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Kurzzusammenfassung
Aleksandr Ovsianikov

Untersuchung zur Zwei-Photonen Polymerisations Technik fiir Anwendungen in der
Photonik und Biomedizintechnik

Ein entscheidender Faktor fiir Fortschritte in der Nanotechnologie ist die Entwicklung von Nano- und
Mikrofabrikationstechniken mit hochster Genauigkeit.

Femtosekundenlasertechnologien, welche auf nichtlinearer Licht-Materie-Wechselwirkung basieren,
schaffen die Moglichkeit einer kosteneffizienten Strukturherstellung mit hoher Auflosung sowie
herausragender Flexibilitdt. Diese Technologien sind seitens der Industrie durch die aktuellen
Fortschritte in der Entwicklung von industrietauglichen Ultrakurzpuls-Lasersystemen verstirkt in den
Fokus geriickt.

Zwei-Photonen Polymerisation (2PP) ist ein neuartiges direktes Laserschreibverfahren welches auf
Zweiphotonenabsorption der Laserstrahlung in photosensitiven Materialien beruht. Hierbei wird eine
lokal stark eingeschrinkte chemische Reaktion durch Mehrphotonenabsorption  von
Femtosekundenlaserpulsen im Fokus induziert, welche zu einer Modifikation des Materials fiihrt.
Dieses kann beispielsweise ein Umwandlungsprozess von fliissigem zu festem Material wihrend der
Polymerisation sein. Durch das dreidimensionale (3D) Fiihren des Laserfokus wird eine Spur
modifizierten Materials erzeugt. Im nichsten Schritt wird das nicht modifizierte Material durch ein
geeignetes Losungsmittel entfernt, und die gefertigte Struktur wird sichtbar.

Im Gegensatz zu konventionellen laserbasierten Mikrofabrikationstechniken, die Strukturen via
Materialabtrag erzeugen, erlaubt 2PP die Herstellung von komplexen 3D-Strukturen. Eine minimale
Auflésung von unter 100nm und die Moglichkeit 3D-Strukturen direkt aus einer CAD-Datei
generieren zu konnen, machen 2PP zu einer einzigartigen Herstellungstechnik. Ein grofer Vorteil der
2PP-Technik ist, dass konventionelle UV-Photopolymerisation bereits umfangreich erforscht wurde
und in vielen technischen Applikationen eingesetzt wird. Die Vielseitigkeit sowie die groBle Anzahl
verwendbarer Materialien trigt malgeblich dazu bei, dass es eine Vielzahl unterschiedlicher
Anwendungen fiir diese Technik gibt.

Diese Arbeit préasentiert die Ergebnisse der Entwicklung der fundamentalen 2PP-Technik und die
Untersuchung verschiedener Einsatzgebiete dieses Verfahrens. Es wurden kommerziell erhéltliche
sowie neuartige photosensitive Materialien, die sich durch radikalische Polymerisation verarbeiten
lassen, im Hinblick auf die minimale Auflosung, Reproduzierbarkeit und Bearbeitungsgenauigkeit
untersucht.

Ein wichtiges Anwendungsgebiet, in dem Hybridmaterialien besondere Vorteile infolge ihrer hohen
optischen Qualitdt aufweisen, ist die mikrooptische Photonik. Mittels 2PP konnten refraktive
mikrooptische Elemente mit hoher Prizision hergestellt werden. Die hohe Flexibilitit erlaubt schnelle
Design-Anderungen einzelner Elemente in unterschiedlichen Variationen. Sie ist damit ein
einzigartiges Rapid-Prototyping-Verfahren fiir die Herstellung von Mikrooptiken.

Ein weiteres Anwendungsgebiet ist die Herstellung dreidimensionaler photonischer Kristalle. Diese
periodischen Strukturen werden als optisches Aquivalent zu elektrischen Halbleitern betrachtet.
Photonische Kristalle besitzen das Potential, die Informationsiibertragung zu revolutionieren, indem
sie die Realisierung von rein optischen Schaltkreisen ermdglichen.

Mittels der 2PP-Technik wurden systematische Untersuchungen zur Herstellung von Woodpile- sowie
spiralbasierten photonischen Kristallen durchgefiihrt. Ihre optischen Charakteristika wurden optimiert.
Biomedizinische Applikationen von mittels 2PP hergestellten Strukturen stehen im Fokus jiingster
Untersuchungen. Im Rahmen dieser Arbeit wurden drei solcher Anwendungen untersucht: die 2PP-
Herstellung von Mikrostrukturen fiir das subkutane Drug Delivery, Mikroimplantate sowie
Stuitzgertiste (Scaffolds) fiir das Tissue Engineering.

Ein Uberblick iiber die jiingsten Verdffentlichungen im Bereich der 2PP-Technik zeigt, dass diese
Methode weltweit von einer steigenden Anzahl wissenschaftlicher Arbeitsgruppen verwendet wird.
Aktuell sind im Verlauf dieser Arbeit fiinfzehn Peer-review-Publikationen, zahlreiche Beitrdge auf
Fachkonferenzen sowie drei Buchkapitel entstanden.

Schlagworte: Nanostrukturierung, Zwei-Photonen Polymerisation, Ultrakurze Laserpulse



Abstract
Aleksandr Ovsianikov

Investigation of Two-Photon Polymerization Technique for Applications in
Photonics and Biomedicine

An essential factor for the progress of nanotechnology and its driving power is the development of
high fidelity nano- and micro-fabrication techniques. Femtosecond laser technologies based on
nonlinear light-matter interactions, provide a possibility of cost-efficient manufacturing with high
resolution and unprecedented flexibility. Increased attention to these technologies from industry
representatives is stimulated by the recent development of compact turnkey ultrashort-pulse laser
systems.

Two-photon polymerization (2PP) is a novel direct laser writing technique based on the two-photon
absorption of laser radiation in photosensitive resins. In this approach, the multiphoton absorption of
femtosecond laser pulses in the waist of the focused laser beam induces a highly localised chemical
reaction leading to a local modification of the material. This can be, for example, polymerization
process, transforming a material from liquid into the solid state. By moving the laser focus in 3D the
trace of modified material is created. In the next step, the unmodified material is removed by an
appropriate developer, and the fabricated structure is revealed.

In contrast to conventional laser microfabrication techniques based on material ablation, two-photon
polymerization (2PP) allows the fabrication of true 3D structures in accordance to provided CAD
design. A minimal resolution below 100nm, in the age when a 3rd dimension becomes an extremely
important criterion for success, makes 2PP a one-of-a-kind technology. The fact that conventional UV
photopolymerization is a well-studied subject, having a long industrial application history, provides
additional advantages for 2PP microfabrication approach. The versatility of the 2PP technology and
the large number of applicable materials contribute to the wide range of applications of this technology
which are rapidly growing.

This thesis presents results of work on the development of 2PP technique and exploration of
applications of this technique. Commercially available as well as novel photosensitive materials
processed via free-radical polymerization are studied with respect to their minimal resolution and
microstructuring fidelity by 2PP.

Important application areas, where hybrid materials provide particular advantages due to their high
optical quality, are microoptics and photonics. Using 2PP technique, refractive microoptical elements
have been fabricated with high precision. The flexibility of 2PP allows fast variation of individual
element design and, therefore, provides a unique approach for rapid prototyping of modern
microoptics. A soft lithography method, based on UV-micromolding, is demonstrated as a possible
high fidelity high throughput technique for replication of a large series of produced microstructures.
Another important application of 2PP technique in photonics is fabrication of 3D photonic crystals.
Photonic crystals are considered to be the optical equivalent of semiconductors. They have potential to
revolutionise information technologies by enabling all-optical circuits. Using 2PP technique,
systematic investigations on woodpile and spiral photonic crystal fabrication, and subsequent
characterisation of their optical properties has been performed.

Recently, biomedical applications of 2PP technique have been pioneered by our group. Three
important directions thoroughly studied and presented in this thesis are application of 2PP fabricated
microstructures for transdermal drug delivery, microimplants and as scaffolds for guided cell growth
in tissue engineering.

An overview of reports on 2PP indicates that this technique is constantly gaining wider acceptance and
popularity among scientists worldwide. To date, work performed in the framework of this thesis has
resulted in more than 15 peer reviewed publications, numerous conference contributions and three
book chapters.

Key words: Nanostructuring, Two-photon polymerization, ultrashort laser pulses
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Thesis Outline

This thesis presents results of work on the development of two-photon polymerization
(2PP) technique and exploration of applications of this technique. The following chapters
provide some overview of the processes undermining the 2PP microfabrication and present
current applications of this technique. Chapter 1 opens with the basic introduction into the
two-photon absorption process and describes its characteristics relevant for 2PP
microfabrication. It is followed by a comparative discussion on different types of
photopolymerization with a focus on light-induced free-radical polymerization. In section 1.3,
a detailed description of 2PP technique, its advantages for 3D processing, structural resolution
dependencies and limitations are discussed. Section 1.4 describes materials used for 2PP by
different scientific groups in the world and discusses their target applications. Also here an
introduction to inorganic-organic hybrid materials used by our group at the LZH is given. A
literature overview on the current development status and studied application areas of the 2PP
technique is the subject of section 1.5. A prominent application area of this technique, and one
of the central experimental topics of this thesis, is the fabrication of 3D photonic crystal
structures. Section 1.6 is devoted to this intensively studied topic. A basic introduction to 3D
photonic crystal concepts and a comparative description of alternative microfabrication
approaches applied for their realisation is given here.

Chapter 2 provides insights on the experimental realisation of the 2PP technique, it
lists out relevant materials and associated sample processing methods. In addition, details on
the chemical synthesis of formulations prepared at the LZH are provided. Finally a method for
microstructure replication by UV-micromolding is presented.

Chapter 3 opens with results on fundamental investigations of the 2PP. Such issues as
influence of material composition, resolution limits, and material shrinkage are addressed
here. Section 2.3 describes application of 2PP for the fabrication of microoptical elements and
3D photonic crystals. It includes results on theoretical investigations on properties of 3D
photonic crystals with respect to 2PP microfabrication peculiarities, as well as thorough
analysis and characterisation of the 3D photonic crystals obtained experimentally. Finally
some realised biomedical applications of 2PP microfabrication are presented. Use of
microneedles for transdermal drug delivery is a novel area relying on microstructuring
technologies. Fabrication and characterisation of such microneedles with respect to skin
penetration and subcutaneous injection is the subject of section 3.3.1. 2PP can be applied for
rapid prototyping of patient-specific microimplants. Ossicular replacement prosthesis realised
by 2PP and results of characterisation of its mechanical properties as well as in vitro
implantation are presented in section 3.3.2. The capability of 2PP to fabricate arbitrary 3D
structures has a great potential in tissue engineering. Section 3.3.3 discusses results of
application of 2PP technique for the fabrication of scaffolds for guided cell proliferation.

The final chapter is dedicated to the summary and concluding remarks. Also, an outlook on
perspectives of further development of 2PP technique is given here.
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List of Abbreviations Used Within This Work

2D,3D.. Two- ,Three-dimensional
2PP..........c.ceeeee...... TwWo-photon polymerization (2PP)
AOM..........covn Acousto-optic modulator
CAD......oovvvien Computer aided design
CAM..........coiinn Computer aided manufacturing
DBTDL.................. Dibutyltin dialurate
DRI.......oooiiiin, Disperse red 1

fec i face-centered-cubic

feto o face-centered-tetragonal
S femtosecond

FTIR...........ooea Fourier-Transformations-InfraRed-Spectroscopy
ITO...cooii, Indium tin oxide
MAA........coi Methacrylic acid
MAPTMS............... Methacryloxypropyltrimethoxysilane
MPA..........o Multiphoton absorption

NA. ..o Numerical aperture
NLO....cveiiiin. Nonlinear optical
PBG........coiii Photonic bandgap
PDMS................... Polydimethylsiloxane
PEG...............o... Poly(ethylene glycol)
Pl Photoinitiator

SEM.....cooviiiinnn. Scanning Electron Microscope
TORP.......cooeiinn. Total ossicular replacement prosthesis
TPA....ccoiii Two-photon absorption
UV Ultra violet

voxel.......oooiiiin volume pixel

ZPO.......oooiiiiiii Zirconium n-propoxide
Do dielectric filling fraction

v



Contents

Kurzzusammenfassung. . .. ... ...
ADSITaCt. . o o
Thesis Outline . . . . ... oo
List of Abbreviations Used Within This Work. . . ............... ... ..... ...

1 Introduction

1.1 Multiphoton Absorption . .. ... .. ...

1.2 Principles of Photopolymerization . . ....... .. ... ... . ... ... . ... ...

1.3 Two-photon Polymerization (2PP) Technique. . .. .......... ... ... ......
1.4 Materials for 2PP Processing. . . ...ttt
1.5 Current Development Status and Applications of 2PP Technique . ..........
1.6 Photonic Crystals — Engineering the Propagation of Light. .. ..............

2 Materials and methods

2.1 Experimental Setup for 2PP Processing . . ............ ... ... ... ... .....
2.2 Materials Applied for 2PP Processing. . .. ...,
2.3 3D Structure Replication by UV-micromolding . . .......................

3 Results and discussions

3.1 Investigations of 2PP Process

3.1.1 Hybrid Organic-Inorganic Materials for 2PP Processing. ... .............
3.1.2 Shrinkage of Materials Processed by 2PP technique. ...................
3.1.3 Structuring of Acrylated Poly(Ethylene Glycol)s with2PP ..............
3.2 Applications of 2PP in Microphotonics

3.2.1 Fabrication of Microoptical Elements . ... ...........................
3.2.2 Realisation of 3D Photonic Crystals

Fabrication of Shaped 3D Photonic Crystals .. ........................
3.3 Biomedical applications of 2PP Technique
3.3.1 Microneedles for Transdermal Drug Delivery .. .......................
3.3.2 Fabrication of Microprosthesis. . .. .......... ...,
3.3.3 Scaffolds for Tissue Engineering . . ........... ... . . ...

4 Summary and Outlook . . . ... ... ... ... .
References . . ...

List of own Publications. . . . ... ..

W —






1 Introduction

1.1 Multiphoton Absorption

Multiphoton absorption (MPA) is a quantum mechanical process, where an atom/molecule
absorbs few photons simultaneously and can therefore surmount the energy gap, which is
exceeds the energy of a single photon, in a single excitation event [Boy92, She84].
Multiphoton absorption was predicted in 1929 by Maria Goppert-Meyer [MGP29]. Three
decades prior to the experimental observation of this process, her work described theoretical
model gathering the principles of multiphoton interaction between light and matter. The
publications main thesis was that an atom might absorb two or more photons, this way
allowing electron transition to states which cannot be acquired by single photon absorption.
Furthermore the probability of n-photon absorption is proportional to the n™ power of the
photon flux density; consequently high photon flux densities are required in order to observe
this phenomenon. In fact, MPA was one of the first effects demonstrated with the help of

lasers, since intensities much higher than provided by other light sources could be achieved
[KG61].
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Figure 1.1 Schematic illustration of an atom excitation process with: a) single-photon absorption; b) stepwise
absorption of two photons; ¢) two-photon absorption (TPA).

Figure 1.1 illustrates atom excitation processes through single-photon absorption,
stepwise absorption of two photons and two-photon absorption (TPA). In conventional linear
absorption process, an atom is excited via single photon absorption process. An excitation of
an atom through absorption of single UV photon is illustrated in figure 1.1a. The excited state
is characterized by the energy level S,, the absorption rate scales linearly with the light
intensity [Sve98]. An atom can also be excited by absorption of two photons. If a real
intermediate state is present, the atom is excited through sequential absorption of photons.
After the first photon (hvjg;) is absorbed, the atom in the excited state can be characterised by
a relaxation time or a certain lifetime of the energy level (S; in figure 1.1b). Before the decay
of this excited state such atom can be promoted to another excited state (S, in figure 1.1b) by
absorption of a further photon (/4viz;). Therefore, the absorption of two photons here is



stepwise and is mediated by a “real” energy level. The energies of both photons do not have
to be equal and depend on the position of the intermediate level (S;). The important fact is that
the energy level of this intermediate state, and therefore the energy of both photons (v, and
hvig;) are well defined. TPA is in turn mediated by a so called “virtual” state (dashed line in
figure 1.1c). TPA is only possible if a second photon is absorbed before the decay of this
virtual state. In analogue to sequential absorption, an equivalent description of this process,
defining the lifetime of such excited state or virtual energy level, exists. In accordance to
Heisenberg’s uncertainty principle a lifetime of such virtual state is on the order of a few
femtoseconds (fs), which is very short when compared to lifetime of real energy level. A
further important difference here is that the energy level of such excited state is not defined.
Therefore any two photons, whose energy sum equals to the gap between the atoms ground
and the excited state can participate in the process. In contrast to stepwise absorption of two
photons, for TPA process coherence of the incident light is required.

