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Introduction

The world fundamentally changed when an American physicist Theodore Harold
Maiman invented the revolutionary first working laser in 1960. The term laser origi-
nated as an acronym for light amplification by stimulated emission of radiation. Com-
pared to conventional light sources, it attracted significant interest due to its unique
characteristics including monochromaticity, coherence, collimation and brightness.
Depending on the type, lasers have wavelengths in the electromagnetic (EM) spec-
trum ranging from ultraviolet (UV) to infrared (IR). Each of these wavelengths has
its own specific energy characteristics and therefore applications. As a result, a wide
variety of laser applications have been developed and applied in various fields in-
cluding industry (including additive manufacturing (AM)), science, astronomy and

healthcare, as well as communications and military.

In this thesis, two cutting-edge laser technologies have been thoroughly investi-
gated. The present work consists of two main parts. The first focuses on femtosecond
pulsed laser-induced two-photon polymerization (TPP) to fabricate ultraprecise 3D
microscale structures, an activity undertaken as part of a joint project between the
Department of Chemistry and the Department of Engineering and Architecture at the
University of Parma. The second focuses on multicore fibers (MCFs) for amplifica-
tion and lasing, an activity undertaken as part of a close collaboration between two

Universities of Parma and Modena.

The significant technical development of ultrashort pulsed laser systems has led
to novel opportunities for AM, including fabrication of arbitrary and complex 3D

structures having features as small as 100 nm through TPP processes. Over recent
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years, this cutting-edge AM technology has received growing attention due to the
creation of devices in the fields of advanced photonics (e.g., photonic crystals and
microresonators), as well as biomedical applications (e.g., biological scaffolding, mi-
crofluidic devices and microneedles for drug delivery). Therefore, in order to stay
up-to-date with the latest technology and enjoy the potential benefits of this innova-
tive method, the laser laboratory at the Department of Engineering and Architecture
(DIA) was equipped with an ultrashort pulsed laser for microfabrication via TPP, on
loan from the University of Bologna. The laser generates 80 fs pulses with an energy
of 70 nJ and peak power of approximately 100 kW. The repetition rate and operat-
ing wavelength are 76 MHz and 1030 nm, with the latter frequency doubled to 515
nm with a pulse energy of 25 nJ. It is worth noting that the TPP system used for
the fabrication of 3D micro-scale structures needed to be set up completely, which
took more than a year due to its considerable complexity to align components includ-
ing the laser source, shutter, attenuators, stages, mirrors, objective lens etc., with the
potential to use infrared or green laser beams depending on the desired structures.
During the second and third year of the doctorate, the influence of ultrashort pulsed
laser beams on different types of materials including commercial and custom-made
photoresists was investigated in order to choose the most suitable resin for the TPP
setup. Once the best material was chosen for the operating range of the laser system,
several tests were performed to determine appropriate fabrication parameters such as
laser power, scanning speed, layer height and hatch distance to produce the desired
3D microstructures with the highest possible structural resolution.

In parallel with the first project, a second topic was addressed, centered on the
evaluation of the performance of multicore fibers (MCFs) designed for high-power
fiber laser applications. This cutting-edge technology is posited as the best candidate
to replace conventional fibers in lasers and optical amplifiers due to their consider-
able potential for delivering a single higher-power beam by combining several lower
power beams coherently, which facilitates the possibility of overcoming the thresh-
old power limit caused by the onset of nonlinearities and transverse mode instabilities
(TMlIs). However, the thermal effect on all doped active cores of a uniformly applied

heat load, originating from the quantum defect in the amplification process, leads
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to interaction between optically uncoupled cores, which can result in spurious mode
coupling that causes detrimental effects on system performance. In this work, differ-
ent configurations of this new revolutionary fiber including 9-core and 16-core MCFs
have been investigated. The effects of thermal dissipation on doped cores and their
relative material refractive index variations, as well as mode dephasing, have been
investigated through a combined thermal and optical finite element method (FEM)

model which is quite effective for the analysis of such problems.

The dissertation is organized as follows:

Part 1

» Chapter 1 introduces 3D printing (also known as additive manufacturing) as
a promising technology to produce arbitrary objects directly from 3D digital
models by adding a wide range of materials layer-by-layer. The main advan-
tages of this technology over subtractive manufacturing are highlighted as well.
Moreover, two different types of AM technology based on laser material inter-
actions are discussed in detail, including powder bed fusion and stereolithog-
raphy, including their applications and steps needed to produce desirable struc-

tures.

* Chapter 2 provides a general literature review of two-photon polymerization as
a revolutionary novel 3D printing technique to fabricate complex and ultrapre-
cise 3D micro- and nano-scale structures with resolutions below the diffraction
limit of the employed wavelength. The phenomenon of two-photon absorption,
which represents the interaction between two photons emitted from an ultrafast
laser source and a material including degenerate and non-degenerate processes,
is summarized in this chapter. In addition, the various types of photosensitive
materials (photoresists) used in this process, such as negative and positive pho-
toresists and their fundamental differences, are reviewed in detail. Finally, the
spatial resolution of fabricated microstructures, directly related to the voxel

size or the minimum fabrication unit volume, is discussed.
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* Chapter 3 investigates negative photoresists employed during laboratory activ-
ities, including commercial (femtoBond C and E-Shell 300) and custom-made
(TPGDA, PEGDA and PETIA) compositions. A custom-built setup employed
for experiments within this work with a brief description of its key components
such as an ultrashort pulsed laser source, shutter, motorized attenuators, high-
precision stages, etc., are presented in this chapter. Moreover, the steps which
must be followed to fabricate desirable 3D microscale structures are described

in detail.

» Chapter 4 presents experimental results relating to the polymerization of ma-
terials, namely transformation from a liquid to a solid state via two-photon
absorption, along the path of the moving focused laser beam emitted from
an Ytterbium-doped Potassium Gadolinium Tungstate (Yb:KGW) ultrashort
pulsed laser source. The details of determining the entire range of usable laser
power, from the polymerization threshold to the damage threshold, is described
in this chapter by producing an array of lines within the photoresists. Several
tests are also performed to build small square prisms with dimensions of 350
um x 350 um x 1000 pm in order to choose the most suitable photoresists for

experiments.

* Chapter 5 reports the development of 3D solid microneedle arrays as a novel
transdermal drug delivery system with 49 conical needles arranged in a 7x7
configuration containing cones with a base diameter of 250 yum, tip diameter
of 30 um, height of 800 um and pitch of 500 um from PETIA. The influence
of fabrication parameters including laser power, scanning speed, hatch distance
and layer height on the structural resolution and fabrication time of micronee-
dles are studied in detail. Furthermore, the interaction between a single mi-

croneedle and human skin through finite element simulations is investigated.
Part IT

* Chapter 6 introduces multicore fibers as a cutting-edge technology to over-
come the threshold power limit caused by the onset of nonlinearities and trans-

verse mode instabilities in high-power applications by combining several lower
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power beams coherently to obtain a single higher power beam. Moreover, the
impact of thermal effects, due to the quantum defect in the optical amplification
process, on the performance of 9-core and 16-core Yb-doped multicore fibres

designed for high-power lasing and amplification applications is investigated.

The aims and objectives achieved during three years of the PhD course are listed

below:

* Knowledge of the state-of-the-art of TPP in relation to technologies and mate-

rials.

» Knowledge of the properties of a femtosecond laser as well as the ability to use

one.

* Designing and implementing the optical path for TPP machining in both in-
frared and visible through non-linear optics.

* Photoresist optimization in relation to the properties required according to the
application (chemical/thermal stability and photostability, mechanical proper-

ties, optics, biocompatibility, etc.).
* Ability to create simple 3D microstructures.

* Design of complex 3D microstructures for specific applications such as mi-

croneedle arrays.

* Ability to analyze the resolution of fabricated 3D microstructures through scan-

ning electron microscope (SEM).

* Analysing the impact of thermal effects, due to the quantum defect in the opti-
cal amplification process, on the performance of 9-core, 16-core Yb>-doped
multicore fibres (MCFs) designed for high-power lasing and amplification ap-

plications through finite-element method (FEM) simulations.






Part I - Femtosecond laser-induced
two-photon polymerization






Chapter 1

Introduction to laser-based 3D

printing

The optimal use of time and resources, together with increased product function-
ality and customization, are amongst the primary reasons motivating companies to
move towards advanced manufacturing technologies. Three-dimensional (3D) print-
ing, also referred to as additive manufacturing (AM) [11] or rapid prototyping, is
becoming increasingly popular due to its ability to build 3D structures directly from
a computer-aided design (CAD) file by adding material layer-by-layer. In contrast
to subtractive manufacturing (SM) technologies, which remove undesired material
from a workpiece to build objects, this approach brings appreciable benefits such as
increased design flexibility and dramatically reduced manufacturing waste [12] as
well as reduction in fabrication time [13]. Figure 1.1 shows the difference between
subtractive and additive manufacturing methods [14]. 3D printing also allows the de-
sign and creation of objects with much higher structural resolution and quality than
conventional manufacturing methods while using diverse materials including ther-
moplastics, metals, ceramics and resins [15] depending on the desired application.
This promising technology has found a wide range of application areas in medicine
(e.g., tissue engineering, dental implants, etc.), agriculture [16], food [17], building

and construction [18], as well as in the automotive and aerospace industries [1].
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‘u. Subtractive Manufacturing

Figure 1.1: Classification of manufacturing processes: subtractive and additive.

There are several types of laser-based 3D printing, including powder bed fusion
(selective laser melting, selective laser sintering), stereolithography [19] and two-
photon polymerization [20], which are able to build high resolution structures via a
focused laser beam. Although each of the mentioned methods has its own distinct
attributes, they share some similar steps in the production of a structure. Typically,

these include:
* 3D modeling of the desired object using CAD software.
* Converting the CAD file into STL format.

* Numerically slicing the STL file into thin layers or cross-sections using slicer

software.
* Generating a G-code file and transferring it to the 3D printing machine.
* Printing the object in a layer-by-layer manner.

* Post processing (e.g., removing the object from the build platform, removing
possible support structures, heat treatment, polishing, etc.) to obtain the fabri-

cated structure as shown in Figure 1.2.



1.1. Laser powder bed fusion 11

N | Y i
STL

3D Model STL File Slicing Machine Parameters

==
¥ ¥ @

3D Structure Post-processing 3D Printing

Figure 1.2: Common steps in additive manufacturing.

Choosing the right 3D printing process for a certain applications is vital to achieve
design goals. The following chapter gives a brief introduction to laser powder bed
fusion (selective laser melting, selective laser sintering) and stereolithography pro-
cesses, as well as their differences.

1.1 Laser powder bed fusion

Over the years, laser powder bed fusion (LPBF), a subset of 3D printing, has gained
much attention due to its potential to produce complex 3D structures with accurate
dimensions and hollow structures. Increasing the speed of prototyping and manu-
facturing, and reducing fabrication costs and material waste [21], are the greatest
benefits of this process over alternative traditional methods. Therefore, LPBF is the
most common 3D printing technology in modern automotive and aerospace indus-
tries, as well as in medical fields [22]. The LPBF process uses a high-power laser
beam to melt or sinter specific points on a layer of metallic or plastic powder to build

3D solid objects layer-by-layer. The high density of fabricated objects due to tight
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adhesion between layers makes this process a popular choice among manufacturers.
Depending on powder material, LPBF can be divided into two classes: selective laser
melting (SLM) and selective laser sintering (SLS).

1.1.1 Selective laser melting

Selective laser melting (SLM), also referred to as laser powder bed fusion (LPBF)
or direct metal laser melting (DMLM), is one of the most impressive 3D printing
techniques, allowing sophisticated structures to be produced by applying a focused
laser beam to melt metal powders [23]. SLM can be employed with diverse materi-
als including stainless steel, titanium, aluminium [24] and composite materials [25],
depending on the desired application. As a result, this process can be used in a wide
range of industrial applications including aerospace, automobile, oil refinery, marine,
construction [26], jewelry and medical devices (e.g., trabecular lower jaw implants,
dense skull plates and dental implants) [27, 28]. Figure 1.3 presents a schematic of
the SLM manufacturing process, which depicts several steps needed to reach the de-
sired result. The fabrication process begins once a thin (20—100 um) [29] layer of
powder from the powder delivery cylinder is homogeneously spread across the build
platform by a roller. The scanner system then allows the high power laser beam to
move across the surface of the layer in correspondence with a G-code file. After heat-
ing the first layer of powder, the fabrication piston is lowered according to the layer
height and a new layer of powder is deposited. The layering and melting process is
repeated until the the final part is fabricated. After completion of the entire process,
the fabricated part is removed from the base plate and unmelted powder is removed
with brushes and compressed air during post processing. In order to prevent the ma-
terial from oxidizing, the building chamber must first be filled with high-purity inert
gas such as argon or nitrogen [30]. A review of the literature reveals that choosing
the right material and fabrication parameters such as laser power, scanning speed and
spot size plays a fundamental role in determining the quality of the final part [31].
Therefore, the optimal combination of fabrication parameters is one of the vital steps
required to achieve the desired structure in the SLM process.
Table 1.1 reports the major advantages and disadvantages of SLM [32, 33, 34].
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Figure 1.3: Schematic setup of SLM manufacturing [1].

Advantages Disadvantages

Producing complex devices with ac- High cost of SLM machines and mate-
ceptable mechanical properties rials

Using a broad range of metal materials Inert gas supply is required

Relatively fast Post-processing is required

Table 1.1: SLM technique: advantages and disadvantages.

1.1.2 Selective laser sintering

Selective laser sintering (SLS) was first developed by Dr. Carl Deckard and and Dr.
Joseph Beaman [35] in the 1980s at the University of Texas. It is often used in the
manufacturing industry [36] where a thermal source such as focused laser beam (e.g.,
carbon dioxide CO, laser source) [37] precisely sinters material in powder form,

without melting, to fabricate 3D structures. SLS and SLM share similar process steps
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to build an object as described in the previous section, with the main difference be-
tween them being the employed materials. In fact, SLS uses a variety of materials
including ceramic and thermoplastics such as PA12 (Nylon) and PEEK (Polyether
ether ketone) [38]. Numerous applications have been reported in the literature for
this process in the medical, dentistry, military, engineering and electronics industries
[39]. The most significant advantages and disadvantages of SLS are listed in Table
1.2 [40, 41].

