectra of phenylacetylene (PA) and Sylgard 184 PDMS taken in a Renishaw confocal Raman microscope. (b)
Bright field microscopy image taken using a 5x magnification objective in the Raman Renishaw microscope. A 488 nm laser was
focused in an area of the sample with no polymerized waveguide (point A), 100 um into the PDMS material. In order to confirm the
presence of the PA, the laser was then focused on a waveguide and the Raman signal was acquired at three different focusing depth
in the proximity of the waveguide focusing plane, at 20 um, 0 um and 20 um, respectively (point B). The strong peak related to the
carbon-carbon triple bond stretching at 2111 cm-! reported in literature [131, 132] doesn’t appear, proofing the C = C bond opening
and consequent PA polymerization.

Wavenumber [k] Vibrational assignment

491 Si-O-Si stretch (PDMS)
614 Si-CH3 sym. rocking (PDMS)
688 Si-C sym. stretch (PDMS)
710 CHs sym. rocking (PDMS)
Si-C asym. stretch (PDMS)
1264 CHs sym. bending (PDMS)
1411 CHj asym. bending (PDMS)
2906 CH3 sym. stretch (PDMS)
2906 CHs asym. stretch (PDMS)
1001 Ring breathing (PA)
1601 C-C stretching (PA)
3065 C-H stretching (PA)

Table 1 List of the Sylgard 184 [133] and the recognized PA Raman peaks [131, 132].
Digital holography

We characterized the waveguides in terms of refractive index contrast and transmission loss. Measurements of the
refractive index contrast were performed in a custom made off-axis interferometric imaging system (described in Chap-
ter 2 of this thesis). A plane-wave reference beam interferes with the waveguide image through a beam splitter, reveal-
ing the phase change induced on the illumination beam as it crosses the waveguide (Figure 3.7 (a)).

An example interferogram is shown in Figure 3.7 (b); the average phase change along the waveguide, as shown in Fig-
ure 3.7 (c), is approximately A®=1 rad. Due to the aberration caused by the PDMS layer that the object wave has to
propagate through, the image of the waveguide broadens from 1.3 um to ~3 um. We thus estimate the actual phase
change to be A®=2.3 rad. Based on the measured height of the waveguide h~4 um and the estimated average phase
change, we estimate that the refractive index contrast is An=0.06. This implies a polymer content of roughly 35% by
mass given the refractive index of 1.59 and 1.41 for poly-phenylacetylene and PDMS, respectively.
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Figure 3.7 Measurement of the phase profile and refractive index contrast of the waveguide. (a) Principle of the measurement. A
laser beam of plane wave is sent to pass the PDMS sample where the waveguide induces an additional phase change in the wave
front, which is measured in the interferometric imaging system. (b) An example interferometric image of the waveguide. Fringes
parallel to the waveguide are due to the aberration resulted from the PDMS material. (c) Extracted average phase profile of the
waveguide, which is broadened due to the aberration introduced by the PDMS material. The corresponding refractive index contrast,
after taking into account the broadening, is An=0.06.

PDMS wavequide end facet polishing

Light transmission measurements are highly sensitive to the waveguide facet morphological conditions. The coupling
end face must exhibit extremely good optical quality and must be defectless in order to obtain a high coupling efficien-
cy during the experiments; this can be achieved by polishing or cleaving the waveguides ends. PDMS is a soft and flexi-
ble material, therefore the air-PDMS interface scratches resulting from the knife cut play a critical role in light coupling
experiments. Excellent optical quality of the waveguide end-surface were obtained by matching the refractive index of
PDMS with an additional layer of PDMS that smooths out the uneven cut surface. The process flow for the polymer
waveguides polishing includes six steps:

dissolving Teflon beads (cas: 37626-13-4) in FC40 solvent (cas: 51142-49-5) in 1 wt%;

spincoating of a very thin layer of Teflon solution on a glass slide (60 s at 1500 rpm)

evaporation of the solvent present in the solution for 2 min at 80 °C;

spincoating of ~50 um optically clear and degassed PDMS (60 s at 1000 rpm) on top of the Teflon thin layer;
the waveguides slab is layed vertically, perpendicularly to the spincoated PDMS layer to allow the knife cuts
filling until the PDMS is cured.

6. detachment of the PDMS slab from the glass slide; Teflon facilitates this procedure.

vk wNe

Figure 3.8 shows the phase contrast microscopy cross-sectional view from one PDMS slab interface before (a) and one
after (b) the polishing with Teflon and PDMS. As it shown clearly from the figure, the cut scratches impressed by the
knife is eliminated because of the refractive index matching. This procedure allows for a repeatable and efficient light
coupling during the experiments.
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Figure 3.8 Phase contrast cross-sectional view of a PDMS sample containing waveguides before (a) and after (b) the fiber ends polish-
ing using Teflon and spin-coated Silicon oil.

Transmission loss

To measure the transmission loss, we coupled thermal white light from a halogen lamp passing a 1-mm iris into the
waveguide using a 50x 0.7 NA objective and imaged the output using a digital CCD camera (full description of the exper-
imental set up in Chapter 2). The iris was imaged on to the incident facet of the waveguide as a 17-um spot with nearly
homogeneous intensity. The motion stage was able to position the waveguide at the center of the incoherent light spot
with better than 1 pum accuracy, ensuring the consistency of the coupling condition across multiple mount and dis-
mount of the sample. Taking advantage of this experimental setting, we measured the ratio of the output power from
the same waveguides cut into two different lengths. This power ratio reveals the transmission loss due to the material
absorption and the scattering loss caused by the waveguide walls smoothness in the polymer waveguide as:

— _10logyy (2t —2
a= 0:%’1()(PZ)L1 1,

) . - . dB
Equation 38 Waveguide transmission loss formula in [;]

where « is the transmission loss in dB/cm, and P, and P, are the measured output power of the waveguide at lengths
L, and L,, respectively.
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Figure 3.9 Characterization of the waveguide transmission. (a) Diagram of the optical set-up used for optical transmission loss char-
acterization. (b) Broadband light output from three individual waveguides written at 800 um under the top surface, using 1.9x1012
W/cm?2 peak intensity and 0.7 mm/s writing speed. (c) Broadband waveguiding output from one waveguide. (d) Laser (HeNe) wave-
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guiding output from the same waveguide; (e) — (h) Filtered narrowband waveguiding output from the same waveguide: (e) 592/43
nm, (f) 675/50 nm, (g) 609/53 nm, and (h) 800/40 nm; (i) Waveguide transmissivity measured by the intensity ratio between the
outputs from waveguides cut at different lengths. Light blue, orange, red, brown and black bars show the measured transmissivity at
1 cmin 600 — 800 nm, 570 — 613 nm, 582 — 635 nm, 650 — 700 nm, and 780 — 820 nm, respectively.

We measured the transmission loss using the incoherent thermal source at L;=16 mm and L,= 12 mm (Figure 3.9 (a)-
(b)). Before each measurement, we performed careful adjustments to ensure a consistent output power. Figure 3.9 (c)
shows the output from one waveguide when incoherent thermal white light is launched. Additionally, we also launched
laser light of 633 nm wavelength into the waveguide, the output of which is shown in Figure 3.9 (d). The mode field
diameter of approximately 2 um at this wavelength is consistent with the refractive index contrast of 0.06. With the
incoherent light, we measured a transmission loss of 6 dB/cm over the entire white light spectrum; however, meas-
urements with color filters suggested that the absorption loss is highly chromatic, as shown in Figure 3.9 (e) — (h). The
transmissivity measured using a long pass filter cut at 532 nm is 85% at 1 cm length, corresponding to a loss of 0.7
dB/cm. Three waveguides were measured with a standard deviation of 0.07% in the transmissivity, confirming the con-
sistency of the measurements and the waveguide property. Furthermore, the transmissivity measured at 592 nm and
800 nm using band pass filters of 40 nm bandwidth is nearly zero (orange and black bars in Figure 3.9 (i), respectively),
suggesting that the 85% transmission is mainly located in the 600 — 800 nm wavelength range, as shown in Figure 3.9 (i)
(light blue bar). In particular, within a narrower band of 650-700 nm, the measured transmissivity becomes 99.3% at 1
cm length, corresponding to a transmission loss of 0.03 dB/cm, as shown in Figure 3.9 (i) (dark red bar).

3.3.3 The self-focusing problem and luminescence signal detection

Due to the high peak intensity at the focus, nonlinear self-focusing is expected to play a role in the high aspect ratio of
the waveguide and the occasional spots of material damage. As two-photon absorption, also self-focusing is a nonlinear
phenomenon of the third order and depicts a nonlinear contribution to the refractive index of the material, which be-
comes intensity dependent:

n=mny+ n,l
Equation 39 Nonlinear refractive index.

2
with n, being the usual material refractive index, I the optical field intensity and n, (expressed in ﬂ):
0 2 W

12m?
n, =
nzc

X(3)

Equation 40 Nonlinear contribution to the material refractive index.

where ¢ is the speed of light and y® is the third order material susceptibility. If the optical power exceeds the critical
power for self-focusing, the material itself acts as a positive lens, modifying the light beam propagation and causing its
focusing within the material [134]. This phenomenon leads to uncontrollable beam collapse and worst case to irreversi-
ble material damage during photopolymerization [135].

Previous reports have shown that the nonlinear refractive index of electronic origin in poly-phenylacetylene is on the
order of 2.8x10%cm?/W [136], which leads to a critical power for self-focusing on the order of 1.5x10* W. Furthermore,
the concentration of the photo-induced polymer, and thus the refractive index of the region concerned, is a power
function of the laser intensity. This gives an additional intensity-dependent refractive index contribution of a chemical
origin with a response time possibly at the level of ms. The quantification of the chemical contribution was beyond the
scope of this work, although we expect it to be much greater than the electronic contribution. The writing peak power
used in our system, on the other hand, was around 5.4x10% W, which is below the critical power for self-focusing by
electronic contribution but very probably above the critical power for self-focusing by chemical contribution. Therefore,
material damages always take place when the writing speed is low due to uncontrollable beam collapse. At optimal
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writing speed, the polymerization tends to grow along the depth direction, causing an elongated shape in the fabricat-
ed waveguides, but beam collapse does not happen due to the slow response time of the reaction.

Luminescence signal detection has been used as a tool to monitor the photopolymerization process during the wave-
guide writing. A constant signal emission from the radicalized photoinitiator indicates a successful polymerization pro-
cess, while the material damage due to self-focusing can be detected as a strong signal peak on the Silicon PMT (Figure
3.10).

16000 . : ; . ——
| ——1.9x10W,
A — oty T/
14000f F“ X . 1.9x10,; W/em; |+
|/ | Laser source opening fluctuations| —— 1.9x10,;W/cm;
i“ 1336 Wem:
12000 | / - |
) {1 ‘
§ 10000 | il Defect
S [ | ¢== Defect
= 8000 |1 1
= |
v
S 6000f | \ | . .
N 1 \ Cross-sectional view
s000f | " |
2000} | ]

(b)

Figure 3.10 Fluorescence intensity signal of different writing intensities as a function of time during a writing process at 0.7 mm/sec
and 800 um below the PDMS-cover slide interface. Each data point was taken every 1 ms; the initial swinging behaviour is related to
the opening of the laser source which causes light fluctuations in the detector. (b) Phase microscopy top view (top) and cross-
sectional (bottom) image of defected waveguides. The uncontrollable self-focusing takes place above the critical power for self-
focusing that is ~5.4x103 W, causing randomly distributed defects (blue arrows).

The carbon-carbon triple bond requires a dissociation energy of 8.39 eV, while it takes a little less than 3.47 eV to break
one of the three carbon-carbon bonds within the phenylacetylene molecule. In this multi-photon process, the energy of
photons at 680 nm is ~1.82 eV and the intensity required to initiate the polymerization depends on the material prop-
erties, such as its two-photon absorption cross-section, which we did not measure empirically. The material damage
due to the beam collapse under the unstable self-focusing is largely associated with slow writing speeds, high peak
intensities, and material inhomogeneity and defects. A faster and low-intensity fabrication process aleviates the mate-
rial damage issue, but results in lower refractive index contrast structures.

3.4 Alternative chemical schemes

As already mentioned, the use of photoinitiators is required for efficient writing processes; by virtue of this reason,
phenylacetylene has been widely tested also in the presence of several common photoinitiators, such as Irgacure 819,
Irgacure OXEO1 and 7-diethylamino-3-thenoylcoumarin (DETC), leading to non-guiding structures or unsuccessful
polymerization.

We have investigated the photopolymerization of many other light sensitive compounds, with and without photoinitia-
tor (Appendix 3); physical requirements for the monomers included a high refractive index, a nonpolar nature, and
appropriate absorption characteristics. The acrylate group, which is one of the most reactive polymerizable groups, did
not achieve sufficient monomer loading in PDMS because of its slight polar nature and poor solubility in PDMS. Aware
of the aforementioned requirements, we have moved to styrene and divinylbenzene after having considered a number
of nonpolar small-molecule monomer formulations.
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Concerning the choice of the photoinitiators to test, we have considered the following criteria:
e high degree of solubility in the monomer
e high degree of solubility in PDMS
e high degree of infiltration into PDMS
e capability of triggering monomers photopolymerization,
e high §,,4 values if reported
e molecular structure similarity of commercially available (or synthetized) Pls with high &, 4
e easeatuse
e |ow cost and easy supplying

Despite being a widely used building block in polymer science, styrene did not show meaningful polymerization without
a photoinitiator in our tests. On the contrary, a formulation containing styrene and DETC as a photoinitiator showed
successful two-photon polymerization in PDMS (Appendix 3). However, waveguides fabricated based on styrene were
frail and did not sustain the solvent process to remove unreacted monomer and PI, possibly due to an insufficient mo-
lecular weight in the polymer product and the lack of crosslinking.

3.5  Summary

In this chapter | have presented the methods and the results about the fabrication of poly-phenylacetylene waveguides
in PDMS. | have demonstrated that compact optical waveguides can be fabricated in PDMS through multi-photon laser
direct writing and photopolymerization. Photoinitiator-free polymerization was achieved for the first time, tuning the
writing laser wavelength to 680 nm such that the absorption band of the phenylacetylene monomer is reached via
multi-photon absorption. The fabricated waveguides we characterized are approximately 1.3 um wide with An=0.06
and a transmission loss of 0.03 dB/cm in the spectral range of 650 — 700 nm. These waveguides could receive a wide
range of applications in biosensors, microfluidic flow cytometry, wearable photonic devices, electro-elastic optical
modaulators, flexible optical circuit boards, and optical neural networks.

Nevertheless, self-focusing always takes place and leads to beam collapse and material damage; this is an intrinsic ef-
fect that needs to be taken into consideration in the waveguide writing process. | have explained the criteria and guide-
lines we have followed in order to further explore alternative chemical schemes capable of minimizing self-focusing and
successful waveguide writing in PDMS. In the next chapter | will present the results we have obtained using Irgacure
OXE02 as a photoinitiator, and describe the methodologies we have implemented for the fabrication of poly-
divinylbenzene waveguides in PDMS.
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Chapter 4 Sub-micron poly-DVB waveguides
in PDMS

In this chapter, | demonstrate the fabrication of submicron optical waveguides in polydimethylsiloxane (PDMS)
using divinylbenzene (DVB) as the photopolymerizable monomer through two-photon polymerization (2PP). We show
that the commercial oxime ester photoinitiator Irgacure OXEQ2 is suitable for triggering the DVB photopolymerization,
resulting in a stable and controllable fabrication process for the fabrication of defect-free, 5-cm long waveguides. We
further explore a multi-track fabrication strategy to enlarge the waveguide core size up to ~3 um for better light con-
finement and reduced cross-talk. In these waveguides, we measure a refractive index contrast on the order of 0.005
and a transmission loss of 0.1 dB/cm at 710 nm wavelength.

Most of the material presented in this chapter can be found in the publication [122]:

e Panusa, G., Pu, Y., Wang, J., Moser, C., & Psaltis, D. (2020). Fabrication of Sub-Micron Polymer Waveguides
through  Two-Photon  Polymerization in  Polydimethylsiloxane.  Polymers 2020, 12(11), 2485;
doi:10.3390/polym12112485.

41 Introduction

In Chapter 3 | have shown the fabrication of sub-2 um waveguides in polydimethylsiloxane (PDMS) through multi-
photon LDW without a photoinitiator (Pl). The Pl-free fabrication process using phenylacetylene as the monomer
achieved an excellent refractive index contrast of 0.06 and a very low optical loss of 0.03 dB/cm in the 650-700 nm
band. While the high refractive index contrast is clearly a result of a high degree of polymerization, the existence of
long conjugated m-bonds in the polymer result in very poor transmission in wavelengths shorter than 600 nm. Further-
more, this process was subject to defects in the fabrication of waveguides longer than one cm due to material damage,
which is likely a result of the uncontrollable beam collapse caused by the self-focusing of light upon photopolymeriza-
tion.

In a photoinduced polymerization process, the reaction probability of polymerization is proportional to a power func-
tion of the laser intensity depending on the order of the nonlinearity involved. This creates an intensity-dependent
refractive index profile during the laser irradiation, which causes self-focusing and beam self-trapping. Different from
nonlinear refractive indices of electronic and molecular origin, this chemically originated nonlinear refractive index
reacts rather slow, possibly at the millisecond time scale as limited by the monomer diffusion time and is rather large in
magnitude. This self-focusing process is a direct function of the refractive index change between the pre- and post-
polymerization state, which is dependent on the degree of polymerization and the monomer concentration. The self-
focusing that leads to beam collapse and material damage is an intrinsic effect that needs to be taken into considera-
tion in the waveguide writing process. Motivated by the need to minimize self-focusing, we explored other monomer/PI
combinations that can lead to different characteristics in PDMS. In particular, styrene and its derivatives are intriguing
as a monomer because of the lack of long-chain conjugated n-bonds in the resulting polymer, potentially resulting in a
broader transmission band. Furthermore, owing to the continuing efforts in the development of functional PIs [124,
137, 138], the fabrication could benefit from new PlIs specifically optimized for two-photon absorption [124].
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In this chapter, | demonstrate the fabrication of long, submicron-sized, largely defect-free optical waveguides in PDMS
using divinylbenzene (DVB) monomer and a commercial PI, Irgacure OXEQ2. In addition to the multi-cm waveguide
length without defects, the transmission is broadband, limited only by scattering. The trade-off in achieving this, is a
lower refractive index contrast in the fabricated waveguide, which results in higher transmission loss and less confined
light compared with the Pl-free process. Through this approach, we were able to fabricate single-track (simple) wave-
guides of ~0.5 um width, which have a nearly flat loss of 13 dB/cm over the spectral range of 535679 nm and are
subject to crosstalk when placed close to one another in parallel. To improve the light confinement, we also used a
multi-track (compound) waveguide strategy to increase the waveguide width. Characterizations in the compound
waveguides show an optical loss of 0.1 dB/cm in the 710/10 nm spectral band, following the convention of central
wavelength/bandwidth, and a refractive index contrast of ~0.005.