The excited energy levels S, and S3, shown in figure 1a and ¢ are not exactly the same,
since the selection rules for single photon and two-photon absorption are different [She84].
This fact implies that MPA can reveal information about transitions not accessible by single
photon processes. The first applications of MPA process were as spectroscopic tool, for
identifying the energy states which are not linked to the ground state via single photon
absorption [HWP63].
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Figure 1.2 Schematic illustration to TPA interaction confinement. Top image shows intensity distribution along
a focused laser beam. Lower image shows according interaction TPA region (dark ellipsoid), whose size is
defined by the TPA threshold intensity.

Since the probability of the TPA is proportional to the square of the intensity of the
laser radiation, favourable conditions for TPA in the first place are created in the waist of the
focused laser beam (see figure 1.2). Thus, the multiphoton interaction region is strongly
confined. This advantage, widely applied in multi-photon microscopy, leads to high spatial
resolution and the ability to selectively excite specific molecules [DSW90]. Using multi-
photon microscopy one can, for example, observe the spatial distribution of one specific

molecule inside a living cell, and create 3D images with submicrometer resolution. Since the



availability of fs laser systems, multiphoton microscopy gained widespread popularity and
currently presents a “must have” tool of any life science laboratory.

1.2 Principles of Photopolymerization

Currently photopolymerization presents an indispensable part of industrial processing for our
everyday products. The demand of raw materials for radiation curing in a segment of specialty
chemicals market is a constantly growing. Recent findings show that photopolymerization of
resins has been applied in mummification procedure in ancient Egypt as early as 1900 BC
[BEO1]. Nevertheless, the history of modern applications of photopolymerization on the
industrial scale is comparatively short. First commercial applications of this technique in
coatings started in early 1960s. By the end of 1960s many new material systems, fitting a
wide variety of possible industrial applications, were developed. Appropriate equipment
allowing fast curing and providing control over the process on the industrial scale was
developed. Photopolymerization for industrial applications is very competitive and presents
many advantages over many conventional approaches, it allows reducing energy
consumption, it is ecological, and finally it is economical due to its high productivity at lower
costs. Combination of these factors made photopolymerization a choice of process for
evermore new applications areas in the industry throughout the years, this growth continues to
present days.

In mid 1980s knowledge gained in this field and its wide acceptance in the industry
paved way for rapid prototyping technologies based photopolymerization. Stereolithography,
also known as 3D printing, solid free-form fabrication or solid imaging, is a technique
allowing to create complex 3D models from photosensitive materials in accordance to
provided CAD design. Since this method is very economic for prototype manufacturing it is
now widely applied in automotive, aerospace, and many other major industries. By looking at
the history and fields of application of radiation-curing it becomes clear that the main driving
force is its high potential for innovation.

In general, polymerization is defined as a process of reacting monomer molecules
together in a chemical reaction to form three-dimensional networks or polymer chains
[You87]. In case of photopolymerization this process is initiated by light. Most often addition
polymerization is meant when talking about photopolymerization. Here, photopolymerization
is defined as the light-induced chemical reaction of monomers or oligomers that results in a
solid polymeric network [Dec94]. Modern materials systems for photopolymerization contain
at least two main components a photoinitiator and a monomer or an oligomer. Apart from
that, additives, whose function is to impart desired material properties, are often used.
Photoinitiators - molecules which have low photo dissociation energy — are added in order to
increase the material photosensitivity and so to improve the efficiency of the process.

Photopolymerization reactions that form a cross-linked network follow the
characteristic steps of any chain polymerization mechanism: photoinitiation, propagation and
termination. Figure 1.3 provides a detailed illustration of a free-radical photopolymerization



reaction on the example of methacryloxypropyltrimethoxysilane (MAPTMS) and
photoinitiator 2-benzyl-2-dimethylamino-4'-morpholinobutyro-phenone (Irgacure 369). In the
first step, two free-radicals are produced through light-induced bond cleavage in the
photoinitiator molecule (photolysis), as a result of absorption of a UV photon (figure 1.3a).
By definition radicals are atomic or molecular species having unpaired electrons on an
otherwise open shell configuration, and therefore exhibiting extremely high reactivity
[Dec98]. When produced radical comes into close proximity with an oligomer molecule
(MAPTMS in this case) they can react by breaking a methacrylic bond (an arrow in figure
1.3b indicates which bond radical is able to break). As a result of this reaction a larger radical
molecule is created (figure 1.3c). If this newly formed radical appears in proximity of another
oligomer molecule it can react by once again breaking the methacrylic bond (figure 1.3d) and
forming an even larger radical (figure 1.3e). Hence produced radicals serve as propagating
active centers of a chain reaction. Reaction continues in this manner until it is terminated by a

reaction between two radicals, which can be either photoinitiator fragments or larger radicals.
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Figure 1.3 Illustration to photoinduced free-radical polymerization process on the example of MAPTMS: a)
absorption of a UV photon by photoinitiator Irgacure 369 results in bond-cleavage and production of two
radicals; b) radical reacts with MAPTMS molecule by breaking a methacrylic bond (indicated by arrow); ¢) a
larger radical molecule is created as a result of this reaction; d) it can further react with another MAPTMS
molecule by breaking a methycrylic bond (indicated by arrow); e) an even larger radical molecule is created as a
result of this reaction.

Compared to other initiation routes, e.g. thermal in which heat is used to produce
active centers, light-induced polymerization offers certain advantages. Most importantly in
the context of this thesis, it provides both spatial and temporal control of the initiation

reaction through control of illumination conditions. Linear polymer chains are obtained by
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reacting monomer species that contain a single double bond, while a cross-linked network of
polymer chains can be formed using multifunctional monomers. The resulting solid polymers
are used in many applications due to their insolubility in organic solvents and resistance to
heat and mechanical treatments [Rof82].

Main drawbacks of free-radical polymerization are oxygen quenching and polymer
shrinkage [FR93, KS02]. At normal conditions some atmospheric oxygen is always dissolved
in the material. During free-radical polymerization it can deactivate the intermediate states by
producing oxygenated radicals and so slowing down or disturbing the polymerization
reaction. In thick films oxygen quenching is mostly expressed in the upper layers of the
material, which are in direct contact with the atmosphere. Shrinkage is a result of increased
density of the final polymer state compared to the density of original material formulation
before polymerization. Since the amount of material before and after polymerization does not
change, this density change will result in volume reduction i.e. shrinkage. Recent efforts in
the material synthesis field brought about some novel materials that exhibit very little
shrinkage even when polymerized via free-radical route.

An alternative material system often applied in photopolymerization is based on ionic
polymerization. Here ions play role of active propagating centers. The advantages of ionic
polymerization are the absence of oxygen quenching and substantially lesser shrinkage. A
prominent example of such material is commercially available SUS, also widely applied in
multiphoton processing. Here, photoacid generators can be interpreted as photoinitiators,
since acid, generated during light exposure, acts as polymerization reaction catalyst and
spacially defines the produced pattern. Polymerization reaction itself is induced by cations,
and requires addition of heat, i.e. sample postbaking. This implies that in contrast to free-
radical polymerization mechanism, here the exposure and the polymerization steps are
separated. Compared to free-radical route, disadvantages of cationic material systems are

longer sample processing time and often less temporal and spatial control over the reaction.
1.3 Two-photon Polymerization Technique

Two-photon polymerization (2PP) is a novel direct laser writing technique based on the two-
photon absorption (TPA) of laser radiation in photosensitive polymers. The mechanism of this
technique is best explained in comparison to another widely known rapid prototyping
technique - stereolithography. In stereolithography UV laser radiation is applied to scan the
surface of the photosensitive material (in the UV range). This radiation induces
photopolymerization through single photon absorption, and is therefore confined to the
surface of the material. Single surface irradiation step is producing 2D patterns of
polymerized material (Figure 1.4a). Another liquid photopolymer layer is than
deposited/flown onto such pattern in order to create a new surface. The steps are repeated
until the complete 3D structure is produced. Finally, in a so-called developing step, the
unpolymerized material is washed out and the fabricated structure is revealed. Due to linear

absorption nature of the process, with stereolithography it is only possible to fabricate 3D



structures using a layer-by-layer approach. The liquid polymer reflow step requires high
precision, it is relatively slow and constitutes the largest part of the fabrication duration.

LW light Mear-1R light

a b

Fi)gure 1.4 Photosensitive material processing by: a) a single pgloton absorption with UV light. Light is absorbed
at the surface of the photosensitive material. 2D patterns can be produced by photopolymerization; b) two-
photon absorption with near-infrared light. TPA and following chemical reactions are confined in the focal
volume, and the rest of the laser radiation is passing trough the material without interaction. According insets in
the figures illustrate: a) single photon absorption; b) two-photon absorption processes.

Majority of available photosensitive materials are designed to be structured using UV
radiation sources. They are transparent in the near-infrared and highly absorptive in the UV
spectral range. 2PP approach is based on the nonlinear interaction between the materials and
laser radiation through TPA. One can initiate two-photon polymerization with near-infrared
laser pulses within the small volume of UV-sensitive material using tightly focused
femtosecond laser pulses. Figure 1.4 provides a simplified illustration of the difference
between single photon and two-photon activated processing. In 2PP most of the laser light
focused into the sample from the top is passing the material without interaction and exits at
the bottom. The laser-material interaction is strictly limited to the waist of the focused laser
beam, where the intensity is high enough to induce the TPA (see Figure 1.2 in section 1.1).
The material is polymerized along the trace of the moving laser focus. This way fabrication of
any desired polymeric 3D pattern by direct “recording” into the volume of photosensitive
material is possible (figure 1.4 b). In a subsequent processing step the material, which was not
exposed to the laser radiation, and therefore, stayed unpolymerized, is removed by an
appropriate solvent and the fabricated structure is revealed. The material sensitive in the UV
range (Auy) can be polymerized by irradiation with the near-infrared laser light at
approximately double wavelength (Ar=2Ayv), under the condition that the intensity of the
radiation is high enough to initiate TPA. Since femtosecond lasers provide very high peak
intensities at the moderate average laser power, they present a very suitable light source
creating favourable conditions for TPA and are commonly used in 2PP microfabrication.

In stereolithography the structural resolution depends on the size of the focal spot and
is limited by diffraction, thus the minimum feature size can not be smaller than the half of the

applied laser wavelength. In reality, due to the technical reasons, inherent to this technology,
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the best lateral resolution of stereolithography is in the range of a few micrometers [BJB03].
Since 2PP is a nonlinear process displaying threshold behaviour, the structural resolution
beyond the diffraction limit can be realized. Structures with feature size less than 100 nm
have been realised experimentally, which is almost an order of magnitude smaller than the
laser wavelength used for microstructuring (usually a Ti:Sapphire laser at 800 nm).
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Figure 1.5 Effect of intensity on the volume pixel (voxel) size i.e. structural resolution of 2PP process.

For all photosensitive materials, a threshold irradiation fluence (and/or irradiation
time) exists which has to be overcome to initiate polymerization. Due to this well-defined
polymerization threshold, one can reach a resolution far beyond the diffraction limit as is
schematically illustrated in figure 1.5 for a Gaussian intensity distribution in the laser focus
plane. Precise control over the applied irradiation dose is used to tune the obtained structure
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There are several factors determining the structural resolution limits of 2PP
microfabrication. In general for multiphoton processing, the higher the order of process
nonlinearity, the better the spatial resolution. For a fixed process order, for example 2PP, two
further factors are of great importance. One is set by the material composition, i.e. the lowest
limit for the structure size for a certain material is set by the size of the molecules composing
this material. Another factor is related to how close one can approach the 2PP process
threshold. Here both laser characteristic and material composition play an important role.
Finally, the classical resolution limit is set by the intensity distribution in the waist of the
diffracted laser beam, which is in direct relation with the wavelength of the laser and the
numerical aperture (NA) of the imaging optics.

Intensity distribution in the focal plane of a microscope objective is governed by the
theory of Fraunhofer diffraction. For a microscope objective with a round aperture a point
source forms a so-called Airy pattern in the image plane. The intensity distribution here is
given by a Bessel function of the first order. The central peak exhibits a maximum intensity,
the amplitude oscillates and gradually decreases away from the centre. In accordance to the
Rayleigh criterion two equally bright point sources can be resolved by a microscope if in the
image plain the intensity maximum of the Airy pattern formed by one source coincides with
the first minimum of an Airy pattern formed by the second source (see figure 1.6a).
Therefore, in accordance to this criterion, the lateral and axial values of diffraction-limited
resolution of a microscope objective are given accordingly by [Ino95]:
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where A is the exposure wavelength, NA is the numerical aperture of the objective
(NA=r/ f where r is the radius of the lens and f is the focal length), and ‘»’ is the refractive

index of the sample material.

The amplitudes of side peaks of this intensity distribution are small compared to the
amplitude of the central peak. Due to the threshold behaviour of a TPA interaction, in most
cases side peaks do not contribute to the 2PP microstructuring process. The central peak of
intensity distribution in turn can be well approximated by a Gaussian distribution (see figure
1.6 b). In order to deduce relation for a volume pixel (voxel) width and height one has to find
isophotes of light intensity. In accordance to (1) for intensity drop to 1/e=0.37 times the peak
intensity the Gaussian beam width in the focal plane is given by dxy=0.21A/NA. According
size along the axial direction is given by d;=0.66 An/NA? [TRS'02]. The size of the
interaction region or polymerized volume (volume pixel or voxel) depends on the
polymerization threshold. The spatial intensity distribution of a Gaussian beam as a function
of the axial and radial distances ‘z’ and ‘7’ is described by a following function:
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here ‘wy’ and ‘w(z)  are the size of the beam waist (z=0) and the beam radius in the plane at
distance Z’ from the waist position. /j is photon flux at the center of the beam waist (r=0),
z=(). By solving this equation for a fixed threshold intensity 7;’, one can obtain the width
‘o’ and the height ‘4’ of the polymerized voxel. For a second order process following
relations are obtained:

2

=, ln(ij and h=2z,
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here zz and ‘I’ represent the Rayleigh range and the applied intensity accordingly. The
calculated dependency of these parameters on the applied laser intensity for objective with
NA=1.4 is shown in the figure 1.7a. Presented relation does not take any material influence on
a molecular level or polymerization kinetics into account. Nevertheless, it provides a general
idea about the voxel size dependencies in 2PP microstructuring. According to these
calculations, for ideal material system, if the intensity is set at 2% above the threshold value
voxel width and length of around w = 33 nm and /# = 80 nm are obtained. At 5% over the
threshold level these values are already w = 52 nm; #=125 nm. For 8% the values are doubled.
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Figure 1.7 Voxel dimension dependence on applied laser intensity: a) voxel width ‘@’ and height %’ for a
NA=1.4; b) voxel ‘h/w’ aspect ratio for different objective NA values, presented on a logarithmic scale.

It is therefore important to provide precise control over the intensity level of applied
laser radiation. In a realistic system the pointing stability and the energy stability of the laser
have biggest influence. For many practical applications, relying on the high structural
resolution of the 2PP technique, it is important to know the form of the structures primitive
building block - the voxel. Figure 1.7b presents voxel aspect ratio ‘4/w’ dependence on
applied laser intensity for different NA values. It is observed that with increasing intensity the
voxel becomes elongated along the axial direction. For objectives with higher NA not only the
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better lateral resolution, but generally smaller aspect rations can be realised. The NA of the
objective used in work presented here is 1.4. Therefore, diffraction in the optical system sets a

lower limit on the values of aspect ratios of voxel dimensions.

1.4 Materials for 2PP Processing

Early reports on 2PP microstructuring employed commercially available photoresists
originally developed for UV lithography [MNK97, CAB'99]. Over the years a lot of effort
has been devoted towards development of specialised photoinitiators (see next section for
details), which are used with available materials or material blends. From the polymer side,
little has been done. While the applied material spectrum has been significantly expanded,
still mostly standard lithographic resins are currently used for 2PP microfabrication.

fs laser
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developlng SEM '
fs laser

positive resist

Figure 1.8 Schematics of two-photon activated (a) negative and (b) positive tone resist processing. According
insets on the right show the SEM images of fabricated woodpile structures.