Advantages Disadvantages

Fabricating complex shapes High cost of SLS machines as well as
materials

Using a broad range of materials Poor surface finish

Short manufacturing cycle Post-processing is required

No need for supports Defects in the manufactured parts due

to large shrinkage rates

Table 1.2: SLS technique: advantages and disadvantages.

1.2 Laser-stereolithography

Laser-based stereolithography (referred to as SLA or vector-based SLLA) [42] belongs
to the first generation of prototyping methods that were developed and commercial-
ized, and is still widely used today in industry [43] since it enjoys important advan-
tages of high precision and speed in fabricating complex shapes [44] using materials
such as polymer, ceramic composite [45] and metal [42] to fabricate 3D objects that
would be difficult or impossible to manufacture with traditional methods. SLA is clas-
sified as vat photopolymerization (VP) according to the American Society for Testing
and Materials (ASTM) standards [46]. During the SLA fabrication process, an ultra-
violet (UV) laser beam is focused into a vat filled with liquid resin. The obtained
result is selectively curing and solidifying on the surface of the resin along the path

followed by the moving focused laser beam. Therefore, using a layer-by-layer ap-
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proach is the only option to fabricate 3D structures. In order to create a new surface,
the fabrication platform is lowered into the resin vat according to the layer height,
ranging from 25 pum to 100 um [47], and another liquid resin layer is deposited,
with excess resin removed by a blade. These steps are repeated until the complex 3D
structure is produced as shown in figure 1.4. The next step after obtaining the desired
structures is developing the sample by applying a suitable solvent such as isopropyl
alcohol to remove unsolidified material and then manually removing support struc-
tures made from the same printing material [42]. Finally, an ultraviolet irradiation
device, if needed, is used to provide uniform cross-linking of the developed structure
to ensure that it is mechanically stable with the desired structure. SLA finds many
uses in a wide variety of industries such as aerospace, automotive [42], molds, toys
[48], conceptual models and biomedical applications including customized implants
and tissue engineering [49]. The key advantages and disadvantages of SLA are sum-
marized in Table 1.3 [50, 51, 42].

s Laser beam P ’
Laser ik

Fabrication
platform )

Cured resin

Liquid resin

Vat

Figure 1.4: Schematic setup of laser-SLA. A UV laser is applied to solidify the sur-
face of the liquid resin in a layer-by-layer approach to fabricate 3D structures [2].
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Advantages

Disadvantages

Producing complex 3D structures with
high accuracy and resolution

Using a broad range of materials de-
pending on desired applications
Relatively fast

Reduction of scrap

Resin drainage of thin walled parts is a
challenge

High cost of SLA machines as well as
advanced materials

Post-processing is required

Weak mechanical properties

Table 1.3: SLA technique: advantages and disadvantages.

It is worth noting that traditional SLA and two-photon polymerization (as one of
the two main topics in this work) are based on a similar mechanism where polymer-
ization of the liquid resin, namely transformation from a liquid to a solid state, is a
crucial process in both approaches to produce 3D structures. However, by employing
femtosecond laser pulses during two-photon polymerization process, a minimum fea-
ture size is achieved which is several orders of magnitude smaller than SLA resulting
in significant improvement in structural resolution. Therefore, this cutting-edge AM
technology allows the fabrication of devices for advanced photonics and biomedical
applications in a single manufacturing step which is in fact impossible to happen us-

ing layer-by-layer SLA process.

This process will be discussed in greater detail in the chapters that follow.



Chapter 2

3D Microfabrication via
two-photon polymerization

Motivation is a fine example of social complexity.
It is nonlinear and sometimes unpredictable.

It cannot be defined or modeled with a single diagram.

— Jurgen Appelo

Over the past decades, unprecedented advances in 3D printing technology have
led to the emergence of innovative approaches to this cutting-edge technology. Among
these, two-photon polymerization (referred to as TPP or 2PP), has gained much at-
tention in terms of research due to its promising potential as a revolutionary maskless
3D microfabrication technique [52, 53], to achieve resolution beyond the diffraction
limit [54, 55, 56, 57, 58, 59]. The Abbe diffraction limit is one of the most widely

used formula [60] to determine the spot size of a laser beam [61], which is given as

A
d=——
2NA

where A and NA are the laser wavelength and numerical aperture of the focusing

2.1)

objective, respectively [62]. This outcome owes to major technological advances in

ultrashort pulsed laser systems [63] whose pulse duration and pulse energy are often
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in the order of femtoseconds (fs or 10~13 s) [64, 65] and nanojoules (nJ) [66], re-
spectively. In fact, TPP, employing an ultrashort pulsed laser source and appropriate
photoresist (photosensitive material), is considered a breakthrough technique for pro-
ducing arbitrary micro- or nanoscale structures directly from a CAD model [67] with-
out requiring clean room facilities [68]. Since 1997, when the first high-resolution 3D
microstructure was fabricated with a titanium-sapphire ultrashort pulse laser through
TPP by Shoji Maruo, Osamu Nakamura and Satoshi Kawata [69], this technology
has experienced significant progress in a large variety of academic and commercial
applications including 3D photonic crystals [70, 71], metamaterials [72, 73], micro-
electromechanical systems (MEMS) [74, 75, 67], 3D microactuators [65], labs on a
chip [76], microrobotics [77], plasmonics [78], scaffolds for cell cultures [79, 80],
microfluidics [81, 82] and microneedle (MN) devices [83, 84, 85, 86].

In spite of TPP capability to produce true 3D microstructures [65] with higher
resolutions and smoother surfaces [87] which in fact distinguishes this technique
from the conventional ones, relatively low mechanical strength of functional parts
due to the submicron size of components [67, 88] as well as very low area printing
speed [89] still belong to the main issues of this technology. Therefore, by solving
the aforementioned problems and manufacturing low-cost femtosecond lasers, the
final throughput of fabrication can be improved significantly which results in com-
mercialization of the TPP process and subsequently higher chances of being applied

in various optical and medical fields [90, 91, 92].

2.1 Two-photon absorption

The principle of TPP technology is based on non-linear two-photon absorption (TPA
or 2PA), which represents the interaction between two photons emitted from an ul-
trafast laser source and a material. TPA is the excitation of one atom or molecule
from the ground state to the excited state by simultaneous absorption of two pho-
tons with the same or different energy, referred to as degenerate and nondegenerate
processes, respectively (Figure 2.1) [62]. The sum of the energy of the two photons

determines the energy difference between the ground and excited states where h and
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Figure 2.1: Schematic illustration of TPA: degenerate (a) and non-degenerate (b) pro-
cesses. Dashed horizontal lines indicate virtual intermediate states [3].

v are Planck’s constant (6.62607015 x 107>* Js) and the photon frequency, respec-
tively.

This phenomenon was first predicted theoretically by Maria Goppert-Mayer in
1931 as part of her Ph.D. thesis at the University of Gottingen in Germany. Thirty
years later, Kaiser and Garret observed TPA in a CaF,:Eu”* crystal for the first time
by employing a pulsed ruby-crystal laser at a wavelength of 694 nm [93], which
produced significantly greater peak power than a flash lamp [94]. In the 1990s, as
sub-picosecond pulsed lasers (e.g., Ti:sapphire lasers) became more widely available,
TPA became more accessible to study [95]. TPA has shown considerable promise not
only in 3D microfabrication but also in microscopy, 3D data-storage, optical power
limiting and photodynamic therapy [95, 96].

The process initiates when ultrashort laser pulses, which have the ability to pro-
duce high peak power (tens or hundreds of kilowatts) [97] over a very short time

period (less than a picosecond) [98], are tightly focused into a very small volume
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Figure 2.2: Schematic diagrams comparing different absorption mechanisms. One-
photon absorption (a), simultaneous TPA (b) and stepwise TPA (c) of laser light. A
dashed horizontal line indicates a virtual intermediate state while a solid horizontal

line indicates a real intermediate state [4].

of transparent photosensitive material that triggers polymerization (solidification) to
fabricate arbitrary, complex micro- and nanoscale structures [99, 100, 101, 102]. The
TPA process is mainly divided into two types, which are simultaneous (Figure 2.2
(b)) and stepwise (Figure 2.2 (c)) absorption processes [94]. Stepwise absorption
takes place when an atom or molecule is excited to a real intermediate state through
absorption of the first photon, after which the second photon triggers the final excited
state. Simultaneous absorption instead takes place when there is an intermediate vir-
tual state, which is in fact the ultimate result of the interaction between the electro-
magnetic field and matter. Contrary to simultaneous TPA, in stepwise TPA there is
no requirement for coherence of the incident light, which can be considered as two
distinct one photon absorption events (Figure 2.2 (a)). Simultaneous TPA is regarded
as a more efficient and relevant option for microfabrication due to its extremely short
virtual state lifetime, from 107! to 10~!5 s, which is significantly shorter than the du-

ration of the pulse [103]. Stepwise TPA instead has a real intermediate state lifetime
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from 1077 to 10~* s [4, 104, 105].

2.1.1 Comparison between one- and two-photon absorption

Conventional stereolithography typically uses a UV laser to induce one-photon ab-
sorption (1PA) at a rate that is directly proportional to the incident intensity, while the
process is restricted to the photoresist surface leading to reduced resolution (Figure
2.3 (a)). In contrast, TPP can achieve a significant improvement in structural resolu-
tion by employing femtosecond laser pulses, typically in the visible spectrum, that are
able to deeply penetrate into the photoresist without being absorbed. The volume in
which material transformation takes place is confined to the focal point [106], where
the photon density is sufficiently high to induce absorption of two photons (Figure 2.3
(b)). During conventional stereolithography, the UV laser beam therefore excites an
entire column of liquid resin via 1PA, whose final product is a two-dimensional (2D)
pattern of polymerized material. During TPP, the visible femtosecond laser beam in-
stead polymerizes only a small volume, called a voxel [107], in the region in which
absorption takes place. TPA requires the use of longer wavelengths to reach a given
excited state from the ground state. Photons with half the energy (or twice the wave-
length) of the corresponding 1-photon transition must be used [108]. Under these
conditions, TPA increases with the square of the intensity of the radiation once the
polymerization threshold has been reached. TPP therefore enables the creation of

structures that would be impossible to produce with conventional layer-by-layer 1PP.

2.2 Materials for two-photon polymerization

Since variety, availability and the right choice of materials play an important role
in the structural resolution of a part or product in every fabrication process, such
factors must also be considered for TPP. Therefore, the main focus of most research,
both commercially and academically, is on the design and production of TPP-based
materials to fabricate ultraprecise 3D structures at the micro- and nanometer scale.

Novel photoresists such as biocompatible materials play an important role in tissue
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Figure 2.3: Comparison of different polymerization mechanisms: one-photon poly-
merization (1PP) (a) and two-photon polymerization (TPP) (b) [5, 6]. TPA occurs at
the focal point of a focused femtosecond laser beam inside the liquid resin vat, while
1PA is restricted to the resin surface, which leads to reduction of structural resolution
and quality.

engineering. For instance, they can be employed to fabricate 3D scaffolds which are
essential to create living tissues and control the growth of tissue by integrating them

artificially with host tissues within the body [7].

2.2.1 Photoresists chemical components

Photosensitive materials (photoresists), utilized for conventional stereolithography,
can also be used for TPP-based microlithography [109] to produce ym- and sub-um
structures. However, over the last decade, a wide range of photoresists including light-
sensitive polymers, hybrid polymer-ceramics and functionalized polymers [110, 111]
have been specifically developed and commercialized for TPP, which is crucial for

more precise applications.
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In general, photoresists consist of acrylic or meth-acrylic monomers, photoini-
tiarors, absorbers, additives and fillers [42]. Amongst these, monomers and photoini-
tiators are regarded as the two fundamental components [112] since they have signif-

icant impact on the photopolymerization process.

* Low molecular weight monomers [113] are the building blocks of a polymer
substance, which are connected to each other and form a solid 3D network after

being exposed to a light source [42].

* Photoinitiators, which are molecules with low photon dissociation energy, play
a crucial role in starting and determining the rate of polymerization by increas-
ing the reactivity of the resin [114, 115, 116]. Photochemical initiation is usu-
ally achieved by subjecting suitable photoinitiators to UV irradiation; however,
this can also be achieved through TPA at a longer wavelength, for example with
tightly focused green femtosecond laser pulses. Choosing a photoinitiator with
a large TPA cross-section (0) is an essential aspect of a polymerization process
[117] due to the effect that this parameter has on the reactivity of a photopoly-
mer resin [118]. In ultrashort pulsed laser applications, negligible optical dam-
age to photoresists can be obtained by selecting larger values of & due to the
lower required laser power [119]. In fact, § of most conventional photoinitia-
tors is designed for 1PA in the UV range, which is very small [120, 121]. As a
result, in order to initiate the TPA process for microfabrication via TPP, higher
laser power is needed. Generally, 0 is expressed in Goppert-Mayer (GM) units,
where 1 GM = 10~>cm~*s photon~!, and can be obtained from the following

equation:
hv
5= P
N
where hv is the energy of the absorbed photon, N is the number of absorbers

(2.2)

per unit volume and f3 is the TPA coefficient which contains information about
the probability of a molecule or atom absorbing two photons simultaneously
[3]. Z-scan, the nonlinear transmission (NLT) technique and two-photon ex-
cited fluorescence (TPEF) are the most common techniques for determining &
[95, 108].



24 Chapter 2. 3D Microfabrication via two-photon polymerization

* By applying absorbers, the penetration of light into the resin can be reduced
and the depth can be also restricted, which is necessary to increase resolution
in some applications [42].

* Additives and fillers are added to a liquid photoresist when it lacks the desired
quality. Therefore, different properties including mechanical, thermal, optical
or even electrical can be improved [122, 42].

2.2.2 C(lassification of photoresist

Negative-tone and positive-tone photoresists are commonly used for TPP microfab-
rication, as shown in Figure 2.4 (a). The significant difference between negative and
positive photoresists after sample development is presented in Figure 2.4 (b). The il-
luminated volume of a negative-tone photoresists is cross linked and therefore the un-
exposed resin is removed during solvent treatment, or development. In positive-tone
photoresists, however, laser exposure causes molecular dissociation and therefore ex-

posed resin is washed away during sample development [7].