4.2 Materials and methods

4.2.1 Chemical scheme

We tested a wide range of Pls and identified the commercial Irgacure OXEO2 (BASF, Germany) to be suitable for initiat-
ing the photopolymerization of DVB through two-photon absorption in our experiments. As already mentioned, wave-
guides fabricated based on styrene were frail and did not sustain the solvent process to remove unreacted monomer
and PI, possibly due to a small molecular weight in the polymer product and the lack of crosslinking. Therefore, we
chose DVB as the monomer to promote crosslinking and address the stability issue. The chemical scheme of the multi-
photon polymerization is illustrated in Figure 4.1 (a). The UV-visible absorption spectra of DVB and OXEO2 was meas-
ured using a UV-visible spectrometer (Cary-100, Agilent Technologies) as shown in Figure 4.1 (b). The absorption bands
of both reactants fall in the 200-400 nm spectral range, which fall in the spectral transparency band of the host PDMS
[139]. Upon multi-photon absorption, Irgacure OXEO2 initiates the polymerization of DVB, forming a cross-linked poly-
mer. Compared with self-initiated photopolymerization in phenylacetylene, the presence of the Pl in this reaction likely
results in a lower polymer molecular weight due to frequent termination by combination.

1.4 F Divinylbenzene 0.2 mM in acetonitrile

Irgacure OXEQ2 0.5 mM in acetonitrile

Apea= 337 nm

}
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Figure 4.1 (a) Molecular structure of the divinylbenzene (DVB) monomer and Irgacure OXEO2 and the polymerization of the mono-
mer upon laser irradiation. (b) Absorption spectrum of 0.2 mM DVB and 0.5 mM Irgacure OXEO2 in acetonitrile. Blue arrows indicate
the absorption wavelength peak of the photoinitiator (PI) (337 nm) and the excitation wavelength of our system tuned to 680 nm.
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4.2.2 Materials and sample preparation

All chemicals were used as purchased without further purification. DVB (80% purity, CAS Number 1321-74-0) was pur-
chased from Sigma Aldrich (Buchs, Switzerland); Irgacure OXEQ2 (CAS Number 455-590-6) was requisitioned from BASF.
The goal of this project consisted in the manufacture of a biomedical cochlear implant imaging device (more details in
Chapter 5). In order to meet the requirement of biocompatible optical waveguides, in this project we mostly worked
with a widely used for human implantation devices PDMS [140], the NuSil MED6215. Optically transparent biomedical-
grade PDMS was purchased from NuSil Technology (Carpinteria, CA, USA). As Sylgard 184, NuSil MED6215 consists of a
Part A (refractive index n = 1.406, viscosity n = 5.600 cP) and a Part B to be combined in a ratio of 10:1 followed by a
mixing and defoaming process.

We prepared 1-mm thick pristine PDMS slabs of 1 x 5 cm? surface area and immersed them in the monomer-Pl solution
for 144 h to load the monomer and PI molecules into the PDMS intermolecular space. This step was significantly longer
than our previous work with phenylacetylene, because the Pl molecule is much larger than the monomer and takes a
much longer time to permeate the PDMS slab and reach the saturation level. Over the course of this infiltration, we
measured the evolution of the weight gain of the PDMS slabs for different concentrations of the Pl in the DVB mono-
mer, which is shown in Figure 4.2. Although the weight gain does not change much after the first two hours, quality
waveguides could only be fabricated after 144 h of immersion, which clearly reveals the effect of the larger Pl molecule.
In all three Pl concentrations, the weight gain reaches its peak in the first one or two hours, which is an indication of the
fast mobility of the small monomer DVB molecules. The weight gain slightly drops in the subsequent few hours possibly
due to the leaching of certain small molecules originally presented in the PDMS since DVB is a good solvent. In the suc-
ceeding hours, the weight gain slowly increases again, suggesting the slow infiltration of the much larger Pl molecules
into the PDMS. During the infiltration, a certain number of the Pl molecules may be blocked on the surface of the PDMS
slab, causing a hindrance for further material infiltration and resulting in lower weight gain in the sample with higher PI
concentration.
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Figure 4.2 Weight gain upon swelling of pristine cured polydimethylsiloxane (PDMS) slabs, for 1, 2.5, and 5 wt% of Irgacure OXEOQ2 in
the DVB monomer.

The general procedure of the waveguide fabrication and characterization follows that described in Chapter 3. Based on
a fabrication platform for LDW [121], which contains a mechanical motion stage with 5 cm travel range, we further
integrated a high-precision piezo stage (Newport Spectra Physics GmbH NPX400SG-D) for accurate positioning and a
tip-tilt-rotation stage to ensure the track parallelism with the slab surface over a distance of 5 cm. Moreover, the illu-
minating objective has been placed in a custom-made stainless steel mount holding a high-precision piezo stage (New-
port Spectra Physics GmbH NPO250SG-D) to ensure a finer adjustment of the focus (Figure 4.3). In order to trigger the
two-photon polymerization reaction, the laser was tuned to 680 nm to reach the absorption band of Irgacure OXEQ2 via
two-photon absorption. The average beam power used in the fabrication ranges between 60 and 85 mW, and thus the
peak intensity can be adjusted between ~1.93 and ~2.74 x10'2 W/cm? based on an aberration-free, self-focusing-free
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focal spot. We refer to this intensity as the nominal writing intensity in later sections. During the laser writing, the
PDMS slab proceeded at a predetermined constant velocity, while the lateral position of the focus was controlled by
the piezoelectric stages. Upon the completion of the waveguide writing, we finished the sample with a 24-h ethanol
bath to remove unreacted monomer and the PI.

(b)
Figure 4.3 (a) Experimental MP-LDW vertical set up for polymer waveguide writing integrated with high precision piezo-stages and
(b) close up look to the writing process by means of a water immersion objective (Nikon, NA=0.7).

4.3 Results

4.3.1 Simple waveguides

Finding the right combination of the various fabrication parameters is a crucial challenge in LDW photopolymerization,
requiring a compromise between the irradiating laser intensity and writing speed in order to avoid material damage.
We wrote waveguides over 5 cm long samples, isolated from each other by an inter-waveguide distance of about 500
um to eliminate any crosstalk. For each set of parameters, we fabricated five waveguides, from which three were inter-
rogated for statistics. We investigated the finished samples of isolated single waveguides (simple waveguides) using a
phase-contrast microscope (Olympus I1X-71) to verify the formation of the poly-DVB waveguides embedded in the PDMS
framework (Figure 4.4 (a) and (c)). The cross-section of single-pass laser tracks (see the inset in Figure 4.4 (b) for a typi-
cal example) was measured to be ~0.6-1 pum wide and ~1.5-3 um high depending on the writing parameters, as shown
in Figure 4.4 (b) and (d). The dimensions (the width and the height) of the focal volume during the fabrication proce-
dure depend not only on the laser pulse energy and the numerical aperture of the writing objective but also on the
writing speed. Figure 4.4 (a) and (b) reveal the evolution of the waveguide geometry (width and height) as a function of
increasing writing speed at a constant writing laser intensity (I ~ 2.25 x102 W/cm?). Figure 4.4 (c) and (d) show the
waveguide geometry as a function of increasing laser intensity at a constant writing speed v = 1.8 mm/s. Overall, both
the axial and lateral dimensions of the waveguide structure depend linearly on laser peak intensity and writing speed,
showing an aspect ratio of about 1:3; nevertheless, experimental sample variations such as monomer/P!| solution infil-
tration efficiency, and optical settings during the writing, strongly affect the waveguide fabrication where experimental
conditions remain unchanged. This reflects in small geometrical fluctuations in the waveguide size throughout different
samples fabricated with the same experimental parameters such as laser focal intensity and writing speed. This can be
observed in the plot in Figure 4.4 (d).
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Figure 4.4 (a) Phase-contrast microscopy top view image of the recorded poly-DVB optical waveguides written at constant peak
intensity | ~ 2.25 x 1012 W/cm? and varying fabrication speed, ranging from 1.3 to 2.5 mm/s. (b) Waveguide width and height evolu-
tion as a function of increasing writing speed where the error bar derives from the measurement of three waveguides; the inset
shows the cross-sectional view of a single-track waveguide where the scale bar measures 5 um. (c) and (b) display the same as above
as a function of increasing fabrication peak intensity from 1.93 to 2.74 x 102 W/cm? and constant speed v = 1.8 mm/s. Error bars
indicate the standard deviation derived from the measurement of five different waveguides geometry. Scale bars dimension in (a)
and (c) is 50 um.

We measured the refractive index contrast as a function of focal intensity at a constant writing speed and as a function
of writing speed at a constant focal intensity, as shown in Figure 4.5 (a) and (b), respectively. These experiments sug-
gest that the polymerization threshold for DVB is about ~1.93 x 102 W/cm? for simple waveguides based on visual
determination with phase-contrast microscopy. As | will show later on, this is higher than the actual polymerization
threshold, and it is possible to write waveguides at a slightly lower intensity, since phase-contrast microscopy cannot
detect the presence of low-concentration polymer in such a small volume with sufficient sensitivity. The refractive in-
dex change induced in the polymer material increases linearly from 0.005 to 0.012 with laser intensity in the 2.10-2.8 x
10" W/cm? range Figure 4.5 (a). We observed a weaker effect of the writing velocity on the measured refractive index
change between the polymer waveguides and the PDMS framework, as shown in Figure 4.5 (b), which is in good ac-
cordance with other works on photopolymerization [130]. At a constant laser intensity of ~2.25 x 102 W/cm? and 1.3
mm/s writing speed, we measured a refractive index change of ~0.0075, while at higher speeds the refractive index
contrast stabilizes around 0.005. The insets in both Figure 4.5 (a)-(b) show the mean phase profiles recorded along the
waveguides in our interferometric system.
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Figure 4.5 (a) Evolution of the refractive index as a function of increasing peak intensity (and constant writing speed v = 1.8 mm/s) is
displayed. The laser peak intensity ranged between ~2.10 x 102 W/cm? and ~2.74 x 1012 W/cm?2. (b) Refractive index contrast for
waveguides recorded at ~2.25 x 1012 W/cm? constant laser intensity and different writing speed, increasing from 1.3 to 2.5 mm/s.

The insets display the measurement of the phase profile for different laser peak intensities and velocities, where each phase profile

is the mean profile measured from three waveguides written with the same fabrication parameters. (c) Transmission loss in dB/cm as
a function of wavelength, where colored filters have been inserted in the optical path to measure the output from three different

simple waveguides written 500 um apart from each other. (d) Output intensity profile of three simple waveguides at an inter-
waveguide distance of ~18 um; light in the 535/43 nm spectral band has been coupled in the central waveguide. Waveguide outputs
are displayed in the image inset. Error bars indicate the standard deviation from three waveguides fabricated with the same experi-
mental parameters.

Due to the elliptic cross-section, the V-number and thus the modal properties of the simple waveguides are birefrin-
gent. Based on a 4n of 0.005, the semi-major axis length of the elliptical core of about 1.5 um and the manufacturer-
specified PDMS cladding refractive index of 1.406, we thus estimated that the upper limit of the V-number for the sim-
ple waveguides is 2.1, at the shorter end of the tested spectral band (535 nm), based on the V-number definition for
elliptical waveguides reported in [141]. The V-number may be slightly higher (<0.5% as estimated from Sylgard-184
data) when material dispersion is considered. At the longer end (679 nm), the V-number is 1.6; therefore, the simple

waveguides are single-mode.

To show the crosstalk, we wrote simple waveguides with the same fabrication parameters (2.25 x 10*2 W/cm? and 2
mm/s), and tested them at an inter-waveguide spacing of 20 um, which reduced to ~18 um (inset in Figure 4.5 (d))
after the solvent process to remove the unreacted monomer and PI. At this inter-waveguide spacing and 1 cm sample
length, the simple waveguides present crosstalk, as shown in Figure 4.5 (d) where the intensity profile along the wave-
guides is shown. The image inset shows the simple waveguides output in the 535/43 nm spectral band; at ~18 um
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inter-waveguide spacing, the output light is clearly visible also from the two adjacent cores whereas only the central
waveguide has been coupled.

4.3.2 Compound waveguides

In order to achieve long, defect-free waveguides we optimized the fabrication parameters for simple waveguides to be
1.78 x 10*2 W/cm? nominal intensity and 3.2 mm/s writing velocity. This intensity is lower than the visually-determined
threshold of 1.93 x 102 W/cm? but significantly reduces the probability of defects. At this lower fabrication intensity,
An is further reduced and the crosstalk is more significant. Thus, the simple waveguides present a unique challenge of
excessive crosstalk when being implemented in a high-density integration. Although increasing 4An is the most effective
way to minimize the crosstalk, it is constrained by the current photochemistry of choice, and more fundamentally, by
the intrinsic self-focusing and beam collapse leading to material damage and fabrication defects.

Given the fundamental constraints and a goal of inter-waveguide spacing of 10 um at the length of 5 cm, the only feasi-
ble approach is to increase the waveguide width for better mode confinement. Since this was difficult to achieve with
larger focal spot size because of the required light intensity for multi-photon absorption, we instead fabricated com-
pound waveguides where multiple tracks go side-by-side in parallel with a very small interval spacing & (Figure 4.6). The
spacing is so small that the potential barrier between the individual tracks is tunneled through easily and the multiple
tracks effectively behave like a single, wider waveguide (a compound waveguide). This approach also calls for a lower
fabrication intensity and a higher writing speed in order to avoid material damage caused by the refractive index modi-
fication carried by the adjacent core.
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Figure 4.6 Schematic of the writing of compound waveguides. The PDMS sample is displaced by a small distance & by means of a
piezoelectric stage in the y direction. A long travel range mechanical stage moves the sample over centimeters in the x-direction.

The compound waveguides were fabricated with a nominal focal intensity of 1.78 x 10'> W/cm? and a writing velocity of
3.2 mm/s, which were optimized from the fabrication of simple waveguides. We have investigated the mode confine-
ment for single-, double- and triple-track waveguides, and got the insight about what the optimal tunneling core-to-
core distance within the composite waveguides should be in order to deliver the highest light energy. Triple-track
waveguide bundles showed better light confinement if compared to double-track waveguide bundles at any sample
length (Figure 4.7).
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Figure 4.7 Normalized output mode profile from a single laser pass (a) and from a double pass laser waveguide in the different spec-
tral regions, both written at the same experimental parameters. The compound waveguides show improved mode light confinement
if compared to the single waveguides which exhibit light escaping from the core region. Insets in (a) and (b) show the output mode
for white light illumination and the plot cross-cuts (dotted red line).

We first fabricated short double- or triple-track compound waveguides at an intra-waveguide interval & = 1.2 um for a
pilot study at three different Pl concentrations and measured the dimensions of the individual constituent simple
waveguide. At the same fabrication parameters, both waveguide width and height increase when a higher concentra-
tion of photoinitiator is used (Figure 4.8 (a)). At 1 wt% PI concentration, the lateral and axial dimension of the wave-
guides were measured to be ~0.63 um and ~2 um on average, respectively, and reached ~0.69 um and ~2.7 um, re-
spectively, at a Pl concentration of 5 wt%. The cross-sectional and side view of the compound waveguides acquired
from a phase contrast microscope is shown in Figure 4.8 (b)-(e).
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Figure 4.8 (a) Waveguide dimensions as a function of the Irgacure OXE02 concentration into the DVB monomer. The size of the
waveguides increases with increasing Pl concentration. The isolated, single waveguides were fabricated at an intensity of ~1.78 x
1012 W/cm? and a velocity of 3.2 mm/s. Scale bars measure 5 um; error bars indicate the standard deviation from five different
waveguides; cross-sectional view taken in a phase contrast microscope (Olympus IX-71) of a double-cored (b) and a triple-cored (c)
poly-DVB waveguides; top view image of double (d) and triple-track (e) poly-DVB waveguides.

We then fabricated 5-cm long, double- and triple-track compound waveguides at 5 wt% Pl concentration and 1.2 um
intra-waveguide interval for more comprehensive characterization. The refractive index contrast 4n of the compound
waveguides was measured using the interferometric imaging system [121]. Both the double- and triple-track wave-
guides show a refractive index contrast on the order of An = 0.005, calculated from the phase we extracted from the
interferometric image of the waveguides. The V-number ranges from 2.22 down to 1.68 over the spectral band from
535 nm to 710 nm when we consider the waveguide cross-section as a square of side 2.7 um. Figure 4.9 (a) shows the
waveguide output intensity profiles of a double-track (blue) and a triple-track (red) waveguide in the 535/43 nm spec-
tral band, whose two-dimensional intensity distribution is shown in the inset. Figure 4.9 (b) shows the transmission loss
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at the spectral points of measurement in a log-log fashion, where a straight line of a -4.0 slope would indicate a loss of
pure Rayleigh scattering nature. In Figure 4.9 (b), the double-track and triple-track data fit well to lines of slope -3.8
and -7.1, respectively. Overall, in the double-track waveguides the TL drops from 6.51 dB/cm at 535/43 nm to 2.18
dB/cm at 710/10 nm, while in the triple-track waveguides it changes from 12.40 dB/cm to 0.15 dB/cm at the same two

spectral points. The transmission loss for the different types of waveguides and in the different wavelength ranges is
summarized in Table 2.
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Figure 4.9 (a) Output intensity profile of a double-cored (blue) and triple-cored (red) waveguides (wgs), at 535/43 nm spectral band.