Conventionally, photosensitive resist materials are divided in two classes - negative
and positive tone. The illuminated volume of negative resists undergoes cross-linking or
polymerization, and becomes insoluble in developer. Unexposed material is removed during
the sample development step (figure 1.8a), revealing the inscribed pattern/structure. In
positive resists situation is exactly inverse - light induces dissociation of the molecules in the
irradiated area. Here exposed material is removed during the development step (figure 1.8b),
while the rest stays [ZKB'02]. Therefore, one obtains a hollow pattern. Most positive resists
are developed for the fabrication of integrated circuits by photolithography, where they are
patterned in 2D and are used as a sacrificial layer in a lift-off process. Therefore, these resists
are designed for an easy chemical or thermal removal. By applying femtosecond laser pulses
one can write 3D structures in positive resists, in this case we are talking about two-photon
activated processing, since no polymerization is actually taking place. Conventional negative
resists are most often acrylate- or epoxy-based resins, i.e. pure organic materials. Although
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many of these materials have good processability, they are often chemically unstable against
solvents typically applied in multi-layer processing, and their thermal and mechanical stability
is often quite poor.

A prominent example of negative tone organic photoresist applied for 2PP
microfabrication is SU8 [DFW'04, SII'06]. It was originally developed for the
microelectronics industry to provide high-resolution 2D patterns. The SUS is supplied as a
liquid consisting of an epoxy resin, a solvent (gammabutyrolactone or cyclopentanone
depending on formulation) and a photo-acid generator. Conventionally SUS is applied in the
form of thin layer onto the substrate by spincoating. The thickness of the resulting layer is
controlled by the spinning velocity. In a subsequent prebaking step, the excess solvent is
removed from the layer. Here it is important to achieve a uniformly dry layer, since
inhomogeneities will lead to undesirable variations of photopolymerization threshold.
Prebaking conditions have to be adjusted in accordance to the layer thickness. In 2PP
microfabrication, where comparatively thick layers and high resolution are required, the
prebaking procedure is especially critical. SU8 is photosensitive in the spectral range 300-
400nm, suitable for lithography and LIGA applications. It is polymerised by cationic route,
where a strong acid is generated in the irradiated areas. Cross-linking occurs during the
postbaking step, when a temperature is raised above a certain threshold value. Since no
polymerization is induced during the photoirradiation, there is no immediate refractive index
change. This fact implies that, in contrast to free-radical polymerized materials, the produced
pattern is not visible online during the fabrication. Finally, the unpolymerized material is
removed to reveal a fabricated structure. Due to its high transparency in the near UV, SU8 is a
popular material for fabrication of structures with high aspect ratio. Currently, formulations
resulting in spincoated layer thicknesses up to 200pm are made available. A great advantage
of SU8 material for multiphoton processing is comparatively low shrinkage. Also SUS8
material is processed in a solid form, and the produced pattern is immobilised throughout
fabrication step. Therefore highly complex interconnected/interlocking structures can be
produced without fear of material reflow during the fabrication. This is particularly
advantageous for fabrication of moving micromechanical components. A certain disadvantage
is that SUS8 requires a multistep preparation and processing. The sample production times are
longer, compared to materials processed by free-radical polymerization. SU8 can also provide
quite high spatial resolution. Suspended rods with lateral size down to 30nm have been
produced in SU8 by 2PP microfabrication [JMS'05]. However, no 3D structure consisting
fully/mostly of elements with 30nm feature size has been demonstrated.

A large variety of acrylate- and methacrylate-based materials, which are polymerized
via free-radical route, were tested with 2PP microfabrication. Among most popular, one can
list SCR500 [MNK97] (Japan Synthetic Rubber Company), Nopcocure 800 [SMX'01]
(Sannopco, Japan), PDMS (Dow Corning), SR368 and SR9008 [CAB'99] (both SR by
Sartomer Corporation). A blend of both latter materials was successfully used by Haske et al.
to fabricate woodpile structures with features sizes as small as 65 nm [HCH 07]. In general
these materials are marked by straightforward preparation and processing. Since the
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polymerization occurs immediately after irradiation, the produced patterns can be observed
online and so substantially simplify the fabrication procedure. The sample processing times
are greatly reduced in comparison to epoxy-based materials processed by ionic
polymerization. A majority of acrylic resins is processed liquid form, and material reflow
during the fabrication can be an issue.

Another example of purely organic photopolymers are Poly(ethylene glycol) (PEG)
based formulations. PEG molecules can be functionalised with acrylic or methacrylic groups
in order to produce photosensitive resin, processable by free-radical polymerization. Recently
out group at the Laser Zentrum Hannover has explored these materials in combination with
2PP microfabrication (see section 3.2). Use of PEG-based materials has a few great
advantages for biomedical applications. It has proven to be non-toxic, and use of some of its
derivatives is approved by the FDA and other governmental organisations for the variety of
commercial products. The properties of PEG and PEG-based materials have been well studied
with respect to use in a number of biomedical applications. PEG actually includes a whole
class of materials, most commonly used for biomedical applications are grades between PEG
600 and PEG 9000. It has been demonstrated that aqueous solutions of acrylated PEG can be
photopolymerized in direct contact with cells and tissues [LB02]. The degradation rate of
PEG materials depends on the molecular weight and material content. Furthermore, the PEG
polymers can be functionalized using various biomolecules and proteins in order to influence
specific cell adhesion [VVHO03, HVP'02]. This is a great advantage for application in medical
implants, where it is extremely important to achieve control over material-cell interaction, by
either preventing or promoting specific cell adhesion.

More recently, photosensitive inorganic-organic hybrid materials have been used for
2PP microfabrication by our group at the Laser Zentrum Hannover [SEO 03]. The concept of
hybrid materials is that they combine properties of organic polymers (toughness,
functionalization, and processing at low temperatures) with those of glass-like materials
(hardness, chemical and thermal stability, and transparency) [Haa00].

Hybrid materials, presented in this work, are synthesised by sol-gel process [BS90],
where inorganic-oxidic units are connected to organic moieties on a molecular level [KPO5].
This approach allows one to achieve material properties which are not accessible with
composite or polymer materials. During synthesis, a Si-O-Si network is established via
hydrolysis/polycondensation reactions of alkoxysilanes, which yields organically modified
nanoscaled inorganic-oxidic units, present in a prepolymer sol. Their size (typically 1 to 10
nm) is dependent on the choice of alkoxysilane precursors and the reaction conditions, such as
catalyst, concentration, or reaction temperature. The organic polymerizable units are chosen
depending on the requirements of the application. For the photosensitive materials presented
in this thesis, (oligo-) methacryl or acryl functionalities are used as organic moieties (see
section 2.2 for detailed description of ORMOSIL synthesis). Finally, an organic cross-linking
is achieved by photopolymerization. Hybrid photosensitive materials are multifunctional
polymers. During photopolymerization they are cross-linked and form a dense 3D network,
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the final product is similar to glass. For the photochemical patterning, radical initiation is a
most popular route.

The physical and chemical properties of the end-material can be tailored by choosing

appropriate precursors and synthesis conditions. The mechanical properties and thermal
stability can be increased by increasing the inorganic content in the hybrid network.
Furthermore, sol-gel materials provide the possibility of the incorporation of various
functional groups by using a guest-host or a side-chain—main-chain strategy. One example is
the incorporation of a nonlinear optical chromophore to produce an electro-optically active
sol-gel processable by 2PP technique (see section 2.2 for details).
Therefore, these hybrid sol-gel materials can be employed in many devices for a large variety
of applications, enabling novel properties from micro- down to the nanometre scale. Due to
their enhanced chemical, thermal, and mechanical stability and — simultaneously — very good
processability, they can overcome the restrictions of purely organic polymers for most
applications.

Two different kinds of hybrid materials are applied in the presented work:
commercially available ORMOCER® (organically modified ceramics, Trademark of the
Fraunhofer-Gesellschaft zur Férderung der Angewandten Forschung e.V., Munich, Germany)
and ORMOSILs (organically modified silica) synthesised in our group at the LZH. In both
materials, methacrylate functional groups are responsible for cross-linking of monomers
during photopolymerization.

Ormocers are optically transparent over the 400-1600 nm wavelength range
[BKP'01]. These materials demonstrate low optical losses in the near infrared range, with
losses less than 0.06 dB/cm at 830 nm, and less than 0.6 dB/cm at 1550 nm. The refractive
index of Ormocer materials may be adjusted in the 1.47-1.56 range. Due to their superior
optical properties and ease of processability Ormocer are now widely applied for optical
interconnects and multi-chip module assembly. They are conventionally patterned by UV
lithography or nanoimprinting [www.MR].

Ormocers as a material class have recently received significant interest from the
medical device community. Several biological studies, including the ISO 10933-5
cytotoxicity (elution) assay, have shown that Ormocer materials are nontoxic and biologically
inert [ADMOS5, JRK'04]. Ormocer- based matrix components (DefiniteTM) and Ormocer-
based light-curable dental composites (AdmiraTM) have been commercially available for use
in restorative dentistry since 1988. Also in the present work Ormocers have been mostly
studied with respect to biomedical applications.

Ormosil also designates a class of hybrid materials. From practical point of view
synthesis of materials directly at our laboratory at the LZH provides many advantages. Most
importantly the properties of the synthesised materials can be modified in accordance to the
demands of 2PP technique. By adjusting the synthesis conditions materials exhibiting ultra-
low shrinkage during 2PP were realised. Materials containing Zr, Al, Ti, or combination of
these have been synthesised. Also hybrids containing active ions such as Erbium and
Ytterbium were synthesised and successfully structured by 2PP technique. Furthermore, in
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this work, the sol-gel process has been used to prepare photosensitive composites containing
nonlinear optical chromophores (see section 2.2 for details). Ormosils are processed in a solid
form, and so they combine advantages of epoxy materials with processability of acrylic
formulations.

An important component of any material processed by photopolymerization is the
photoinitiator (see section 1.2). Due to wide use in industrial applications, currently a large
variety of photoinitiators for free-radical polymerization are commercially available (e.g.
from Ciba Specialties, Sigma-Aldrich). Naturally, the most important characteristic of a
photoinitiator is sensitivity at the applied irradiation wavelength. The absorption spectra of
two typical photoinitiators developed UV curing and applied in 2PP microfabrication are
shown in figure 1.9. Spectra of 2-Benzyl-2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1 (Irgacure 369, Ciba Specialties) is recorded for photoinitiator solutions in
acetonitrile. Irgacure 369 is a standard photoinitiator supplied with Ormocer materials. Its
absorption extends up to 400nm and exhibits a peak at 320nm. For 2PP microfabrication this
corresponds to approximately the double wavelength, i.e. up to 800nm with an optimum at
640nm. Typically not more that 2wt% of Irgacure is added to photocurable material
formulations.

The spectra of 4,4 -bis(diethylamino)benzophenone (Milchers Ketone, Sigma—
Aldrich) is recorded for different concentration solutions in methyl alcohol. This
photoinitiator has an optimum absorption at 380 nm, which would correspond to
approximately 760 nm for two-photon absorption. Therefore, due to absorption at the longer
wavelength this molecule appears to be more suitable for 2PP processing with Ti:Sapphire

lasers.
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Figure 1.9 Absorption spectra of typical photoinitiators for UV curing: a) Irgacure 369; b) 4,4’-

bis(diethylamino)benzophenone.

Most photoinitiators are characterised by measuring their absorption in solutions. Our
recent findings show that absorption characteristic can change, when the photoinitiator is
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introduced into a realistic photopolymer formulation. E.g. for the case of 4,4’-
bis(diethylamino)benzophenone in Ormosil the absorption peak is shifted towards longer
wavelength and peaks around 470nm (see section 3.1). Therefore when choosing an
appropriate photoinitiator, it is important to consider its characteristics in combination with a
material in question. Among other important photoinitiator characteristics are high rate of
photodissociation (i.e. short excited state lifetimes) and efficient reactivity of produced
radicals with material molecules.

1.5 Current Development Status and Applications of 2PP Technique

Since first experimental demonstration of 2PP microstructuring [MNK97] to nowadays it has
experienced rapid development. Unique capability of this technique to create complex 3D
structures with resolution, reproducibility and speed superior to other approaches paved its
way to applications in many areas. Figure 1.10 shows some SEM images of structures
fabricated by means of 2PP technique for demonstrational purposes in the framework of this
doctoral thesis at the Laser Zentrum Hannover. Microvenus statues fabricated from the SU8
material are presented in comparison to the human hair. Each statue is about 50 um tall and
20 um wide, the overall fabrication time is just few minutes. Figure 1.10b shows and array of
microspiders fabricated on a glass slide. Each structure is about 50um wide, the spiders body
is lifted above the glass supported by eight 2pum thick legs. Finally, a fragment of a windmill
array (figure 1.10c), produced by 2PP of Ormocore material is shown. Fabricated in a single
step, the structure consists of two physically separate parts - windmill body and propeller,
which are interlocked in such way that propeller can be rotated around the shaft. Therefore,
using 2PP microfabrication it is possible to produce functional micromechanical components
in a single step, without the necessity of tedious assembly procedure. Looking at these images
one can see the strength of 2PP technology and envision many potential applications.
Naturally, the research in this field can be roughly subdivided into topics related to
investigations of fundamental processes underlying the mechanism of 2PP technique itself
and topics oriented to applications of this approach and investigation of related phenomena.

b)
Figure 1.10 SEM images of demo structures fabricated by 2PP technique: a) microvenus statue shown in

comparison to a human hair; b) microspider array; c¢) functional microwindmill.
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Most of the materials and photoinitiators applied for 2PP are originally developed for
the lithographic applications. A lot of efforts have been dedicated to improvement of the
efficiency of 2PP initiation. It is conventionally done by application of novel specially
developed photoinitiators exhibiting large two-photon absorption cross-sections.
Commercially available photoinitiators used in photolithography exhibit maximum two-
photon absorption cross-section values in the range of 4-40 GM units [SHB'04]. The
extensive work in this field and acquired knowledge allowed to synthesise molecules with
two-photon absorption cross-sections as large as 100-7000 GM [SHB 04, JPS'99, CAB99].
It has been demonstrated that the structural resolution of the 2PP process is improved in
materials with higher sensitivity [XCD"07]. In addition, introduction of radical quenchers to
the material has been investigated, using this approach a minimal structural resolution of
100nm has been demonstrated [TSKO05]. Recently, 80nm wide lines, suspended on a massive
structure, could be obtained in the SU8 material using conventional fs laser system emitting at
800nm [SJJ 06]. Using fs laser radiation at 520nm, 3D woodpile structure with lateral feature
size of 65nm was achieved by 2PP of acrylate based material [HCH 07]. Two-photon
activated processing has also been applied for microstructuring of so-called positive tone
photoresists [ZKB'02]. Here the effect of irradiation is the material dissociation in the focal
volume. In the later development step, only the material from the exposed area is removed
and therefore an inverse pattern is obtained.

Despite the fact that the 2PP is a relatively new technology it has been successfully
established as microprocessing tool and its application area has been rapidly expanding in the
recent years. Most prominent example is fabrication of 3D photonic crystals. For this purpose
2PP technique has been first demonstrated in 1999 [SMM99, CAB 99] and by now is applied
by different groups in the world. Submicrometer structural resolution of 2PP microfabrication
allowed realisation of 3D photonic crystals operating in the near-IR spectral range [DFW 04,
SNF'04, SMM '05]. Most importantly, in contrast to most rival methods, 2PP has capability to
create arbitrary structures and therefore to introduce defects at any desired location of a 3D
photonic crystal. 2PP microfabrication has also been applied for fabrication of less demanding
microoptical components such as waveguides [KBL'05], diffractive optics [GXZ 06] and
refractive microoptical elements [WRZ+06]. Distributed feedback microlaser has been
demonstrated by 2PP of optical gain medium by Yokoyama et. al [Yok03]. Apart from that,
2PP is also used for the fabrication of micromechanical systems [SKX'00], plasmonic
components [RPC 06], biomedical devices [DIN'06] and scaffolds for tissue engineering
[SNO'07]. One of the most exciting application examples for the field of biotechnology is
direct structuring of biomolecules. Group of Campagnola experimentally demonstrated cross-
linking of proteins by use of fs lasers [PCE'00, BC04]. Functionalization of surfaces with
biomolecules via photoinduced process using fs lasers has also been considered and recently
demonstrated [DKC 08]. Optically actuated micromechanical devices fabricated by 2PP have
been extensively investigated for applications in microfluidic systems and cell manipulation
[MIKO03, Mar06]. Photosensitive materials currently applied for 2PP microfabrication are
intrinsically dielectric. Few recent reports demonstrated various approaches for metallization
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of 2PP produced structures [FTT'06, FTC'06, CTT 06, MJT'07]. Microelectronical
components such as microinductor coils have been created this way [FLP 06].