Developing &
step ¢

Epoxy-Based  Acrylate-Based Negative photoresist  Positive photoresist

(a) (b)

Figure 2.4: Classification of photoresists (a) [7]. Negative and positive photoresist
sample development (b) [8].
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Negative photosensitive materials can be either solid or liquid. The polymeriza-
tion of the epoxy-based photoresists (e.g., SU8 formulation) occurs through cationic
polymerization, where the interaction with laser irradiation produces an acid in the
illuminated regions. Therefore, polymerization only happens after the post-exposure
bake processing step. In liquid materials, which are acrylate- or methacrylate based,
photopolymerization occurs via free-radical polymerization. As a result, TPP poly-
merization process can be monitored in real time [7].

In general, both negative and positive photoresists play a major role in the fab-
rication of 3D microstructures and have a number of benefits and drawbacks. Neg-
ative photoresists are less expensive with higher adherence potential to silicon as
well as shorter processing times, while positive photoresists have superior resolu-
tion and thermal stability [123, 124]. Moreover, negative photoresists have higher
sensitivity than positive photoresists, which is crucial to reducing exposure time and

consequently increasing the efficiency of two-photon photopolymerization [125].

2.3 Two-photon photopolymerization

The components of a photoresist, including monomers/oligomers and photoinitiators,
undertake chemical reactions after interacting with electromagnetic radiation from
visible (e.g., green) or near-infrared (NIR) femtosecond laser pulses. Photopolymer-
ization is the transformation of small unsaturated molecules (monomers) into macro-
molecules of polymer through a set of chemical reactions which consists of three
basic steps: initiation (Eq. 2.3), propagation (Eq. 2.4) and termination (Egs. 2.5, 2.6)
[126, 127].

PI™HY pre R 2.3)

R-+M —RM- X RMM - ... = RM, (2.4)

RM,, - +RM,;,- — RM xR (2.5)
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RM,, - +RM,,- — RM,, + RM,, (2.6)

The photopolymerization process initiates when photoinitiators (PIs) absorb two
photons to reach the excited state (PI*) and subsequently break down into radicals
(R-). Subsequently, during the propagation phase, radicals react with monomers or
oligomers (M) to form monomer radicals (RM,,), which leads to the growth of lin-
ear macromolecules. Finally, the chain propagation is stopped by combining two
monomer radicals [128].

2.4 Resolution

The spatial resolution achieved during microfabrication via TPP is characterized by
the voxel size, the minimum fabrication unit volume in both the lateral (xy-plane)
and longitudinal (z-axis) directions [129]. Each voxel has an ellipsoidal shape [130]
as shown in Figure 2.3 (green polymerized region), where various types of structures
from a simple line to complex structures can be obtained by printing in a point-by-
point manner. It is essential to emphasize that in order to form high resolution solid
structures, an accurate distance between the voxels must be maintained.

The voxel width (d,) and height (1) can be theoretically predicted with Equations

2.7 and 2.8 [131]:
I(r)

dy = wo(ln(2))?, 2.7)
pt
I = 2z,( @—1)%. (2.8)
Iy

where wy is the minimum laser spot radius, /,; is the polymerization intensity thresh-
old (Equation 2.9) and I(r,z) is the Gaussian intensity distribution as a function of
the radial r and axial z distances from the focal point (Equation 2.10).
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where T is the objective transmittance, F,,, is the average laser power, M? is the

beam quality parameter [132], R is the pulse repetition rate and 7 is the laser pulse
duration. ) 5
w, 2r

I(r,z) = Iy—"=exp(— 2.10

(n2) =l (=) (2.10)

where [ is the intensity at the beam waist and w(z) is the beam radius given by:

Z

2}
ol @.11)

W(Z) = W()(l +(

where z, is the Rayleigh range, which can be expressed as the following:

n()W%ﬂ'

&= 2.12)

where ng is the real part of the material’s refractive index and A is exposure wave-
length. In order to determine the voxel size, there are also other equations which can
be found in the following references [133, 134, 135].

According to the findings of experiments performed within the present work, key
parameters such as laser power, scanning speed and applied objective lens can all
have a direct impact on voxel size, as discussed in Chapter 5. In fact, the fabricated
structures with lower laser power and higher objective magnification exhibit higher

quality and resolution.






Chapter 3

Materials and methods

3.1 Photoresists

A number of different photoresists were investigated experimentally, including com-
mercial products femtoBond C and E-Shell 300, as well as custom compositions
comprising TPGDA, PEGDA and PETIA. All were negative-tone resists where the
illuminated volume was cross-linked, with the remaining volume washed away dur-
ing sample development. The physical and chemical properties of photoresists can be
altered to fit the requirements of specific applications by carefully changing the quan-
tity of the components [136]. Making a selection of appropriate photopolymer resins
was not only a crucial task but also a very time consuming process. This step was
required to accomplished the desired resolution and quality of produced 3D devices

with arbitrary geometries based on the employed experimental TPP setup.

3.1.1 Commercial photoresists
femtoBond C

femtoBond C (Laser nanoFab GmbH, Germany) is an organic-inorganic hybrid ma-
terial with a ceramic content. Before laser exposure for microfabriaction via TPP,

drops of femtoBond C must be deposited on a glass substrate and left to rest in a dark
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environment for 24 hours at room temperature to evaporate residual solvent. This
photoresist is more effective for the fabrication of microfluidics, micro-optics and

micromechanics. It is also a biocompatible, which is ideal for biomedical devices.

E-Shell 300

E-Shell300 (EnvisionTEC GmbH, Gladbeck) is a cheap dimethacrylate-based liquid
photoresist with a viscosity of 339.8 MPa-s, tensile strength of 51.6 MPa and density
of 1.185 g/cm?>. This liquid resin is mainly designed for the fabrication of biomedical
devices such as hearing aid shells as well as otoplastics due to its high strength and
stiffness [137].

3.1.2 Custom photoresists

In this work, not only the above mentioned commercial photoresists were investigated
but also several custom photoresists were developed and tested in order to determine
the ideal composition in terms of monomer and photoinitiator for each chosen appli-

cation.

TPGDA

TPGDA (Tripropylene glycol diacrylate) is a difunctional reactive diluent with a
branched alkyl polyether backbone (Figure 3.1 (a)), which is supplied by Allnex (All-
nex Holding S.a.r.1., Luxembourg). It is highly active and has low viscosity (10-15
MPa-s) and volatility. It is a suitable monomer when water resistance and good flex-
ibility are required. TPGDA can be used in UV and electron beam cured coatings,
inks and adhesives. Preparation of the photoresist was performed by mixing TPGDA
monomer with 0.1 phr. (per hundred resin) IRGACURE 819 photoinitiator until the

latter was completely dissolved in the liquid resin monomer.
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PEGDA

PEGDA (Polyethylene glycol diacrylate) is a long-chain hydrophilic, crosslinking
monomer (Figure 3.1 (b)). This thermosetting polymer can be used for a variety of
drug delivery and tissue engineering based applications. The PEGDA photoresist was
employed in this work was achieved by combining this monomer and Irgacure 819
(0.5 phr.).

PETIA

PETIA (Pentaerythritol triacrylate), developed by Allnex, is a multifunctional acry-
late monomer containing a mixture of tri- and tetra-acrylate esters (ratio 1:1) with a
high degree of acrylic unsaturation (Figure 3.1 (c)). It is characterized by a fast cure
speed, high hardness and high gloss. This material is not only used for traditional UV
cured coatings and ink systems where a high degree of crosslinking is required, but
can also be employed in the field of additive manufacturing relating to vat photopoly-
merization technologies such as two-photon polymerization. Before printing, PETIA
monomer and Irgacure 819 (0.1, 0.2, 0.5, 1 and 2 phr.) were mixed and kept away
from light under magnetic stirring until the complete dissolution of the photoinitiator

grains in the liquid resin monomer was achieved.

Photoinitiator

Irgacure 819, bis-(2, 4, 6-trimethylbenzoyl)-phenylphosphine oxide (BASF, Germany)
was employed as photoinitiator (Figure 3.1(d)) in order to further improve the effi-
ciency of the TPA process. When exposed to UV radiation, Irgacure 819 is decom-
posed into two radicals that can react with a monomer by opening its carbon-carbon
bond and initiating a three dimensional network. The polymer chains are propagated
via radical reactions with available acrylate double bonds on monomers or other poly-
mer chains, giving rise to a thermoset crosslinked structure. Photopolymerization can
be controlled by varying the laser intensity, photoinitiator concentration, exposure

time, or monomer structure.
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Figure 3.1: The molecular structures of TPGDA (a), PEGDA (b), PETIA (c) and
Irgacure 819 (d) applied within the project to develop different custom-made negative

photoresists.

It is worth noting that TPGDA, PEGDA and PETIA can be polymerized by free
radicals during the 3D printing process. The formulation of each custom photoresist
comprising monomers and the photoinitiator concentration in parts per hundred resin

(phr.) is summarized in Table 3.1.

Photoresist Monomer Photoinitiator (phr.)
TPGDA TPGDA Irgacure 819 (0.1)
PEGDA PEGDA Irgacure 819 (0.5)

PETIA (a) PETIA Irgacure 819 (0.1)

PETIA (b) PETIA Irgacure 819 (0.2)

PETIA (¢) PETIA Irgacure 819 (0.5)

PETIA (d) PETIA Irgacure 819 (1)

PETIA (e) PETIA Irgacure 819 (2)

Table 3.1: Chemical composition of employed custom photoresists comprising
monomers and photoinitiators (phr.).
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3.2 Laser setup

Having a powerful TPP setup is a critical requirement for the successful fabrication
of complex functional microscale structures. A custom built TPP setup, shown in Fig-
ure 3.2, was employed for microfabrication without the need for clean room facilities.
For safety, the setup was housed inside an aluminium cabinet equipped with an inter-
lock system that automatically switched the laser off when the door was opened. The
cabinet also prevented undesirable light sources such as direct sunlight or ambient
light from reaching the photosensitive material, thus avoiding uncontrolled polymer-

ization.

Figure 3.2: A photograph of the laser source and instruments employed for microfab-
rication via TPP.

A review of the literature reveals that TPP setups differ from one lab to another
depending on the application; however, most components are quite similar in the
majority of laboratories. Common elements include an ultrashort pulsed laser source

(femtosecond laser), high precision stages and powerful objective lenses. Figure 3.3
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shows some of the most important components employed within this work, which are
as follows:

1. An ultrashort pulsed laser source,
2. A shutter,

3. Motorized attenuators,

4. A polarizer rotator,

5. A non-linear crystal,

6. High-precision stages,

7. An objective lens.

Figure 3.3: Photograph of custom-built TPP setup.
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A schematic representation of the experimental setup is shown in Figure 3.4, where
infrared (IR) or green laser beams can be used depending on the desired structure.
Within the present work, the green laser beam was employed.

Figure 3.4: CAD drawing of TPP Setup for TPP microfabrication using IR (a) and
green (b) femtosecond laser beam.

A FLINT (Light Conversion, Lithuania) Ytterbium-doped Potassium Gadolinium
Tungstate (Yb:KGW) ultrashort pulsed laser source was employed to generate pulses
of duration 80 fs, energy 70 nJ and peak power 100 kW. The repetition rate and oper-
ating wavelength were 76 MHz and 1030 nm, respectively, with the latter frequency
doubled to 515 nm with a maximum pulse energy of 25 nJ. A shutter was employed to
control exposure of the resin by allowing passage of the laser beam via a control sig-
nal provided through computer software. The average laser power and pulse energy
transmitted to the working area were controlled by motorized attenuators compris-
ing rotating waveplates and polarizers. A nonlinear optical (NLO) crystal (Altechna,
Lithuania) was employed for frequency conversion of high intensity laser radiation.
This element was an essential component for the generation of green laser radia-

tion through optical nonlinearities, appropriate for achieving TPA by the employed
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photoresists. The average laser power was calibrated with a Gentec-EO MAESTRO
power meter, shown in Figure 3.5. The positioning system consisted of three Aerotech
linear motorized stages controlled via computer software programmed in G-code. A
horizontal platform was mounted on the x- and y-stages, while the focusing lens was
mounted on the z-stage. Total travel distance and maximum travel velocity in the
X-, y- and z-directions were 25 mm and 2.5 mm/s, respectively. Although the maxi-
mum velocity of the mechanical stages was low, they exhibited a high resolution and
repeatability of approximately 0.1 um and +0.75 pum as well. 10x and 20x micro-
scope objectives with numerical apertures (NA) of 0.25 and 0.4, respectively, were
used to focus the green (515 nm) femtosecond pulsed laser beam inside the photo-
sensitive material, which resulted in TPP and solidification taking place at the focal
point. In fact, the green laser beam was tightly focused with 10-20x objectives to a

spot size ranging from approximately 8 pm to 4 yum.

Figure 3.5: Photograph of the power meter employed to monitor and provide accurate

average laser power measurements.
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3.3 3D printing procedure

Microfabrication via TPP, depicted in Figure 3.6, started with the production of a
CAD model of the desired object using SOLIDWORKS (Dassault Systemes). The
CAD model was exported as an STL file and then sliced and hatched with open source
software Slic3r. A rectilinear snake-scan pattern with a 90° rotation between layers
was applied to fill internal regions. This resulted in an efficient balance of velocity
and strength with an automated procedure that could be applied to more complex
geometries. Subsequently, the obtained G-code was imported into the Aerotech soft-
ware, which was responsible for controlling the motorized stages as well as activating
the shutter. Material preparation was performed by placing drops of photoresist on a
transparent glass substrate mounted on a horizontal platform. Metal washers were
utilized to contain the photoresist within a cylindrical volume of height 2 mm and
diameter 10 mm on the glass substrate, which was raised 5 mm from the platform
to avoid high-intensity reflections from the latter. The laser beam was then focused
within the sample to achieve a sufficiently high photon density for TPP of material
within the focal volume, namely transformation from a liquid to a solid state via
polymerization along the path followed by the focused laser beam. The next step af-
ter obtaining the desired microstructures included developing the sample by applying
single droplets of solvent to remove unsolidified material. Removing unpolymerized
resin without destroying the structure proved to be a significant challenge. After a
number of preliminary tests, a mix consisting of 80% isopropyl alcohol with 20%
distilled water was found to be the most effective solvent. Finally, an ultraviolet irra-
diation device was used to provide uniform cross-linking of the developed structure
to ensure that it was mechanically stable, leading to emergence of the desired 3D

microscale structures on the glass substrate.