Waveguide outputs are displayed in the image inset. (b) Transmission loss in dB/cm as a function of wavelength for simple (green),

double- (blue) and triple- (red) track waveguides. Dot lines indicate the linear fit with —4.0 slope, for both double- and triple-track
waveguides, typical of pure Rayleigh scattering.

Wavelength range (nm) Single Double Triple
535/43 142+29 65+20 12.4+03
561/14 135+39 56+1.7 10.8%0.9
592/43 13.2+34 4510 7.5+0.7
609/54 126+3.0 45+09 6.6+0.6
679/41 126+23 26+05 23+04
710/10 - 22+17 01104

Table 2 Summary of transmission loss for the different waveguide types in different wavelength ranges in dB/cm.

4.4 Discussion and conclusions

To obtain further insight into the optical process in the photopolymerization in our experiments, we consider the
polymerization kinetics, noting that the irradiation time is generally brief (on the order of sub-one ms) in our system
and a steady state of the reaction is not reached. We also note from our measurements that the polymer concentration
is low and highly localized in the writing region, implying that the monomer concentration remains nearly constant. The
final concentration of the polymerized DVB, c,py5(r) where . is the spatial coordinate, is directly proportional to the
time-integration of the concentration of the PI radicals cp;.(1,t) during the laser irradiation, i.e., c,pyp(r) =

fnpcpl*(r, t)dt, where 77, is the polymerization coefficient depending on the initiation efficiency, propagation con-

stant, termination constant, and monomer concentration of the specific PI-monomer combination. The instantaneous

concentration of the PI radicals generated through two-photon absorption during the laser irradiation is expressed as
3 . . . A

Ecp,*(r, t) = 0,1%(r — vt)cp, (1, t); where o, is the two-photon absorption cross-section of the photoinitiator mole-
cule in Goeppert—Mayer units; I(r) is the irradiation intensity expressed in terms of number of photons; v is the veloci-

ty of writing; and cp, (1, t) is the concentration of the remaining photoinitiator. Furthermore, due to the small region of
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. . . e . a . e
writing, PI* is subject to a diffusion process as Enpl*(r, t) = DP,*VZnP,*(r, t), where D,,. is the diffusion constant.

The system is implicitly highly nonlinear, since the intensity I(r — vt) at point . will be modulated by the refractive
index profile AnpDVB(r) it creates, which can be modeled with the unidirectional pulse propagation equation [142].
Heuristically, the diffusion equation in the coupled equation system causes cri* to expand spatially from the source term
once the Pl molecules are radicalized. In the one-dimensional writing of a waveguide, this expansion is two-dimensional
in the height and width. Therefore, the refractive index profile of the fabricated waveguide is jointly determined by o2
and Dpi+. Regardless of the exact distribution of Anyovs and the extent of the polymerization region, the total phase
change as measured in the interferometric imaging system, where the width of the polymerized structure is below the

diffraction limit, is A® = kAnpDVBh 4 15, where k = 7”, A is the laser wavelength used in the measurement of A®.

Figure 4.10 shows the plot of the measured A® as a function of lo, which fits well to a second-order curve while also
revealing a threshold behavior.
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Figure 4.10 Plot of the measured phase change in the waveguides as a function of the writing intensity. The error bar indicates the
standard deviation among three different waveguides. Dashed line shows a quadratic regression.

The properties of the polymerization process are largely determined by the parameters ny, 02, and Dp* in the coupled
partial differential equation system. The polymerization coefficient n, is a parameter dependent on the specific combi-
nation of Pl and monomer and determines how probable the polymerization is initiated, propagated, and terminated
given a specific cp* and cpvs. The parameter o2 reflects how efficient two-photon absorption happens to generate PI
radicals. Finally, the diffusion constant Dp;x controls how far the Pl radicals move around, which eventually determines
the dimensions of the waveguides. The effect of Dp~ is clear when we compare poly-DVB waveguides with poly-
phenylacetylene waveguides [121]. In the poly-phenylacetylene system, the small-molecule monomer (molecular
weight 102 g/mol) also serves as a Pl, which has a relatively larger Dp+ resulting in a waveguide width of 1.3 um. In
contrast, the OXE 02 used in this work as a Pl is a much larger molecule (molecular weight 412 g/mol), so its Dp/* is much
smaller yielding waveguides roughly 0.5 um wide. In a mixed PDMS/DVB system, the nonlinear refractive index is main-
ly of electronic origin, which usually falls within the order of 107* cm?/W. This would project to a refractive index
change on the order of 0.001 at the writing focus. In contrast, the refractive index change after polymerization often
saturates at the level of 0.1 (refractive index difference between the resulting polymer and the monomer) and increas-
es over time during the laser irradiation. Thus, beam collapse and material damage can happen at any intensity above
the polymerization threshold. This is well manifested in the fabrication of phenylacetylene waveguides. Indeed, the
good quality of fabrication demonstrated in the present work benefits largely from the lower refractive index contrast.
In theory, the self-focusing can be balanced with a well-controlled motion speed during fabrication, which is currently
in practice. However, due to the nonlinearity the intensity can grow exponentially at small disturbances, and material
homogeneity plays a key role in minimizing the fabrication defects.

Unlike poly-phenylacetylene, which features extensive conjugated carbon-carbon double bonds, poly-DVB is joined
with mostly single bonds in the backbone. We thus expect that poly-DVB is mostly non-absorptive like polystyrene. In
the waveguides constructed with poly-DVB, the transmission properties would be Rayleigh scattering-dominated in the
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visible band due to the molecular weight fluctuation in the resulting poly-DVB. This is precisely confirmed by the slope
of -4 in the double-track waveguides in Figure 4.9 (b). The transmission loss of triple-track waveguides follows slope -4
in the shorter wavelength region but drops quicker than -4 in the longer wavelength region, which could indicate a
constructive interference or resonance condition created by the more complex and larger structure. On the other hand,
the high, achromatic transmission loss in the single-track waveguides suggests that their dimension may be below a
threshold for low-loss transmission [143], with a significant mode area outside the waveguide core. It also further con-
firms the non-absorptive nature of poly-DVB in the relevant spectral band. Despite their lossy characteristics, we expect
the single-track waveguides to be highly relevant and applicable in constructing photonic sensors.

In our experiments, the fabrication was performed in the open air with dissolved oxygen present in the system, which is
a well-known polymerization retarder for styrene-type systems [144], although not an inhibitor. Oxygen is also a major
guencher of many photoinitiators. This is manifested by the requirement of a relatively high concentration of Pl during
the fabrication and the much lower refractive index contrast compared with poly-phenylacetylene waveguides. Thus,
potentially significant improvements in the refractive index contrast may be attained through the use of nitrogen- or
argon-purged DVB in an air-tight chamber during the fabrication, although the defects due to beam collapse will also be
on the rise. This calls for a scheme of closed-loop laser intensity control based on the status of polymerization in the
fabrication system.

4.5  Summary

In this chapter | demonstrated the fabrication of submicron poly-DVB waveguides in PDMS through two-photon direct
laser writing. Our characterizations indicate a refractive index contrast of 0.005 and a relatively high transmission loss
of 13 dB/cm on average, which is nearly achromatic within the spectral band of 535-679 nm. This confirms that poly-
DVB is non-absorptive in the measured spectral band while also suggests that the dimensions of the waveguide are
below a threshold for low-loss transmission. We further showed that the transmission properties can be significantly
improved through the fabrication of compound waveguides, each of which consists of two- or three parallel laser-
written tracks in close proximity (1.2 um). Among the compound waveguides, the double-tracks show a Rayleigh scat-
tering-limited transmission loss spectrum, ranging from 6.5 dB/cm at 535/43 nm to 2.2 dB/cm at 710/10 nm. The
transmission loss spectrum of the triple-tracks deviates from a Rayleigh-scattering regime on the longer wavelength
side, ranging from 12.4 dB/cm at 535/43 nm to 0.1 dB/cm at 710/10 nm. The deviation from the Rayleigh regime is
possibly a result of constructive interference due to the larger and more complex refractive index structures in the
triple-track waveguides.

In the next chapter results about and the beam propagation method and the fabrication of poly-DVB waveguides arrays
for cochlear microendoscopy applications will be presented.
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Chapter 5 Poly-DVB waveguide arrays

In this chapter, | show the fabrication of triple-track poly-DVB waveguides arrays and discuss about their im-
aging capabilities. | will present the main application we have targeted for the use of the polymer optical waveguides in
PDMS, which are described in this thesis. Together with our project partner Sonova, we have developed an intracochle-
ar microendoscope to be integrated with a cochlear implants (Cls), to give visual feedback to the surgeon while insert-
ing the CI.

In order to obtain theoretical performance analyses from empirical parameters, we simulated the propagation of light
in waveguide structures using the Beam Propagation Method (BPM). This numerical method proved to be a very useful
tool for the prediction of the bundle characteristics, such as the core-to-core spacing and the total waveguide bundle

length.

51 Polymer optical waveguide arrays for cochlear microendoscopy

The human ear is one of the most complex structures in the human body and consists of three parts: the outer ear, the
middle ear and the inner ear; the cochlea is a spiral-shaped cavity and is the auditory part of the inner ear. Sensorineu-
ral hearing loss (SNHL) is the most common type of hearing loss which affects more than 10% of the population world-
wide [145]. If there is a damage to the neural and mechanosensory structures inside the cochlea, or to the nerve path-
ways from the inner ear to the brain, SNHL can occur. A major cause of SNHL is damage to the hair cells inside the coch-
lea. Today, more and more people take care of their deafness diseases by means of cochlear implants (Cls, Figure 5.1).
Therefore, visualization within the cochlea would help diagnose the status of the important intracochlear hearing struc-

tures.

Figure 5.1 Schematic of a cochlear implant (Cl) electrode array module inserted inside the human cochlea (picture taken from
https://www.sonova.com/en); the red box indicates the location of the implanted CI. The Cl containing the electrode array (right
hand side of the figure) is made of PDMS.
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Cls are medical devices able to generate auditory sensation through electrical stimulation by using an electrode array to
be inserted inside one of the three spiral cochlea canal spaces. They consists of an external portion that sits behind the
ear and a second internal portion that is surgically placed under the skin. An implant has the following parts:

e amicrophone, which picks up the sound from the environment (1 in Figure 5.1);
e aspeech processor, which selects and arranges sounds picked up by the microphone (2 in Figure 5.1);

e atransmitter and receiver/stimulator unit, which receive signals from the speech processor and convert them
into electric impulses (3 in Figure 5.1);

e an electrode array, which is a group of electrodes that collects the impulses from the stimulator and sends
them to different regions of the auditory nerve (4 in Figure 5.1).

However, during the implant surgery, significant damages to the inner ear, or even the total loss of the residual hearing
capability of the patience can occur. The cochlear implant can be wrongly inserted, and in the worst case one of the
three fragile cochlea membranes (the basilar membrane) can be damaged. The most straightforward solution is to
perform the Cl surgery under the visual feedback from an optical intracochlear microendoscope. To this end, during the
past years, we have developed together with our project partner Sonova, the integration of an optical guidance system
in cochlear implants, namely an "auxiliary" optical waveguide bundle to be embedded into the cochlear implant device,
or to be placed side by side to it (Figure 5.2). The aim of this work was to implement a new procedure for the fabrica-
tion of waveguides in PDMS using multi-photon polymerization (MMP) and a very important part of the research fo-
cused on the investigation of new materials capable of yielding photopolymerization inside PDMS. We wanted to fabri-
cate a PDMS optical waveguide bundle which would be flexible, biocompatible and that would deliver light from the
outside to the inside of the cochlea and vice versa, providing an image of the inner ear. Besides biocompatibility, this
challenging task includes also other key aspects which need to be taken into valuable consideration, such as the desira-
ble high refractive index difference between the cores and the PDMS cladding. As | already mentioned in the first chap-
ter of this thesis, the refractive index difference between cores and cladding constitutes the fundamental constrain for
a good quality image reconstruction. The light information which is carried from each waveguide (pixel) needs to be
delivered with minimized losses from its proximal to its distal end; moreover, the waveguide pitch must avoid cross-talk
between the cores and, therefore, the reconstruction of blurred images. Most importantly, the waveguide bundle must
be defect-free in all its length; the targeted length for this application using PDMS was 4 cm.

Reissner's membrane Scala vestibule

Scala media

Organ of Corti

Distal lens
- Basilar membrane

~Scala tympani

i Waveguide bundle endoscope
lllumination vegui u p

Image «~ Electrode array /' Wavegwde bundle endoscope

CoehlEaesmal Spiral ganglion Electrode array

(a) (b)

Figure 5.2 Proposed implementation of the endoscopy-assisted cochlear implant. (a) The soft microendoscope (blue structure) to be
attached to a regular implant electrode array (grey structure). (b) Cross-sectional view of the auxiliary microendoscope in the scala
tympani.

Intracochlear imaging is particularly challenging because of the small dimensions (<1mm) of the cochlear chambers,
and their complex, spiraling structure. Taken this into account and considering the presence of the electrode array, the
endoscope should be highly flexible with a diameter not exceeding 0.3 mm. At the beginning of the project, the wave-
guides we were planning to fabricate were around 2 um in cross section, so that around 1900 of them could be embed-
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ded inside a 200 um wide PDMS bundle. The refractive index contrast should be sufficient for guiding visible light at
1.25 mm curvature radius of the cochlea (4n>0.025), and scattering as well as absorption due to the material should be
minimized (<0.3 dB/cm). At this refractive index contrast and waveguide size, inter-waveguide coupling is negligible
when the inter-waveguide distance is greater than 4 um. All these parameters determine the properties and perfor-
mance of the final waveguide bundle, and therefore are critical for achieving a microendoscope that works efficiently.
Particular attention must be given to the waveguiding losses that result from absorption, the maximum bending curva-
ture at which loss can be tolerated with a certain refractive index, and the crosstalk between the waveguides due to
coupling. The fabrication of the waveguides represented the most critical challenge in this project.

5.2 Beam propagation method

In order to get theoretical response from the refractive index difference measurement (4n;yre_ciqaaing=0-005) and
from empirical observations, we simulated the behavior of light propagating in the waveguide structures, using the
Beam Propagation Method (BPM). The BPM numerically simulates the propagation of wavefronts under the slow vary-
ing envelope approximation [65], predicting the value of the complex field at any point in the light propagated volume.
It is a very important tool for the estimation of the bundle performance, such as the core-to-core pitch, and the multi-
core fiber bundle length.

Any light wavefront can be expressed as a linear superposition of plane waves, and the Fourier Transform of an optical
field which has propagated until a distance z relies on the so called initial value solving problem. Light obey to the Max-
well’s equations (Appendix 1), which can be manipulated to find the Helmholtz equation, which | report here for the
sake of completeness:

V2E = 0%E
~ K¢z

Equation 41 Helmholtz equation.

Equation 41 is valid for homogeneous media. If we consider the x-component of the optical field travelling along the z
direction, we can express it using the slow varying envelope approximation:

E.(x,y,2,t) = A(x,y, z)e/®te~kz
Equation 42 x-component of the optical field under the slow varying envelope approximation.

where A(x,y,z) is the slow varying envelope and takes into consideration only slow variations in the x,y and z direc-
tions of the field. If we plug Equation 42 into Equation 41 and we neglect the second derivative in z of the A envelope

0A_ _J (0°A 0%A
0z~ 2k\ox? 0y?

Equation 43 Beam propagation equation for a homogeneous medium.

we can write:

with k being the wave vector. Equation 43 is the wave propagation equation for optical fields propagating in homoge-
nous media, such as air and free space. Knowing the Fourier Transform of a function allows us to compute also the
Fourier Transform of its second derivative just by multiplying it by —k2 or —ka,. If we perform the Fourier Transform on

both sides of Equation 43, we obtain:

dA(kpk,z) ) AR
T o (kKA Ky, 2) = P2 A e Ky 2)
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Equation 44 Fourier Transform of the beam beam propagation equation.

which leads to:

. | kE+K
A(ky ky, z) = /T2 A(ky, ky 2 = 0)
Equation 45 Fourier Transform of an optical field which has propagated at a distance z.

Equation 45 has a very powerful meaning, since it describes a more simplified way to express any optical field after
having propagated a distance z. In fact it describes the Fourier Transform of any optical field at a distance z as propor-
tional to the Fourier Transform of the field in z=0, multiplied by a quadratic phase factor. The Fourier Transform turns
to be an extremely powerful tool because it avoids mathematical calculations using the second derivatives of the opti-
cal field, and this can be easily implemented using Matlab or Python. The beam propagation method we used takes into
consideration the symmetrized Split-step Fourier method (SSF) [65]; in our simulations, the diffraction step described by
Equation 45 is divided into two identical propagation steps. Once the propagation step is computed, we can back Fouri-
er transform the result and find the complex optical field at the propagation distance z.
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Figure 5.3 Triplet waveguide refractive index distribution with An=0.005, minor axis a=0.9 um, major axis b=3.5 um and §=1.2 um.

The computation of the refractive index distribution is a critical parameter since it is directly related to the phase term
of the complex field at each propagation step during the BPM simulation. Figure 5.3 shows the refractive index distribu-
tion of a triplet DVB waveguide, composed of three individual elliptical cores having the minor axis a=0.9 um, the major
axis b=3.5 um and an inter-core spacing §=1.2 um; the refractive index difference is 4n=0.005. Considering our physical
input emitted from a 633 nm wavelength HeNe laser (Figure 5.4 (a)), we have computed a 1.4 um FWHM Gaussian
beam to match it as close as possible, as shown in Figure 5.4 (b). Transversal (green dashed line) and longitudinal (yel-
low dashed line) cross-cut profiles have been used to evaluate the similarity with the simulated x and y Gaussian beam
profiles, as depicted in Figure 5.4 (c) and (d).
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Figure 5.4 Physical (a) and simulated (b) 1.4 um FWHM Gaussian beam profile at A=633 nm. Green and yellow dashed lines indicate
the transversal and longitudinal profiles traced in (c) and (d), respectively.