Throughput is an important factor for the long-term success of any technology. With
the availability of positioning systems providing high translation velocity and high-resolution
at the same time, structures at scanning speeds up to 10 mm/s could be produced with 2PP
microfabrication [AEH'07]. Just as any other direct laser writing technique, 2PP
microfabrication is inherently a serial process. It is advantageous when samples with varying
parameters or small series of identical samples are required. However, for many applications,
especially in perspective to applications in mass production, it is necessary to obtain large
series of identical samples. At the same time, when it comes to structural resolution and
flexibility, 2PP technology represents a unique approach. Therefore, upgrading it to parallel
processing capability would create a great advantage and provide new opportunities. A
possible solution, combining advantages of 2PP microfabrication and increasing throughput,
i1s multibeam or multispot processing. Here, the same positioning system can be used for
obtaining multiple structures in parallel. It has been realised by application of microlens
arrays producing few hundred focal spots simultaneously [KTA+05, MJMO05]. A more
flexible approach is usage of spatial light modulators (SLM), since here number of spots, their
positions and laser intensity for each spot can be adjusted [OPO'07]. Common for these
methods is that throughput is in direct relation to the number of applied beams/foci. The
requirements for the minimal laser system output have to be adjusted accordingly.
Furthermore, alignment of the optical system becomes critical for the quality of each
produced structure.

Alternative solution is replication of produced structures by UV-micromolding. This
method is closely related to well-known soft lithography [GXL'04]. Here the structures,
produced 2PP microfabrication, are used as a master for soft elastomeric mold preparation. In
further steps this mold is used to produce replica in a UV-sensitive material [LBF'04]. The
detailed description of this process can be found in section 2.4. In contrast to multibeam
fabrication here only certain geometries and not any desired complex 3D structure can be
reproduced. The restrictions are mostly related to the possibility of mold release. Recently,
replication of 3D structures containing closed loops has been demonstrated [LLF06]. Using
this approach the throughput can be increased manifold independently of the 2PP
microfabrication system capacity. A further advantage of UV-micromolding is the freedom of
material choice. The material used for replication has to be photosensitive, but it is not
necessary the same material as used for 2PP microfabrication of original structures.
Therefore, the microstructures can be reproduced from a material photosensitive in a different
spectral range, or from materials containing additives, such as for example nanoparticles, and
from materials that cannot be structured well by 2PP technique (see section 2.4 for details).

In the age when third dimension becomes critical issue in many applications, 2PP
technology will continue to expand and provide solutions to the new areas. In pace with
technology development, the number of materials applied for 2PP microfabrication is
constantly increasing and materials designed for specific applications are developed.
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Although most of the novel photoinitiating systems are not commercially available,
the progress in this field is tremendous. The demand will naturally create offer for novel
specialised materials. It is clear that further downscaling of the resolution limit is still possible
and 2PP technique has not faced its limits yet. With the dawn of turnkey ultra-short pulsed
laser systems and high scanning velocity high-resolution positioning systems, 2PP

microfabrication finally enters the realm of industrial applications.
1.6 Photonic Crystals — Engineering the Propagation of Light

Photonic crystals are artificial dielectric microstructures exhibiting periodic modulation of
refractive index [Yab87, Joh87]. Due to this periodicity they can diffract electromagnetic
waves in a way that prevents their propagation. In analogy to solid-state physics, the range of
wavelengths, in which no propagating states exist, can be interpreted as a gap in the
dispersion function, it is also known as a photonic bandgap. A most prominent example of
one-dimensional photonic crystals are dielectric mirrors or multi-layered dielectric stacks,
exhibiting high reflectivity for light of a certain wavelength incident at a certain angle upon
such stack. Here the periodicity along one direction is achieved by the variation of dielectric
indices of stacked dielectric layers.

The main distinction of a 3D photonic crystal is that one can design structures where
photonic bandgaps for different light propagation directions overlap, resulting in a complete
or omnidirectional photonic bandgap - a frequency range for which the propagation of light is
forbidden in any direction. The central frequency of the bandgap or the photonic crystal
operation wavelength is roughly on the order of the half of the dimension of periodicity.
Therefore, by tailoring the structures dimensions and dielectric index contrast, the position of
the central frequency of the photonic bandgap can be precisely adjusted. For 3D photonic
crystals the periodicity has to be achieved for any given propagation direction inside the
structure. It is commonly done by sequential succession of air and dielectric regions inside the
structure.

For the past decades, semiconductors technology has played a role in almost every
aspect of our daily lives. The drive towards miniaturization and high-speed performance of
integrated electronic circuits has stimulated considerable research around the world.
Unfortunately, miniaturization results in circuits with increased resistance and higher levels of
power dissipation. In an effort to further the progress of high density integration and system
performance scientists are now turning to light instead of electrons as the information carrier.
Devices based on photons, instead of electrons as information carriers have potential to
revolutionise the information technology [BLW 04, LBB"05].

Since the introduction of the principle of the photonic bandgap, the design and
construction of 3D photonic devices has been the subject of much research [JJO1, JIDWOS,
Sak05, 1004, NBO03]. Devices based on photonic crystals allow tailoring propagation of light
in a desired manner. Many fascinating physical phenomena occur in such structures: control
of spontaneous emission [JVF97], sharp bending of light [NTY"00], lossless guiding [CJT03],
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zero-threshold lasing [MFS'02], trirefrigence [NHB'01]. Futuristic prospects include not only
applications in telecommunications as all-optical signal processing, but also “transistors” for
light and optical computers.

However, the fabrication of devices, operating in the near-IR and visible spectral range
is a major technological issue, since the requirement is for structures of millimetre scale to be
fabricated with nanometre resolution. Already back in 1990 some believed that photonic
bandgaps in this spectral range are impossible to achieve [Mad90]. First successful attempts
to produce 3D photonic crystals were based on intrinsically planar semiconductor technology
approaches, therefore a layer-by-layer structure, known as woodpile (see section 3.2.2. for
more detail), was first to be realised. Lin et al. used repetitive deposition and selective etching
of multiple dielectric films to fabricate a 5 layer silicon woodpile, exhibiting a bandgap
centered at around 11 pm [LFH'98]. Chutinan et. al also used deposition of multiple
semiconductor films [YNS97, NYI+99]. In order to obtain the rods, the upper layer,
consisting of GaAs, was structured by electron beam lithography or reactive ion etching. The
stripe patterns were than assembled on top of each other and joined using wafer bonding
technique. The carrier substrate material was than removed by wet etching, revealing a GaAs
woodpile containing 4 layers. Later, using this method, the first woodpile operating at the
telecommunication range has been realised [NTY 00]. An even more tedious approach was
undertaken by Garcia-Santamaria et. el [GMU'02], they have reproduced a 3D diamond
lattice by assembling latex and silica spheres using a nanorobot and an SEM for live
observation. In a subsequent step latex spheres were removed to reveal a 3D lattice consisting
of silica spheres only, no bandgap effect was demonstrated for this structure.

Currently most promising approaches for photonic crystal fabrication are colloidal
self-assembly, holographic photofabrication and direct laser writing by 2PP technique. In
colloidal self-assembly, spherical beads from silica, polystyrene or polymethylmethacrylate,
are used to produce 3D structures also known as opals. This method is based on natural
tendency of such particles to organise into closely packed 3D structure characterised by a
face-centred cubic symmetry. Theoretically, large scale photonic crystals can be produced in a
fast and potentially inexpensive way. The main problems originate from unavoidable presence
of disorder, which can occur due to polydispersity of the microspheres or inherent stacking
defects, developing during the opal growth process. Many different self-assembly methods
have been developed in order to improve the situation. Currently, the most popular approach
is vertical sedimentation, where a carrier substrate is submerged into a colloidal suspension.
While solvent is allowed to evaporate, the meniscus, which is formed at the liquid-air
interface on the substrate, helps to deposit the spheres in a crystalline arrangement [JBH 99].
Such opal photonic crystals allowed to study some properties of 3D photonic crystals
experimentally [BJH' 99]. Despite the fact that by definition opals are photonic crystals, due
to low porosity direct configuration cannot have a complete photonic bandgap. These
structures are mostly used as a template for obtaining an inverted opal photonic crystals,
which, provided that the refractive index contrast exceeds 2.8, can exhibit a complete
photonic bandgap [BSS'98, BJ98]. For infiltration procedure few methods, that allow filling
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the air gaps of an opal with high refractive index materials, were developed [NVO1]. After
such infiltration procedure, the opal itself is etched way, revealing a porous 3D mesh
consisting of high refractive index material. Inverse opal photonic crystals, consisting from
silicon, with an omnidirectional bandgap at 1.5 pm were first successfully demonstrated by
Blanco et al. [BCG'00]. Many photonic crystal applications, such as low-loss waveguides or
zero-threshold optical cavities, rely on the presence of line or point defects, introduced into
the 3D structures in a controlled manner. These defects cannot be formed by self-assembly.
Lee al have applied 2PP technique to write waveguides inside an opal whose voids are filled
with a liquid photosensitive material [LPB02]. In order to produce opals shaped as prisms
[YX02] or microfibers [MYT 02] patterned surfaces can be used as substrates.

Holographic recording is a method that allows fast (literally single shot) fabrication of
up to few mm large 3D crystals with long range periodicity. The 3D interference patterns,
produced by a multiple laser beams, is a well studied subject, because it is used for trapping of
atoms. The idea is to record spatial intensity distribution, created by two or more beams, into
a photosensitive material. If the beam parameters are chosen properly, it is possible to
polymerize photosensitive resin at the locations with higher intensity, while leaving the rest
unpolymerized. That is, one has to choose intensities at the maxima to be larger than the
threshold intensity for polymerization, while intensities at the minima have to be lower than
polymerization threshold. Tuning the intensity inside this working window changes the filling
factor and therefore has an effect on stability of the structure. Material that is not polymerized
is then washed out to reveal a solid 3D mesh in air. Depending on the number of beams
applied and their arrangement, different lattices can be obtained. Period of the produced
photonic crystal depends on the wave vectors of the applied laser beams. Campbell et al. have
reported results on using interference of four UV laser beam to create periodic 3D pattern in
30um thick commercial lithographic SU8 photo resist. Structures with sub-pm features were
produced by a single 6ps pulse of a UV laser [CSH'00]. Shortly after that Shoji and Kawata
have reported fabrication of 3D hexagonal photonic crystal lattice by a two step process: in a
first step three-beam interference was used to obtain 2D hexagonal arrangement of rods, in
second immediate step two more interfering beams formed additional layers which are
perpendicular to the rod array [SKO0O0]. In 2003 Shoji et al. also demonstrated fabrication of
woodpile structure by two-step four-beam interference [SSKO03]. Four-beam interference
produced a square lattice rod array; a woodpile is formed from two such lattices rotated by 90
degrees with respect to each other. Several groups used single-step exposure four-beam
interference to fabricate FCC lattices with different filling factors and have optically
characterized them [MMB'03, WXS'03]. In these works umbrella-like beam configuration,
where a central beam symmetrically surrounded by three other beams, was used. In 2001
Kondo et al. have proposed laser interference technique using diffractive beam splitter and a
mask selecting desired orders of diffraction, second harmonic femtosecond laser pulses were
used [KMJ'01]. Wang et al. have proposed simplified method, where a single beam was split
into four by a cleaved tip prism put in contact with the cell containing photosensitive
emulsion. Four refracted portions of the same beam interfere in the sample analogous to the
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case of umbrella like configuration [WTY 03]. A special case of holographic recording
approach, based on application of phase masks, was proposed by Lin et al. [LHDOS5]. They
have generated 3D woodpile structures in photosensitive SU8 in a two step process using two
masks, an approach similar to that applied by Shoji et al. for four beam interference [LPB02].
Fabrication of 3D periodic lattices by holographic illumination of photosensitive materials has
a great potential as technology for mass production. Theoretical aspects of this approach are
well studied. Since the required illumnation time is quite short, the requirements for the
mechanical stability of the system are not as high as in the case of 2PP microfabrication.
Similarly to self-assembled opal structures, the main drawback of holographic
photofabrication is that it is not possible to introduce defects in a first fabrication step. Similar
to the case of opals an additional step, where waveguides or point defects are introduced by
2PP direct writing is possible. It is easier to realise in this case, since the sample is readily a
photosensitive material no additional effort is required in order to match refractive indices.
Also final sample developing is a single common step. Common to most available
photosensitive materials are values of refractive index that do not allow realisation of
complete photonic bandgap in such holographically recorded 3D crystal. In order to overcome
this limitation an additional infiltration procedure, similar to that of opal structures, is
necessary.

Fabrication of photonic crystals by 2PP technique was first suggested by Cumpston et
al. back in 1999 [CAB"99]. The structural resolution of this technology is sufficiently high for
fabrication of photonic crystals operating at the telecommunication wavelength. Compared to
intrinsically serial methods, such as self-assembly or holographic microbarication, 2PP is
relatively slow, since here each structure is produced by direct laser writing. The main
advantage is that 2PP allows realisation of any structure, be it periodic or not. Therefore,
introduction of defects at desired location or structure shaping do not present any difficulties
[SMX01]. This approach is more flexible in a sense that structural parameter variations can
be introduced without big efforts. For example in order to change the period of fabricated 3D
photonic crystal, it is enough to change the design provided as input for the microfabrication
setup. In case of opal self-assembly different bead size has to be applied, which will
eventually require adjusting the overall fabrication process parameters and conditions. In
holographic microfabrication it will require changing the applied illumination wavelength,
and, therefore, again readjusting the fabrication conditions. In the same manner, by providing
according input, different 3D structures such as woodpile [SMM99], diamond [KSD'03],
spiral-based [SMM'05] or even quasiperiodic [LCH'06] photonic crystals, can be produced
by 2PP microfabrication. The refractive index of most photosensitive materials is comparably
low. Just as in the case of holographic photofabrication, structures directly produced by 2PP
do not possess omnidirectional photonic bandgap. Nevertheless, they can be used as a
template for later infiltration with high refractive index material, in order to produce 3D
structure with a complete photonic bandgap. This approach has been successfully
demonstrated on the example of woodpile structures produced by 2PP technique [TFD'06].
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2 Materials and methods

2.1 Experimental Setup for 2PP Processing

The main factors determining the performance of the 2PP system are the sample positioning
precision, the laser system stability, and the flexibility of the scanning algorithm. The
schematic representation of the experimental setup is shown in figure 2.1. The femtosecond
solid-state Ti:sapphire laser (Chameleon, Coherent) generates pulses with duration of 120fs
and a repetition rate of 94 MHz. The central emission wavelength of such a laser can be tuned
between 700 and 1000 nm. Unless otherwise noted, for all the experiments described in this
thesis, laser radiation at the central emission wavelength of 780 nm was applied. A small
portion of the light exiting the laser is guided into the spectrum analyser for continuous
monitoring of the laser emission spectrum. The computer-controlled polarization rotating
element in combination with the polarization-sensitive beam splitter enables continuous
adjustment of the average power of the beam entering the AOM (acousto-optic modulator).
The AOM is adjusted such that the first diffraction order of the beam can pass the diaphragm
aperture, while the zero order is blocked. By controlling the AOM on/off state with computer
generated TTL-signal, it is used as a laser shutter. In order to completely fill the aperture of a
focusing optic and to achieve optimal focusing conditions, the beam is expanded to a diameter
of about 10 mm by a telescope. A highly sensitive CCD camera is mounted behind the last
dichroic mirror to provide online process observation. The refractive index of applied
materials is slightly changed during photopolymerization process, and the 2PP created
patterns become visible immediately. The relative position of the laser focus within the
sample is controlled by two galvo-scanner mirrors (angular range +12.5°, resolution 6.7 urad)
and three linear translational stages (XYZ, resolution 10 nm, maximal travel distance 2.5 cm).
Unless otherwise noted, a 100x microscope immersion oil objective lens (Zeiss, Plan
Apochromat, NA=1.4) was used to focus the laser beam.

The average power is measured before the scanning unit and the beam expander, so
after losses at the mirrors and the truncation by the microscope objective aperture only 15 %
of laser power reaches the sample.
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Figure 2.1 Schematic representation of the experimental setup used for 2PP microfabrication
2.2 Materials Applied for 2PP Processing
ORMOSIL

A few sol-gel materials from class of ORMOSILs (organically modified silica) were
synthesised at the LZH. The properties of final ORMOSIL material can be tailored by
adjusting the synthesis parameters and applied precursors. The refractive index of the final
polymer can be adjusted by controlling the Zr or Ti precursor content. It is also possible to
add nonlinear materials, e.g. SGDRI1. Active materials such as Er or Yt have also been
successfully incorporated into these hybrids [XAB'03].

Generally the material synthesis and processing is conducted in four steps:

23



1. Hydrolysis and condensation in which precursors or monomers such as metal oxides
or metal alkoxides undergo hydrolysis and condensation to form a porous interconnected
cluster structure. Either an acid such as HCI or a base like NH3 can be employed as a catalyst.
2. Gelation occurs when the solvent is removed and a gel is formed by heating at low
temperature. The heating process results in the condensation of the hydroxy-mineral moieties
and the formation of the inorganic matrix. Hydrolysis and condensation do not stop with
gelation; it is at this stage that solvents are removed and any significant volume loss occurs.