With the aim of determining appropriate process parameters for producing the
desired 3D microstructure through TPP, several tests were performed to quantify the
photosensitive material properties with the employed fabrication setup. As the poly-
merization threshold is a fixed material-specific value [138], the first fundamental

step was to identify the entire range of usable laser power from the polymerization



38 Chapter 3. Materials and methods

STL File Machine Parameters
Tk T
3D Model Slicing and Hatching l
.\“
é"' E') /j
. P . Y
\\ A laser Solldlflf!s uv Injecting drops of resin Laser Micromachining
photopolymerizable on a glass substrate
Developing Step transparent materials
I- d (VAR |
UV Curing 3D Structure

Figure 3.6: Fabrication steps performed to produce 3D microstructures via TPP.

threshold to the damage threshold by producing an array of lines within the resin at a
constant scanning speed and applying different values of laser power. A femtosecond
laser beam ideally has a Gaussian spatial intensity profile [139], leading to a region
in which polymerization takes place without damage. Figure 3.7 shows three Gaus-
sian profiles, below the polymerization threshold, above the threshold and above the
damage threshold. Depending on the photoresist, the laser power should lie above the
polymerization threshold and below the damage threshold (within the process win-
dow [140]) where the material is sufficiently cross-linked for a given scanning speed
to enable the production of any desired structure via TPP. The next step after drawing
2D lines within the photoresists was to produce more complex microstructures. In
order to reach this goal, small square prisms were produced based on the design in
Figure 3.8 (a) by applying different values of laser power at a constant scanning speed
of 0.1 mm/s. Finally, after determining the correct balance between laser power and
scanning speed for construction of a 0.35 x 0.35 x 1 mm square prism, the height of
the structure was reduced to half (0.5 mm) and then a quarter (0.25 mm), as shown

in Figure 3.8 (b). The influence of fabrication parameters including the layer height,
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defined as the distance between the center of two adjacent lines in the z-direction, and
the hatch distance, defined as the distance between the center of two adjacent lines
in x- and y-directions, on the structural resolution of rectangular prisms was stud-
ied [141, 142]. In order to make a fair comparison between photoresists to choose the
most suitable material, the above mentioned steps were employed for all photoresists,

which ultimately resulted in the fabrication of complex 3D structures.

Damage
threshold

Polymerization
threshold

No
polymerization

Laser intensity (arbitary units)

Figure 3.7: Gaussian laser intensity distribution relative to the polymerization and
damage thresholds. To achieve high precision 3D microfabrication via TPP, the laser
power should lie above the polymerization threshold (green dash line) and below the
damage threshold (red dash line).
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(a)

Figure 3.8: 3D microstructure: CAD model (a), slicing and hatching process (b).
CAD model line width and thickness not to scale.
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Results and discussion

4.1 femtoBond C

A minimum laser power of 70 mW, the threshold laser power, provided the possibility
of transforming femtoBond C from a liquid to a solid state. Below this value, pho-
topolymerization did not occur. Increasing the laser power from 70 mW to 140 mW
led to increasingly thick lines and reduction of the space between them. Once a laser
power of 140 mW was exceeded, the material started burning. The applied parame-

ters and obtained results with this photoresist are summarized in Table 4.1. A laser

Power (mW) Objective Result
<70 10x No polymerization
=70 10x Polymerization threshold
>140 10x Damage threshold

Layer height = 10 pwm and hatch distance = 40 yum at scanning speed of 0.1 mm/s

Table 4.1: TPP fabrication parameters and obtained results relating to femtoBond C.

power of 80 mW was therefore determined to be the best value with a 10x objective
at a scanning speed of 0.1 mm/s, which was slightly above the polymerization thresh-

old power for obtaining the smallest voxel size to build the desired structures. After
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printing, the structure was placed in 100% 2-Propanol for 90 minutes, a widely used
solvent for washing away the unexposed resin without damaging the structure of the
exposed region. Although 1-Propanol can be used in place of 2-Propanol for faster
development, it entails a higher risk of causing structural damage. As shown in Figure
4.1, the green laser beam creating horizontal lines in the x-direction (first layer) then
moved up according to layer height in the z-direction and created more horizontal

lines in the y-direction (second layer) to fabricate microscale square prisms.
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Figure 4.1: Top view of two-photon polymerized woodpile structures made with a
10x objective using femtoBond C photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 10 um, 40 um and 0.1 mm/s,

respectively.

The fabricated structures only reached a maximum height of 250 pum, rather
than 500 um and 1000 um, which represented the main drawback of this organic-
inorganic hybrid material. Several approaches were taken in an attempt to overcome
this problem, including pre-baking the material to more effectively remove the sol-
vent while precisely controlling the temperature (e.g., 50°C, 60°C and 80°C) and bak-
ing time (e.g., 2, 4, 6 and 8 hours), applying different layer heights from 10 ttm to 500
um, increasing the scanning speed from 0.1 mm/s to 0.2 mm/s and using objective
lenses with a high numerical aperture such as 0.4 (20x). The layers were basically
superimposed while it was not possible to achieve vertical expansion beyond 250 pm.
In general, this photoresist exhibited random behaviour requiring many experiments

to be performed to achieve a reliable result.
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4.2 TPGDA

Figure 4.2 shows microscope images of lines achieved in TPGDA. The laser power
had a strong impact on the shape of the polymerized lines. Lines made with lower
laser power were wavy and very narrow while those created with higher power were
straight and thicker. The applied parameters and obtained results of this photoresist

are reported in Table 4.2.
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Figure 4.2: Top view of two-photon polymerized lines made with a 10x objective
using TPGDA photoresist with various laser powers. The hatch distance and scanning

speed were set to 40 um and 0.1 mm/s, respectively.

The next step after defining the process window was to build woodpile structures
obtained by stacking one layer on top of another as shown in Figure 4.3. For power
values less than 150 mW, the layers washed away during sample development; how-
ever, at higher laser power such as 150 mW, 160 mW and 170 mW the material started
burning after approximately 15 layers. Therefore, generated layers at lower values of

power were removed after developing while increasing the power led to burning and
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Power (mW) Objective Result
<110 10x No polymerization
110-500 10x Acceptable power

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.2: TPP fabrication parameters and obtained results for a layer of TPGDA.

subsequently failure of the desired structure. Different solutions were prepared by
diluting the solvent with distilled water but this had no observable effect on the final
result.
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Figure 4.3: Top view of two-photon polymerized woodpile structures made with a
10x objective using TPGDA photoresist with a laser power of 150 mW. The layer
height, hatch distance and scanning speed were set to 10 pm, 40 um and 0.1 mm/s,
respectively.

4.3 PEGDA

A minimum laser power of 30 mW with the 10x objective or 15 mW with the 20x
objective led to transformation of PEGDA from a liquid to a solid state. By increasing
the laser power from 30 mW to 190 mW with the 10x objective or from 15 mW to
60 mW with the 20x objective the space between the lines decreased considerably,
which resulted in much thicker lines as shown in Figures 4.4 and 4.5. Once the power
exceeded 190 mW with the 10x objective or 60 mW with the 20x objective, this
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photoresist started burning. According to the results shown in Table 4.3, objective
lenses with a higher NA had a significant influence on the required laser power and
polymerization threshold. In this case, the applied laser power with a 20x objective
was reduced by half compared that with the 10x objective to minimize the risk of
burning the PEGDA.

30 mW 40 mW 50 mW 60 mW 70 mW 80 mW

\ -

90 mW 100 mW 110 mW 120 mW 130 mW 140 mW

150 mW 160 mW 170 mW 180 mW 190 mW

Figure 4.4: Top view of two-photon polymerized micro-lines made with a 10x ob-
jective using photoresist PEGDA with various laser powers. The hatch distance and

scanning speed were set to 40 pm and 0.1 mm/s, respectively.

Figure 4.6 depicts microscale scaffolds fabricated with a 10x objective consist-
ing of 5 layers with a layer height of 10 um and a hatch distance of 40 um. One of the
most important challenges related to this photoresist was its high sensitivity to laser
power, which increased the height of the fabricated microstructures. For instance, by
a applying laser power of 40 mW, the height of the structure reach 1000 pm instead
of 50 um, while by applying lower levels of power such as 30 mW the structure was
completely removed during development. By repeating the experiment with a 20 x

objective, the issue with the height of the built structures remained. Moreover, the
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Figure 4.5: Top view of two-photon polymerized woodpile structures made with a
20x objective using PEGDA photoresist with various laser powers. The hatch dis-

tance and scanning speed were set to 40 yum and 0.1 mm/s, respectively.

Power (mW) Objective Result
<30 10x No polymerization
30-190 10x Polymerization threshold
>190 10x Damage threshold
<15 20x No polymerization
15 20x Polymerization threshold
>60 20x Damage threshold

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.3: TPP fabrication parameters and obtained results for a layer of PEGDA.

structures were damaged and deformed during sample development. For instance,
applying 20 mW and 30 mW led to compressed square prisms during sample de-
velopment, while by slightly increasing power to 40 mW this issue was not longer
present but the desired shape was not achieved, as shown in Figure 4.7.

Based on these results, PEGDA was too sensitive to laser power, starting to burn

at very low values of power, which made it almost impossible to achieve the desired

structure.
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Figure 4.6: Top view of two-photon polymerized woodpile structures made with a
10x objective using PEGDA photoresist with various laser powers. The layer height,
hatch distance and scanning speed were set to 10 um, 40 um and 0.1 mm/s, respec-

tively.

Figure 4.7: Top view of two-photon polymerized woodpile structures made with a
20x objective using PEGDA photoresist with various laser powers. The layer height,
hatch distance and scanning speed were set to 10 um, 40 um and 0.1 mm/s, respec-
tively.

4.4 E-Shell 300

Due to the fact that a 10x objective required a lot of laser power for E-Shell 300,
which increased the chance of burning the material, a 20x objective was used for

production of microstructures. The results demonstrated that the threshold power for
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both photoresists was 8 mW with the employed experimental setup. Below this value,
photopolymerization did not take place, while above this value photopolymerization
caused irreversible modification of the material. By increasing the laser power, the
width of the lines increased, as shown in Figure 4.8. At very high values (>80 mW @
0.1 mm/s), E-Shell 300 started burning. Table 4.4 summarizes the applied parameters

and obtained results for this material.
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Figure 4.8: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using E-Shell 300 photoresist with various laser powers. The hatch distance

and scanning speed were set to 40 um and 0.1 mm/s, respectively.

Power (mW) Objective Result
<8 20x No polymerization
=8 20x Polymerization threshold
>80 20x Damage threshold

Layer height = 10 um and hatch distance = 40 pum at scanning speed of 0.1 mm/s

Table 4.4: TPP fabrication parameters and obtained results relating to E-Shell 300.
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Laser power levels of 8 mW, 10 mW, 12 mW and 15 mW were therefore found to
be most appropriate with a constant scanning speed of 0.1 mm/s, which were slightly
above the polymerization threshold for obtaining the smallest voxel size. Other key
process parameters such as layer height and hatch distance were then changed to
determine their effects on the final quality of the scaffold structures. The resulting
structures are shown in Figures 4.9-4.14, with the respective processing parameters
and achieved height reported in Tables 4.5-4.10. The main goal of optimizing fabri-
cation parameters was to achieve the desired structure while maintaining precision.

Figure 4.9 shows micro scaffolds produced with a layer height and hatch distance
of 10 um and 40 um, respectively. Although increasing the laser power from 8 mW
to 15 mW resulted in an acceptable form after development, the desired height was
not achieved. With a laser power of 8 mW, the height of microstructures reached
500 um (25 layers), 1000 um (50 layers) and 1800 um (100 layers). With a power
of 15 mW, the height was instead 1000 um (25 layers), 1500 um (50 layers) and
2000 um (100 layers). These results were beyond the height prescribed within the
CAD model: 250 um (25 layers), 500 um (50 layers) and 1000 pum (100 layers).

Power (mW) Height (um)  Height (tm) Height (um)
[25 layers] ~ [50 layers] [100 layers]

8 500 1000 1800

10 600 1100 1900

12 980 1250 1980

15 1100 1500 2000

Layer height=10 um and hatch distance=40 um at scanning speed of 0.1 mm/s

Table 4.5: TPP fabrication parameters and obtained results relating to Figure 4.9.

Figure 4.10 presents 3D structures produced with a hatch distance of 40 um
while increasing the layer height from 10 um to 20 pum. In this case, the form of
the fabricated structures was acceptable even at low values of laser power while the
structure height improved slightly, especially for 50 layers (50x20 um) compared to
a layer height of 10 um.
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Figure 4.9: Top view of two-photon polymerized woodpile structures made with a
20x objective using E-Shell 300 photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 10 wm, 40 um and 0.1 mm/s,

respectively.
Height (um) Height (um) Height (um)
Power (mW)
[12 layers] [25 layers] [50 layers]
8 500 980 1200
10 550 1080 1250
12 945 1205 1465
15 1000 1223 1500

Layer height=20 um and hatch distance=40 um at scanning speed of 0.1 mm/s

Table 4.6: TPP fabrication parameters and obtained results relating to Figure 4.10.

By setting the hatch distance constant and increasing the layer height to 30 pm,
as shown in Figure 4.11, the edges of the fabricated structures lost the correct form

when lower values of power were applied; however, by applying laser powers of 12
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Figure 4.10: Top view of two-photon polymerized woodpile structures made with a
20x objective using E-Shell 300 photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 20 wm, 40 um and 0.1 mm/s,

respectively.

mW and 15 mW, the desired shape was obtained.

Figure 4.12 displays results achieved with an increase in layer height from 30
um to 40 um with a hatch distance of 40 um. A laser power of 8 mW was inap-
propriate for the whole structure to be fully polymerized. By increasing laser power,
although the structures tended to remain on the glass substrate, their form was still
unacceptable during sample development.