5.2.1 Cross-talk simulations and verification

To predict the cross-talk between triple-cored waveguides, we have simulated the propagation of the computed Gauss-
ian beam shown in Figure 5.4 (b) over 2 cm propagation length; we have coupled it into the central waveguide belong-
ing to a 3 x 3 waveguide matrix, at four different waveguide pitch D, namely 5 pum, 10 um, 15 um and 20 um. The first
column of Figure 5.5 shows the refractive index distribution of the 3 x 3 triple-cored waveguide arrays at the different
pitches D; the second and third columns display the yz propagation profiles and the output fields, both in linear scale.
The results from BPM well reflect the theoretical prediction, according to which the cross-talk decreases at increased
waveguide spacing D. Considering our experimental observations as well, we have set the pitch D to be 20 um.
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Figure 5.5 BPM simulations of cross talk taking place when a 1.4 um FWHM Gaussian beam at 633 nm is coupled into the central
waveguide of 6 x 6 triplet waveguide arrays. The first column displays the refractive index distribution at four different waveguide
pitch D, namely 5, 10, 15 and 20 um. The middle and third column show the yz propagation profiles and the output intensity in linear
scale, respectively. The propagation length is 2 cm.

Figure 5.6 (a) shows the experimental coupling of a 633 nm HeNe laser having 1.4 FWHM; as we can see from the
transversal and longitudinal profiles traced along the blue and red dashed lines in (a), mild cross-talk still takes place at
D=20 um (Figure 5.6 (b)).
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Figure 5.6 (a) Output intensity from a 3 x 3 poly-DVB triplet waveguide array when a 633 nm HeNe is coupled to the central wave-
guide. The waveguide pitch is 20 um. Transversal (blue) and longitudinal (red) normalized output profiles.

5.3  Poly-DVB waveguide bundles

The DVB+lrgacure OXEO2 chemical scheme drastically improved the yield of waveguide fabrication and enabled the
production of full and long waveguide bundles. Because of the presence of the photoinitiator (Irgacure OXEQ2), we
have observed the writing process to be more stable and successful, if compared with the photoinitiator-free approach
that we first demonstrated using phenylacetylene. The photoinitiator-free procedure allowed for no longer than tens of
mm-long fiber bundles and caused damages in the material, which is the reason why we explored new chemical
schemes. To pilot the waveguide bundle fabrication using DVB and Irgacure OXEO2, we extensively explored the possi-
ble combinations of irradiating laser intensity and writing speed in order to avoid material damage at a sample length
of 4 cm. We have fabricated waveguide bundles for both types of waveguides | have introduced in Chapter 4, double-
and triple track. In order to do so in an automatic fashion, we implemented a Matlab code for the writing of bundles,
for any number of waveguides and length, inter-waveguide distance, core-to-core spacing and focusing depth inside the
PDMS material. Triple-track waveguide bundles showed better light confinement if compared to double-track wave-
guide bundles at any sample length. For this reason, we mostly fabricated triple-cored waveguide bundles and explored
their imaging capabilities.

We fabricated small pilot, 2 cm-long, 6x6 triple-track waveguide matrices and tested their light delivering properties for
incoherent light illumination. We have used laser peak intensities at 1.29 x10'? W/cm?, 1.45 x10'> W/cm?, 1.61 x10'?
W/cm?and 1.78 x10'? W/cm? at 3.2 mm/s writing speed. Top-view phase contrast images of integral and homogeneous
bundles are shown from Figure 5.7 (a) to (d). The waveguide bundles are realized following a bottom-up fabrication
approach, which firstly relies on the fabrication of the bottom waveguide layer. At 0.005 refractive index difference, the
BPM simulations suggested an optimal inter-waveguide distance Ay = Az =20 um. As the mechanical, long travel
range stage (UTS50CC, Newport) concludes its movement perpendicularly to the laser optical axis, the piezo stage
(NPX400SG-D, Newport) moves laterally of about §=1.2 pm (Figure 5.7 (f)) and Ay (Figure 5.7 (e)) to structure each
individual waveguide core and layer set, respectively. When a single layer is finalized, the NPO250SG-D piezo stage
moves the objective focus of about Az=20 um away from the PDMS substrate, allowing for the consecutive waveguide
layer to be written in a meander-like fashion.
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Figure 5.7 Pilot 2-cm long, 6 x 6 triple-track poly-DVB waveguide bundles in PDMS written at 3.2 mm/s and 1.29 x1012 W/cm? (a),
1.45 x1012 W/cm?(b), 1.61 x1012 W/cm2 (c) and 1.78 x10'2 W/cm? (d) laser peak intensities. The small bundles are written following
a bottom-up fabrication approach: as a single layer is complete, the piezo stage moves away from the substrate of about Az=20 um

(e), allowing for the consecutive waveguide layer to be completed in a meander-like fashion. The waveguide pitch is Ay=20 pum,

while the inner core-to-core distance (&), exemplified in the close up look red box in (f), is 1.2 um.

To test the imaging properties of the bundles we modified the transmission loss characterization set up presented in
Chapter 2, which | report in Figure 5.8 for the sake of simplicity. We substituted the high NA=0.7 input objective (OBJ1)
with lower maghnification ones, i.e. 10x and 20x, in order to enlarge the illumination spot size on the proximal facet of
the bundles. Before placing the sample, a careful alignment of the light spot, both in transmission and reflection with-
out the sample has been made (yellow box insets in Figure 5.8); a picture of the experimental imaging set up is depicted
in the red box in Figure 5.8. The use of low magnification objectives allows for a more uniform and homogeneous light
illumination, which can cover the entire proximal waveguide bundle facet.

Input in reflection

Figure 5.8 White light illumination coupling set up for pattern delivering tests. A careful alignment of a Newport, NA=0.4, 20x magni-

fication has been done in order to enlarge the illumination spot size, which is visible in reflection (CAM2) in the top left yellow panel.

Bottom-right yellow panel shows the 100 um wide white light illumination spot in transmission on the distal camera (CAM1). The red
box shows a picture of the sample being aligned with the two objectives.
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L5 and OBJ1 form an imaging system with the PDMS proximal facet, having the object plane in correspondence of Iris3;
therefore, it can image the iris aperture on the proximal facet of the sample, as depicted in the left hand-side yellow
box in Figure 5.8. The size of the iris can be reduced or enlarged, while the sample can move in x-, y-, and z-direction.
The beam splitter BS2 lets half of the white light illumination passing through, and allows for fine focusing of the wave-
guide cores in transmission from their distal side, and imaging them on the proximal camera (CAM2). Once the proximal
side is in focus, the imaging objective (OBJ2), which can move in x-, y-, and z-direction adjusts the waveguide output
focus on the distal camera (CAM1). The waveguide bundle can move in all directions and the iris spot can scan the prox-
imal surface area. Figure 5.9 (a) shows the imaged iris (Iris3) having a diameter of a 25 um projected on the polished
PDMS proximal facet; the demagnification of the imaging system using a 20x as input objective is ~30x. The light is
coupled into the waveguides and an image of the iris aperture can be delivered to the fiber ends. The incoherent illu-
mination beam can scan the sample and demonstrate, as a proof of concept, the capability of poly-DVB waveguide
arrays in PDMS to deliver light and simple patterns, from the proximal to their distal end, at different coupling positions
(Figure 5.9 (b) to (d)).

(b) (d)

Output

(f) (8) (h)

Figure 5.9 (a) A 25 um diameter, incoherent light illumination beam is demagnified and projected on the proximal sample facet and
randomly moved in x, y. (b), (c) and (d) show the waveguide bundle output recorded by CAM1 as the pattern is randomly moved at
different coupling positions. (e) 80 um sized square pattern from a USAF 1951 resolution chart is projected on the proximal sample
facet; the pattern progressively obscures the waveguide matrix rows, while the output has been recorded on the distal camera
CAM1; six (f), four (g) and three rows (h) light up.

The low resolution square pattern (L=2.5 mm shown in Figure 5.9 (e)) from a USAF 1951 target is used to obscure the
rows of the small waveguide matrix, showing intensity modulation at the output (Figure 5.9 (f)-(h)). As the imaged
square is moved up and down, the waveguides no longer deliver the information behaving like dark pixels in corre-
spondence of the projected square pattern (red dashed line box in Figure 5.10).
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(a) (b) (c) (d)

Figure 5.10 (a) Fully illuminated, 6 x 6, 2 cm-long waveguide bundle. (b), (c) and (d) show the recorded waveguide bundle output as
the square pattern from the USAF 1951 resolution chart is randomly moved in x and y.

The goal of this project was to embed the waveguides into a 200 x 200 um PDMS bundle for imaging applications. Con-
sidering the refractive index difference between cores and cladding, the waveguide spacing which has to be guaranteed
in order to avoid severe cross-talk, and the latter dimensional constrain, the small waveguides could be written in a 12
x 12 waveguide matrix configuration, as shown in the phase-contrast cross-sectional image in Figure 5.11 (a) and (b).

(a) (b) (c)

Figure 5.11 (a) and (b) show the cross-sectional phase contrast microscopy images of a triple-track, 12 x 12 poly-DVB waveguide
bundle where the waveguides sit at distance Ay = Az =20 um from each other. The waveguide bundle array can be written only 20
um below the air-PDMS interface. (c) Picture of the 4 cm long, flexible PDMS slab containing the waveguide bundle.

At the current stage of this work, it is possible to produce 4 cm-long waveguide matrices in flexible PDMS in a 12 x 12
configuration (Figure 5.11 (c)). We have simulated the propagation of a digit from the MNIST database (Figure 5.12 (a))
into a 12 x 12 waveguide bundle, having a refractive index distribution as the one exemplified in Figure 5.12 (b). Figure
5.12 (c) and (d) show the xz and yz propagation profiles along 2 cm propagation length, respectively, while (e) and (f)
display the output intensity profiles after 2 and 4 cm propagation distance. The illumination wavelength was set to be
the central and strongest spectral component emitted from our incoherent light illumination, which is 600 nm.
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Figure 5.12 Input from the MNIST database (a) and refractive index distribution of a 12 x 12 poly-DVB waveguide bundle (b). x,z (c)
and y,z (d) propagation profiles along 2 cm propagation length at 600 nm wavelength. Output intensity profile after 2 cm (e) and 4
cm (f) propagation length.

Considering the refractive index difference we were able to achieve and the waveguide spacing, we believe these type
of waveguide bundles could reconstruct image patterns by means of deep neural network (DNN) techniques. This, to-
gether with a deeper investigation of other chemical compounds represent the most interesting aspect to be explored
to further investigate the potentials of polymer waveguide bundles in PDMS for imaging applications.

54  Intracochlear endoscope module

Cls are made of PDMS, which ensures biocompatibility with the human ear and mechanical flexibility; from here the
need for the implementation of a microendoscope which would be compatible with the already existing Cl, and at the
same time with the surrounding environment. The used materials should be nontoxic and should not be harmful to
human beings in the short- or long-term. The waveguide-bundle endoscope is required to work bidirectionally; it should
provide illumination at the tip of the electrode array and image the illuminated area at the distal side, thanks to a ball
lens accommodated at its distal tip. A schematic of the intracochlear endoscope module with the Cl is depicted in Fig-
ure 5.13. It comprises the conventional PDMS bundle containing the electrode array with contacts and wires, the PDMS
waveguide bundle to provide an image of the inner ear, a ball lens to collect and focus the light onto the small wave-
guide distal ends, and a sensor connected to a computer to collect the image from the polymer fibers.
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Figure 5.13 Cochlear implant module with polymer waveguide bundle endoscope.

5.4.1 Intracochlear endoscope implementation

Several EPFL-Sonova AG joined meetings took place during the past years leading to fruitful discussions. The overall
endoscope system (cross-sectional CAD design in Figure 5.14) consists of:

1. Lens

2. Lens-waveguide spacer

3. Waveguide bundles

4, Light-guide

5. Imaging cylinder with PDMS lens

6. Light-guide cylinder and camera PDMS pocket
7. Camera

Figure 5.14 Endoscope prototype cross-section.

We outlined together a common guideline for the endoscope system development, which mainly consists of six steps
and which are depicted in Figure 5.15. Briefly, a PDMS matrix is cured in a 200 pm x 200 um x 5 cm long rectangular
shape and exposed to the laser focus according to a specific structuring pattern for the waveguides writing. After the
waveguides matrix is written (steps 1/2), the PDMS waveguide bundle is coated by means of metal sputtering and
molded for the creation of the light delivering sides (3). The ball lens camera molding can be done (4), according to the
required specifications, which have to take into account some parameters as for example the distance between the
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distal end of the endoscope and the curvature of the lens on the optical axis. The next step is characterized by the inte-
gration of the camera (5), which we identified to be a Fiscam CMOS from FISBA SA. The final step (6) shows the molding
and the assembly of the PDMS cylinder for the integration of the camera.

1) PDMS filling of Silicon wafers and waveguide writing (wafer based)  4) Lens molding, wafer based; lens off-the-shelf

N;
PDMS wave-guides a

Wave-guides ——

/
k/ 5) PDMS image cylinder and molding

wafer

2) Waveguide bundle with handles

\

6) Reflective coating; PDMS light-guide cylinder molding
3) Reflective coating and molding of light-guides (wafer based)
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Figure 5.15 Endoscope prototype fabrication steps.

5.4.2 Stepwise manufacturing based on casting and injection Silicon dioxide wafer molds

As we discussed in the previous paragraph, we opted for a stepwise manufacturing of the endoscope prototype using
silicon dioxide wafer-based casting molds and injection molds. Four different molds were needed throughout the steps
of the endoscope prototype fabrication, and they are shown in Figure 5.16 (Appendix 4 presents the complete schemat-
ic of the lithographic process flow for the fabrication of the wafers).

Wafer 1 Wafer 2 Wafer 3 Wafer 4

Figure 5.16 Silicon and Silicon dioxide wafer molds to be used for the endoscope prototype fabrication.

Using these wafers the entire process of casting and assembly has been tested at Sonova by producing endoscope
dummies without waveguides. All PDMS structures casted in the wafers had the desired dimensions and the work flow
of the stepwise production worked as intended. For the sake of clearness and completeness, | report hereafter a more
detailed version of the process flow which comprises the use of the Silicon and Silicon dioxide wafers we have fabricat-
ed (Figure 5.17):
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b)

c)
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f)
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h)

Liquid PDMS is gently deposited with a syringe to fill the 200 um x 200 um x 5 cm long grooves into Wafer 1;
PDMS needs to be degassed to ensure no air bubbles would interfere with the waveguide writing;

After PDMS is cured, the wafer can be accommodated into a custom made stainless steel container. The con-
tainer we designed is sealed in order to guarantee the monomer would not evaporate during the waveguide
fabrication procedure;

After the waveguide matrix is structured, the bundle can be now removed from Wafer 1 and metal can be
sputtered to create a reflective layer to guide light efficiently; a sputtering recipe consisting in a low oxygen
plasma treatment, 5 nm Ti and 25 nm Au sputtering leads to a homogeneous metal layer with minimized
cracks and good mechanical adhesion. We did not further investigate the optical and mechanical performanc-
es, hence this still represents a loose end to be further explored;

The bundle can be now deposited into Wafer 2 and PDMS can be casted to create the light guides surrounding
the waveguide bundle;

The bundle with the light guides can be removed from Wafer 2 and placed into Wafer 3 for a precise blade cut;
A 200 pum diameter ball lens is manipulated by means of a holder or a vacuum gun and placed with high accu-
racy at the tip of the fiber bundle; PDMS can be further casted to match the refractive index of the waveguides
with the one of the ball lens;

The PDMS cylinder can be molded;

Finally, the FISBA camera can be now inserted and aligned with the fiber bundle to detect the information
from its proximal end.
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Figure 5.17 Detailed process flow for the fabrication of the waveguide bundle endoscope, using the Silicon and Silicon dioxide wafers
as molds.

Ideally, the simplest and most cost-effective solution to attach a lens to the distal end of the endoscope is by molding it
directly in PDMS. However, given the low refractive index of the particular type of PDMS we use in this project (n =
1.41) compared with that of the surrounding intracochlear fluid (n ~ 1.33) during operations, such molded lenses results
in an insufficient focusing power and thus a very narrow field of view. Therefore, we proposed to use high-refractive
index ball lens. Polymers of high refractive index often involve chloro, bromo, or sulfonyl functional groups, which could
raise biocompatibility concerns. Therefore, ball lenses of inorganic materials such as lanthanum flint glass (n = 1.5-2.0)
and cubic zirconia (n = 2.0) became possible choices, because these materials demonstrate a high degree of biocompat-
ibility. Figure 5.18 shows the scheme of the waveguide bundle with the integrated ball lens at its distal end. This sche-
matic shows an example result based on a ball lens of n = 1.55 and an object distance of 5 mm, where the field of view
is 16°. By choosing a ball lens of different refractive index, the field of view can be configured from 36° to 125°. During
the course of the project, we identified cubic zirconia ball lenses (n = 2.17) with a diameter of 200 um from Sandoz to
be a good choice for our purpose.



Poly-DVB waveguide arrays

FOV

36-125° Endoscope

Figure 5.18 Example of ray tracing simulation results of the imaging ball lens for the endoscope. Through the choice of different
refractive index of the ball lens, a large range of field of view (FOV) is enabled; p represents the distance from the object plane.

5.4.3 Conclusions and future work

The fabrication procedure of the PDMS waveguide bundle reached a very good stage thanks to the synergic work of
both collaborating partners, EPFL and Sonova. In order to meet all the requirements for the successful functioning of
the waveguide bundle prototype, the refractive index contrast between the waveguide cores and the PDMS cladding
for guiding visible light at 1.25 mm curvature radius should be 4n>0.025, exhibiting a transmission loss not greater than
<0.3 dB/cm. As | reported in Chapter 3 of this thesis, the phenylacetylene monomer satisfied these requirements very
well, showing 4n=0.06 and a transmission loss of 0.03 dB/cm in the spectral range of 650 — 700 nm. Unfortunately, the
photoinitiator-free approach we have proposed didn’t allow for the fabrication of 4-cm long waveguides without de-
fects, which was the targeted length for cochlear endoscopy. On the other hand, the poly-DVB waveguides we have
fabricated didn’t match the requirement of high refractive index contrast and low loss.