3. Photopolymerization. Because of the presence of the double bonds, and provided a
photoinitiator has been added to the gel, the photoinduced radicals will cause polymerization
only in the area they are present. At this step there is no material removal and no volume loss;
the reaction that occurs is the cleavage of the pendant carbon-carbon double bonds by a free
radical process to form a macromolecular network structure of the organic polymer backbone.
4. Development; the sol-gel is immersed in an appropriate solvent and the area of the sol-
gel that is not photopolymerized is removed.

During Zr containing material synthesis methacryloxypropyl trimethoxysilane (MAPTMS,
99%, Polysciences Inc.) and methacrylic acid (MAA, >98%, Sigma-Aldrich) are used as the
organic photopolymerizable monomers. Zirconium n-propoxide (ZPO, 70% in propanol,
Sigma-Aldrich) and the alkoxysilane groups of MAPTMS serve as the inorganic network
former moieties. The molar ratio of MAPTMS to ZPO can be varied from 10:0 to 5:5. The
difference in reactivity of the alkoxysilane and the zirconium precursor require a three-step
procedure for the successful formation of the combined inorganic network: (1) MAPTMS and
ZPO are separately hydrolyzed and stabilized by MAA, respectively; (2) the pre-hydrolyzed
MAPTMS is slowly added to the zirconate complex; and (3) final hydrolysis of the mixture.
The hydrolysis of MAPTMS is performed using HCI solution (0.01 M) at a 1:0.75 ratio. Since
MAPTMS is not miscible with water the hydrolysis is carried out in a heterogeneous phase.
However, after 20 min of stirring, the production of methanol and the hydrolysis of the
alkoxysilane groups are sufficient to allow the miscibility of all species present in solution.
ZPO is chelated in a separate vial by adding equal molar of MAA dropwise, the resulting sol
is stirred for 45 min.

After 45 min, the partially hydrolyzed MAPTMS is slowly added to the zirconate complex.
Following another 45 min, water is added to this mixture with a final 2.5:5 MAPTMS:H,0
molar ratio. A Photoinitiator is added in the final step. After stirring for 24 h, the materials are
filtered using 0.22um filters. Most commonly a 4,4’ - bis(diethylamino)benzophenone
(Sigma—Aldrich), 2% to the final product is used as a photoinitiator.

The resulting formulation is a transparent liquid. The samples for 2PP processing are prepared
by spin-coating or drop-casting the material onto glass substrates, and the resultant films are
dried on a hotplate at 100 °C for 1 hour before the photopolymerization. The heating process
results in condensation of the hydroxy-mineral moieties and the formation of the inorganic
matrix. After writing structures by 2PP polymerization technique, the material, which was not
polymerised by the laser radiation, is removed by developing in 1-propanol (Sigma-Aldrich).
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ORMOSIL Containing Nonlinear Chromophore

In order to prepare a second-order nonlinear polymeric material, NLO chromophore DR1
(Disperse Red 1, Sigma-Aldrich), was firstly reacted with (3-isocyanatopropyl)
triethoxysilane to form a functionalized silicon alkoxide precursor (SGDR1). In a subsequent
step SGDR1 was mixed with MAPTMS and the photoinitiator.

(3-isocyanatopropyl) trimethoxysilane and dibutyltin dilaurate (DBTDL) were purchased
from Sigma-Aldrich and used without further purification. NLO chromophore DR1 was re-
crystallized twice from ethanol before use. The synthesis of the NLO-active triethoxysilane
was carried out according to [CPR98]. (3-isocyanatopropyl) trimethoxysilane and DR1 at a
2:1 mole ratio were dissolved in anhydrous tetrahydrofuran (THF) under a nitrogen
atmosphere. Next, 1 wt% DBTDL was added to the reaction flask and the solution was
refluxed for 4 h. The resultant solution was reduced to about half its initial volume under
vacuum, followed by precipitation of the product as a red solid in hexane. The final product
(SGDR1) was dried in a vacuum oven at 60°C for 24 h and subsequently stored under vacuum
until use. The product was characterized by 1H NMR spectroscopy which verified the
successful synthesis of SGDRI1.

To obtain the photosensitive gel, SGDR1 was first dissolved in toluene and stirred for 24 h.
Then MAPTMS was added to the SGDR1 solution (SGDRI1 up to 40% w/w) and the mixture
was hydrolyzed by the addition of HCI (pH=1). After stirring for 1 h, Irgacure 369 (up to 3.3
wt% to MAPTMS) was added and the mixture was stirred for a further 1 h. To remove any
aggregates, the solution was filtered through a 0.22 pm pore size Millipore syringe filter.
After filtration, the solution remained clear without any sign of further particle aggregation
for several weeks. Thermogravimetric analysis of the composite showed that it was stable up
to 250°C, above which temperature it started to decompose.

The samples are prepared by spin-coating or drop-casting the final mixture onto Indium Tin
Oxide (ITO)-coated standard coverslips. The samples are than prebaked on a hotplate at 100
°C for 1 hour. THF is used as a developer for this material. Developed samples are rinsed in
2-propanol.

ORMOCERs

The name Ormocer® (organically modified ceramics) designates a whole class amorphous
organic-inorganic hybrid materials developed by the Fraunhofer Institut fiir Silicatforschung.
In presented work a material now commercially available under name Ormocore (Micro
Resist Technology GmbH, Berlin) is used. This material is originally developed for optical
applications, and is conventionally structured by UV lithography [www.MR] or by UV
molding (see next section). Commonly to all Ormocers it possesses high chemical resistance
and is thermally stable up to 270°C. Recent studies showed that this material is well suited for
biomedical applications [ADMOS5, JRK04].
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Ormocers are also synthesized by sol-gel process [BS90], from liquid precursors, and contain
organically modified silicon alkoxides, metal alkoxides, and organic monomers [KP05]. The
inorganic components crosslink and form inorganic siloxane (silicon-oxygen-silicon)
networks through condensation of organically modified silicon alkoxides and controlled
hydrolysis. In case of Ormocore the inorganic backbone is solely established via a
polycondensation reaction in order to avoid O-H groups, which would significantly increase
the optical absorption around 1550 nm. As silane precursors, diphenylsilanediol and 3-
methacryloxypropyltrimethoxysilane are used. The synthesis is carried out at elevated
temperatures between 60 and 100 °C with a basic catalyst. By-products which are generated
upon synthesis such as, for example solvents like methanol, are removed from the materials
under reduced pressure. The synthesis as well as chemical characterisation of the material is
described elsewhere in more detail [BKP'01].

A standard formulations used for 2PP processing contains 1.8 % of photoinitiator Irgacure
369 (Ciba Specialties), which absorbs strongly in UV and has an absorption peak at around
320nm (see section 1.4). The formulation is therefore highly transparent in visible and near-IR
spectral regions, providing a possibility of 2PP microstructuring deep inside the material.
Ormocore is used as received. Since the material is liquid, the sample is prepared in a
“sandwich configuration”, where the droplet of the material is placed between two coverslips
separated by a spacer (see section 2.1). The structures are “built” on the lower coverslip. After
the 2PP processing the unpolymerized material is removed by developing in a 1:1 mixture of
4-methyl-2-penthanone (Sigma-Aldrich) and 2-propanol (Sigma-Aldrich). The sample is
rinsed in 2-propanol after developing. In a final step, before the 2-propanol has dried, the
sample is exposed to UV-light. The postprocessing UV-exposure leads to cross-linking of any
possible residual material in the structure, and so improves its mechanical stability.
Alternatively, in order to avoid any deformation, associated with the capillary forces
occurring during the solvent drying on the structures, a critical point drying can be applied
(see section 2.4). In this case the 2-propanol has to be replaced by ethanol (Sigma-Aldrich).

Poly(Ethylene Glycol) diacrylates

Poly(Ethylene Glycol) (PEG) is known to be biocompatible, and is widely applied in tissue
engineering and drug delivery. There are also a number of PEG-based materials, which have
been studied extensively for biomedical applications. Therefore, use of Poly(ethylene glycol)
has a few great advantages when it comes to development of novel biomedical applications. It
has proven to be non-toxic, and use of some of its derivatives is approved by the FDA and
other governmental organisations for the variety of commercial products. The properties of
PEG and PEG-based materials have been well studied with respect to use in a number of
biomedical applications. It has been demonstrated that aqueous solutions of acrylated PEG
can be photopolymerized in direct contact with cells and tissues [KRP02]. PEG actually
includes a whole class of materials, most commonly used in biomedicine are grades between
PEG 600 and PEG 9000.
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In this work, application of 2PP microfabrication to PEG-based photosensitive materials, was
studied on the example of two different water-soluble PEGdiacrylate materials, having
molecular weights of 302 (SR259, Sartomer) and 742 (SR610, Sartomer). Both materials are
transparent for the applied laser radiation. Materials were used as received 2wt% of
photoinitiator 4,4’ - bis(diethylamino)benzophenone (Sigma—Aldrich; see section 2.4) are
introduced by stirring.

The resulting formulation is a transparent liquid. Similar to the case of Ormocer, the samples
for 2PP processing are prepared in a “sandwich configuration”, where the material is placed
between two coverslips separated by a spacer (see section 2.1). The structures are “built” on
the lower coverslip. After the 2PP processing the residual monomer is removed by developing
in ethanol or water. In a final step, the sample is exposed to UV-light. The postprocessing
exposure leads to polymerization of any possible residual material in the structure, and so
improves its mechanical stability.

Alternatively, in order to avoid any deformation, associated with the capillary forces
occurring during the solvent drying on the structures, a critical point drying can be applied
(see section 2.4). In this case the water has to be replaced by ethanol (Sigma-Aldrich).

2.3 3D Structure Replication by UV-micromolding

Any direct laser writing technique is inherently a serial approach. However, for many
applications and in perspective to applications in mass production it is necessary to obtain
large series of identical samples. Replication of produced structures by UV-micromolding
provides a suitable method. It is closely related to well-known soft lithography [GXL 04].
Here the structures produced 2PP microfabrication are used as a master for soft elastomeric
mold preparation. In further steps this mold is used to produce replica in UV-sensitive
material. Therefore, throughput is increased independently of the 2PP microfabrication
system capacity. A further advantage of UV-micromolding is the freedom of material choice.
The material used for replication has to be photosensitive, but it is not necessary the same
material as used for 2PP microfabrication of original structures. Therefore the microstructures
can be reproduces from a material photosensitive in a different spectral range, or from
materials containing dopants, such as for example nanoparticles, and from materials that
cannot be structured well by 2PP technique.

In this work, molds were produced from polydimethylsiloxane (PDMS). Figure 2.2
presents schematically a process of mold preparation using an array of microvenus structures.
Commercially available PDMS monomer and suitable curing agent (Sylgard 184, Dow
Corning) are used as received. Accordingly to the recipe they are first mixed in a 10:1
proportion. The resulting highly viscous mixture is degassed under low pressure for a few
minutes in order to avoid trapped air bubbles which might compromise the quality of the
stamp. The prepared mixture is than poured over the structures fabricated by 2PP technique
(the master). A Smm tall metal ring, placed on the substrate, limits the spreading of liquid
PDMS monomer beyond sample border (see figure2.2b). If necessary the PDMS is degassed
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one more time under low pressure in order to eliminate bubbles trapped at the structure and
PDMS interface. The sample, prepared this way, is placed on a on a hotplate for 2 hours at
70°C. During this period PDMS is polymerized. At last, the ready elastomeric mold is peeled
off the substrate (see figure 2.2d). Due to elastomeric character of such mold it can deform
and than acquire its initial shape again. This way it can be peeled off the original 3D structure
without destroying it. The sample can be reused again for further mold preparation.

Figure 2.2 Preparation of elastomeric mold from polydimethylsiloxane (PDMS): a) original microstructures
produced by 2PP technique on a glass slide are used a master; b) a metal ring placed on the sample is filled with
a liquid PDMS monomer formulation; ¢) PDMS monomer is thermally cured to produce a transparent
elastomeric mold; d) a ready mold is peeled off the structure.

In most cases, the PDMS separation is straightforward. Depending on the material and
the structure itself, antisticking layer, helping the release of the structure is necessary.
Samples microstructured by 2PP technique are analysed by SEM before further replication.
For SEM imaging a 100nm gold layer is deposited on the original sample. This gold layer
serves as natural anti-sticking surface, and is sufficient to avoid PDMS sticking to the
structures and structure detachment from the substrate. A more sophisticated anti-sticking
layer might be required for complex structures [ZCP05, LCKO06].

Now that the transparent elastomeric stamp is available further structure replication
can be undertaken. UV-micromolding has a few advantages over other imprint processes — it
can be performed at room temperature, under atmospheric pressure and therefore does not
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require sophisticated equipment. Replication process using produced mold is schematically
illustrated in figure 2.3. A droplet of liquid photosensitive material is applied in a glass or
other substrate. Mold is pressed against the substrate and its empty cavities are filled with
replication material. For structures with complex geometry the material can be applied onto
the mold. The mold is than heated or placed in the vacuum in order to ensure that its cavities
are filled completely. The mold is than pressed against the substrate and placed under UV-
light source (figure 2.3c). After photopolymerization is completed the mold is peeled off the
substrate and can be reused again. Produced structures stay attached to the substrate (figure
2.2d). If used replication material exhibits poor adhesion to the substrate, suitable adhesion
promoting agent has to be applied to the substrate prior to the replication step.

Figure 2.3 Replication of 3D structures by UV-micromolding: a) an accordingly prepared glass slide or other
substrate is used as a replica base; b) replication material is applied to the substrate and the mold is pressed
against it; ¢) the sample together with the mold are subjected to UV-radiation in order to cure the replication
material; d) the mold is peeled off the structure. Produced structures stay attached to the substrate.

Possibility to replicate 3D microstructures was demonstrated on the example of
microvenus structures presented in figure 2.4a. The original array, fabricated by 2PP of
Ormosil, was used for the preparation of elastomeric mold. For the purpose of illustration
SU8 material, containing magnetic nanoparticles, was used as replication material. Due to
high scattering by nanoparticles, this material cannot be processed directly by 2PP technique.
Prepared PDMS mold is highly elastic and allows the release of produced microvenus
structures, without pulling them off the substrate. Thus, despite the fact that the structures are
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3D by nature, the UV-micromolding was completed successfully. SEM image of an array of
microvenus statues replicated in material containing magnetic nanoparticles is shown in figure
2.4b. Subsequent EDX analysis of the replicated array confirmed content of Co and Sm in the
produced structures.

a) b)

Figure 2.4 Replication of an array of 3D microvenus statues by UV-micromolding. SEM images of: a) original

array used for mold preparation; b) array replicated into material containing magnetic nanoparticles.

Using soft lithography, replication of 2D patterns with sizes below 10 nm was
previously reported [Sot03]. This value is an order below the best structural resolution
currently accessible by 2PP microfabrication. UV- micromolding method allows to obtain
large series of samples identical to the original 2PP microfabricated structures. Furthermore
3D structures of certain complexity levels can be reproduced with high precision. Since each
2PP fabricated sample can be used to prepare multiple molds, and each mold can reproduce
multiple replicas, manifold increase in throughput is achieved. Therefore, combining 2PP
microfabrication with UV-micromolding is a low cost root for fabrication of large series of
identical samples. And finally the structures marked by precision of 2PP microfabrication can
be obtained from materials which cannot be structured directly by this technique.
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3 Results and Discussions

3.1 Investigations of 2PP process

3.1.1 Hybrid Organic-Inorganic Materials for 2PP Processing

Concerning possible variations of material composition and synthesised material properties,
hybrid organic-inorganic materials provides considerable advantages. For a fixed material
system most often such variations are achieved by adjusting the ratio between the inorganic
and organic component. Therefore, it is important to investigate the possible effect of
variation in material composition on their processability by 2PP technique.

The two main components of the Zr-based ORMOSIL material employed in this work
are Methacryloxypropyl trimethoxysilane (MAPTMS) and Zr-propoxide (ZPO). In order to
study the influence of Zr content on materials properties, formulations with different
ZPO:MAPTMS ratios were prepared (see section 2.2 for detailed description of material
synthesis). The refractive index of these different materials was determined from an m-line
prism coupling experiment, using thin material films [MHF00]. By adjusting the Zr content,
the refractive index of the composite can be modified, as shown in figure 3.1 The materials
refractive index increases linear over a range of 0.04 with the ZPO content. This useful
property would, for example, allow the “fine tuning” of a PBG position in photonic crystals in
the range of 100nm. The fact that this increase is linear greatly simplifies the material design
criteria, as typically such increases are saturating so that the doping concentration becomes

very critical. However, in the presented concentration range no such limitation is apparent.
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Figure 3.1 Dependence of refractive index of ORMOSIL on the ZPO content measured at two different
wavelengths 633nm and 825nm. The lines are guide to the eye, indicating that the dependence is linear in the
error range.