Microstructures shown in Figure 4.13 were created by increasing the layer height
from 50 um to 80 wm at a laser power of 12 mW and a hatch distance of 40 um.
During the developing process with 2-Propanol, the edges of fabricated structures
lost their square shape and became more rounded; however, no improvement in height
was achieved, as presented in Table 4.9.

As a final test performed on this photoresist, the effect of increasing scanning

speed from 0.2 to 2 mm/s at a constant laser power of 12 mW was investigated. Ac-
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Figure 4.11: Top view of two-photon polymerized woodpile structures made with a
20x objective using E-Shell 300 photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 30 wm, 40 um and 0.1 mm/s,

respectively.
Height (um) Height (um) Height (um)
power (mW)

[8 layers] [16 layers] [33 layers]

8 800 1000 1400

10 865 1020 1500

12 988 1100 1800

15 1121 1200 2000

Layer height=30 um and hatch distance=40 um at scanning speed of 0.1 mm/s

Table 4.7: TPP fabrication parameters and obtained results relating to Figure 4.11.

cording to the obtained results, shown in Figure 4.14 and Table 4.10, increasing the
scanning speed resulted in lower mechanical strength of the fabricated microstruc-

tures due to insufficient laser exposure to polymerize the liquid monomers into insol-
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Figure 4.12: Top view of two-photon polymerized woodpile structures made with a
20x objective using E-Shell 300 photoresist with various laser powers. The layer

height, hatch distance and scanning speed were set to 40 pm, 40 yum and 0.1 mm/s,

respectively.
power (mW) Height (um) Height (um) Height (um)
[6 layers] [12 layers] [25 layers]
8 Removed Removed 1500
10 900 1100 1700
12 1000 1180 1800
15 1122 1223 1825

Layer height=40 um and hatch distance=40 gm at scanning speed of 0.1 mm/s

Table 4.8: TPP fabrication parameters and obtained results relating to Figure 4.12.

uble cross-linked network polymers. For instance, structures made at speeds of 1 and
2 mm/s suffered significantly from damage during sample development compared to

structures made at lower speeds such as 0.2 mm/s, with unwanted deformation more
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Figure 4.13: Top view of two-photon polymerized woodpile microstructures made
with various layer heights of 50 um (a), 60 um (b), 70 um (c) and 80 um (d) as
well as hatch distances of 40 um fabricated, laser power of 12 mW with E-Shell 300

photoresist.

visible with 25 and 50 layers. Furthermore, increasing the speed did not result in

improved outcomes in terms of desired height or structural resolution.

It was therefore determined that fabrication parameters including average laser
power, scanning speed, layer height and hatch distance directly influenced the mi-
crostructure quality achieved with E-Shell 300. However, reaching the desired height,
especially when this was less than 500 um, remained impossible. Moreover, exper-
imental results demonstrated that applying a lower laser power at higher scanning
speed leads to both poor structural integrity and undesired quality during sample de-

velopment.
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Height (um) Height (um) Height (um)  Height (um)
Layer height (itm) 5 layers 4 layers 4 layers 3 layers
10 layers 8 layers 7 layers 6 layers
20 layers 16 layers 14 layers 12 layers
50 (a) 850
" 1050
" 1500
60 (b) 900
/" 1100
" 1600
70 (c) 1000
" 1200
" 1500
80 (d) 1000
" 1200
1" 1600

Laser power of 12 mW and hatch distance of 40 um at scanning speed of 0.1 mm/s

Table 4.9: TPP fabrication parameters and obtained results relating to Figure 4.13.

4.5 PETIA

In the following section, five different compositions of PETIA were investigated. In

fact, the effect of various photoinitiator concentrations (0.1, 0.2, 0.5, 1 and 2 phr.) on

the threshold laser power as well and the resulting fabricated structures was compre-

hensively studied in order to choose the most suitable photoresist for the TPP setup.

Detail information about this photosensitive material and the various compositions
employed, including PETIA (a), PETIA (b), PETIA (c), PETIA (d) and PETIA (e),

have been presented in Chapter 3.
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Figure 4.14: Top view of two-photon polymerized woodpile structures made with a
20x objective using E-Shell 300 photoresist with a laser power of 12 mW and various
scanning speeds. The layer height, hatch distance and scanning speed were set to 10

um and 40 pm, respectively.

Height (um) Height (um) Height (um)

power (mW)  Speed (mm/s)
[25 layers] [50 layers] [100 layers]

12 0.2 800 1000 1400
12 0.4 970 1230 1700
12 0.6 1000 1200 1500
12 0.8 800 1120 1800
12 1 860 1200 1700
12 2 750 1120 1550

Layer height=10 um and hatch distance=40 ym

Table 4.10: TPP fabrication parameters and obtained results relating to the Figure
4.14.
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4.5.1 PETIA (a)

The polymerization threshold of PETIA (a) was determined to be 12 mW. As shown
in Figure 4.15, simple lines were drawn within this photoresist applying power rang-
ing from 12 mW to 69 mW. The material started burning with a power of 70 mW at
a constant scanning speed of 0.1 mm/s, as reported in Table 4.11.
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Figure 4.15: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using PETIA (a) photoresist with various laser powers. The hatch distance and

scanning speed were set to 40 (m and 0.1 mm/s, respectively.

After performing several tests, the main issue that emerged was transformation
of the built scaffold structures. Figure 4.16 depicts woodpile structures created with
various laser powers with a layer height of 10 um and a hatch distance of 40 um at
a constant velocity of 0.1 mm/s. In this case, sample development caused increased
structural shrinkage. Obtaining the desired microstructure form was therefore impos-
sible. It should be noted that altering fabrication parameters such as increasing the

laser power and scanning speed, adjusting the values of layer height and hatch dis-
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Power (mW) Objective Result
<12 20x No polymerization
12 20x Polymerization threshold
>69 20x Damage threshold

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.11: TPP fabrication parameters and the obtained results for a layer of PETIA
(a).

tance were found to be ineffective. Moreover, using weaker solvents including a mix
consisting 60% isopropyl alcohol with 40% distilled water or 50% ethanol with 50%
distilled water had no effect on the final result.

25 layers 50 layers 100 layers 25 layers 50 layers 100 layers

30 mW §

Figure 4.16: Top view of two-photon polymerized woodpile structures made with
a 20x objective using PETIA (a) photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 10 pm, 40 um and 0.1 mm/s,

respectively.

4.5.2 PETIA (¢)

Arrays of lines were drawn within PETIA (c) with different values of laser power at
a constant scanning speed of 0.1 mm/s, from a minimum laser power of 3 mW to a
maximum power of 110 mW, as shown in Figure 4.17. According to Table 4.12, the

results demonstrated that the threshold power for this photoresist was 3 mW while
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by increasing the laser power, the width of the lines increased. However, at very
high values (>109 mW) the material began burning. As shown in Figure 4.18, this
photoresist behaved much like PETIA (a) and therefore the main challenge was again
obtaining the desired form after developing, which was not possible. It is also worth
noting that for both PETIA (a) and PETIA (c), a hatch rotation angle of 45 degrees,
as shown in Figure 4.19, was applied to fill the area with a rectilinear pattern in
order to produce stronger microstructures. Although the mechanical strength of the
fabricated structures improved slightly as a result of this change, this improvement
was still insufficient to achieve the desired shape. In comparison to PETIA (a), PETIA
(c) demonstrated greater resistance to the applied solvents and a better result was

achieved.
—— SR e
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Figure 4.17: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using PETIA (c) photoresist with various laser powers. The hatch distance and

scanning speed were set to 40 pum and 0.1 mm/s, respectively.

4.5.3 PETIA (d)

PETIA (d), which contained a higher concentration of photoinitiator, required only

2 mW of laser power to polymerize, as shown in Figure 4.20. It also demonstrated
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Power (mW) Objective Result
<3 20x No polymerization
3 20x Polymerization threshold
>109 20x Damage threshold

Layer height = 10 pum and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.12: TPP fabrication parameters and the obtained results for a layer of PETIA
(c).
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Figure 4.18: Microscope image of two-photon polymerized woodpile microstructures
with various powers fabricated with a 20x objective from a negative-tone photoresist
PETIA (c). The layer height, hatch distance and scanning speed were set to 10 um,
40 pwm and 0.1 mm/s, respectively.

Figure 4.19: Hatch pattern (a) was used in this experiment, rotated by 45 degrees (b)

to create micro-lines within PETIA (c).
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greater resistance to high levels of power, such as 200 mW at a constant scanning
speed of 0.1 mm/s, without causing damage or burning, as reported in Table 4.13.
Figure 4.21 depicts square prisms obtained with a layer height of 10 um, hatch dis-
tance of 40 um, laser power of 10 mW and scanning speed of 0.1 mm/s. Most sig-
nificantly, effective removal of the unexposed resin with various solvents including

1-Propanol, 2-Propanol, acetone and ethanol was not possible.

2mW 3ImW 122 mW 170 mW 200 mW

Figure 4.20: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using PETIA (d) photoresist with various laser powers. The hatch distance

and scanning speed were set to 40 um and 0.1 mm/s, respectively.

Power (mW) Objective Result
<2 20x No polymerization
2-200 20x Acceptable powers

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.13: TPP fabrication parameters and the obtained results for a layer of PETIA
(d).

4.5.4 PETIA (e)

As shown in Figure 4.22 and Table 4.14, by applying laser power ranging from 3
mW to 200 mW with a 20x objective, the micro-lines were drawn within PETTA
(e). The main challenge with this material was removing the unpolymerized resin

after sample development. Even following immersion in solvent for three days, the
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100 layers
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Figure 4.21: Top view of two-photon polymerized woodpile structures made with
a 20x objective using PETIA (d) photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 10 wm, 40 um and 0.1 mm/s,

respectively.

unpolymerized material remained stuck so tightly to the produced part that it was

impossible to separate them, as shown in Figure 4.23.
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Figure 4.22: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using PETIA (e) photoresist with various laser powers. The hatch distance and

scanning speed were set to 40 pum and 0.1 mm/s, respectively.

Power (mW) Objective Result
<3 20x No polymerization
3-200 20x Acceptable powers

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.14: TPP fabrication parameters and the obtained results for a layer of PETIA
(e).
It should be noted that the fabricated structures with PETIA (d) and PETIA (e)
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25layers 50 layers 100 layers

Figure 4.23: Top view of two-photon polymerized woodpile structures made with
a 20x objective using PETIA (e) photoresist with various laser powers. The layer
height, hatch distance and scanning speed were set to 10 um, 40 um and 0.1 mm/s,
respectively.

demonstrated greater physical strength than PETIA (a) and PETIA (c). Achieving the
desired structure was therefore possible; however, the problem regarding reaching the

desired height still persisted.

4.5.5 PETIA (b)

The final and most suitable photoresist was PETIA (b). A minimum laser power of
7 mW provided the possibility of transforming this resin from a liquid to a solid
state, as presented in Figure 4.24. The applied processing parameters and results are
summarized in Table 4.15. Increasing the laser power from 7 mW to 80 mW led
to increasingly thick lines and a reduction in space between them. Once the laser
power exceeded 70 mW, the PETIA (b) started burning, as shown in Figure 4.25.
This SEM image depicts a series of lines suspended between two supporting blocks.
In the specific example presented in the figure, the minimum applied laser power
was 20 mW, above the threshold value of 7 mW due to difficulty in preserving the

manufactured lines after the developing process at lower laser power.
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7 mW 10 mW 15 mW 20 mW

Figure 4.24: Top view of two-photon polymerized micro-lines made with a 20x ob-
jective using PETIA (b) photoresist with various laser powers. The hatch distance

and scanning speed were set to 40 um and 0.1 mm/s, respectively.

Power (mW) Objective Result
<7 20x No polymerization
7 20 Polymerization threshold
>69 20x Damage threshold

Layer height = 10 um and hatch distance = 40 um at scanning speed of 0.1 mm/s

Table 4.15: TPP fabrication parameters and the obtained results for a layer of PETIA
(b).

The TPP resolution or voxel size can also be determined through this method.
Figure 4.26 shows the effect of the laser power on the line width with a scanning
speed of 0.1 mm/s. As can be observed, by increasing the laser power, the width of
the lines increases from 2.668 pum at 20 mW to 9.827 um at 80 mW, which means
that the voxel dimension is affected by the combination of laser power and scanning
speed. Therefore, it is important to provide precise control over the above-mentioned
parameters to achieve the desired quality. Higher levels of laser power can be selected
for faster fabrication of structures with less precision, while lower values are more
appropriate for ultraprecise structures.

After performing several tests, 12 mW was selected as the best value of laser
power, which was slightly above the polymerization threshold required to gener-

ate the necessary free radicals while maintaining the scanning speed constant at 0.1
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Figure 4.25: Scanning electron microscopy (SEM) image of lines made with different
values of laser power at a constant velocity of 0.1 mm/s where the horizontal distance
between the lines was 100 um. Lines were suspended between two supporting blocks
above and below the central region.

mm/s. Figure 4.27 presents produced woodpile microstructures with the layer height
and hatch distance both equal to 10 um, a laser power of 12 mW and a scanning
speed of 0.1 mm/s. The height of structures was 330 um and 640 um for 25 and 50
layers, respectively, which was beyond the heights prescribed within the CAD model,
namely 250 pum and 500 um. It should be noted that for the first time the height of
produced structures was less than 500 um, which was impossible to achieve with
other photoresists. By using a layer height of 40 um and a hatch distance of 20 um,
the minimum height of 250 pm was achieved but with an undesirable microstructure
shape due to the lower physical strength of the structure.

To summarize the main points, PETIA (b) in comparison to other photoresists
including femtoBond C, TPGDA, PEGDA, E-Shell 300, as well as PETIA (a,c,d,e),
showed considerable potential in reaching the pre-design microstructure; however, it
exhibited a high level of sensitivity to the incident laser beam.
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Line width [um]
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Figure 4.26: Experimentally measured line width as a function of average laser power
at 0.1 mm/s for PETIA (b) resin where green indicates the processing window and
orange the damaged zone.

25 layers 50 layers 100 layers

‘.

350 x 350 x 330 um 350 x 350 x 640 um 350 x 350 x 1000 pm

Figure 4.27: Two-photon polymerized woodpile microstructures with various heights
from 330 pm to 1000 um made with a 20x objective using PETIA (b) photoresist.