A better control on the phenylacetylene polymerization process by means of a feedback control closed loop to regulate
the peak intensity of the laser during the waveguide writing would allow for a successful fabrication of long poly-
phenylacetylene waveguides, making possible the realization of a functioning cochlear microendoscope device.

5.5  Summary

In this chapter | have introduced the beam propagation method (BPM) as a very useful tool to evaluate the propagation
of a complex optical field in a homogeneous medium. We have implemented the computational environment for the
simulation of DVB triple-cored waveguides, and simulated the cross-talk over 2 cm propagation length. Moreover, to
better understand the imaging capabilites of these types of bundles, we have simulated the propagation of simple
patterns through 2- and 4-cm long straight waveguide bundles at 600 nm wavelength.

We have demonstrated the fabrication and imaging capabilities of small pilot 6 x 6, 2-cm long poly-DVB waveguide
bundles by delivering simple patterns with incoherent light illumination. Considering a refractive index difference 4n=
0.005, and the goal of a 200 x 200 um x 4 cm microendoscope device proposed in this chapter, the triple-track
waveguides can be written in a 12 x 12 configuration, at an optimal inter-waveguide distance Ay = Az =20 um. Think-
ing of the refractive index difference we were able to achieve and the waveguide spacing, we believe it can be possible
to reconstruct image patterns by means of DNN techniques.

In the next chapter, | am going to describe the fabrication of step-index (STIN) polymer waveguides using an alternative
and commerical LDW platform, the Nanoscribe GmbH Photonic Professional GT+.
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Chapter 6 Fabrication of waveguide bundles
using a commercial 3D printing system

In this chapter, | am going to present the methodologies we have developed for the fabrication of polymer
rectangular step-index (STIN) optical waveguides using Nanoscribe, a commercial three dimensional (3D) printing sys-
tem developed by Nanoscribe GmbH, and IP-dip, a commercial photoresist from Nanoscribe GmbH. In this project, we
have performed a full calibration of the experimental parameters in order to quantify the refractive index difference
between low and high exposure regions for the creation of light guiding structures using IP-dip as a resist. Moreover,
we have implemented a printing procedure for the fabrication of um-sized multicore waveguide bundles, tested their
imaging capabilities and implemented a deep neural network (DNN) algorithm for the reconstruction of images of digits.

This work serves as a comparison with the previously reported poly-phenylacetylene and poly-divinylbenzene
waveguides in PDMS, and offers food for thoughts for the future work regarding the 3D microfabrication of high refrac-
tive index difference waveguides in polymer materials by means of LDW.

6.1 Introduction

The sought after the constantly increasing complexity of integrated photonics and the need for flexible hybridization of
functionalities among the various technological additive manufacturing platforms has become a very important aspect
in the research field of 3D printing. Also, companies that are experts in this field have recently undergone a fast devel-
opment, coming up with solutions that turned to be helpful for the fabrication of innovative miniaturized 3D compo-
nents. Nanoscribe GmbH (Photonic Professional GT+) is a commercial 3D direct-laser writing system based on two-
photon polymerization of fine engineered photoresists, offering nm-sized resolution, high motion precision and a good
variety of standardized processes for the fabrication of several kinds of micro components. Therefore, additive manu-
facturing by multi-photon direct laser writing using the Nanoscribe technology has become an essential submicron-
scale technique for the fabrication of miniaturized three-dimensional optical elements such as micro-objectives [54],
lenses [146-148] and metalenses [149], low loss fiber-to-chip couplers [150], and other free-from coupling elements for
photonic integration [151]. Because of its high accuracy and precision [152], as well as its user friendly interface, it be-
came also possible to print directly on top of optical fibers [153-157], overcoming the delicate procedure of light cou-
pling efficiency maximization. However, as it will further described in the next section, the Nanoscribe system presents
a limited travel range of the motion stages integrated into the optical apparatus, and therefore it suits particularly well
the fabrication of spatially confined microstructures. Nevertheless, several works have explored its potential for the
realization of spatially extended components, such as polymer connections in photonic wire bonding applications [31,
158], optical waveguides [148, 159] and hollow-core light-cage systems [160, 161].

As described in the previous chapters of this thesis, we have investigated new photoactive compounds for the fabrica-
tion of high refractive index difference optical waveguides embedded in PDMS. Moderate to high refractive index dif-
ference between core and cladding, as well as good light transmission capabilities have been shown, opening a new
scenario on the possibilities offered from PDMS chemical loading approaches, and out-of-the shelf materials usage.
However, to the best of our knowledge, the study and a full parameters calibration of the commercially available Na-
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noscribe tool for waveguides fabrication has not been reported yet, and this topic is extremely important for any print-
ing design, including optical waveguides.

As already mentioned above, the Nanoscribe printing apparatus presents optimal printing precision and efficient pho-
topolymerization is always guaranteed; still, there are some limitations in terms of sample dimension, laser source
tunability and software constrains that are not easily addressable. More specifically, at the highest printing resolution
configuration, using the 63x magnification objective and IP-dip as the photoresist, no more than 300 um-sized struc-
tures can be printed in the lateral (x-y) and axial (z) dimension by redirecting the beam by means of piezo stages and
galvo mirrors. Furthermore, the acrylate-based photoresists provided by Nanoscribe show their maximum two-photon
absorption efficiency at 780 nm and the laser beam wavelength cannot be changed, limiting the flexibility of the whole
apparatus. The investigation of the potentials of this commercial tool still represents an interesting topic to explore,
considering the intense studies that are now focused on the maximization of the refractive index difference in the 3D-
printed microstructures.

In this chapter | will show a full calibration of the printing parameters, such as motion speed and laser power, as well as
stitching, hatching and slicing distances, identifying the optimal parameter range for the fabrication of rectangular step-
index (STIN) optical waveguides and STIN multi-core fiber bundles using a commercial 3D direct-laser writing system
from Nanoscribe GmbH (Photonic Professional GT+).

6.2 Nanoscribe apparatus

The Nanoscribe Photonic Professional GT+ system (Figure 6.1 (a)) consists of two main parts: the optical set up and the
user interface desk. A femtosecond erbium-doped fiber pulsed laser (80 MHz, 100 fs pulse width) with the center wave-
length at 780 nm is directed through optical components in an optics cabinet placed on the optical breadboard. The
laser is fully integrated into the 3D printing system containing galvo mirrors and piezo stages for sample motions; addi-
tionally, the 3D printer comprises an inverted microscope (Carl Zeiss Axio Observer), for monitoring the beam focus
during the photopolymerization of the resin, thanks to fluorescence. A transmission/reflection LEDs system illuminates
the sample substrate and allows for good imaging quality during the printing procedure. The motion of the stages can
be controlled whether from a touchscreen present on the work desk, or by the dedicated NanoWrite/DeScribe software
programming.
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Figure 6.1 (a) Nanoscribe GmbH (Photonic Professional GT+) 3D printing system (ref: www.nanoscribe.com). (b) 3D printing process
workflow: a CAD design is created using the DeScribe and imported into the NanoWrite software. Before the commencement of the
process, the software slices it into horizontal and vertical layers (slicing and hatching). The laser scans the trajectory traced by the
CAD design until the final object is polymerized into the photoresin. When the 3D printing is finalized, the sample is developed by
immersing it into poly(glycidyl methacrylate (PGMEA) and isopropanol for about 17 and 5 minutes, respectively.
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The lithographic printing system workflow (Figure 6.1 (b)) encompasses the creation of a proprietary General Writing
Language (GWL) format file to print structures, which can be handled, modified and imported from Standard Tessella-
tion Language files (STL) generated from most CAD applications. Once this step is complete, the files can be loaded and
compiled using NanoWrite. GWL-files describe the trajectory that the laser focus will have to follow during the printing,
and configures the experimental parameters to be set during the writing process, such as laser power and motion
speed of the stages (in galvo or piezo configuration). This type of files can be generated and/or modified in any text
editor, and Nanoscribe owns its proper one: DeScribe.

DeScribe is a coding environment where syntax errors can be highlighted, offering a user friendly 3D rendering window
where the final structures can be displayed, estimating the time that is needed to finalize the printing. The hatching
distance consists of the maximum x-y voxel displacement imprinted by the galvo mirror tilt, resulting in the separation
at which different regions of the material are polymerized. After a slice is printed, the piezo stage moves to the upper
one, increasing the distance between objective and substrate, and the printing trajectory can be further executed.
Thus, the distance between the slices is called slicing distance; prior to each printing, the model is decomposed into
slices, in which many parallel hatching lines are distributed. Moreover, DeScribe provides hatching/slicing algorithms
which greatly help to obtain the best printing modality to be set as an input to the Photonic Professional GT+ printing
tool. When the object exceeds the dimension of the printing field, the whole structure can be split into individual blocks
which are printed sequentially: they are the stitching blocks and appear as overlapped or touching sub-units.

Nanoscribe GmbH offers several printing modalities, depending mostly on the optical resolution one wants to achieve;
in fact, one can choose among 10x (NA=0.3), 20x (NA=0.5), 25x (NA=0.8), and 63x (NA=1.4) magnification objectives, to
be used in combination with the correct resist and in the most proper printing configuration, dill or dip (Figure 6.2).

Resist
Substrate Substrate A
A Oil
Resist

Objective Objective

(a) (b)

Figure 6.2 (a) Dill printing configuration: the objective is directly immersed into the photoresist which acts as a refractive index
matching medium as well as the photoactive material to be polymerized. (b) Oil immersion printing configuration: the laser beam
travels through a refractive index matching medium (typically oil) and a thin substrate (170 um borosilicate glass) to polymerize the
photoresist which is dropped on top of the substrate.

Here, we use the system in dill configuration (Figure 6.2 (a)) and focus the femtosecond laser beam into the IP-dip pho-
toresist by means of the 63x magnification objective; the objective is directly immersed into the viscous resist, which is
drop-coated on top of a glass substrate and flipped upside down. This printing configuration offers the best quality in
terms of resolution and smoothness of the printed components, and this is the main reason why we have decided to
fully calibrate the printing parameters for this type of configuration The maximum scanning range in x-y is 200 um using
a pair of galvo mirrors and 300 um in the z direction using the piezo stage; the maximum average power of the system
is 20 mW at 100%. The laser power is defined as percentage in Photonic Professional GT+ and this same convention
will be followed through the rest of this chapter. After completion of the 3D printing, the sample can be developed
into poly(glycidyl methacrylate (PGMEA) and isopropanol for about 17 and 5 minutes, respectively.
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6.3 Calibration procedure

6.3.1 Voxels calibration

In multi-photon polymerization, the polymerized portion of material at the focal spot of the laser is called voxel. Its
shape and dimension are determined by the asymmetric point spread function (PSF) of the objective lens, and they
constitute the fundamental building block of the final 3D printed objects. Since a waveguide (a line) can be considered
as a continuum of voxels, knowing the voxel scaling law as well as their dimensions and shape is a very important in-
formation to estimate how many of them are required in order to code in the DeScribe environment and, therefore, to
build the final object; moreover it helps to know how much time is required to finalize the print. Each 3D printing sys-
tem is different and laser power as well as the environmental conditions play a role: for this reason and despite the
dimensions of the voxels has been previously reported for other 3D printing Nanoscribe systems [162], we have cali-
brated our system by measuring the x-dimension of printed lines using the 63x magnification objective and the IP-dip
resist in dill configuration. After a preliminary experiment which made us exclude laser power levels below 35% and
above 75% of the maximum power because of insufficient degree of polymerization and the formation of microexplo-
sions, we have printed arrays of line sets consisting of 5x5, 5x1 and 3x1 voxels, focusing the laser 0.6 um into a regular
glass substrate. The automatic interface-finder of the system detects the interface between the resist and glass sub-
strate by sensing the refractive index difference between them, ensuring we don’t overestimate the voxel dimension.
We performed a power sweep of the pulsed laser from 35% to 75%, at the recommended scanning speed of 10000
um/s and 0.2 um hatching distance. The high aspect ratio resulting from the 5x1 voxels structure made the lines struc-
turally unstable (yellow box in Figure 6.3 (a)), therefore, we only measured the width of the 5x5 and 3x1 voxels objects
using a Zeiss LEO 1550 scanning electron microscope (SEM) and plotted it as a function of the power (Figure 6.3 (b)).
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Figure 6.3 (a) Example of a SEM image showing the three printed lines composed of 5x5, 5x1 and 3x1 voxels at a power level of 35%

and 10000 um/s writing speed. The red arrows indicate the width dimension we have measured for the calibration of the printed 5 x

5 and 3 x 1 voxels line sets, while the yellow box shows the structural instability of a 5 x 1 voxels structure because of the high aspect
ratio. (b) Voxel scaling law as a function of power percentage for 5 x 5 (red), and 3 x 1 (blue) voxels line sets.

As already demonstrated in the previous chapters, the line dimensions increase with increased laser power because of
the higher energy which is delivered from the system. The data points in Figure 6.3 (b) were obtained by measuring the
width (indicated in red in Figure 6.3 (a)) of three different printed structures as a result of 5x5 and 3x1 voxels line sets,
respectively, showing a minimum and a maximum width of 102 and 334 nm for the 3x1 voxels structures, respectively.
5 x 5 voxels minimum and maximum line widths measure 800 and 1170 nm, respectively, as depicted in the plot in
Figure 6.3 (b). The line dimensions have been measured using the embedded SEM software measuring tool; because
the motion stages in a SEM system don’t allow for a full 90° tip/tilt inclination, an uncertainty degree regarding the
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measurement of the height of the structures is introduced; therefore, we have estimated it considering the voxel height
to width aspect ratio (2.5:1) reported by Nanoscribe GmbH.

In this work we propose a single-step additive manufacturing of step-index (STIN) refractive index photonic waveguides,
where the high refractive index cores are surrounded by low refractive index cladding (Figure 6.4 (a)). The waveguides
are the result of constant laser power irradiation and speed across their core, embedded horizontally (perpendicularly
to the optical axis) inside the shared cladding. The difference between the refractive indices is achieved by fine tuning
the printing parameters after a careful optimization which maximized this difference, taking into account their final
optical and structural properties, such as uniformity and geometrical fidelity after sample development. We have im-
plemented this calibration procedure both for the cladding and the cores.

Substrate

Resist A "s Low exposure cladding

High exposure core

Objective
. 4

(a) (b)

Figure 6.4 (a) 3D printing of photonic waveguides using Photonic Professional GT+ with a 63x magnification objective and the IP-dip

resist in dill: high refractive index cores (high exposure) are embedded into lower refractive index cladding (low exposure). (b) Sche-

matic of a 40 x 13 x2 00 um (D x H x L) block for the calibration of the cladding. Power percentage was swept between 35% and 45%;
scanning speed ranged between 6000 and 10000 um/s.

6.3.2 C(ladding calibration

The waveguide bundle cladding needs to have minimized refractive index and must show a uniform profile along the
entire sample length. Besides low refractive index, laser power and scanning speed need to be in the right combination
to guarantee structural integrity and geometrical fidelity with the desired structure. To this end, we have printed 40 x
13 x 200 um objects (D x H x L in Figure 6.4 (b)), sweeping the laser power from 35% to 45% (with a step AP=1%), and
increasing speed from 6000 to 10000 um/s (Av=1000 um/s). The printing was executed layer by layer, at 0.1 and 0.3
hatching and slicing distance, respectively. Following the completion of the 3D printing, we developed the sample in
PGMEA and in isopropanol for about twelve and five minutes, respectively. We used digital holography to retrieve the
phase accumulation throughout all the structures, fully immersed into a refractive index matching Silicon oil. The holo-
gram and the wrapped phase extraction from a printed object using 40% of the power and 7000 um/s is shown in Fig-
ure 6.5 (a) and Figure 6.5 (b), respectively. Because of the periodicity of the cosine function describing the interference
term in the superposition of the object and reference fields during the hologram recording, phase wrapping often takes
place in phase reconstruction procedures. Therefore, phase jumps of 2m can appear between two adjacent camera
pixels, while one would need to generate continuously phase distributions in order to correctly reconstruct the refrac-
tive index distribution of the object. For this purpose we have implemented the PUMA phase unwrapping algorithm
into the digital holographic reconstruction Matlab code, for the generation of a smooth, unwrapped phase 2D distribu-
tion of the object [163]. The unwrapped phase reconstruction of the 3D printed object is shown in Figure 6.5 (c), where
the 2rt jumps of the phase between two adjacent pixels are no longer present, ensuring a correct refractive index dif-

ference evaluation.
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Figure 6.5 Hologram (a), wrapped (b) and PUMA unwrapped 2D phase map (c) of a 3D printed block at 40% laser power and 7000
um/s scanning speed. A) and B) represent the transversal and longitudinal averaged cross cut profiles as a function of laser power
percentage (and constant speed v=7000 um/s).

The 2D map of the extracted phase not only gives a quantitative measurement of the refractive index, but it also pro-
vides important information about the geometrical resemblance with the desired model. The transversal (A in Figure
6.5 (c)) and longitudinal (B in Figure 6.5 (c)) phase profiles are reported in Figure 6.6 (a) and (b) and they result from the
profiles averaging over the entire length and width of the object. As it can be easily seen in both cross cuts, the effect of
the power increase (and constant speed) is reflected in a higher phase accumulation across the printed volume. More-
over, the effects of the aberrations from the printing lens are more evident at lower laser power percentages, yielding
less polymerization because of the intensity decrease which takes place at the edges of the field of view. This can limit
their applicability to narrower physical dimensions, in the face of the lowest refractive index. In order to guarantee
both low refractive index, and good geometrical fidelity at reasonable sample length and fabrication time, we have set
the calibration power to be 40% and the scanning speed at 7000 um/s; Appendix 5 reports the full calibration of the
cladding for all the scanning speeds and power percentages we have tested.