In order to study the influence of the Zr content on the structurability of the material
by 2PP technique, structures shown in the insets of figure 3.2 were fabricated. Here, first two
parallel walls are fabricated using constant laser power. In a second step solitary parallel lines
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scanned with different illumination parameters are produced on top these walls. The structural
resolution is acquired by measuring the width and the height of 3.6 um long free-hanging
lines. The dependence of the structure width on the average laser power at a constant scanning
velocity for different material formulations is shown in figure 3.2. For an average laser power
of 22 mW, the voxel height tripled even when only 1 % molar content of the chelated ZPO
compound was added to the material. No lines would survive the development process for an
average power below 22 mW for material containing no Zr. A further increase of the ZPO
content leads to a linear increase of the material sensitivity. The same trend is observed for the
values of the structures widths. The value range is somewhat narrower in this case. The
smallest structure width obtained with the material not containing Zr is around 260nm and
390nm for material composed out of 30% ZPO.
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Figure 3.2 Voxel height dependence on the average laser power in relation to the ZPO content in the material
(photoinitiator (PI) content is kept at a constant level of 1 %). The inset shows the SEM images of examples of
the structures used for free-hanging line height analysis.

In order to clarify the relation of the ZPO content to increasing material sensitivity, the
absorption spectra of thin material films were analysed (UV-Vis, Perkin-Elmer). The films
were prepared by spin-coating the materials onto quartz substrates and drying them on a
hotplate at 100 °C for 1 hour. A few representative spectra are shown in figure 3.3. It appears
that the absorption peaks in the spectra of the material that does not contain any Zr essentially
originate from the absorption by the photoinitiator (PI) at around 460nm. Next to that, the
material with initial 30% ZPO ratio is transparent down to 300nm in the absence of the PI.
Remarkably, addition of only 1% PI to the material containing 1% of ZPO, results in a well
expressed absorption peak at around 370nm and a new second absorption peak at around
470nm. Furthermore the second peak is enhanced significantly for material containing 30%
ZPO and 1% PI. This kind of behaviour indicates that there is interaction between the material
matrix and the photoinitiator, resulting in the shift of an absorption peak. The second peak
disappears when the materials absorption are analysed in solution, indicating that molecular

proximity is required for such interaction.
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The PI used in this study is the 4,4 -bis(diethylaminobenzophenone). The benzene is well-
known to show three absorption bands located in the far-UV at 184nm, 203.5nm and 254nm
[DS87]. In this PI molecule, the presence in the para-position of two strong auxochromes
groups, such as ethylamino and carboxy groups, acts as electron donor by inductive and
mesomeric effect, respectively. Both phenomena increase the mobility of the electrons located
in the aromatic group of the molecule, and facilitate transfer from their fundamental & orbital
to excited n* orbital. The result is a shift of absorption bands toward the higher wavelength
(lower energy), commonly known as bathochromic effect. This is confirmed by the fact that
the measured full width half maximum of the absorption peak (68 nm) closely corresponds to
the expected value, given by the difference between the highest (Amax = 254 nm) and the
lowest (Amin = 184 nm) absorption bands observed in the benzene UV-Visible spectrum (70
nm).

As described above, the absorption band shift toward the higher wavelengths is
intimately associated with a bathochromic effect, resulting from the increase of the electronic
transfer of the electron of the aromatic group from their & to their ©* orbital. In the present
case, the only group that could provoke such effect is the zirconium complex. Indeed, the
zirconium atom has a strong polarisability and electropositivity, which lead to a strong
reactivity within a nucleophilic environment, particularly in the catalysis of sol-gel reaction
[TSM72]. Furthermore, the zirconium atom possesses free ‘d’ orbitals, that could be used for
the formation of complexes with the PI.
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Figure 3.3 Absorption spectra of solid material layers with different ZPO (Zr-propoxide) and PI (photoinitiator)

content indicate shift of absorption peak caused by Zr and PI interaction.

The most plausible explanation for the observed phenomenon could associate all these
properties. First, in the solid state, the high nucleophilic affinity of the zirconium atom will
tend to approach the electron donors groups such as the amino and carboxyl groups contained
in the PI. Second, as a result of this proximity, the formation of coordinated bonds is
facilitated, the resulting in mutual interactions between both molecules.
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Conclusions

The discussed interaction between PI and the polymer matrix is critical as it governs
the photosensitive properties of the material, affecting the 2PP fabrication process. To my best
knowledge, this is the first study that highlights the bathochromic effect of the Zr atom in
presence of PI. Furthermore this effect can be used in order to increase and tune the material

sensitivity by using the properties of the polymer matrix instead of increasing the PI content.
3.1.2 Shrinkage of Materials Processed by 2PP Technique

Material shrinkage is one of the fundamental aspects of photopolymerization. It can result in
overall photopolymerized structure deformation and cause static material stress.
Understanding of processes underlying shrinkage is important for both the design and the
process reproducibility of devices [LQY 08]. In case of 2PP, volume reduction still has not
been fully investigated. Unlike conventional methods, 2PP enables the study of the shrinking
processes locally, at the microscale. Here, a simple, straightforward methodology allowing the
evaluation of shrinkage is suggested. It can be applied even to materials exhibiting very low
shrinkage. It is shown here that for the case of Zr-based hybrid Ormosil material, volume
reduction is directly related to the average laser power (irradiation dose) used for the
microfabrication and becomes a critical issue near the polymerization threshold. The
controllable shrinkage has been exploited to improve the structural resolution further, without
compromising the functionality of the fabricated structures.

In order to investigate structure shrinkage dependence on the applied average laser
power, woodpile structures supported by a set of columns were fabricated. Columns are
attached to the glass at one end, and woodpile structure at the other end. The woodpile
structures were fabricated at the scanning speed of 200 um/s, the in-layer rod distance is set to
a constant value of 1 um, and the distance between the neighbouring layers is set to 390 nm.
The applied material is a Ormosil prepared with ZPO:MAPTMS ration of 2:8. Final
formulation contained 2% of photoinitiator 4,4"-bis(diethylaminobenzophenone) (see section
2.2 for detailed description of material synthesis). Samples are prepared by drop casting the
material onto conventional glass coverslips, and prebaking them at 100°C for one hour. The
resulting material layer is solid, therefore during the 2PP microfabrication the produced
pattern is immobilised throughout the processing step. To remove the unpolymerized material
after the 2PP processing, the samples are developed in 1-propanol.

Subsequent solvent removal/drying from the woodpile might result in a structure
deformation due to capillary forces. In order to avoid these effects, the critical point drying
was applied. 1-Propanol - the original material “developer”, was substituted by ethanol prior
to insertion into the critical point dryer chamber (Quorum Technologies, UK).
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Figure 3.4 SEM images of representative woodpile structures, applied for investigations of shrinkage. From
bottom to the top: structure side view, top view, and a close-up view on the upper layers are presented. The
applied average laser powers are a) 8.0 mW, b) 5.5 mW and c) 4.5mW. It is observed that the decrease of laser
power results in increased material/structure shrinkage, and deformation of the supporting columns.

Woodpile photonic crystals, fabricated at different laser powers, are shown in figure
3.4. Structures, obtained at average laser powers well-above the polymerization threshold, do
not exhibit any shrinkage. These structures retain their “original” size, and the vertical support
columns show no sign of deformation (see figure 3.4a). However, at lower laser powers
material shrinkage results in the overall size reduction of the fabricated structures, while
column deformation increases gradually with decreasing laser power (see figure 3.4bc). The
woodpile walls remain vertical, suggesting that the shrinkage has progressed to its full extent
throughout the structure. By measuring the structure dimensions and comparing it to those of
the structure design, the linear strain values were obtained. The shrinkage strain along one

direction was evaluated as a change in the structure width (W, —WW)divided by the design
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width value W, . The strain is therefore defined as y = (W, —W)/W,. The dependence of the

linear strain on the average laser power is presented in figure 3.5a. The values are given in
[%], where 0% designates that no shrinkage has occurred and the structure width is preserved
throughout the processing. The maximum shrinkage strain of 18% was observed for the
structures fabricated at 4.5mW. Polymerization is also obtained at the average laser powers
below 4.5mW. In this case however, the mechanical stability of the structures is so low that
they collapse during the development step, and cannot be used for the measurements.

Line width dependence on the average laser power is shown in the figure 3.5b. By
assuming Gaussian intensity distribution in the focal plane, the obtained data can be fitted
using dependency of a general form [JMS'05, SEO"03]:

d=w, /1n(Pi) (1)

here d is the width of the photopolymerized line, w, is the focal spot size, P is the applied

laser power, and P, is the average laser power threshold for polymerization.

25 450
20/ £ 4007 N
—_— 1 - = 1
. | — 350 =
= 15 £ i
m i %‘ 3004
= 10 |
L] l o |
E 2 i ! E 234 ;
= | ‘m | » Exparmenial Data
= ! ! E‘- = | Sacand Qrder Proceas Fil
0 | - = = * j 150 " Fil Acecainting for Shrinkage
1 1
4 b & T & g 4 5 & T B
Awerage Lasar Power [muy] Awarage Lassr Power [mi]
aj o)

Figure 3.5 Characteristics of the polymerized structures: a) linear shrinkage strain in [%] as a function of the
applied laser power; b) line width (lateral resolution) dependence on the applied laser power.

At average laser powers below 5.5 mW, this dependency yields somewhat larger line
width values (dashed curve in figure 3.5b) than those obtained experimentally. This fact
correlates with the observed illumination dose dependent material shrinkage (figure 3.5a).
This disagreement between theory and experiment can be solved by introducing a correction
in the form dx(1—-Axy) to Eq. (1). When this equation was fitted to the data, (solid curve

shown in the figure 3.5b) using the strain values from figure 3.5a, the correction coefficient
value A=2 was derived. In this case, the maximum lateral strain of Axy=35% was
obtained, suggesting anisotropic shrinkage behaviour. The line width reduces more than its
length and the coefficient A describes the degree of this asymmetry. Indeed, a closer look at
the SEM image in figure 3.4c reveals that the lines are somewhat thicker at the intersections

36



when compared to a free-hanging line section. Such behaviour is most likely due to a partial
arrest of shrinkage provided by the overlap with the neighbouring line. The fact that these
features disappear in the woodpiles fabricated using larger average laser power (figure 3.4ab)
supports this conclusion.

At high average laser powers, the negligible structure shrinkage of the zirconium-
silicon composite under study is due to the double polymerization ability of sol-gels. During
the baking of the sample, condensation of the alkoxy groups takes place to form an inorganic
matrix. Alcohol, water, and any other solvents present in the film are released from the system
at this stage and the unstructured material shrinks. Subsequently, the structuring by 2PP
results in the formation of an organic network without the release of any molecules and thus,
to no significant distortion of the structures due to shrinkage.
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Figure 3.6 a) Schematic illustration of the polymerization process, subsequent developing step and volume
shrinkage at low (A) and high (B) average laser powers; b) Optical characterisation of the woodpile structure
shrunken to a maximum extent. The reflectance and transmittance spectra obtained by a microscope coupled to
FTIR spectrometer, indicate a bandstop at 1330 nm.

At illumination parameters slightly above the 2PP threshold, the photopolymerization
does not progress to its full possible extent (cross-linking density). Thus, during developing,
the non-polymerized material is removed, leaving a sponge-like material behind. The
mechanical support provided by non-polymerized material is therefore eliminated. The
collapse of this material at a molecular level results in the structural shrinkage observed at low
average laser powers (see figure 3.6aA). On the other hand, for average laser powers above 6
mW the polymerization yield is complete, therefore, the resulting material is mechanically
stable and no structural shrinkage is evident (see figure 3.6aB).

Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal,
resulting in the degradation of its optical quality. To investigate the integrity and functionality
of structures fabricated near the polymerization threshold, their optical properties were
analysed by means of microscope-coupled FTIR spectroscopy (Bruker Equinox). Reflectance
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and transmittance spectra were measured with a probe beam “perpendicular” to the upper
surface of the woodpile. Figure 3.6b shows the spectra obtained for the structure of figure
3.4c. The reduction in transmission and the respective peak in the reflectance spectra indicate
a clear bandstop at around 1330 nm. This suggests that uniformity and structure functionality
is preserved even for the structures produced at low average laser powers exhibiting the
maximum volume reduction. This is achieved by a) a building design which allows the
structures to shrink freely and b) using a critical point drying process, to eliminate capillary

forces during solvent removal.
Conclusions

Understanding and controlling photopolymerized material shrinkage is very important for 2PP
microfabrication of devices demanding high structural resolution. In this section a new,
simple methodology, which allows the direct analysis of shrinkage of photosensitive materials
on the microscale, was introduced. Furthermore, illumination dose dependent shrinkage was
investigated and its influence on the structural resolution was studied. In case of woodpile
photonic crystal structures, it has been demonstrated that at sufficiently high laser powers the
structures produced do not exhibit any measurable shrinkage. At lower average laser powers
shrinkage results in a structural reduction of up to 18%, and line width reduction of up to 35%
of the original values. At the same time, the shrinkage uniformity was confirmed by the
investigation of the optical properties of the woodpile structures. A stopband at around 1330
nm was measured in the reflectance and transmittance.

It is clear from this study that controlled shrinkage can be used in order to indirectly
“improve” the structural resolution. i.e. to decrease feature sizes. In contrast to other proposed
post-processing resolution improvement methods [FCJ'04, PLY "04], in this case not only the
line width but also the whole size of the structure is reduced.

3.1.3 Structuring of Acrylated Poly(Ethylene Glycol)s with 2PP

PEG based materials are widely applied in biomedicine and tissue engineering. Most
often PEG polymolecules are made photosensitive by adding acrylate or methacrylate
functionalities to them. Such photosensitive PEG-based formulations with different molecular
weight are widely commercially available. In order to explore the general possibility of 2PP
microprocessing of PEG-based materials, commercially obtained photosensitive PEGda
formulations were used. Molecular weight of initial material has a great effect on the
properties of the final polymer with respect to biomedical applications. Therefore,
structurability of PEG diacrylates with two different molecular weights 302 (SR259,
Sartomer) and 742 (SR610, Sartomer) were explored (see section 2.2 for details). In
previously described hybrid materials, mineral molecular network is established during the
sample preparation (gelation) step. Therefore mostly the mobility of the photoinitiator is
contributing to the photopolymerization process. In PEG diacrylates photopolymerization
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progresses according to the classical scheme, where reacting molecules are forming
polymolecules with increasing molecular weight. Due to formation of these large chains
molecule mobility is constantly decreasing until the process reaches equilibrium, i.e.
polymerization is progressed to full extent [FR93, PB07].

For investigations of structural resolution structures shown in the figure 3.7bc were
produced from both materials. In this method two parallel walls support a set of parallel lines,
photopolymerized using a different average laser powers. Resulting lines are positioned above
the glass. The scanning speed is kept at a constant value of 200 um/s throughout the
experiment. Lines heights and widths dependence on the applied average laser power is
presented in the figure 3.7a. Naturally, lower average powers result in smaller illumination
doses, and therefore in smaller line dimensions. Due to the intrinsic properties of 2PP
technique, these lines have an elliptical cross-section elongated along the laser beam

propagation direction.
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Figure 3.7 a) Obtained line width and height dependences on applied average laser power for both PEGda
material formulations; b) an SEM image of a representative structure used for resolution studies; ¢) an SEM
image of a diffusion driven patterns obtained with SR610.

For SR259 material minimum lateral resolution of 200nm is obtained at the average
laser power of 27 mW. Similar structure size is obtained in SR610, at somewhat lower applied
average power of 22 mW. No lines were obtained at average laser powers below these values.
It is observed that lower molecular weight material yields structures with well defined edges
and lower surface roughness. From the graph (see figure 3.7a) it is clear that lines with
smaller height to width aspect ratios are obtained from SR610 material. Since the intensity
distribution in the laser focus does not change substantially, compared to the case of SR259,
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this fact can only be attributed to the material property itself. A most reliable conclusion is the
higher shrinkage of the material with higher molecular weight, resulting in a more
symmetrical line cross-section.

At the upper end of applied average power range 2PP of SR610 material very often
resulted in patterns shown in figure 3.7c. The membrane-like structure observed in the upper
side of the image does not result from direct irradiation with the laser, since only the lines
were scanned. These patterns are manifestation of diffusion-driven polymerization, often
referred to as dark polymerization or repolymerization [QLT 07, TLQ'07]. Free radicals,
produced while irradiating walls and separate line between them, diffuse and cause
polymerization outside the laser exposed region. As a result the observed structures are
created. Most of these membranes are not complete and have some holes, an indication of
their poor mechanical stability. Quite often a single line instead of a membrane has appeared.
Such lines are also observed in the structures fabricated from SR259 material. Most
remarkably the lateral dimensions of such single lines can be as small as 100nm. This fact
indicates that measured spatial resolution of structures formed by 2PP is not limited by
material and can be further improved.