Chapter 5

Fabrication of microneedle arrays

Microneedles (MNs), comprising sub-millimeter needles positioned on a baseplate,
have attracted remarkable attention over recent decades [143, 144] due to their ad-
vantages such as painless injection by avoiding contact with nerve endings [145]
and limited requirements for medical expertise due to their simple application [146].
A broad range of materials (e.g., modified ceramics, inorganic-organic hybrid poly-
mers, acrylate-based polymers or water-soluble materials) and geometries (e.g., con-
ical, pyramidal, pentagonal, hexagonal, octagonal and canonical) have been used to
produce MNs through TPP [147, 148]. MN devices are generally classified as coated,
dissolving, hollow or solid according to their specific design and application. Coated
MNs, as shown in Figure 5.1 (a), are primarily used to puncture the skin in order
to deliver drugs where the maximum dosage is less than one milligram. Coating is
achieved via dipping or spraying the MNs with a viscous aqueous solution. The max-
imum achievable dosage is in fact the main drawback of this type of MN. Figure 5.1
(b) shows painless dissolving MNs made of safe materials including biodegradable
polymers or natural polymers that control the release of drugs or vaccines integrated
into the applied materials. The main issues related to the fabrication of dissolving
MNs include high cost and a very time consuming process. Hollow MNs (Figure
5.1 (c)) not only deliver drugs at higher doses, but can also transport a wide range

of molecules during tissue fluid extraction, which has attracted the interest of many
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researchers. However, because of insufficient mechanical strength, hollow MNs are
frequently prone to fracture [149].

Solid MNs have proven to be one of the most effective ways to deliver diverse
molecules including insulin, calcein, naltrexone and proteins into the human body
[150]. Within this context, the main purpose of the present research is to improve the
fabrication resolution and production time of solid MNs, which are mostly used to
create micro-pores in human skin and facilitate absorption of pharmaceutical formu-
lations such as solutions, creams or gels [151] through the creation of channels, as

shown in Figure 5.1 (d), while reducing pain, injury and recovery time.

(a) (b) (c) (d)

=i — Wi — 7 f

Figure 5.1: A schematic of four different microneedle types: Coated (a), dissolving
(b), hollow (c) and solid (d) MNs used for drug delivery to the skin [9].

5.1 Experimental results and discussion

After successfully producing the small square prisms from PETIA (b), the next step
was the fabrication of ultraprecise solid MNs with 49 conical needles arranged in a
7x7 configuration comprising cones with a base diameter of 250 um, tip diameter of
30 um, height of 800 um and pitch of 500 um [152], as depicted in Figure 5.2.
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Figure 5.2: CAD model of 7x7 solid MN array using SOLIDWORKS software.

Though a layer height and hatch distance of 10 pum could be employed for the
effective production of such structures with a laser power of 12 mW and a scanning
speed of 0.1 mm/s, the overall fabrication time was approximately 12 hours. To over-
come this barrier, a series of experiments was carried out with a scanning speed of
2 mm/s while other key process parameters directly affecting the final quality of the
MNs were changed. Although the usable laser power range was shifted to higher
values during these preliminary experiments due to the much shorter exposure time
at 2 mm/s, onset of polymerization at low laser power and burning phenomena at
high laser power were much more strongly associated with laser power, and there-
fore laser intensity, than total energy dose. Higher scanning velocity reduced thermal
accumulation and therefore increased the burning threshold slightly compared to the
value that had been observed at 0.1 mm/s. The production of bulk structures during
MN fabrication allowed shorter exposure times to be employed without the risk of
destroying the structures during the development phase. Complete curing was then
achieved with an ultraviolet irradiation device to provide uniform cross-linking.

The resulting structures are shown in Figures 5.3-5.6, with the respective process-
ing parameters, achieved height and fabrication times reported in Tables 5.1-5.4. The
main purpose of optimizing the MN fabrication parameters was to reach the desired

structure as quickly as possible without compromising accuracy.
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The top row of optical microscope images in Figure 5.3 shows fabricated MNs
produced with the layer height and hatch distance both equal to 10 um, with increas-
ing laser power from 30 mW to 50 mW from left to right. With increasing scanning
speed from 0.1 mm/s to 2 mm/s, the fabrication time was reduced from 12 hours to
110 minutes, some 6.5x faster. By applying a laser power of 30 mW (a), the MNs
collapsed as the laser power was insufficient to polymerize the resin with a scanning
speed of 2 mm/s. Increasing the power to 40 mW (b), the MNs adhered very well to
the glass substrate but the desired shape was still not obtained. Increasing the power
further to 50 mW (c), the structure strength was sufficient for the MNs to be self-
sustaining; however, the height of the cones increased to 1303 yum, beyond the height
prescribed within the CAD model (800 ttm). The bottom row of microscope images
in Figure 5.3 shows MNs produced with a layer height of 10 um and a hatch distance
of 20 um. By applying a laser power of 40 mW, structural failure occurred and no
result was achieved. By increasing the power to 50 mW (d), the MNs stayed upright
on the glass substrate but were not conical. With a laser power of 60 mW (e) and
70 mW (f), the desired MNs appeared. By applying laser powers of 50 mW, 60 mW
and 70 mW the height of the MNs was 700 um, 968 pum and 980 um, respectively.
The overall fabrication was further reduced to 60 minutes. Therefore, the result of
increasing the hatch spacing by 10 um was quite evident on the overall fabrication
time. The applied parameters and obtained results of all MNs presented in Figure 5.3

are summarized in Table 5.1.

The top row of microscope images in Figure 5.4 shows MNs produced with a
layer height of 10 um while increasing the hatch distance to 30 um. By applying
a laser power of 50 mW (a), some individual MNs collapsed; however, by increas-
ing laser power to 60 mW (b), the MNs attached to the glass substrate very well
and the desired shape was obtained. Further increasing the laser power to 70 mW
(c) resulted in an undesired MN shape due to a lack of smoothness over the entire
surface. As expected, when the laser power was increased from 50 mW to 70 mW,
the build height also increased from 446 pum to 910 um. Similarly to the previous
experiment, increasing the hatch distance resulted in a significant reduction in fabri-

cation time, down to 40 minutes. The bottom row of microscope images in the same
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Figure 5.3: Microneedles fabricated by TPP in PETIA (b) at a constant scanning
speed of 2 mm/s with: a layer height of 10 um, hatch distance of 10 um and laser
power of 30 mW (a), 40 mW (b) and 50 mW (c); a layer height of 10 um, hatch
distance of 20 um and laser power of 50 mW (d), 60 mW (e) and 70 mW (f).

Index Power(mW) Layer height(um) Hatch distance(um) Height(itm)

a 30 10 10 Collapsed
b 40 10 10 921
c 50 10 10 1303
Fabrication time: 110 minutes at 2 mm/s scanning speed
d 50 10 20 700
60 10 20 968
70 10 20 980

Fabrication time: 60 minutes at 2 mm/s scanning speed

Table 5.1: TPP fabrication parameters and obtained results relating to Figure 5.3.

figure shows MNs produced by increasing the layer height to 20 ym while decreasing
the hatch distance to 10 pum. Owing to the relatively fast scanning velocity, 30 mW

(d) of laser power was inappropriate for the whole structure to be fully polymerized.
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Figure 5.4: Microneedles fabricated by TPP in PETIA (b) at a constant scanning
speed of 2 mm/s with: a layer height of 10 um, hatch distance of 30 um and laser
power of 50 mW (a), 60 mW (b) and 70 mW (c); a layer height of 20 um, hatch
distance of 10 um and laser power of 30 mW (d), 40 mW (e) and 50 mW (f).

By increasing laser power to 40 mW (e), the MNs tended to remain straighter on
the glass substrate although their form was still not acceptable. A value of 50 mW
(f) was essential to convert the undesirable curved shape of the MNs to the correct
form; however, the structure height increased to 1188 um, greater than the required
800 um. The total time required to produce the structures in this case was 90 minutes.
The applied parameters and obtained results of all MNs presented in Figure 5.4 are

summarized in Table 5.2.

The top row of microscope images presented in Figure 5.5 shows MN patches
fabricated by increasing the layer height further to 30 um while maintaining the
hatch distance constant at 10 um. At 30 mW (a) laser power, the lack of structural
integrity could be clearly seen, with some of the MNs collapsing. In order to mitigate
this detrimental effect, 40 mW (b) of laser power was applied, causing the MNs to
attach very well to the glass substrate, although their form was still not acceptable.

By fabricating the structures with 50 mW (c), a considerable improvement in surface
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Index Power(mW) Layer height(um) Hatch distance(um) Height(itm)

a 50 10 30 446
b 60 10 30 813
c 70 10 30 910
Fabrication time: 40 minutes at 2 mm/s scanning speed
d 30 20 10 Collapsed
40 20 10 923
50 20 10 1188

Fabrication time: 90 minutes at 2 mm/s scanning speed

Table 5.2: TPP fabrication parameters and obtained results relating to the Figure 5.4.

Figure 5.5: Microneedles fabricated by TPP in PETIA (b) at a constant scanning
speed of 2 mm/s with: a layer height of 30 pm, hatch distance of 10 um and laser
power of 30 mW (a), 40 mW (b) and 50 (c) mW; a layer height of 20 um, hatch
distance of 20 um and laser power of 40 mW (d), 50 mW (e) and 60 mW (f).

quality was achieved while the height of the MNs increase to 852 ym, which was rel-
atively well aligned with the required 800 pum. In this case, 90 minutes was required

to build the structures. The bottom row of microscope images shown in Figure 5.5
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corresponds to MNs produced with both the layer height and hatch distance equal
to 20 um. By applying a laser power of 40 mW (d), the MNs collapsed due to in-
complete polymerization, while this effect was mitigated by increasing laser power to
50 mW (e). At 60 mW (f), an appropriate structural resolution was obtained with the
height of the MNs reaching 715 wm. Moreover, the total production time was reduced
to 40 minutes. The applied parameters and obtained results of all MNs presented in

Figure 5.5 are summarized in Table 5.3.

Index Power(mW) Layer height(um) Hatch distance(um) Height(ttm)

a 30 30 10 Collapsed
b 40 30 10 816
c 50 30 10 852
Fabrication time: 90 minutes at 2 mm/s scanning speed
d 40 20 20 Collapsed
50 20 20 700
60 20 20 715

Fabrication time: 40 minutes at 2 mm/s scanning speed

Table 5.3: TPP fabrication parameters and obtained results relating to Figure 5.5.

Finally, the top row of microscope images presented in Figure 5.6 shows MNs
featuring the same layer height as in the previous case (30 pwm) but with a hatch
distance of 30 um. By applying a laser power of 70 mW (a), some individual MNs
collapsed; however, by increasing this value to 80 mW (b) such an effect was not
observed. By increasing the laser power to 100 mW (c), much higher quality was
obtained after developing with an increase in the height of MNs to 981 yum. Burn-
ing did not take place despite the high value of laser power employed, as the high
scanning velocity reduced thermal accumulation and therefore increased the burning
threshold compared to the value that had been observed at 0.1 mm/s (70 mW). The
overall fabrication time was 20 minutes, representing a significant improvement over
previous cases. The bottom row of microscope images in the same figure shows MNs

produced with both layer height and hatch distance equal to 40 um. Applying 80 mW



5.1. Experimental results and discussion 75

(d) and 90 mW of laser power resulted in an undesirable MN tip shape; however, by
increasing the power to 100 mW (e), the desired MNs with sharp tips were fabricated.
For the two different values of laser power, 80 mW and 100 mW, the height of MNs
reached 837 um and 967 um, respectively, within 12 minutes. The last column of the
second row of Figure 5.6 presents MNs produced with both the layer height and hatch
distance equal to 50 um with a laser power of 100 mW (f). The desired MNs failed
to emerge due to a defective tip shape resulting from insufficient process resolution,
although the overall fabrication time was reduced to just 10 minutes. The applied pa-
rameters and obtained results of all MNs presented in Figure 5.6 are summarized in
Table 5.4.

Figure 5.6: Microneedles fabricated by TPP in PETIA (b) at a constant scanning
speed of 2 mm/s with: a layer height of 30 um, hatch distance of 30 um and laser
power of 70 mW (a), 80 mW (b) and 100 mW (c); a layer height of 40 um, hatch
distance of 40 um and laser power of 80 mW (d) and 100 mW (e); a layer height of
50 um, hatch distance of 50 um and laser power of 100 mW (f) mW.

The obtained results clearly demonstrate how optimization of laser power, scan-
ning speed, layer height and hatch distance can have a profound impact on process

outcomes and production times. While process resolution may improve with lower



76 Chapter 5. Fabrication of microneedle arrays

Index Power(mW) Layer height(um) Hatch distance(um) Height(um)

a 70 30 30 700

b 80 30 30 721

c 100 30 30 981
Fabrication time: 20 minutes at 2 mm/s scanning speed

d 80 40 40 837

100 40 40 967
Fabrication time: 12 minutes at 2 mm/s scanning speed

f 100 50 50 1275

Fabrication time: 10 minutes at 2 mm/s scanning speed

Table 5.4: TPP fabrication parameters and obtained results relating to Figure 5.6.

values of laser power due to the smaller line width and voxel size, careful consider-
ation of the required resolution, minimum feature size and total polymerized volume
must be made to avoid unnecessarily high production times. Use of high laser power
with a greater distance between individual lines leads not only to faster polymeriza-
tion, but also creates stronger elements that are able to better withstand the devel-
opment phase prior to complete curing with an ultraviolet irradiation device. In the
present case, a 30 um MN tip diameter was considered appropriate for the applica-
tion at hand, allowing the fabrication time to be reduced to 20 minutes with a laser
power of 80-100 mW, layer height of 30 um and hatch distance of 30 um at a con-
stant scanning speed of 2 mm/s. The bulk nature of the structures allowed a relatively
high scanning speed to be employed, with shorter exposure times, without the risk of

destroying the structures during the development phase.

Figure 5.7 shows a SEM image of an MN array fabricated by applying a laser
power of 100 mW, layer height of 30 pum, hatch distance of 30 um and scanning
speed of 2 mm/s. An accelerating voltage (HV) of 15 kV, a spot size of 4.5 and
a working distance (WD) of about 12 mm were used to acquire this image. The
achieved tip diameter was approximately 30 pm. Some additional particles can be

observed on the MN tip surface. Further investigation into this aspect and the im-
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Figure 5.7: SEM image of a PETIA single MN tip created by the microfabrication
via TPP.

plications of impurities generated during the process will likely be required before

implementation of MNs as medical devices.