For a better understanding of the optical behaviour of the material, and to facilitate the choice of the right parameters
to use, we have mapped the refractive index difference between the polymerized objects and the background, as a
function of power percentage and speed (Figure 6.6 (c)). We have measured a minimum and a maximum A4n of 0.02
and 0.045 between the 3D-printed structures and the background, respectively.
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Figure 6.6 Longitudinal (a) and transversal (b) averaged cross cut profiles as a function of laser power percentage (and constant
speed v=7000 um/s).The effect of the lens aberrations results in a lower polymerization efficiency at the edges of the field of view,
limiting the printable length dimension when lower laser power percentages are used; this effect is more evident across the longitu-
dinal dimension compared to the transversal dimension which measures only 40 um. (c) 2D mapping of the refractive index differ-
ence between the printed objects and the index matching oil as a function of the laser power percentage and the scanning speed,
extrapolated from the cladding calibration; we have measured a minimum and a maximum 4n of 0.02 and 0.04, respectively.

6.4  Step-index (STIN) multi-core waveguide bundle 3D printing

6.4.1 Vertical vs horizontal waveguides 3D printing approach

After we have carefully optimized the printing parameters for the cladding, we have implemented two possible configu-
rations for the 3D structuring of STIN optical waveguides to identify the suitable parameters range for the printing of
the cores, and to further explore the printing potentials of the Nanoscribe Photonic Professional GT+ system: one verti-
cal (Figure 6.7 (a)) and one horizontal (Figure 6.7 (b)) bottom-up printing approach. In both cases, the cores are sur-
rounded by the same cladding material, using 40% of the laser power (8 mW) and 7000 um/s writing speed. The print
proceeds in horizontal lines which are printed consecutively to form individual layers. Once the total structure base
dimension is reached, the piezo stage moves downwards, allowing for the consecutive layer to be printed. The hatching
and stitching of the lines are 0.1 and 0.3 um respectively.
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Figure 6.7 Vertical (a) and horizontal (b) bottom-up printing approach of STIN multicore fiber bundles using Nanoscribe GmbH Pho-
tonic Professional GT+. In (a) the waveguide cores lay perpendicularly to the x-y plane, while in (b) they are printed in a parallel fash-
ion, perpendicularly to the optical axis.

Firstly, we have 3D printed cylindrical waveguides with a diameter D=3 um and height H=20 um, in a vertical, bottom-
up printing configuration. After a quick calibration, we have identified 55%-65% as the correct power percentage range
for the cores print, above which we would damage the structures. In order to extrapolate the refractive index differ-
ence scaling law as a function of the parameters, we have printed waveguides at 58% (11.6 mW), 61% (12.2 mW), and
64% (12.8 mW), and varying speed from 6000 to 10000 um/s. Digital holography revealed the difference in the accumu-
lated phase through the 20 um high cores and the shared cladding; the refractive index difference can be retrieved
from the profile cross-cuts traced along the sample base dimension, as depicted in red in Figure 6.8 (a). The 2D phase
PUMA reconstructed map for a 20 um high waveguide bundle, with Vcore= Vcladding=7000 um/s and Pcore=64% and Pclag-
ding=40% is shown in Figure 6.8 (a), and the profile cross-cuts traced along the sample base dimension in Figure 6.8 (b).
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Figure 6.8 (a) Unwrapped 2D phase map PUMA reconstruction of a 20 um high STIN multicore fiber bundle printed using a Photonic
Professional GT+ system. The cladding and core power percentage are set at 40% and 64%, respectively; the speed is 7000 um/s for
both cores and cladding. (b) Phase profile along the cross-cut (highlighted in red in (a)); the phase difference between cores and
cladding measures 3 rad on average.

Knowing the real physical dimension of the object is extremely important to retrieve the correct refractive index. For
this purpose we have coated the 3D printed structures with 10 nm thin layer of gold using a single chamber sputterer
(Alliance Concept DP-650) and observed them into a scanning electron microscope (SEM Zeiss LEO 1550). As one can
observe in Figure 6.9 (a), different exposure zones experience a different shrinkage, resulting in an additional protru-
sion in correspondence of the cores (inset in Figure 6.9 (a)). This ledge measures 300 nm circa, which leads to additional
1.5774 rad in the phase accumulation measured by the interferogram. Taking this into consideration, the refractive
index difference scaling law at the experimental parameters we have tested is depicted in Figure 6.9 (b), ranging from a
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minimum of ~0.002 to a maximum of ~0.008; the mean and standard deviation values have been measured over five
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Figure 6.9 (a) SEM image of a 7 x 7, 20 um high waveguide bundle fabricated at Pciadding=40%, Pcore=64%, and v=7000 pum/s; as it can
be seen in the red framed inset, different exposure zones experience a different shrinkage, resulting in an additional protrusion in
correspondence of the cores. The waveguides measure ~3 um in size. (b) Refractive index difference scaling law of waveguides
fabricated at 58% (11.6 mW), 61% (12.2 mW), 64% (12.8 mW), and varying speed from 6000 to 10000 um/s; the experimental fabri-
cation parameters for the cladding are constant (Pciadding=40%, v=7000 um/s). The mean and standard deviation values have been
measured over five waveguides.

Finally, we have established the printing power and speed for both cladding (Pcladding=40%, v=7000 um/s) and cores
(Pcore=64%, v=7000 um/s), and we have printed cylindrical waveguides with a diameter D=3 um at variable heights, in
order to explore the system potentials for the printing of high structures (Figure 6.10 (a)). The maximum height reacha-
ble from the piezo stage in dill configuration using the 63x magnification objective is 300 um; we have printed STIN
multicore fiber bundles at heights H=150, 100, 50 and 20 um. As one can see from the phase contrast top view images
reported in Figure 6.10 (b) to (e), the parameters we have found to be optimal for the refractive index difference max-
imization no longer work for more than a couple of tens um-high objects. This is possibly due to cumulative exposure
effects, resulting in microexplosions and material damages, as they are visible on the sample surface. For this reason,
we have implemented a second printing approach, according to which the waveguides are printed perpendicularly to
the optical axis. Because of the limited travel range of the piezo stages in the x-y directions, which is 300 um, the stitch-
ing of blocks is required, representing an additional parameter to be explored during the 3D printing.
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Figure 6.10 (a) DeScribe 3D rendering of vertical multicore fiber bundles designed at variable heights H=150, 100, 50 and 20 um.
Phase contrast microscopy images of waveguide bundles with Hi= 20 um (b), H>= 50 um (c), H3= 100 um (d) and Hs= 150 um (e). At
Pclaading=40%, v=7000 pm/s and Pcore=64%, v=7000 um/s, microexplosions irreversibly damage the waveguide bundles higher than 20
um.

6.4.2 Horizontal waveguides 3D printing approach

The 3D printing of mm-long, highly resolved polymer structures using the dill configuration and the 63x magnification
objective requires blocks stitching. Once the object exceeds the field of view of the printing optics, the stage needs to
move sequentially in x-y, in order to allow for the following block to be printed. The waveguide cores need to be con-
tinuous and homogeneous at the block-block interface, and therefore the stitching should guarantee adhesion and
structural integrity from one printed block to the other. To this end, we have explored two possible printing configura-
tions for the fabrication of horizontal STIN multicore fiber bundles using Nanoscribe GmbH, which are exemplified in
Figure 6.11 (a) and (b); the first one proceeds as one block is fully printed, while the second prints subunits of blocks
organized in layers, as it proceeds parallel to the working plane. The first approach (Figure 6.11 (c)-(d)) results in dam-
aged optical interfaces between the different stitching blocks if compared to the second one (Figure 6.11 (e)-(f)). This is
possibly due to an overexposure which takes place because of constructive interference as a result of laser beam reflec-
tions from the close by printed block as the print proceeds from left to right. As it is visible from the phase contrast
microscopy images in Figure 6.11 (c) and (e), and more clearly from the bright field microscopy images in Figure 6.11 (d)
and (f), the block junctions of 3D printed fiber bundles following the first approach are damaged and appear black un-
der bright field illumination, while the second ones appear undamaged and look transparent (Figure 6.11 (f)). An opti-
mal stitching distance between the blocks has been found to be 0.15 um.
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(f)

Figure 6.11 (a) Block-by-block and (b) layer-by-layer 3D printing approaches for the printing of horizontal STIN rectangular optical
waveguides using Nanoscribe GmbH Photonic Professional GT+. Phase contrast (c) and bright field (d) microscopy of a waveguide
bundle composed of 5 blocks following the block-by-block approach; phase contrast (e) and bright field (f) microscopy of a wave-
guide bundle composed of 5 blocks and 5 layers following the layer-by-layer approach. In both cases the printing parameters are the
same (Pcladding=40%, v=7000 um/s and Pcore=64%, v=7000 um/s), the waveguide pitch is 10 um and one single block measures 120 pm.
Hatching, slicing and stitching measure 0.1, 0.3 and 0.15 um, respectively.

However, besides the structural integrity and, most importantly the material refractive index, there are other important
parameters and experimental settings to be considered for a successful 3D printing of waveguide bundles. Figure 6.12
(a) shows a 3 x 3 waveguide bundle with a hatching distance of 0.2 um; in our experiments we have set it to 0.1 um in
order to ensure surface homogeneity and no air gaps between the printed lines. Moreover, short structures suffer of
detachment from the glass substrate after development, as depicted in Figure 6.12 (b), compromising holographic and
light coupling measurements. Another important step to be carefully undertaken is the development of the object
using solvents after the print is concluded. The standard procedure suggested by Nanoscribe GmbH includes 17 minutes
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of developments in PGMEA and 5 minutes in isopropanol; to avoid aggressive chemical dissolution, we have reduced
the development time inside PGMEA to 12 minutes, avoiding material etching at the junctions (Figure 6.12 (c)).
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Figure 6.12 (a) SEM images of a 3 x 3 waveguide bundle with a hatching distance of 0.2 um; (b) sample detachment from the glass
substrate and (c) aggressive sample development in PGMEA causing material etching at the junctions.

6.5 Light coupling into 3D printed STIN multi-core waveguide bundles

In order to measure the transmission loss properties of STIN waveguides printed using IP-dip and the Nanoscribe appa-
ratus, we have printed two identical samples at two different lengths, 840 and 600 um, respectively. We have used
Pcladding=38%, Pcore=61%, and v=7000 pm/s for both cores and cladding. We have coupled a 10 um diameter incoherent
white light beam into three different waveguides at each of the printed lengths, 30 um distant from one another, and
measured the output intensities at 535/43, 561/14, 592/43 nm, 609/50 nm, and 675/53 nm colored filters. Propagation
losses primarily depend on strong scattering and material absorption [164]. Figure 6.13 shows the transmission loss we
have measured as a result of the intensity power ratios between the outputs recorded at the major length and the ones
measured at the shorter length, averaged over three waveguides; the inset in Figure 6.13 shows the waveguide output
recorded at 609/50 nm. These waveguides exhibit losses of 8 dB/mm at shorter wavelengths, down to ~2.5 dB/mm
above 600 nm wavelength. Despite material absorption, the high losses we have measured in the 500-600 nm wave-
length region of the electromagnetic spectrum are mostly due to scattering caused by the rough polymerized surface,
which proceeds voxel by voxel. This, together with the physical constraints imprinted by Nanoscribe GmbH limits the
fabrication of STIN waveguide of this type only to mm-sized dimensions.
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Figure 6.13 Transmission loss in dB/mm of the rectangular STIN optical waveguides fabricated Nanoscribe Photonic Professional GT+.

Inset shows the output intensity profile of one waveguide recorded at 609/50 nm wavelength filter. The loss at short wavelengths is
highly affected from scattering, most probably due to material roughness.
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6.6 BPM Simulations

We simulated the light propagating in the STIN waveguides using BPM; we chose a computational grid of ~50 um x 50
pm. Based on the geometry and the measurements we performed, we have considered STIN optical waveguides with
lateral dimensions W=2 um and H=2.5 um, which determines the single mode condition at 4n=0.007 refractive index
difference (Figure 6.14 (a)). We have simulated the propagation of a 1.4 pm FWHM Gaussian beam and retrieved the
mode of the STIN waveguide after 10 mm of propagation; the resulting mode for 1=600 nm is shown in Figure 6.14 (b).
The numerical aperture of the waveguides is calculated to be NA=0.2 at 600 nm wavelength.
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Figure 6.14 (a) Refractive index distribution of a 2 um x 2.5 um (W x H) STIN optical waveguide. (b) Mode intensity distribution of the
waveguide at 1=600 nm. (c) Refractive index distribution of a 3 x 3 STIN waveguide grid for cross-talk simulations.

This has been done also for the boundary wavelengths emitted from our thermal light, namely 500 and 700 nm. We
have simulated the cross-talk over a total length of 10 mm, by placing the waveguides at a separation D=6 umina 3 x 3
matrix arrangement (Figure 6.14 (c)). Each mode profile has been coupled in the central waveguide, and the xz-yz prop-
agation profiles for A=500 nm, 1=600 nm and A=700 nm have been monitored over 10 mm propagation distance, as
shown in Figure 6.15.
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Figure 6.15 xz (first column) and yz (second column) propagation profiles at =500 nm, 1=600 nm and A=700 nm and 10 mm propa-
gation distance, considering the propagation of the mode at each simulated wavelength and the refractive index distribution shown
in Figure 6.14 (c).

As expected, crosstalk is more severe at the higher wavelength, and this is visible already after 500 um propagation
distance. Moreover, the effect of the asymmetrical core dimension reflects on a different coupling length in the xz and
zy propagation planes, because of higher proximity of the cores in the longitudinal direction.

Figure 6.16 Custom made sample target, fabricated by means of standard sputtering and photolithographic techniques. This target
contains digits from 0 to 9, with different sizes and feature thicknesses.

Based on the optimal printing parameters we have identified and the BPM simulations we have performed to predict
the cross-talk behaviour, we fabricated a 720 um long, 12 x 12 STIN waveguide bundle, with an interwaveguide distance
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D= 10 um. In order to explore its imaging capabilities, we have fabricated a custom made sample target containing
digits from 0 to 9, with different sizes and feature thicknesses (Figure 6.16). The pattern has been realized on a glass
wafer and fabricated by means of standard photolithographic techniques, after being sputtered with a 30 nm thin layer
of titanium and 100 nm of gold.
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Figure 6.17 Input (a) and output (b) camera images of the 12 x 12 STIN waveguide bundle with incoherent light illumination and no
image pattern projected. In (c) and (e) two different digits are projected from a custom made pattern, recorded in reflection on the
input camera (CAM2 in Figure 5.8); (d) and (f) show the transmitted, pixelated version of the digits delivered from the waveguide
bundle and recorded in transmission by means of the output camera (CAM1 in Figure 5.8).

Figure 6.17 (a) and (b) show the proximal and the distal end of the waveguide bundle in reflection and transmission
respectively, when incoherent white light is coupled using the set up in Figure 5.8. Figure 6.17 (c) and (e) show two
digits with different thicknesses from the gold target, and recorded in reflection, while (d) and (f) correspond to their
transmitted and pixelated version at the distal side of the waveguide bundle. As we can see from Figure 6.17 (d) and (f),
moderate light cross-talk is still present, making part of the light escaping the fiber cores. In the next subchapter | am
going to investigate how DNN techniques can reconstruct scrambled images, when the recognition of the patterns
becomes more challenging because of the cross-talk and the noise present in the experimental data.

6.7 Image reconstruction using deep neural networks (DNNs)

6.7.1 Convolutional U-net DNNs

Machine learning (ML) is a subunit of artificial intelligence systems (Al) and identifies the study of mathematical algo-
rithms for the prediction and/or decision making of a system, when this is trained using the raw data. Contrary to Al
systems, where a fully mathematical description is required in order to solve a problem by means of a computer, ML
algorithms are capable of optimizing it in a dynamic way, thanks to their capability of extracting important features
from the data, after being exposed to them [165]. Deep learning is again part of machine learning algorithms, where
the term “deep” refers to the total number of the computational layers implemented for feature extraction and recog-
nition in the algorithm. Deep neural networks (DNNs) consist in algorithms which are organized into nested layers,
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governed by mathematical operations and connected with each other in a nonlinear way [165, 166]. The principle of
DNNs is founded on how the human brain works: when a certain input reaches a certain threshold, the neuron fires and
transmit an output information. The artificial entity assigned to a neuron is called perceptron (or node); from each per-
ceptron, the output can be mapped by means of specific weights and nonlinear functions. In DNN, generally, many
perceptrons are needed to map a nonlinear problem, and perceptrons from one layer can be (or not) connected to all
the perceptrons of the following layer. The functions which regulate the transition from one convolutional layer to the
other are called activation functions, and they determine when a node will fire and its output value when it will reach
the corresponding nodes in the following layer of the stack. The artificial neural networks (ANN) which are made by
connecting each perceptron in one layer to all the perceptrons of the following one throughout the whole network, are
called fully connected networks (FCNs), while convolutional neural networks (CNNs) are built with perceptrons being
connected to a smaller area of nodes in the previous layer. As implied by the name, CNNs rely on a convolution opera-
tion to map an input to an output; therefore, they use 2D-weights matrices instead of single perceptrons to extract the
information from one input and map it into an output, often referred as convolutional kernels. This operation simplifies
the problem leading to a more computationally efficient algorithm if compared to FCNs.

A DNN needs to be trained in order to produce targeted outputs; this step consists of the optimization of the weights
during the layer-to-layer convolution, during which the weights are updated to minimize the error function. In addition,
the type of error function can be selected according to what the DNN needs to perform; intuitively, it gives the differ-
ence between the ground truth and the network prediction. DNN in the presence of a ground truth are denominated
supervised networks. The minimization of the error function is achieved using gradient-descent based error backpropa-
gation, which calculates the partial derivatives of the error function for all the weights of the specific node (or layer of
nodes), so that it identifies the weights which affect the most the output predicted value. Each iteration for updating
the weights in a learning unit is called a batch. The training cycle where the network ‘sees’ all the training data is called
an epoch. Hence, the number of epochs determines how many times the network sees the all training dataset.

As we already discussed in this thesis, the resolution of the bundle depends on the core-to-core spacing, which is lim-
ited by the light cross-talk among the cores. Intensive research has focused on methodologies about how to increase
the resolution in MCF bundles, such as by inducing small changes in the periodicity of the cores, and/or by slightly mod-
ifying the core size within the same fiber bundle [103, 104]. Also the addition of distal lenses [86], as well as wavefront
shaping techniques have shown remarkable resolution improvements by exploiting the NA of the fiber for point scan-
ning imaging [92, 167, 168]. Deep learning has shown pixelation-free imaging through fiber bundles [169, 170]; in this
work we investigated how a ‘U-net’-type CNN reconstructs the output images from the waveguide bundle we have
fabricated.