Conclusions

It has been observed that PEGda based photosensitive materials can be structured by 2PP
technique. The structures with feature size well below micrometer can be easily realised. This
investigation shows that as the molecular weight of the PEGda increases, the surface of the
fabricated structures become rougher and exhibits a less defined geometry. Combination of
rigid structures fabricated by two-photon polymerization of low molecular weight PEDda and
a high molecular weight PEGda based hydrogels, will allow fabrication of the scaffolds with
well controlled mechanical, as well as biodegradability properties. These findings indicate
that PEGda can be used for manufacturing of complex designed 3D structures which could be
able to control cell proliferation. Application of 2PP technique for microstructuring of these
materials brings together a very flexible microstructuring technology and a well known
material platform, so addressing a wide area of potential applications in tissue engineering
and biomedical fields.
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3.2 Applications of 2PP technique in photonics

3.2.1 Fabrication of Microoptical Elements

Conventional methods used for fabrication of refractive microoptical elements, such as
lithography or reflow, often lack flexibility when it comes to redefining the element design or
implementing new solutions [WRZ06]. In the initial microoptical element array prototype
fabrication and testing stage, application of 2PP provides considerable advantages. Many
materials that can be structured by 2PP are actually designed for optical applications, and
therefore possess superior optical properties. Produced structures exhibit very low surface
roughness. During fabrication design of single elements can be freely adjusted directly from
CAD input, series of identical patterns can be produced. Patterns fabricated by 2PP technique
can be replicated with high confidence using such well developed techniques as soft
lithography, injection moulding or electroplating. Therefore the original structure can be
microfabricated by 2PP, while replication provides cost-effective route to mass production.

Fabrication of the refractive microoptical elements by 2PP technique was studied on
the example of microprisms. Since 2PP microfabricated structures consist out of single
voxels, “surface discretization” is one of the practical aspects of that have to be taken into
account. Most often 2PP structures are produced layer-by-layer manner, with layers parallel to
the substrate. This approach is inherited from stereolithography and by no means is the only
one possible by 2PP. Figure 3.8 presents different slicing strategies that can be applied to a
prism, single polymerized voxels are represented by ellipsoids. Conventional slicing approach
illustrated in figure 3.8b would result in unacceptable step-like surface. In order to improve
surface quality one can let the layers overlap, as it is shown in figure 3.8c. On one hand
enhancing the voxel overlap in vertical direction improves surface quality; on the other hand
the overall fabrication time is increased accordingly. The best solution for the prism slicing is
presented in the figure 3.8a. Here the sliced layers are oriented parallel to the prism surface.
The overlap of the voxels and the distance between the slices is the same in both cases
(figures 3.8a and b), resulting fabrication time will also be similar. Nevertheless the surface
will be smoother for the structure sliced parallel to the outer prism facet.

m.m mn M

Figure 3.8 Schematic illustrations of different slicing strategies on the example of the microprism (side view).

To illustrate the approach presented in figure 3.8c complex microprisms with facets
inclined at few different angles was fabricated. The original design and an SEM image of the
fabricated test structure are shown in figures 3.2a and b accordingly. Here a 100x immersion
oil objective (NA=1.4) was used for the fabrication. The slicing is performed parallel to the
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substrate plane. The parameters used for fabrication are as follows: in-layer scan distance of
370nm, interlayer distance of 300nm, the average laser power of 70mW at the scan velocity of
320um/s. The disadvantage of this approach is readily observed by comparing the quality of
the visible facets having four different inclination angles. While most surfaces are high
quality and exhibit low roughness, the step-like features emerge as the angle between the facet
and the substrate becomes very small (left-most part of the prism in figure 3.9b). This feature
is not surprising, since it already appears in the slices of the original design. One way to
improve the situation would be to further reduce the distance between the slices, which will
result in a proportional increase in fabrication time. A better solution is to use the approach
illustrated in the figure 3.8a. Using this approach series of microprisms was fabricated. An
example of such 2PP produced microprism is shown in figure 3.9c. Realisation of such
structures does not require very high resolution in the vertical direction, which allows the use
of 50X microscope objective (0.8 NA) lens instead of high NA optics, to focus the laser beam.
The material applied in this case is a standard Ormocore ([www.MR], see section 2.2)
formulation. The optimal distance between the sliced layers was found to be 6um, according
distance between parallel inlayer scans 350nm. Key performance parameters of the micro-
optical elements are the deviations of the surface profile in terms of peak to valley deviation
and surface roughness. From the SEM image some conclusions about the surface roughness
can be drawn, it is however not easy to analyse the overall conformity of the produced prism

with the original design.

a) b) ¢)

Figure 3.9 Refractive element consisting of microprisms with few different facet inclination parameters a)
original design, b) SEM image of according microstructre fabricated by 2PP technique; ¢) SEM image of single
simple microprism fabricated by 2PP technique.

White-light interferometry (ATOS Micromap 570) was used to assess the information
on the upper prism facet flatness. The substrate carrying the micro structure was placed on a
goniometer in order to adjust the prism surface parallel to the focal plane of the
interferometers objective. The results are shown in the figure 3.10, white areas in the plot
indicate locations where no height information could be obtained. This happens if the slope
angle of the structure becomes too large and the reflected light is therefore not collected by
the objective. Observed peak to valley deviation of about 2um (figure 3.10b) is due to
shrinkage effects, which is the intrinsic property of applied material. As a consequence the
structure is deformed, resulting in an inwardly curved hutch. However, the surface is very
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smooth and no influence of the lateral discretization can be observed. Measured roughness
value is around 100nm, which fully satisfies requirements imposed on most microoptical
elements. The shrinkage issue can be eliminated by applying photopolymers with lower
shrinking coefficients. Alternatively precompensation for shrinkage is possible. For this
original prisms design has to be adjusted such that after shrinkage the structure will acquire
desired shape (see section 3.2) [LQY 08].
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a) b)
Figure 3.10 Prisms upper facets profile acquired with white-light interferometry: a) colour map; b) height vs
position plot along the line indicated in a).

For the fabrication of microoptical elements in the industrial scale high-throughput
technologies capable of serial processing are often required. In order to investigate the
possibility of replication of microprisms by UV-micromolding, series of experiments
involving PDMS as soft stamp material were performed. An array of 40um wide prism was
fabricated by 2PP of Ormocomp, the length and the height of the prisms was adjusted by
varying the initial z-position (see figure 3.11a and c). For SEM imaging a 100nm gold layer
was deposited on the original sample. The same gold layer serves as anti-sticking surface
when it comes to PDMS and Ormocomp separation. A mold from PDMS elastomer was
prepared from this structures in accordance to procedure described in section 2.3.

a) b) c)
Figure 3.11 Microprism replication by UV-micromolding with PDMS mold: a) original microprism array

fabricated by 2PP of Ormocomp; b) according replica in the SU8 photoresist; ¢) A step like feature on the front
facet of the “original” prism results form the removal of a part of 100nm thick gold layer together with PDMS
mold; d) this feature is well reproduced in the SUS replica.

43



UV-micromolding allows replication of microstructures in a material different from
the one used originally. The produced PDMS mold was used to obtain microsprisms in SU8
material. SUS8 is well known lithographic photoresist widely applied for the fabrication of
optical components. Standard photosensitive SU8 formulation (SU8-2050, Microresist
Technology [www.MR]) was deposited directly onto the PDMS mold, and placed into low
vacuum for 10min in order to remove the solvent from the SU8 and also possible air bubbles
trapped at the PDMS/SUS interface. Later the mold with SUS on it is pressed against the glass
substrate and UV radiation is applied to induce photopolymerization in the SUS. In the final
phase the sample is heated at 100°C for 10min to allow complete polymerization of the SUS.
Resulting microprism array exactly resembles the original/master one (see figure 3.11b). The
exactness of the replication can be evaluated by taking a closer look at the microprism shown
in figure 3.11c. Here a part of the 100nm thick gold layer ripped off the microprism resulted
in a step-like feature visible on the front facet. This feature is also well reproduced in SU8
replica (see figure 3.11d). UV-micromolding allows exact replication of produced structures.
The smallest reported feature size that is reproduced by soft lithography is 8nm [Sot03].
Therefore combining 2PP microfabrication with UV-micromolding is a low cost root for
fabrication of large series of identical samples, it provides guidelines for mass produced
microoptical components created by 2PP technique.

Conclusions

Regarding the variety of possible surface profiles and the achievable sag heights 2PP
technique is superior to laser lithography. Many materials designed for optical applications
can be structures by 2PP technique. Key performance parameters of the micro-optical
elements are the deviations of the surface profile in terms of peak to valley deviation and
surface roughness as well as refractive index gradients. The control of the volume shrinkage
of the material is considered as most demanding task for the manufacturing of high quality
micro-optical components. In the perspective to mass production of such microoptical
elements, it is meaningful to use structures fabricated directly by means of 2PP
microfabrication in order to prepare molds for further replication with UV-micromolding.
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3.2.2 Realisation of 3D Photonic Crystals
Theoretical Investigations of Properties of 3P Photonic Crystals
Woodpile Structure

The woodpile structure was first proposed in 1994 by Ho et al. [HCS'94]. This structure can
be derived from diamond lattice, by replacing chains in the diamond by the rods [MT04]. Due
to its layer-by layer architecture, this structure is marked by relative simplicity of
experimental realisation by planar semiconductor processing methods [LFH'98]. A sketch of
a woodpile structure, having rods with elliptical cross-section, is shown in figure 3.12a. It
consists of layers of one dimensional rods, with a stacking sequence that repeats itself every
four layers. The distance between four adjacent layers is denoted by ‘c’. Within each layer,
the axes of the rods are parallel to each other with a distance ‘d’ between them. The adjacent
layers are rotated by 90°. Between every other layer, the rods are shifted relative to each other
by ‘d/2’. Generally, the resulting structure has a face-centered-tetragonal (fct) lattice
symmetry. For the special case of ‘(c/d) = V2¢, the lattice can be derived from a face-centered-
cubic (fcc) unit cell with the basis of two rods [HCS94]. Figure 3.12b presents an example of
a woodpile structure fabricated by the 2PP technique.

b} L] Ll L] d}

Figure 3.12 Woodpile Photonic crystal: a) schematic representation; b) top view; c¢) and d) show relevant
structural parameters: in-layer rod distance ‘d’, unit cell height ‘c’, spirals cross-sections width ‘w’ and height
‘h’; ) SEM image of woodpile structure fabricated by 2PP technique.

The quality of photonic bandgap (PBG) can be characterised by gap width to midgap
ratio, which will be referred to later as relative PBG size. It has been previously reported, that
woodpile structure can exhibit a wide complete PBG for both direct (dielectric rods in air,
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relative PBG of 18%, found for dielectric filling fraction ®=30%) and inverse (cylindrical
holes in dielectric, relative PBG of 25%, found for dielectric filling fraction ®=82%)
configurations [HCS'94]. Minimal refractive index contrast of 1.9 is required for the
existence of the omnidirectional PBG in the optimum woodpile configuration. In addition
such dependencies as filling ratio and ‘c/d’ ratios have been explored. It was obtained that
‘c/d’ ratio of 1.4, according to the fcc configuration, exhibits largest relative PBG size, while
at the rations of above 2 the omnidirectional photonic bandgap is closed for described
configuration. In addition, since at the time layer by layer stacking approach, associated with
complicated alignment procedures was envisioned for the realisation of the woodpile, the
effect of layer number was checked. From calculation it followed that even a structure
consisting of two unit cells in the vertical direction (i.e. 8 layers) provides attenuation levels
that are sufficient for many applications. A few later theoretical studies, confirmed that
woodpile architecture is quite immune to many assembly-based fabrication process
imperfections (lateral rod misalignment, rod crossing angle deviations) [CN99]. The woodpile
structure, possessing PBG in the far-IR, was also one of the first structures to be realised
experimentally [LFH98, NTY 00].

Woodpile configuration is still on of the most frequently applied 3D photonic crystals
geometries. Fabrication of a woodpile structure by 2PP technique has been demonstrated by a
few groups [SMM99, SG02, SOC04]. One important advantage of this particular geometry is
the possibility of straight forward visual analysis of possible defects and fabrication process
failures. In contrast to previously proposed realisation methods, in case of 2PP the cross-
section of the fabricated rods 1is elliptical. This is an intrinsic property of 2PP
microfabrication, related to the fact that the two-photon point-spread function is elongated in
the axial direction, owing to the finite numerical aperture of the focusing lens. Since every
voxel reflects the intensity distribution in the laser focus, it will resemble an ellipsoid
stretched along a beam propagation direction (see section 1.3). In addition, the woodpiles rods
of neighbouring layers overlap to a certain degree in order to provide structural stability. This
circumstance contributes to a change in the dielectric filling fraction. Generally, for the 2PP
microfabrication of woodpiles, the distances between the rod geometrical axes are defined in
the positioning algorithm. And so, while keeping the in-layer rod distance and inter-layer
distance fixed, it is possible to independently tune the rods cross-section parameters by
adjusting the illumination conditions — laser pulse energy and scanning speed. It is clear that
increase in the rods cross-section area will lead to increase in the dielectric filling fraction.
The rod obtained by a single scan has typical cross-section height to width (h/w) aspect ratios
exceeding 2.5. At the expense of lateral resolution, it is possible to achieve lower aspect ratios
by placing two such single-scan rods side by side.

Results of Theoretical Investigations on Woodpile Architecture

In order to study the general possibility of producing woodpiles with omnidirectional PBG by
2PP technique, it is necessary to perform PBG simulations taking into account 2PP fabrication
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peculiarities. It is important to notice that photosensitive materials, used for experimental
realisation of these structures, have a refractive index values below the ones required in order
to obtain structures exhibiting complete PBG.

For the purpose of the illustration, taking into account that the photonic crystals
fabricated by 2PP can be interpreted as low refractive index templates for subsequent
infiltration with high refractive index materials, the simulations was performed by considering
Si as dielectric materials forming the structure. The simulations were performed using the
freely available MPB software package, the tool developed by Johnson et al. [Joh02]. From
theoretical point of view, the description of light in photonic crystals must involve the
solution of Maxwell's equations in a periodic medium. An appealing aspect of Maxwell's
equations is that, unlike the complex strongly interacting many particle problem of electrons
in a solid, they can be solved exactly [JVF97]. Another fundamental aspect of Maxwell's
equations is that there is no fundamental length scale. If the changes in the dielectric function
with frequency are ignored, a photonic crystal designed at one length scale will have the same
fractional gap as the crystal at any other length scale. The results are therefore presented as
unitless normalised frequency ‘A/d’, where ‘d’ is the in-layer distance between the rods for the
woodpile case.

For simulations a photonic crystal consisting of simple geometrical elements is
constructed. Approach presented here actually imitates the 2PP process by building a model
consisting out of single ellipsoids (representing a single polymerized voxel). The ellipsoids,
closely packed along the linear track, produced smooth rods, composing the structure. Using
this approach the realistic fabrication approach of 2PP microfabrication process is imitated.
This provides us with an important opportunity to study the influence of fabrication factors on
the PBG. Each structure is represented by its unit-cell, in which a computational grid with
resolution between 16 and 32 pixels/unit-cell-direction was defined. The effective dielectric
tensor in each grid point was found by averaging over a mesh of 3 points. A convergence
tolerance of [107] is used.

D

a) b)
Figure 3.13 Band structure obtained for a woodpile photonic crystal with the optimized parameters: a) direct

configuration; b) inverse configuration.
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The PBG properties of a woodpile structures in both, direct (rods with dielectric
constant of en, = 12.25 embedded in air &,; = 1) and inversed (¢ values are interchanged
accordingly) configuration, were studied as a function of rod cross-section parameters (width
‘w’ and height ‘h’), in-layer rod distance ‘d’ and interlayer distance ‘C/4’ (figure 3.12a). Here
‘C’ denotes the unit cell height. The unit cells width value is equal to in-layer rod distance ‘d’.
First part of this investigation was concerned with optimisation of structure parameters, in
order to achieve the largest relative PBG. In the case of direct woodpile structure, a local
maximum of the relative PBG was found with parameters equal accordingly to [w; h; C/4 | =
[0.3; 0.32; 0.28]. In this configuration the optimum dielectric filling fraction was found to be
® = 26%. According band structure is shown in figure 3.13a. A large complete photonic band
gap of 17.7% relative width opens between the second and the third bands centred at
normalized frequency of 0.42. For the inverse woodpile structure configuration the maximum
relative PBG values were obtained at [w; h; C/4 ] = [0.73; 0.67; 0.39]. In this configuration
the optimum dielectric filling fraction was found to be ® = 21%. An even wider complete
photonic band gap of 25.3% relative width, appears centred at the normalized frequency of
0.39 (see figure 3.13b). The obtained structural parameters for optimal configuration are
slightly different from those reported previously for a woodpile with square rod cross-section
[HCS'94]. Nevertheless, the resulted fill factors and relative photonic bandgap sizes are in
close agreement, indicating that the rod cross-section shape alone does not have a great

influence on the achievable optical properties.
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Figure 3.14 Woodpiles PBG size as a function of parameters ‘h’, ‘w’ and ‘C/4’, for direct (a,b,c) and inverse
(d,e,f) configurations.