5.2 Simulation of MN-skin contact

The interaction between a single MN and human skin was studied with the finite ele-
ment method (FEM) to verify the development of mechanical stress and deformation
within both MN and skin during use of the device. The outcomes of this study are
presented in Figure 5.8. The first step of the procedure involved developing a 3D
CAD model of a single MN, comprising a cone with a height of 800 um and base
and tip diameters of 250 um and 30 pum, respectively. The tip diameter was chosen to
realistically represent the real geometry of an MN produced with the TPP fabrication
method employed for experiments. A 2 mm x 2 mm X 1.6 mm block was created to
represent the three main layers of human skin comprising the stratum corneum (most
external), epidermis and dermis with thicknesses of 20 um, 80 um and 1500 pm,
respectively [10]. The MN and skin geometry was imported into COMSOL Multi-

physics where the two elements were assigned the respective mechanical properties
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given in Table 5.5 [10]. Meshing was performed automatically within COMSOL with

Young’s modulus (GPa) Poisson’s ratio  Density(kg/m3)

Stratum corneum 1.998 0.48 1500
Epidermis 0.102 0.48 1119
Dermis 0.0102 0.48 1116

MN 3.6 0.38 1180

Table 5.5: The mechanical properties of human skin layers [10] and PETIA (b) (MN)

used in numerical simulation.

free tetrahedral elements of size in the range 0.46-46 um. The final step involved ap-
plying a coaxial force to the base of the MN with a fixed constraint at the opposite
side of the skin block such that the two elements were pressed against one another.
The relationship between the maximum von Mises stress in the skin and the applied
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Figure 5.8: Schematic view of human skin layer displacement when 10.75 mN of
force is applied uniformly in the z direction to the base of a single MN. The properties

and thickness of human skin specified in Ref. [10] were used for the simulation.
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force (F) is shown in Figure 5.9.
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Figure 5.9: FEM simulation results: maximum von Mises stress within skin as a func-

tion of the applied force, F.

As seen from the obtained data, the equivalent stress increased linearly with the
applied force up to 21.6 MPa with an applied load of 10.75 mN, representing the
ultimate tensile strength of human skin [153]. The force required to overcome the
stratum corneum, the strongest barrier, and subsequently reach lower skin layers was
therefore approximately 10.75 mN for a single MN and 526.75 mN for 49 MNs. The
von Mises stress within the MN with the same force was 51.8 MPa. It must be noted
that the strength of human skin depends on a variety of factors such as location,
age and gender, for which some variability must be accounted for [154]. In order
to clearly demonstrate deformation of the skin, a lateral cut line was introduced in
the middle of the block. As can be seen in Figure 5.10, total displacement values
of 0.03 um, 0.12 um, 0.22 um, 0.31 um, 0.40 um and 0.49 um were obtained for
values of force equal to 0.75 mN, 2.75 mN, 4.75 mN, 6.75 mN, 8.75 mN and 10.75
mN, respectively.

Figure 5.11 shows the von Mises stress distribution of the skin model with an
applied force of 10.75 mN. Sharp peaks are evident in correspondence with the outer

edges of the MN tip where shearing of the skin takes place. The central area di-
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Figure 5.10: FEM simulation results: maximum total displacement of skin upon con-
tact with MN with applied force of 0.75 mN, 2.75 mN, 4.75 mN, 6.75 mN, 8.75 mN
and 10.75 mN.
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Figure 5.11: FEM simulation results: von Mises stress distribution with an applied
force of 10.75 mN.

rectly below the tip instead experiences a lower level of stress. This effect clearly
demonstrates the importance of TPP fabrication resolution on the resulting force re-

quirements and stress development, as the MN tip diameter directly influences the
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developed stress distribution within the skin and MN itself.






Conclusions - Part 1

3D printing technology has pushed state-of-the-art manufacturing towards more ad-
vanced processing methods through its ability to produce complex computer-designed
3D structures in a wide range of materials. TPP, which belongs to one of the various
innovative approaches to cutting-edge 3D printing, is applied to the fabrication ultra-
precise 3D microstructures. The integration of an ultrashort pulsed laser source and
an appropriate photoresist has made it an attractive candidate for advanced photonics
and biomedical applications.

In the first part of this doctoral dissertation, femtosecond laser-induced TPP and
its unique physical and chemical fundamentals were investigated. The steps required
to build desirable 3D structures with microscale resolution through TPP were de-
scribed in detail. Experiments were conducted to produce microscale square prisms
with different parameters using various types of commercial (femtoBond C and E-
Shell 300) and custom-made (TPGDA, PEGDA and PETIA) photoresists .

After performing a series of tests and generating a significant quantity of data in
terms of processing efficiency as a function of processing parameters for the afore-
mentioned photoresists, an acrylate-based thermosetting polymer PETIA (Pentaery-
thritol triacrylate monomer) with 0.2% IRGACURE 819 photoinitiator was identified
as the most suitable material, allowing the fabrication of 7x7 MN arrays as a specific
biomedical application of this cutting-edge technology. MNs were produced with
experimental outcomes demonstrating that process parameters such as laser power,
scanning speed, layer height and hatch distance are crucial factors in determining

the build resolution. Insufficient laser power at high values of scanning speed caused
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MNs to shrink or collapse due to incomplete photopolymerization, while excessive
laser power at lower scanning speed resulted in burning of the material. By applying
lower values of layer height, the height of MNs increased together with the fabrica-
tion time. The hatch distance was also found to be a fundamental parameter directly
affecting MN integrity. Lower values of hatch distance increased physical strength
and fabrication time, while higher values resulted in the opposite effect. Therefore,
determining the optimal combination of fabrication parameters is one of the vital
steps required to achieve the desired microstructure with the employed TPP setup.
Finite-element simulations were then performed to analyze the stress distribution
and deformation within a single MN and skin upon applying various values of force.
The results indicated that the minimum force required to reach the ultimate tensile
strength of human skin was 10.75 mN for a single MN and 526.75 mN for 49 MNs.
The maximum equivalent stress within the PETIA (b) MN under these conditions
was 51.8 MPa. Simulation results highlighted the importance of MN tip diameter and
therefore TPP fabrication on the resulting force requirements and stress development.

Based on these findings, one of the primary goals for future research should be
the fabrication of more advanced drug delivery devices such as hollow or dissolving
MNs, as well as 4D bio-engineered scaffolds in biocompatible materials for person-
alized medicine and functionalized structures for sensing. Furthermore, installing a
CCD camera to monitor the production process online, as well as more powerful ob-
jectives with higher NA such as 60 x or 100 x to increase the structural resolution

on the existing laser system, will play a promising role in future experimentation.



Part II - Multicore fibers for high
power fiber lasers






Chapter 6

Multicore fiber lasers

Multicore fibers (MCFs) are a cutting-edge technology posited as the best candidate
to replace conventional fibres in lasers and optical amplifiers, due to their potential to
provide further scaling of output power owing to their distinctive designs and charac-
teristics. Depending on the desired application, multiple cores in a variety of patterns
such as hexagonal, square lattice, one-ring, dual-ring, and linear array are arranged
within the cladding region [155]. However, when it comes to a superior scaling of the
number of cores, a square array of cores can be considered as a potential candidate
since such arrangement facilitates the manufacturing process and allows for tighter
packing of cores compared to the other alignments [156, 157]. As a result, these in-
novative optical fibers have opened up new areas of opportunities and applications in
the fields of astronomy [158], telecommunication, fiber sensors, fiber lasers[159] as

well as biomedical sensing and imaging applications [160].

A coherently combined laser amplifier with a quadratic arrangement of 16 Yb-
doped silica cores, was experimentally fabricated as indicated in Ref. [161] where
the diameter of each core, numerical aperture and center-to-center core distance (or
precisely pitch), were 19 um, 0.06 and 55 pm, respectively. Up to now, the core di-
ameter of both commercial and custom-made active MCFs, is relatively small [162].
However, in order to avoid both complicating the MCFs design and excessively in-

creasing the number of cores, a greater mode field area of each core seems to be an
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efficient solution to achieve a considerable higher output power [163].

Rare-earth doped fiber lasers and their major drawbacks on light guidance at high-
power levels such as nonlinear and thermal effects, have been discussed in this chap-
ter. Furthermore, the impact of heat generation in the doped cores caused by the quan-
tum defect between pump and laser signals in the optical amplification process on the
performance of 9- and 16-core Yb**-doped MCFs designed for high-power lasing
and amplification applications was numerically investigated through finite-element
method (FEM) software package (COMSOL Multiphysics 5.4) by combining optical
and thermal models.

6.1 Rare-earth doped fiber lasers

Over the last 20 years, the output average power of fiber laser and amplifier systems
(both continuous wave and pulsed) has experienced an exponential growth [164].
Fiber lasers and amplifiers based on double-clad (DC) designs have moved more and
more into the center of attention due to their unique characteristics of high average
power along with high efficiency, compactness, and reliability [165, 166, 167]. In
fact, such fibers are made up of a centered core which is doped with laser-active rare
earth ions [168, 169] such as erbium (Er**), ytterbium (Yb>*), neodymium (Nd>*)
and thulium (Tm3*), etc., with a high refractive index while surrounded by an inner
and outer cladding with lower refractive indexes. A review of the literature reveals
that among all aforementioned ions, Er?t and Yb3T ions, have received greater com-
mercial interest. While silica glass based erbium-doped fiber amplifiers (EDFA) are
widely employed in the high-capacity and high-speed optical communication (C-
and L-band) providing high signal gain and low noise figure over the wide bandwidth
[170, 171, 172, 173], ytterbium-doped fibers are commonly utilized for high power
fiber components as well as the double- clad fiber design and fabrication due to their
particular characteristics, especially their high efficiency, high output power, compact
structure and good beam quality [174, 175, 176].

The structural design of DC fibers allows to absorb all pump light within the laser
cavity to amplify the signal light and subsequently obtain higher gain and output
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power efficiency, leading to a rapid expansion in industrial, defense, scientific and
medical applications [177, 178]. Besides theses potential benefits, there are some
limitations including nonlinear and thermal effects which have a significant impact
on the stability and further power improvement of such fibers due to the fact that
some of these applications also require the light to be a single frequency and have a

stable polarization state [179].

6.1.1 Nonlinear effects

At high power levels, nonlinear phenomena such as Brillouin and Raman scattering,
as well as self phase modulation [177], are the primary limitations in the power scal-
ing of fiber lasers and amplifiers [180]. In fact, the tight confinement of high-intensity
light into a very tiny core diameter along a given fiber propagation length renders
such fibers very sensitive to the aforementioned unfavorable consequences [181]
which can negatively affect the fiber single-mode regime. Therefore, large mode area
(LMA) fibers with larger core diameters and lower NA [182] can be applied as a
simple solution to mitigate the mentioned detrimental effects by lowering optical in-
tensity inside the core through distributing power across a larger effective area [183]
while preserving single mode operation as far as possible. Therefore, several fiber de-
signs including photonic crystal fibers (PCFs), chirally coupled core fibers (CCCs),
photonic bandgap fibers (PBGFs), large pitch fibers (LPFs), distributed mode filtering
fibers (DMFs), and leakage channel fibers (LCFs) [184, 185], have been developed.
These fibers are well-known for their ability to control nonlinear effects while still

maintaining outstanding beam quality at high power levels.

6.1.2 Thermal effect influence

A review of the literature reveals that thermal effects are another limiting factor for
average-power scaling of pulsed fiber lasers including large-mode-area fibers (both
step-index and PCFs) [185, 186] resulting in a drop in system efficiency. Transverse
mode instabilities (TMIs), which emerge from the thermal dissipation process have a

detrimental influence on system operation by turning a formerly stable high-quality



90 Chapter 6. Multicore fiber lasers

output beam of a high-power fiber laser into an unstable one once a certain average
power threshold has been reached [187, 188]. Although an energy transfer between
the fundamental mode (FM) and higher-order modes (HOMs) on a millisecond (ms)
time-scale appears to be the most probable explanation of the output beam fluctua-
tions in the fiber, a change in the relative phase between these transverse modes can
be considered as a second reason as reported in Ref. [189]. As a result, selecting an
adequate core diameter, chemical composition for the host glass as well as different
relative refractive indices of coating materials can reduce the number of transverse

modes, assuring the excellent quality of fiber lasers [190].

MCFs technology can be used to improve TMI as well as the threshold limit of
non-linearities [191], by combining several lower power beams coherently to obtain
a single higher power beam. In other words, power scaling is delivered by propagat-
ing independent beams which are spatially multiplexed into different adjacent cores
[161].

Since each core in MCFs operates as an isolated waveguide or is designed to
be single mode step-index fiber, cross-talk induced by undesired power transmission
from one core to another [192] as a result of core interaction is regarded as a serious
concern in this system. Optical cross-talk is fairly simple to manage by setting the
cores distant enough that the overlap integral between the guided modes becomes
negligible. However, high-power applications entail a strong heat load q [W/m] on the
doped cores, originated by the quantum defect due to the energy difference between
the pump photons and the signal ones [193], in the amplification process which is
defined as [194]:

(1-32)P, (6.1)

where « is the pump absorption [dB/m], dL is the fiber length [m], A, is the pump
wavelength [nm], Ay is the laser wavelength [nm] and P is the pump power [W]. This
generates a heat flux flowing from a core through the adjacent ones, which propagates

far across the fiber cross-section. In engineering applications, heat flow per unit area
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oW/ m?] can be described by the Newton’s equation [195]:
¢ =h-AT, (6.2)

where h is the convective heat transfer coefficient [W/(m?-K)], and the temperature

difference AT [K] can be characterized by:
AT =T, —T, (6.3)

where T,,; and T are the external temperature [K] and the surface temperature respec-
tively. According to Stefan Boltzmann law, the total radiant heat power emitted from

the fiber surface can be formulated as:
dbd=oc-e-dA-(T*—T2), (6.4)

where o [W/m?K*] is the Stefan Boltzmann constant while € and A are the emission
factor and the fiber surface area as well [196, 197]. In turn, this creates a tempera-
ture gradient inside the fiber, which induces a refractive index gradient following the
temperature profile. Thus, the heat flux propagating from one core causes thermally-
induced refractive index variations in other cores as described in Eq. (6.5), producing
a feedback that can result in unwanted coupling between cores that would normally

be optically uncoupled.