The U-net structure we used is depicted in Figure 6.18; as one can see from the two examples in Figure 6.17 (c) and (e),
we projected a series of digits with different sizes and thicknesses for testing the trained network with experimental
data, using a custom made sample target. A U-net CNN architecture generally comprises a convolutional encoding
front-end for downsampling, and a deconvolutional decoding back-end for upsampling. Apart from the convolution and
activation operations, our convolutional layer of the U-net comprises, in turn, a maxpooling layer which downsamples
the resulting portion of the image which has been convolved with the kernel, considering the maximum value of each
local patch of elements.
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Figure 6.18 U-net type DNN architecture used to reconstruct the output images from the fiber bundle.

The choice of each DNN parameter, such as the activation function, the size of the kernel, the duration of the epoch
and the size of data batches is not trivial and in general needs to be optimized based on the task that the DNN needs to
perform. In this work, we implemented our DNN algorithm in Keras, a high-level application programming interface
(API) that works on top of Tensorflow, allowing the interfacing with the coding in a user-friendly way.

Both for the training of the network and the reconstruction of the images from the waveguide bundle, we have used a
rectified linear (ReLu) activation function (Equation 46); f(x) in Equation 46 denotes the nonlinear function within each
node belonging to the convolved layers. The optimizer we used to minimize the mean squared error loss function
(Equation 47) is an Adam optimizer; N, ypyeq and Yy in Equation 47 are the number of examples in a single batch, the
output predicted by the network and the ground truth, respectively.

X, ifx=0

f(x)z{o, if x <0

Equation 46 Rectified linear activation function.

N
1
MSE = ﬁZ(ypred - ytrue)z
i

Equation 47 Mean squared error loss function.
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6.7.2 Training and testing with synthetic data

_
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Figure 6.19 Schematic of synthetic dataset creation for the training of the network. 1170 digits have been propagated through a 12 x
12 STIN waveguide bundle with core dimensions W=2 um, H=2.5 um and refractive index difference 4n=0.007. We set the illumina-
tion wavelength 1=600 nm, the sample length to be L=720 um and the waveguide pitch D=10 pum.

In order to efficiently reconstruct the images using the DNN schematically drawn in Figure 6.18, we synthetically en-
larged the dataset by propagating 1170 different replicas of digits through the waveguide bundle using BPM (Figure
6.19). We have created a synthetic dataset by rotating and scaling the layout of the patterned digits (reported in Figure
6.16) and recorded every output intensity by simulating a 12 x 12 STIN waveguide bundle with 4n=0.007 and core di-
mensions W=2 um and H=2.5 um. The bundle length coincides with the physical length of the sample which is L=720
um, as well as the waveguide pitch (D=10 um); the source wavelength is A=600 nm.

Experimental data exhibited moderate to low contrast, as well as additional background noise, most likely due to stray
light. For this reason, after we have recorded the output intensity for each of the propagated digits (one example is
reported in Figure 6.20 (a)), we additionally simulated the propagation of a plane wave through the bundle and added
the result to each of the digit output intensities (Figure 6.20 (b)), so that the ratio between the intensities of the cores
illuminated by the input pattern and the others is on average 20%. Subsequently, we added a background noise with
Gaussian distribution to mimic the noise in the experimental data (Figure 6.20 (c)).
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Figure 6.20 (a) BPM output intensity of a digit, propagated in the bundle for 720 um propagation distance; digit output intensity with
a superimposed propagated plane wave (b) and a Gaussian-like noise distribution (c); scale bar measures 20 um.

The resulting 1170 distal pattern images were randomly split into 1053 for training and 117 for testing (10%). The train-
ing set has been split, in turn, into 210 examples for validation (20%) and 843 examples for training (80%), and pro-
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cessed in batches of 20, shuffling them at every epoch to minimize over fitting; the training proceeded for a maximum
of 30 epochs. The Adam optimizer we used had a learning rate of 1x10™*. In order to evaluate the quality of the recon-
struction of the network, we monitored the learning curves of the training and the validation datasets, displaying the
MSE (mean square error) and MAE (mean absolute error), both reported in Figure 6.21.
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Figure 6.21 Mean squared error (a) and mean absolute error (b) of the training and validation datasets as a function of the epoch
number.

As one can see from Figure 6.21 (a) and (b), the problem is not generalized until epoch number 8 or 9, after which the
validation curve decreases, almost converging with the training curve; this means the network has been successfully
trained. Figure 6.22 shows some examples of the DNN image reconstruction using the synthetic testing data: the first
row shows five pixelated digits obtained from the BPM simulations, which now serve as inputs to the DNN, while the
second and the third rows report the reconstructed digits and the ground truths, respectively. The size of the original
images is 256 x 256 pixels both before downsampling (DNN input) and after upsampling (DNN reconstruction); we reg-
istered a MSE=0.015 and a MAE=0.03 over 117 test examples. In general, we can see that the DNN can successfully
reconstruct the images with good quality; the U-net model can reconstruct quality enhanced images from the fiber
bundle, removing the pixelation effect due to the fiber cores and bypassing the blurring effect due to core-to-core cou-

pling.
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Figure 6.22 Five examples of synthetic inputs we used to test the DNN (first row), their corresponding reconstruction (second row)
and the ground truths used for the training (third row); scale bars measure 20 um.
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6.7.3 Testresults with experimental data

Custom made target of digits, whose layout is used to generate an augmented synthetic dataset, has been used to
evaluate the U-net reconstruction performance in the case of experimental data. We have measured the output inten-
sity from the 720 um long waveguide bundle we fabricated using Nanoscribe (Figure 6.17), when the digits from the
custom made sample target are projected to the proximal bundle facet. Also in this case the U-net shows good recon-
struction performances, despite the light cross-talk and the pixelated nature of the images. The first row in Figure 6.23
shows some of the waveguide bundle output intensities recorded by means of CAM1, which now correspond to the
DNN input, while the second and the third rows show the reconstructed digit from the DNN and the corresponding
ground truth, respectively. MSE and MAE are also reported in Figure 6.23 for each reconstructed digit, where scale bars
measure 20 um. Depending on the thickness, size and complexity of the patterned digit, the delivering and recognition
of the image at the fiber end can be challenging, as one can notice by observing the images in the first row of Figure
6.23. The use of DNN for image reconstruction provides an efficient platform for improved and accurate rendering of
fiber bundle images and turns to be a valuable tool to extract the desired information from the raw images captured on
our camera, as exemplified in the DNN reconstructed images in the second row of Figure 6.23.
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Figure 6.23 Output intensity from the fiber bundle, fabricated using Nanoscribe Photonic Professional GT+, recorded by means of
CAML1 (first row) and DNN reconstructed images and corresponding ground truths (second and third rows); scale bars measure 20
um.

6.8  Summary

In this chapter, | reported the fabrication of STIN rectangular optical waveguides in a horizontal, bottom-up printing
approach, using Nanoscribe GmbH Photonic Professional GT+. | show a full calibration of the printing parameters, such
as laser power and motion speed for the realization of undamaged structures with maximized refractive index differ-
ence between cores and cladding. We identified Pcadding=38% (7.6 mW), Pcore=61% (12.2 mW), and v=7000 pum/s for
both cores and cladding as the optimal parameter combination for the fabrication of 720 um long STIN waveguide bun-
dles using this technique. We characterized the waveguides in terms of refractive index difference and transmission
loss, reporting a maximum 4n=0.007 and a minimum transmission loss of ~2.5 dB/mm above 600 nm wavelength.
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Moreover, we built a CNN of the U-net type to reconstruct the images from a custom made sample target, after they
have been delivered to the fiber bundle end. After we have trained the network with an enlarged synthetic dataset
using BPM, the DNN technique showed improved resolution images both from simulation and experimental datasets,
turning out to be an efficient platform for improved and accurate rendering of fiber bundle images.
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Chapter 7 Summary and outlook

In this thesis, | have investigated novel materials for the fabrication of polymer waveguides in PDMS and oth-
er innovative materials using the LDW technique. The aim of this work was, in particular, a polymer optical waveguide
bundle for imaging applications. Multiphoton LDW was the technique of choice in this work owing to its capability of
fabricating high precision 3D microstructures. The core of this work consists of the investigation of monomers and pho-
toinitiators suitable for host-guest fabrication through photopolymerization in a cured PDMS substrate. We extensively
searched and tested a number of small, nonpolar polymerizable monomers that could penetrate the PDMS matrix effi-
ciently and polymerizes under the irradiation of a femtosecond-pulsed laser. Our materials of choice converged to two
systems: phenylacetylene monomer without photoinitiator and divinylbenzene monomer with commercial Irgacure
OXEO02 as a photoinitiator.

In the course of this research, we have established a complete platform for the fabrication and characterization of opti-
cal waveguides in PDMS. We have built a LDW fabrication system integrating a femtosecond Ti:Sapphire tunable laser
and mechanical and precision piezo stages for nm-resolution positioning. An interferometric imaging system was used
to measure the refractive index difference between core and cladding. We also constructed a light coupling and micro-
scopic imaging system to quantify the transmission loss in the fabricated waveguides.

We have achieved, for the first time, photoinitiator-free multiphoton-induced polymerization in phenylacetylene, which
was employed in the fabrication of optical waveguides in PDMS. For this purpose, we have tuned the laser wavelength
to 680 nm, such that the absorption band of the phenylacetylene monomer is reached via multi-photon absorption. To
optimize the fabrication parameters, we wrote and characterized the waveguides at writing speeds ranging between
0.5 and 1.5 mm/s, at a laser peak intensity between 1.6x10%? and 2.4x10'? W/cm?, and at a focusing depth between
800 um and 1.3 mm below the sample top surface. Because of the dense m-electrons in phenylacetylene, we achieved a
small (1.3 um) waveguide width and a high refractive index contrast (An > 0.06) between the waveguide core and the
PDMS cladding. This allowed for efficient waveguiding with a core size of 1.3 um with a measured loss of 0.03 dB/cm in
the spectral band of 650-700 nm. However, our study also reveal that the waveguides fabricated using phenylacetylene
monomer are subject to excessive defects due to irreversible material damage as a result of self-focusing and beam
collapse inherent in the polymerization process during fabrication.

To tackle the self-focusing problem and minimize the fabrication defects, we investigated a different chemistry involv-
ing divinylbenzene monomer and the commercial Pl Irgacure OXEQ2. Using this process, we have demonstrate the fab-
rication of long, submicron-sized, largely defect-free optical waveguides in PDMS. The new chemical scheme allowed
for lower writing intensities and higher writing speeds compared with the phenylacetylene process. This results in a
lower refractive index contrast (4An below the measurable level of the characterization system) and an increased, but
nearly flat, transmission loss (13 dB/cm) over the spectral range of 535-679 nm in the 0.5 um wide waveguide. In order
to improve the light confinement and reduce the transmission loss, we investigated a multi-track fabrication strategy to
increase the waveguide width from ~0.5 to ~3.5 um. The compound waveguides were fabricated with a nominal focal
intensity of 1.78 x 10> W/cm? and a writing velocity of 3.2 mm/s, resulting in a An of 0.005. Among the compound
waveguides, the double-tracks exhibit a transmission loss ranging from 6.5 dB/cm at 535 nm to 2.2 dB/cm at 710 nm,
where the loss scales with power -4 of the wavelength, indicating that the loss is originated form Rayleigh-scattering.
The transmission loss in the triple-tracks deviates from a Rayleigh-scattering regime on the longer wavelength side,
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ranging from 12.4 dB/cm at 535 nm to 0.1 dB/cm at 710 nm, possibly because of constructive interference due to the
larger and more complex refractive index structures in the triple-track waveguides.

Together with our project partner Sonova, we have implemented a PDMS optical waveguide bundle for cochlear micro-
endoscopy to be embedded in a cochlear implant. The main idea is to fabricate a 4-cm long polymer-based optical
waveguides bundle in PDMS using MP-LDW, which acts as a multicore fiber endoscope to give visual feedback to the
surgeon while inserting the cochlear implant. The process of choice is the divinylbenzene/Irgacure OXE02 scheme ow-
ing to its defect-free results. However, due to the small waveguide size, the low refractive index contrast, and the long
distance that the waveguides stretch in parallel, crosstalk between the waveguide channels has been found to be signif-
icant. In order to acquire the theoretical impulse response and gain deeper insights into the process of inter-waveguide
coupling, we performed simulations of light propagation inside the waveguide structures using the BPM with empirical-
ly relevant parameters. At An of 0.005, the BPM simulations suggested an optimal inter-waveguide distance of 20 um.
Triple-track waveguides showed better light confinement and less crosstalk compared with double-track waveguides at
any sample length. Using the triple-track structure, we fabricated a pilot structure of 6x6 matrices of triple-track wave-
guides and characterized their performance in incoherent imaging. Furthermore, we have achieved the fabrication of
full 4-cm long, 12 x 12 waveguide bundles. The image transmission through these type of waveguides could be further
improved by optimizing the imaging conditions and the pattern projection at the bundle proximal facet.

In addition to the fabrication of polymer optical waveguides in PDMS, we also investigated the fabrication of pm-sized
STIN optical waveguides using a commercial 3D printer. We combined low and high exposure regions to form cladding
and cores of the waveguides, respectively, and performed a thorough calibration to identify the correct parameters
range to avoid material damage, guaranteeing geometrical resemblance with the desired design. We have scanned the
power percentage of the laser between 35% and 45% and the writing speed between 6000 and 10000 um/s for the
cladding. Finally, the optimal range fell within 38% and 40% for the cladding and 58%-63% for the cores; the fabrication
speed was set at the optimal value of 7000 um/s both for cladding and cores. The maximum achievable refractive index
difference using this technique was measured to be An;,re_ciqqaing~0-008. STIN waveguides have been fabricated
following two different approaches, a vertical fabrication approach which resulted in overexposed material, and a more
efficient horizontal fabrication approach which preserves material integrity. Transmission loss was found to be highly
dominated by scattering, most probably due to structural inhomogeneity of the waveguide voxels. We have measured a
high transmission loss of 5.5-8 dB/mm in 515-568 nm wavelength range, and a lower transmission loss of 2-3 dB/mm in
572-700 nm band. Moreover, we demonstrated significant improvements in the resolution of the image delivered by
the waveguide bundle using a convolutional neural network, which was trained using an enlarged synthetic dataset
obtained with BPM. The DNN reconstruction removes the discretization artefacts due to the waveguide sampling, and
the background noise due to crosstalk, showing improved resolution both in simulated and experimental datasets.

As | described in this thesis, the fabrication of polymer waveguides in PDMS was performed in the open air with oxygen
present in the system. Oxygen is well-known to be a polymerization retarder in these types of systems, thus we do
believe that significant improvements could arise from a nitrogen-purged DVB, and partially phenylacetylene. The self-
focusing problem can be addressed by implementing a feedback closed-loop, capable of monitoring and controlling the
laser intensity at the focus from fluorescence live-measurements, using an electro-optic modulator inserted in the laser
path. This would allow also for the achievement of a higher refractive index difference between the polymer cores and
the PDMS cladding. Moreover, we think that the loading feature of PMDS could turn to be very interesting by using
more established polymerizing resins, such as IP-dip, as it has been already demonstrated for other bulk materials
[171]. IP-dip is much more viscous than DVB or phenylacetylene, it would indeed require chemical manipulation in
order to penetrate the PDMS framework in an efficient way. This could be verified by using a surfactant in order to
enlarge the nm-sized pores of cured PDMS to 100-200 nm-sized air voids, still ensuring optical clarity. Bending, as well
as mechanical tests also constitute an important milestone to be reached for the completeness of this work, together
with a full imaging bundle prototype fabrication.
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Overall, we believe that DNNs reconstruction techniques could greatly improve the imaging capabilities of such bun-
dles, improving optical resolution and removing noise artefacts due excessive to core-to-core coupling. We expect that
such waveguides will receive a wide range of applications in biosensors, microfluidic flow cytometry, wearable and
implanted photonic devices, electro-elastic optical modulators, flexible optical circuit boards, and optical neural net-

works.
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Appendix 1

In Chapter 1 | discussed the working principle of optical fibers in the wealky guiding approximation (:—1 = 1). Knowing
2

the propagation constants and predicting how many fiber modes and what the light distribution inside the core would
be is very important to understand and simulate the optical properties of an optical waveguide. In order to do so, an
electromagnetic analysis is required: we need to find solutions for the electromagnetic field by solving the Maxwell's
equations.

The general form of Maxwell's equations is:

UXE 0B
XE=——
ot

E.1

aD
VXH=E+]free

E.2
with:
VD = Prree
E.3
V-B=0
E. 4

where E is the electric field ([%]), B is the magnetic flux density ([%]), H is magnetic field ([%]) and D is the electric flux
density ([%]); Prree IS the density of free charges ([%]) and Jgee is the current density ([%]). Bold style indicates
vector entities and V is the Nabla operator.
The constitutive relations of the medium are:
D = gyE + P = g,E + goxE = ¢,(1 + x)E=¢g,¢,.E=¢E
E.5
B=pH+M
E.6

]free =oE + ]e

E.7
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P is the electric polarization vector and is linearly related to the elctric field E; €, and x are the free space electrical

permittivity and susceptibility. p, is the free space permeability and M is the magnetic polarization ([ﬁ]), and for a not

ferromagnetic material:

E.8

If we consider a nondispersive, and dielectric material (that is homogeneous and isotropic), then:

Pfree = 0

E.9

]free =0

E. 10

where the electrical condutctiviy o and the external currents J, are zero. Therefore, we come to a more simple form of

the Maxwell's equations:

JH
VXEZ_IJ'OE

and:

If we apply the curl operator on both sides of E. 11, an by knowing that:
VxVXE=VV-E— V?E=—V?E

E. 15

we obtain the wave equation, both for the electric and magnetic field:

V’E - azE(1 +x) = V’E n o
— = = —_——=
c? 0t? X c2 ot?
E. 16
2 n? 0’°H “o
c? ot2
E. 17
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These are the Helmoltz equation for the electric and magnetic field and it is satisfied for all their components.

For the sake of simplicity we solve the equations for the electric field only, by considering the step-index optical fiber
structure shown in Figure 1.2, with core refractive index n; and refractive index n, for the cladding; because of the
simmetry of the system, it is more convenient to write the electric field and the equations in cylindrical coordinates.

We can write the electric field in cylindrical coordinates as:
E(p,0,2,t) = E(p,0,2)e®" = (E,f + EgD + E,2)e)"
E. 18
where: E; g, = |Ep‘9‘z|e_jBZ
so:
E(p,0,z,t) = (|E,|f + |Eg|8 + | +E,|2) /(62
E. 19

For each component E, g, of the electric (and magnetic) field we can rewrite the Helmoltz equation in cylindrical

coordinates:

azEp‘e‘Z " 1 aEp’e,Z 1 aZEp'e,Z aZEp'e,Z 1’12 62

ap? p dp p? 002 972 C_ZWEp,B,ZZO

E. 20

and in the frequency Fourier domain:

0*Epp,  10Epe, 10%°Epe,  0°Epe,
ap? p dp p? 06? 072

+ nzkéip‘e‘z =0

E.21
being E(p, 8, z, w) the expression of the field in the frequency domain.

In order to solve the Helmoltz equation for all the electric field components, we use the method of separation of
variables, according to which we define:

Ep,e,z,m = ﬁ(p)@(ﬂ)i(z)ﬁ(w)
E. 22

By plugging E. 22 into E. 21, and by considering only one of the electric field components, we obtain:
9*R(p) 10R(p)
ap? p dp
+ n%k2(p)8(0)Z(2)Q(w) = 0

1 9%0(0)
pz 002

0°Z(z)
0z2

B(OZ()(w) +0(OZ(@)(w) +R(MZ@DA(w) +R(p)B(0)0(w)

E. 23

In order to satisfy this equation, we can set each of the term equal to zero; moreover, if we add and substract the same
2 ~ o~ ~ ~ o~ ~
quantity on left side of this equation (+ (;—2 R(p)O(B)Z(z) + BZR(p)O(S)Z(Z))), the result will not change, and by

assuming all the variables being independent from each other, we obtain three differential equations:
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0%7(z)

P +B%Z(z) =0
E. 24
260) .
o+ 8(0) = 0
E. 25
R . . 10R(p) - . 12 B
0(6)2(z) 3p? + @(G)Z(Z)Ea—p +R(p)O(O)Z(2) (n’kG — 2 BH =0
E. 26

Solution for E. 24 and E. 25 can be written in the form:
Z(z) = e7iP2
E. 27
0(6) = €®
E. 28

E. 26 is the Bessel equation and its solutions are the Bessel and the modified Bessel functions of first kind and second
kind. In order to select proper solutions, we need to consider that for r — oo the radial distribution of the fiel should
decay to zero, while for r — 0 it should not tend to infinity. Based on these considerations, and splitting the analysis in
the two different regions of the optical fiber (core and cladding) we consider proper solutions for the E. 28:

s~ _ {Ahkrp), p<a
R(p) _{BKl(wT'p). p>a

E.29

where A and B are two constants, 1 is the order of the Bessel function and:

ky = ’kzn% - B2

Y =+/B? —k*nf
E. 30

kt and y are the transverse parameters related to the propagation constant and they describe how the field decays in
the core and in the cladding region, respectively. The electric field and its derivative needs to be continuous at the
boundary p = a; by applying this boundary condition we obtain the characteristic equation for an optical fiber:

K a]lil(kTa) ~ 4ya K11 (ya)
™ Nikra) T Ki(va)

E.31

u=kra=a ’kznf—Bz

If we consider that:
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w = ya = a,/B? — k?n3
E. 32

and:
u? + w? = k?(n? — n3)a? = v?
E. 33

being v is the fiber parameter related to the waveguide properties, such as numerical aperture and radius, and to the
light wavelength, it appears immediately clear that E. 31 can be solved graphically. For each value 1=0,+1,%2,..., there
exist multiple solutions (m) for u and w, thus there are multiple intersections between E. 31 and E. 33 by considering
that that u > 0 and w < v. Knowing u and w allows for the calculation of the transverse parameters and for a full com-
putation of the modes propagating inside the optical fiber.

Appendix 2

In Chapter 1 | described the free-radical chain polymerization mechanism and focused on the importance of the two-
photon absorption cross-section §,,. The light absorption mechanism is the key aspect for understanding the intrinsic
physical differences between one and two-photon polymerization mechanisms. To model the kinetics of both, we first
have to describe how a focused light beam propagates within a photopolymer and how it is absorbed. This can be done
by simulating how a certain initial monomer concentration [M,] is converted into a polymer, and for this purpose | used
the software Matlab. In this derivation we don't consider the influence of scavengers and nonlocal effects, such as
diffusion.

Appendix 2.1

Initiating Gaussian beam

Because of the symmetry of the problem, we consider a 2D model in the xy space; z is the optical beam propagation
direction and is considered to be the axis from the focusing optics (e.g. microscope objective). Assuming linearly polar-
ized light, the x-propagating component of the electric field of a initiating Gaussian beam focused in a photopolymer
can be written as [66]:

E.(y,z) =E Do e#;ze_i(;f‘i}é)wz_n(z))
x\Y) 0 o(z
with:

. PR
= E, nominal electric field in [;]:

2¢9

cnge,

*  , beam waist at the focus in [m]
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w(z) beam waist at depth z in the photopolymer, in [m]:

712
w(z) = wg (Z—) +1
E. 37

R(z) the wavefront radius of curvature at a distance z from the optics, in [m]:

R() =z ((%)2 + 1)

E.38

* 1(z) Gouy phase:
= -1 —Z)
n(z) = tan (Z

R
E. 39
= Kk wavenumberin [m™!]
In E. 35 we can find:
= ¢, the nominal beam intensity in [%]
2P,
by = 2
Tw§
E. 40

= the speed of light ¢=2.99792458 [?]

n, refractive index of the photopolymer

= £,=8.854187818 [5] the vacuum permittivity

where: P, is the average optical power, measured after the focusing optics in [W].

Moreover:
| ]

Ais the illumination wavelength in [m]

NA is the numerical aperture of the focusing optics
= zg is the Rayleigh range in [m]:

Ty w3
=
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E. 41

Finally, the intensity propagation profile can be expressed as:

1
$(,2) = Fenoe [Ex(y, D)

E. 42
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Figure A2.1 Initiating beam intensity spatial distribution and simulation orientation. The beam is focused in z= 30 pm into the photo-

polymer; the refractive index of the material is considered to be ny=1.5 at 340 nmwavelength and NA= 0.7. The average optical
power is P,=10 nW.

Appendix 2.2

One-photon polymerization

The rate of polymerization R, can be defined as the rate at which the monomers disappear during the polymerization
reaction [108]. Under the steady-state approximation, according to which the concentration of radicals instantaneously
increases and then reaches a saturation level, it can be expressed as follows:

d[M R;
Rp = _% = kp[M(t)] Z_kt

E. 43

being [M(t)] the monomer concentration, R; the initiation rate, and k, and K the propagation and termination con-
stants, respectively. The rate of initiation R; is the fundamental parameter which regulates the amount of photoactive
molecules which are created at a certain moment of the process, and at any point (y, z) into the material:
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The initiation rate R; (E. 44) depends on the photoinitiator efficiency f and the volumetric absorbed light I; this expres-
sion follows the convention according to which one photoinitiator yields two radicals, and this motivates the presence
of the factor 2. fis in general a factor < 1 and represents the percentage probability of the photoinitiator of yielding
two radicals.

In linear processes and assuming a Gaussian beam illumination profile (Figure A2.1), the volumetric absorbed light I,
corresponds to the z-derivative of the absorbed light intensity between two different planes along the optical propaga-
tion [108], and therefore it can be expressed as:

I, = [lo]d(y, z)e Mol
E. 45

where Az corresponds to the travelling distance of light into the material, and [I,] is the initial photoinitiator concen-
tration. By plugging E. 42 into E. 45, one can find the spatial distribution of the initiated molecules, and therefore the
one-photon polymerization profile (Figure 1.14 (a)). Figure A2.1 shows the computed intensity distribution for a Gaussi-
an beam focused in z=30 um into a photopolymer having refractive index n=1.5 at A=340 nm wavelength. The NA of the
focusing objective is considered to be 0.7, the average power is F,,,=10 nW and the exposure time is set to be t,,,=0.05
s.

Table 3 summarizes the physical parameters used in the one-photon polymerization profile distribution simulation
exemplified in Figure 1.14 (a).

Parameter Value Unit
A 340 nm
NA 0.7 -
ny 1.5 =
P, 10 nw

[P1y] 0.01 mol/L
[My] 3.1 mol/L
f 0.8 -
£ 1.75104[172] L/mol/cm
k, 103 [108] L/mol/s
k, 107 [108] L/mol/s
texp 0.05 s

Table 3 Physical parameters for the computation of the one-photon polymerization profile.

Appendix 2.3

Two-photon polymerization

The main difference between one-photon and two-photon polymerization mechanisms is that, while in 1PP the initia-
tion rate R; is linearly proportional to the photoinitating beam intensity, in two-photon polymerization R; depends on
the square of the flux of the initiating beam (Figure A2.2) [36]:

dne]
Rijpp = = dt

1 2
=5 824llIOIF

E. 46
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’
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With 8,4 being the two-photon absorption cross-section and F the photon flux of the photoinitiating beam ([
the factor% indicates that two photons are generally required to create one excited state.
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Figure A2.2 Photon flux square spatial profile.

E. 46 is solved for:

[1(0)] = [le 27"t
E. 47

In two-photon polymerization, femtosecond pulsed lasers are focused in order to trigger the photopolymerization reac-
tion; considering the physical parameters listed in Table 4, and 7 being the time interval in which the laser is on during
the reaction, the amount of polymer molecules created in t = t, is showed in Figure 1.14 (b).

Parameter Value Unit
A 680 nm
NA 0.7 -
ny 1.5 -
P,, 10 nwW
RR 80 MHz
At 140 fs

[PI,] 0.01 mol/L

[My] 3.1 mol/L
f 0.9 -
LT 35 [124] GM
k, 103[108] L/mol/s
k; 107 [108] L/mol/s
v 5 pum/s

Table 4 Physical parameters for the computation of the two-photon polymerization profile.
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Appendix 3

As | presented in Chapter 3 and Chapter 4, phenylacetylene and divinylbenzene (DVB) were found to be working candi-
dates for the fabrication of optical waveguides inside PDMS through multiphoton polymerization. Their molecular
structure is reported in Figure A3.1.

(a) (b)

Styrene 9-Vinylcarbazole (solid) 1,4-Phenylene dimethacrylate (solid)
n=1.55 n=1.68 n=1.515

LT oy s

Bisphenol A dimethacrylate (solid) Benzyl acrylate Benzyl methacrylate
n=1.54 n=1.52 n=1.51

Figure A3.2 Monomers with high refractive indices.

Many monomer-photoinitiator combinations were tested in the early stage of the project.

Figure A3.2 shows all the monomers with high refractive indices (n > 1.5) we have tested throughout this research. The
photoinitiators we have selected for testing are reported in Figure A3.3.

128



Appendix

o O o O o
P

Mes};lgg<j> Mes>_ _{Mes

Irgacure 369 Irgacure TPO Irgacure 819
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Figure A3.3 Commercially available photoinitiators.

Different combinations of monomers, crosslinkers and commercially available photoinitiators were tested by one-
photon polymerization (UV irradiation) first. The promising formulations were then tested by two-photon polymeriza-
tion and they are summarized in Table 5.

Monomer Crosslinker Crosslinker PI Pl [wt%]  Azep[nm] Polymerization Waveguiding
[wt%]
Phenylacetylene - - - - 680 yes yes
Phenylacetylene - - DETC 1 yes no
Phenylacetylene - - Irgacure 819 2 740 no -
Phenylacetylene - - Irgacure OXEO1 2 680 yes no
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Divinylbenzene - - - - 680 no -
Divinylbenzene - - Irgacure OXEO2 1 680 yes yes
Divinylbenzene - - Irgacure OXEO2 2.5 680 yes yes
Divinylbenzene - - Irgacure OXEQ2 5 680 yes yes
Divinylbenzene - - Irgacure OXEO1 1 680 yes no
Divinylbenzene - - Irgacure OXEO1 2 680 yes no
Divinylbenzene - - Irgacure OXEO1 5 680 yes no
Divinylbenzene - - Irgacure OXEO1 10 680 yes no
Divinylbenzene - - Irgacure OXEO3 1 720 yes no
Divinylbenzene - - Irgacure OXEO3 1 720 yes no
Divinylbenzene - - Irgacure OXEO3 5 720 yes no
Divinylbenzene - - Irgacure OXEO3 10 720 yes no
Styrene - - - - 680 no -
Styrene - - DETC 0.25 780 yes no
Styrene - - DETC 0.5 780 yes no
Styrene - - DETC 0.75 780 yes no
Styrene - - DETC 1 780 yes no
Styrene - - DETC 1.5 780 yes no
Styrene - - DETC 2 780 yes no
Styrene - - Ivocerin 1 800 yes no
Styrene - - Irgacure OXEO1 0.75 680 yes no
Styrene - - Irgacure OXEO1 1 680 yes no
Styrene - - Irgacure OXEO1 2.5 680 yes no
Styrene DVB 20 Irgacure OXEO1 1 680 yes no
Styrene DVB 20 Irgacure OXEO1 2.5 680 yes no
Styrene DVB 20 Irgacure OXEO1 5 680 no -
Styrene DVB 20 Irgacure OXE02 2.5 680 no -
Styrene DVB 20 Irgacure OXEO3 2.5 720 no -
Styrene DVB 20 Irgacure TPO 2.5 760 no -
Styrene DVB 20 Irgacure 819 2.5 740 no -
Styrene - - Irgacure 369 0.5 680 yes no
Styrene - - Irgacure 369 0.75 680 yes no
Styrene DVB 20 Irgacure 369 2.5 680 yes no

Table 5 Monomer/Pl combinations we have tested throughout the project.

The main results can be summarized as follows:

Phenylacetylene doesn’t polymerize in the presence of 7-diethylamino-3-thenoylcoumarin (DETC) and Irgacure
819;

e  Phenylacetylene polymerizes in the presence of Irgacure OXEO1 but there is no waveguiding;

e Phenylacetylene can polymerize thanks to self-initiation without a photoinitiator; the resulting waveguides can
guide light;

e DVB doesn’t polymerize without a photoinitiator; DVB polymerizes in the presence of Irgacure OXEO1 and
Irgacure OXEO3 but there is no waveguiding;

e DVB polymerizes in the presence of Irgacure OXEO2 and the resulting waveguides can guide light;
e Styrene doesn’t polymerize without a PI;
e Styrene doesn’t polymerize in the presence of Irgacure OXE02, Irgacure OXEO03, Irgacure TPO and Irgacure 819;

e |vocerin, Irgacure OXEO1 and Irgacure 369 can trigger the styrene polymerization reaction but waveguides
don’t guide light;

e Irgacure 819 did not yield the photopolymerization of any of the monomers we have tested;
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e Acrylate-based monomers always failed in our experiments, most likely due to their slight polar nature and
poor solubility in PDMS.

Although DETC and Irgacure OXEO1 successfully triggered the photopolymerization reaction of the monomers we have
selected, no waveguiding effects were observed; this is possibly due to absorption caused by the presence of the PI
molecules in the waveguide structure. Moreover, waveguides fabricated based on styrene were frail and did not sustain
the solvent process to remove unreacted monomer and Pl, possibly due to a small molecular weight in the polymer
product and the lack of crosslinking.

Appendix 4

Silicon wafers have been manufactured at the Center of Micro and Nano-Technology of EPFL (CMi) and sent to Sonova.
The process flow for the realization of the wafers (Figure A4.1) consists of a standard photolithography fabrication
method; here | report the photolithographic procedure for the fabrication of Wafer 4. A thin layer of suitable photore-
sist (2 um) has been spin coated and exposed to laser light of appropriate wavelength for removal in a mask-less direct
laser writing tool (Heidelberg MLA 150). After developing of the photoresist, the molding grooves have been etched
into silica by means of a HF chemistry etcher (SPTS uEtch). The remaining photoresist has been stripped and a second
pattern has been created onto silicon by means of a fluorine chemistry etcher (AMS 200 Alcatel SE) for the realization
of the grooved structures. The desired dimensions of the structures were achieved with high accuracy.

LATERAL VIEW TOP VIEW LATERAL VIEW TOP VIEW
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SI02 (2 um) , T 5102 (2 um) Photoresist exposure
o Si Si
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photoresist . T 502 (2 um) Photoresist development
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202 Sio2
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Figure A4.1 Photolithographic process flow for the fabrication of Silicon dioxide grooved wafers for the PDMS microendoscope pro-
totype realization.

Appendix 5

In Paragraph 6.3.2 of Chapter 6 | have described the procedure for the calibration of the cladding. We have printed
structures like the one depicted in Figure 6.4 (b), at varying laser power percentage (from 35% to 45 %) and writing
speed (from 6000 to 10000 umy/s). The goal of this calibration was to identify the experimental parameters for the 3D
printing of undamaged, uniform, and homogeneous objects where higher refractive index cores have to be embedded.
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The geometries need to resemble the designed model and show uniform phase accumulation from holographic meas-
urements. Here, | report the full calibration data we have extrapolated from the recorded holograms. Figure A5.1 and
Figure A5.2 show the longitudinal and transversal cross-sectional profiles averaged along the whole sample dimensions,
respectively. As the writing speed is increased, the printed object shows deteriorated phase profiles in terms of homo-
geneity, and the average value decreases. In other words, at reduced speed it takes higher power percentages to have
resembling samples and homogeneous refractive index value along their length.
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Figure A5.1 Longitudinal phase accumulations of 40 x 13 x 200 um objects (D x H x L in Figure 6.4 (b)) for the cladding calibration.
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