An:n(xayaQ)_nc(x>Y) :BATv (65)

where B=1.16 - 1075/K is the silica thermo-optic coefficient and n.(x,y) is the re-
fractive index distribution for a cold-MCFs in which the value of heat lead is assumed
to be zero (q=0 W/m) [198].

This gives the possibility for thermal cross-talk, leading to unwanted coupling
between cores, which affects beam generation and amplification [199] by making
specific modes belonging to different cores leading to degeneration and formation of

supermodes [200].
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6.2 Numerical model of multicore fibers

Recently, numerical simulations were performed on a system based on a 2-core
MCFs, which examined the effect of the heat load on the relationship between the
fundamental LPy; mode and the higher-order LP;; mode of each core. Results showed
that thermal cross-talk caused feedback between the modes by affecting their field
overlap with the respective doped cores. This in turn had a longitudinal effect on the
refractive index profile, with almost periodic shifts that caused mode beatings and
resonances [201].

In this work, the aforementioned effects of the distributed heat load on the per-
formance of 9-core and 16-core MCFs designed for high-power fiber laser applica-
tions have been evaluated. The finite element method (FEM) was employed to model
the optical field for optical amplification and lasing, by using the commercial soft-
ware “COMSOL Multiphysics,” which is a software package with specific numerical
solvers aimed at various physics and engineering applications. In order to investigate
the behavior of Yb-doped photonic-crystal fiber amplifiers, a combined thermal and
optical FEM model was successfully employed to study mode power evolution and
gain competition [201]. In particular, the field distributions of the guided modes are
computed with the full-vector FEM modal solver, which works on a modified mate-
rial permittivity tensor. The modification consists in adding a term that accounts for
the thermo-optic effect, which causes a local refractive index variation An propor-
tional to the temperature variation AT . This is calculated by the thermal FEM model,
which solves the steady-state heat equation for a 2D heat propagation problem across

the fiber cross-section.

6.2.1 Multicore fiber structure

As shown in Figure 6.1, MCFs with 9 (a) and 16 (b) Yb+3—d0ped silica cores with
3x3 and 4 x4 matrices, with a common cladding, featuring the same core diameter
d ranging from 12 to 19 um defined by the boundary of the doped core region, were
analyzed using a thermal-optical FEM model, to obtain the thermally induced refrac-

tive index change along the fiber cross-section. The refractive index of the cores (n.),
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inner cladding (n;.;) and outer cladding (n;.;) were 1.45, 1.4487 and 1.37 respectively,
while the pitch (D) varied between 25 and 55 pm. Moreover, the silica inner cladding
diameter (D;) was 420 um and the acrylate polymer outer cladding diameter (D,) of
600 um was considered, having a lower glass refractive index in order to confine the

pump power within the region occupied by the doped cores.
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Figure 6.1: Cross-section of MCF with 9 (a) and 16 (b) step-index cores.

From the thermal point of view, the fiber was simulated for an external temper-
ature of 25°C, a silica thermal conductivity of 1.38 W/(m-K) and a convective heat
transfer coefficient of 80 W/(m?-K) at the outer physical boundary. After designing
geometry and applying physics to the model, the next step was to build the mesh with
free tetrahedral elements of size in the range of 0.18-40.2 um. It should be noted
that the same mesh was used for both 9-core and 16-core MCFs simulations within
this work. The optical field was modeled at 1032 nm wavelength, a typical emission
wavelength of Yb*3 doped fiber lasers and amplifiers.

6.3 Results and discussions

In order to calculate the electric and magnetic field distributions, different values of

q (according to the formula reported in Equation (6.1)) were applied to each core. As
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an example, Figure 6.2 shows the electromagnetic field distribution of FMs confined

in central cores in the particular case of a q equal to 5 W/m for each core.

Figure 6.2: FM distribution of the 9-core (left) and 16-core (right) MCFs with q =5
W/m equally applied to each core.

Figure 6.3 reports the temperature distribution in the entire cross-section of the
mentioned fibers, as well as the temperature profile along the black dashed lines in
the inset when a heat load, g =5 W/m was applied equally to each core, resulting in a
temperature profile featuring a maximum temperature of 623 K in the central core of
the cross-section of 9-core or 872 K in the four central cores of 16-core MCFs, due
to the combined heating effect of the neighboring cores. It should be noticed that the
positions of these peaks match to the positions of the cores of these fibers cores.

As heat load q is varied between 0 and 11 W/m for 9-core as well as 0 and 7 W/m
for 16-core MCFs equally for each core, three core families (A, B, C) are established.
In fact, the effective mode index difference An, s of the fundamental mode of the side
cores (B) and corner cores (C) for both fibers increased linearly with the value of q,
as shown in Figure 6.4, where the effective mode index of the central core (A) was
taken as reference. The results show that the center core, where a significant amount
of heat is concentrated, has the highest value of effective mode index with respect to
the side and corner cores effective indices, which causes a change in the fiber mode
guiding properties, and therefore a detrimental effect on the quality of the beam.

In fact, as it can be seen in Figure 6.5, by increasing value of the total heat load
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Figure 6.3: Temperature distribution on the cross-section and temperature profile
along the dashed line of the inset for the 9-core (left) and 16-core (right) MCFs with

q =5 W/m for each core. The maximum value occurs for the single central core (left)

or the four central cores (right).
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Figure 6.4: Effective index difference (An,rr) of the fundamental mode of side (B)

and corner (C) cores concerning central core (A) as a function of q for the 9-core
(left) and 16-core (right) MCFs with core diameter d = 12 um.

(£g), which is obtained by summation of the heat load across all cores, the maximum

temperature (T,,,,) across the fiber, which is found in the center core, increases lin-
early from 306 K at 1.125 W/m to 1013.2675 K for a combined heat load of ~100
W/m for 9-core MCFs as well as 313 K at 2 W/m to 1100.9955 K for a combined
heat load of 112 W/m for 16-core MCFs. It should be noted that in order to preserve

the physical integrity of the fiber, maximum temperature is limited to ~1000 K, thus

Xq to ~100 W/m. The hard limit above which irreversible damage would occur to
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the fiber is depicted with the green dashed lines in both plots.
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Figure 6.5: Maximum temperature (T,,,) inside the 9-core (left) and 16-core (right)
MCFs as a function of total heat load (Xg) where Xg = q x number of cores with
core diameter of 12 um. In both kinds of fiber, the T, is reached in the center of

the fiber (the center core in 9-core and innermost cores in 16-core MCFs).

The following results show how the heat load affects the overlap integral I" of each
mode on the active core cross-section, which gives account of the field confinement
inside the cores and thus of the gain per unit of length of the mode. The FEM model
calculates the guided modes, and then uses the modal field distributions to evaluate

the overlap integral I, defined as:

= //Sd i(x,y)dxdy, (6.6)

where Sy is the active core cross-section, and i(x,y) is the normalized intensity distri-
bution of the mode:

i(x,y) = Re[P;(x,y)/P], (6.7)

where P is the modal power and P,(x,y) is the distribution of the longitudinal com-
ponent of the Poynting vector. In fact, the Poynting vector gives the power flow per
unit area and can be obtained by multiplying the electric and magnetic fields of the
modes [202, 203].

Therefore, the overlap integral of FM (I'rys) as well as the overlap integral dif-
ference (AI") were evaluated according to Equation (6.6) by applying a uniform q to

the active cores of 9-core and 16-core MCFs as shown in Figures 6.6-6.8. In fact,
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AI' gives account of the different amplification of the fundamental mode and the
higher-order modes (Alzopm, = I'rm - I'nom,i) and it is used to define the effectively
single-mode behavior of the fiber [204]. It was found that the 'z in the heat loaded
case remained above 0.8, which is one criterion for effective single-mode behavior,
however the overlap integral difference A" did not always remain above 0.3, which is
the second criterion for having sufficient gain competition to prevent the higher-order

mode from being amplified.

As a matter of fact, what can be clearly seen in Figure 6.6, which depicts the
evolution of AI" for d values varying from 12 to 12.5 um, is a decreasing trend with q
for the three higher-order modes closest to the fundamental mode in both 9-core and
16-core MCFs. For 9-core MCFs (left column) d = 12 pum (first row), the Al ,;, varies
from 0.754 for q=10.125 W/m to 0.653 for q = 11 W/m, while for d = 12.5 um (second
row), it varies from 0.708 to 0.596. However, for 16-core MCFs (right column) d =
12 pm (first row), the Al,,;, varies from 0.748 for q = 0.125 W/m to 0.650 for q =7
W/m, while for d = 12.5 um (second row), it varies from 0.713 to 0.605. Thus, for
increasing diameter, the slope of A" variation with q tends to progressively decrease.
Looking at the field profiles reveals the fact that the symmetries are respected due to
the uniform distribution of the heating, however by increasing core diameter, the field

is more confined into the cores and tends to distribute more to the outer cores.

As it is also confirmed in Figure 6.7 by increasing diameter, considering 9-core
MCFs (left column) when d = 13 um, Al,,;, varies from 0.572 for q = 0.125 W/m to
0.534 for q = 11 W/m, while for d = 13.5 um (second row), it varies from 0.475 to
0.471. However, for 16-core MCFs (right column) d = 13 um (first row), Al ;;, varies
from 0.594 for q = 0.125 W/m to 0.534 for q =7 W/m, while for d = 13.5 um (second
row), it varies from 0.467 to 0.464. In this case, the field tends to be more confined
to the outer cores and Al,,;, is most invariant with respect to d =12, 12.5 and 13 um
in both fibers.

This is even more apparent in Figure 6.8, where for 9-core MCFs (left column)
with d = 14 um, Al,,;, varies from 0.414 for q = 0.125 W/m to 0.412 for q = 11
W/m, while for 16-core MCFs (right column), it varies from 0.411 (q = 0.125 W/m)
to 0.406 (q = 7 W/m). Finally, for high diameter values, the curve is almost flat and
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the field is highly confined into the outer cores, however the effectively single-mode
criterion is no longer valid, as for d = 19 um (second row), Al,,;, varies from 0.152
(q =0.125 W/m) to 0.149 (q = 11 W/m) for 9-core MCFs (left column). This also
applies for 16-core MCFs (right column) where AlL,;, varies from 0.152 for q = 0.125
W/mto 0.150 for q =7 W/m.

According to the obtained results, I'ryy is slightly affected by q while up to d =
13 um, I'yom,; increases in proportion to the q. Furthermore, for d > 13 um, q has
no effect on both I'ry; and Alz0p,. It should be noted that AI,;, can be managed to
reach single-mode operation (Al ;;;,> 0.3) for d <15 um when D =55 um.

In the last step of the electromagnetic modeling, the performance of these fibers
has been evaluated by reducing the value of pitch D from 55 to 25 um. Figures 6.9
perfectly demonstrates that the pitch reduction decreases the value of Al,,;;, for core
diameter of 12 um without any significant effects on the effectively single-mode con-
dition. This is also valid for core diameters d <15 pum (except D =25 um ford = 15
um where effectively single-mode behaviour fails as shown in Figure 6.10). It is
worth noting that the pitch reduction for larger core diameters (d > 15 um), has no
effect on single-mode criterion where the fiber is already no longer single-mode. In
fact, HOMs become more confined into the cores which causes a negative impact on
the performance of both 9-core and 16-core MCFs.

The performance of such fibers can also be analyzed by taking into account the
effective area and bending effects which in fact bring this model to a higher level of
complexity. However, a higher degree of model complexity would lead to significant
increase of computation time. Therefore, using larger amounts of physical memory
(RAM), as well as an appropriate central processing unit (CPU) and graphics pro-
cessing unit (GPU), is strongly suggested in order to overcome the aforementioned

issue and subsequently to obtain the analytic results as quick as possible.
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Conclusions - part 11

High average power lasers, widely employed for materials processing and defense ap-
plications, are also effective in a variety of scientific applications such as laser-based
guidance systems for astronomy, gravitational wave detection, coherent remote wind
sensing, and laser-based particle acceleration. Fiber-based lasers and amplifiers have
demonstrated their ability to produce high average power while remaining efficient,
compact, and reliable. Thermal effects are currently regarded as the most significant
barrier to power scaling of fiber lasers in high power applications. Transverse mode
instabilities (TMlIs), identified as the most damaging feature of thermal effects, turn
the formerly stable high quality output beam of a high power fiber laser into an un-
stable beam once a certain average power threshold has been reached.

Therefore, the second part of this thesis focused on multicore fibers (MCFs),
which are regarded as a good candidate to overcome the threshold power limit caused
by the onset of nonlinearities and TMIs in high-power applications due to their po-
tential to deliver a single higher-power beam by coherently combining several lower
power beams. 9-core and 16-core MCFs for high-power fiber lasers were also studied
numerically, highlighting impairment due to thermal effects under severe heat load
during amplification. The finite-element method (FEM) was employed to model the
optical field distribution for optical amplification and lasing to analyze the effects of
heat load on the modes of ytterbium-doped MCFs. According to the obtained results,
fiber guidance properties are strongly affected by mode coupling effects induced by
thermally-induced refractive index distortion. Therefore, a maximum combined heat

load of 100 W/m was determined as an acceptable limit for avoiding irreversible
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fiber damage. A decreasing trend of A" vs. q was observed for the three higher-order
modes (HOMs) closest to the fundamental mode. Moreover, for higher values of core
diameter, d, the slope of AI" tended to flatten. As a result, the minimum value of AI'
consistently decreased with increasing d, to the point where the single-mode crite-
rion could no longer be maintained. In fact, for d > 15 um, it was found that HOMs
became more confined to the cores, causing a negative impact on the optical beam
quality. To summarize, the core diameter appears to be a critical parameter in ensur-

ing single mode or effective single mode propagation within each core of the fiber.

To facilitate the adoption of MCFs for high-power beam delivery in the future,
comprehensive research must now be performed into effective area and bending ef-
fects as these fundamental parameters will play a major role in achieving pragmatic

results in this specific field.
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