From practical point of view, it is important to examine the robustness and sensitivity
of the photonic band gap to small changes in the geometry of the woodpile. The departure of
the PBG size from its maximal value as the parameters of the optimal structure are changed is
presented in figure 3.14a-c for the direct structure and in figure 3.14d-f for the inverse
structure. From left to right the value of PBG size as a function of the rod cross-sections

48



height ‘h’, the rod cross-sections width ‘w’ and the distance between neighboring layers ‘C/4’
are presented. It is observed that the relative PBG size is much more sensitive to the rod's
height than the other two parameters.

Generally, the woodpile structure is described by an fct lattice symmetry. In the

special case when (C/d)=\/§ , the lattice can be derived from the unit cell of an fcc (face
centered cubic) lattice with a basis of two rods. The fcc configuration of the woodpile has
been conventionally considered to have the largest PBG. However, results presented in figure
3.14c reveal that this statement is not valid for the case of elliptic rods. Here, distance
between adjacent layers of 0.35 as in the face center cubic case, leads to small PBG of just
5%. The distance between adjacent layers that maximizes the PBG is 0.28, which correspond

to ratio (C/d) = +/1.12 .
In the inverse woodpile case, the optimal ratio between the unit cell height and length
is (C/d) = +/2.43 and the optimal distance between adjacent layers is C/4=0.39. In this case,

the PBG is less sensitive to variations in the distance between adjacent layers as can be seen
in figure 3.14f, and the fct configuration gives still notably large relative gap ratio.
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Figure 3.15 Woodpiles PBG size as a function of rods cross-section elongation parameter ‘h/w’ for direct (a)
and inverse (b) configurations. The plots present the largest possible PBG size for a given elongation ratio.

As it was mentioned, the rods produced by a 2PP technique obtained with a single
scan have a typical cross-section length to height (w/h) aspect ratios exceeding 2.5. This
feature is due to the intensity distribution in the focal point and is an intrinsic property of the
2PP technique. Figures 3.15 a and b show the effect of the elongation on the PBGs for the
direct and inverse structure, respectively. In order to obtain the largest possible PBG size for a
given elongation ratio, the rest of the parameters were varied. It appears that the PBG size is
less sensitive to increase in the elongation than to a decrease. The increase of elongation value
from 1 to 3 (which is typical for 2PP microfabrication) leads to the PBG drop by 50% (for
comparison the same effect is obtained when the elongation is decreased to 0.5). The inverted
structure is more sensitive to variation of elongation. Here, the complete PBG is closed in
when the elongation value exceeds 2. The layers spacing has major affect on the PBG size in
all these cases. It was found that for a moderate elongation values (between 0.75 and 2) the
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largest complete PBG is achieved when the layers spacing is 0.28 for direct and 0.4 for
inverse structures, respectively.

Photonic Crystals Constructed from Spiral Elements

The circular spirals based face-centre-cubic (fcc) lattice photonic crystals, proposed by
Chutinan and Noda [CN98] in 1998, is an example of a structure with optical properties
superior to those of a woodpile. Three different configurations consisting of spiral-shaped
rods, arranged in simple-cubic, face-centered-cubic, or body-centered cubic lattices were
proposed. The fcc-based structure was predicted to exhibit maximal relative complete gap of
the 28% when fabricated in silicon (n=3.5) [CN98], which is the second largest bandgap
predicted to-date. The idea of spiral configuration has emerged from connecting the lattice
points of structures known to possess a photonic band gap, such as diamond or woodpile. In
the same manner spiral lines can be found in all of the known three dimensional photonic
crystals structures [MTO04]. Figure 3.16a shows schematic structural representation of such
structure. Each spiral is characterised by its pitch ‘C’, diameter ‘D’, and lateral lattice period
‘a’ corresponding to the double distance between two neighbouring spirals. Parameters ‘C’
and ‘a’ correspond accordingly to the height and the width of a unit cell. Two further
parameters, width ‘w’ and height ‘h’, describe the cross-section of spirals rods by a plane
coinciding with the spiral axis. The fcc configuration is achieved by shifting adjacent spirals
in by half a period as they wind in the vertical direction. Figure 3.16b presents an example of
spiral photonic crystal fabricated by 2PP technique.

e)

Figure 3.16 Spiral photonic crystal: a) Schematic representation; b) spiral termination pattern in the upper/lower

structure facet illustrates the phase shift between the neighbouring spirals composing the structure; c) and d)
show relevant structural parameters: spiral pitch ‘C’, diameter ‘D’, distance between the spirals ‘a’, spirals cross-
sections width ‘w’ and height ‘h’; ¢) SEM image of a spiral structure fabricated by 2PP microfabrication.

It was reported that the structural parameters that would yield the largest gap is
obtained when the rods have a diameter of 0.22a (here “a” is the lateral lattice constant), and
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the spirals have a diameter of 0.32a and a pitch of ‘a’ [CN98]. The realisation of this
structure, is quite complex, mainly due to the half a period shift between the adjacent objects.
As aresult, despite its attractiveness, the structure received minor attention since its proposal.

Results of Theoretical Investigations on Spiral architecture

In order to provide guidelines for fabrication of the fcc spiral structure with a complete PBG
by 2PP technique, it was investigated how the structural proportions can be altered without
destroying the complete PBG.

The fcc spiral structure has five variable parameters: the spiral’s diameter, the spiral’s
pitch, the rod’s width, the rod’s height and the distance between adjacent spirals (see figure
3.16a). Here, the parameters were normalized in respect to the lattice constant ‘a’, which is
twice the distance between adjacent spirals.

e (e

a) b)
Figure 3.17 Bandstructure obtained for optimum parameters of the spiral photonic crystal in (a) direct and (b)

inverse configurations.

The band structures were calculated using the MIT’s Photonic Bands (MPB) tool
[Joh02], the applied simulation tool parameters are the same as the ones used for the woodpile
photonic crystal. From the simulations it followed that, in the case of direct configuration, i.e.
dielectric structure and air background the structure with the largest relative complete PBG
was obtained when the spirals were made of rods with the width of 0.2a, height of 0.25a, and
had a diameter of 0.4a and a pitch length equal to ‘a’. In the parametric space the structure is
represented by the 4 element vector [w, h, D, C] = [0.2a 0.25a, 0.4a, a]. The structure has an
® of 20%, i.e. the dielectric material constitutes 20% of the total volume. It has a complete
PBG between the second and the third bands with the relative width of 24.6%. The gap is
centred at the normalized frequency of 0.58 (see figure 3.17a). In the inverted configuration,
i.e. hollow spirals in the dielectric materials, the maximal relative complete PBG was found
when [w, h, D, C] = [0.5a, 0.55a, 0.35a, a], corresponding to a ® value of 22%. The relative
complete PBG was 25.1%. The gap in this case is centred at normalized frequency of 0.54
(see figure 3.17b). Despite the differences between the optimal structure parameters obtained
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here and the ones that reported previously [CN99], the resulted values of @ in both cases are
the same, while the sizes of the maximal relative bandgaps differ by about 3%. This minor
deviation might be due to difference in the specifications that were used in calculation.
However, no evidential conclusions could be made on this matter, since we did not have an
access to the method that was used in [CN99].

The size of the PBG was found to be more sensitive to changes in the relative spiral
diameter and less sensitive to changes in the relative spirals cross-section dimensions, (see
figure 3.18(a-c)). In fact, the complete PBG width is reduced by 50% when the spiral
diameter is decreased by only 25%. Here a single parameter was varied each time, while the
others are fixed to their optimal value. Changes in the spirals cross-section width have in
general stronger impact on the bandgap size than changes in its height. In order to centre the
PBG at the 1.5um wavelength the lattice constant should be 0.9um. The structure dimensions
would be then [w, h, D, C] =[0.17um, 0.22um, 0.35um, 0.9um].
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Figure 3.18 Spiral photonic crystal relative PBG size as a function of parameters ‘d’, ‘w’ and ‘h’, for direct
(a,b,c) and inverse (d,e,f) configurations.

For inverse configuration the spirals cross-section width has a major impact on the
size of PBG. In fact for the relative widths slightly above 0.6 the PBG is fully diminished (see
figure 3.18e), which is not surprising since in this case the © is increased dramatically.

Results on Experimental Realisation of 3D Photonic Crystals and Characterisation of
their Optical Properties

The fundamental attribute of photonic crystal concept is the possibility to ‘design’ a structure
with desired optical properties. Following from equation Maxell scaling, the position of the
PBG can be adjusted by proportionally varying the structure dimensions. Flexibility of 2PP
technique provides opportunity to precisely adjust and define the optical properties of
fabricated photonic crystals.
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Optical characterisation of fabricated photonic crystals is performed by means of the
Fourier transform infrared spectrometer (FTIR, Bruker Optics, Equinox) spectroscopy along a
certain direction in a crystal. The photonic crystals presented in the following sections are
fabricated from polymeric photosensitive materials. The refractive index of these materials
does not exceed n=2, therefore no complete PBG is expected for the directly fabricated
structures. Nevertheless, it is possible to characterise the optical properties of such structure
by measuring the bandgaps, which open along a certain direction in a photonic crystal,
referred further to as bandstops. For a woodpile the measurement is performed along the layer
stacking direction (coinciding with the I'X vector, see figure 3.13). Due to the “forbidden
frequency range” effect of PBG, the spectra shall exhibit the dip in the transmission and an
according peak in the reflection spectra. The reflection spectra are normalised to reflection
from a silver mirror, and the transmission spectra are normalised to transmission of glass

cover slip on which the structures are fabricated.
Characterisation of Woodpile Photonic Crystals Fabricated by 2PP Technique

For a woodpile photonic crystal with fcc symmetry, the ratio between the in-layer rod period
and a unit cell height is fixed to c/d=~/2 . According distance between the adjacent layers is
dz=(1/4)*c=(l/4)*d*\/5 . Here this ratio is varied by introducing a scaling factor ‘s’, i.e.
dz=s*FCC denotes dz=s*(1/4)* d* V2.

Dependence of a Bandstop Position on the Woodpiles Unit Cell Dimension

It was discussed in the previous sections that adjusting the lattice constant is one of the most
straight-forward and intuitive methods for tuning the central frequency of a PBG.

Figure 3.19 presents the results of the FTIR measurements on a woodpile structures fabricated
by the 2PP technique of Ormosil material containing 1% PI (see section 2.2). The in-layer
photonic crystal period ‘d’ was varied between 1.2um and 1.8 pm. The inter-layer distance
was chosen to be 0.6*FCC, therefore here the unit cell “width to height” ratio is preserved for
all structures and essentially the dimension of the unit cell is adjusted. The theoretically
predicted bandstop position for such structure is at 0.66 (normalised frequency). At scanning
speed of 200um/s, the applied laser power was in the range 8-12mW, adjusted so, that the
dielectric filling fraction for structures with different in-layer rod distance is approximately
constant.

FTIR spectra, obtained for the fabricated structures, indicate two clear bandstop
positions. In accordance to Maxwell equation scaling - the central frequency of a bandstop is
shifting to shorter wavelengths as the unit cell size is reduced. In addition, the spectra show
appearance of the higher order bandgaps for all the structures (e.g. at 1.5um for d=1.6pm),
indicating the high quality of the fabricated samples.
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Figure 3.19 Measured reflection/transmission
FTIR spectra of the fabricated woodpile
structures. The central stopband position is
adjusted between 1.7pum and 2.7pm by variation
of the lattice constant ‘d’.
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The transmission suppression of up to
60% 1s achieved in fabricated structures. Since
the reflection peak measurement is much more
sensitive to scattering inside the photonic crystal
and on the woodpile-glass / woodpile-air
interfaces, the reflection peak amplitudes do not
exceed 20%. The absorption bands at around 3pm
and 3.4um originate from the absorption of the
material (C-H stretch vibrations in the polymer
network), as has been confirmed by
measurements on the flat, unstructured layers.
The non-structured material is fully transparent in
the range of 550nm to 2700nm (see figure 3.3 and
figure 3.25). The relative drop in the transmission
values at higher frequencies (to the shorter
wavelength side from the bandstop dips) is
associated with the known effect of light coupling
to higher modes in the photonic crystal stricture
[DWL05].

The values for central stopband frequency
obtained from the theoretical simulations are
accordingly 1.8 pum, 2.1 pm, 2.4 pm and 2.7 um
for the spectra shown in figure 3.19 a)-d).
Compared to these values, the observed central
position of the measured reflection peak maxima
and transmission dip minima is blue shifted by
around 100nm. The observed blue shift, and
splitting of the absorption and transmission peaks
(e.g. for the period of 1.6 um this splitting occurs
around 2.4 pm) can be explained by taking a
closer look at the experimental setup used for the
FTIR transmission measurements. In order to
focus the beam to the size of the fabricated
photonic crystal in a wide range of measured
wavelengths, a Cassegrain reflective optical
assembly is used. In contrast to the ideal case,
where  collimated  measuring beam  is
perpendicular to the surface of the structure, this
assembly provides illumination of the structure
with a hollow light cone having an acceptance

angle between 15° and 30°. Previous studies on



3D photonic crystals have shown that scattering of the measuring beam entering the photonic
crystal at a large angle leads to the reflection peak splitting and a blue shift of its central
position [RomO1, Rom07, DWL'05]. Theoretical simulations have also confirmed these
observations [LR07, DWL'05].

Optimisation of the Inter-layer Distance of a Woodpile Structure

Conventionally, close to fcc configuration is considered to be the optimal one for the
woodpile photonic crystal. Variation of inter-layers distance in the vertical direction is another
way to adjust the relative width of PBG. In case of 2PP microfabrication, reducing the inter-
layer distance results in a higher overlap between the neighbouring layers, and therefore has
an additional effect of increased dielectric filling fraction.

The fabrication conditions as well as the in-layer rod distance (d=0.9 um) are kept
constant for all the structures. At the scanning speed of 200um/s, the laser power was kept at
4.5mW (PI concentration in the material is 2% in this case). Each crystal consisted from 24
layers.
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Figure 3.20 Measured reflectance/transmittance spectra of the fabricated woodpile structures with varying
distance between the layers.

“Stretching” the woodpile along the vertical direction leads to increase in reflection
peak amplitude and simultaneous increase of absorption peak (see figure 3.20). At the same
time the central frequency of the bandstop is shifted to longer wavelengths. It is also observed
that the splitting of the spectra disappears as the quantity of ‘s’ is increased. Similar
behaviour, at bandstop positions around 2pum, has been reported previously (also see [SG02]).
The maximum reflection peak amplitude is obtained for the s value of 1.05, while the most
expressed transmission dip is found for s=0.9.
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Effect of the Dielectric Filling Fraction Value on the Quality of the Bandstop

As it has been described in the theoretical section, dielectric filling fraction has a great effect
on the size and the position o the PBG. It is therefore important to investigate the effect of
dielectric filling fraction (®) variation during 2PP microfabrication of realistic
microstructures. In 2PP microfabrication, ® is directly adjusted by the illumination
parameters (scanning speed, pulse energy), since they are in direct relation to polymerized
voxel size (see section 1.3), i.e. the woodpile rods cross-sections dimensions. Figure 3.21
shows the reflection spectra for woodpile photonic crystal structures having different ®
values. The in-layer photonic crystal period is fixed at 1.0um and the distance between the
layers in z-direction corresponds to an FCC configuration. Each woodpile consists of 32
layers. The @ is changed by varying the applied laser power in the range 5-7mW in steps of
0.5mW. The scanning speed is kept at constant value of 200um/s. The spectra indicate the
clear bandstop positions, with central frequency shifting to shorter wavelengths as the © is
decreased to 46 %. Simultaneously, the reflectance is increased eightfold when compared to
that measured with a structure having an @ value of 76%.
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Figure 3.21 a) Reflection spectra for woodpile structures with different fill factors; b) SEM side/top view
images of according woodpile structures with ®@ values 76%, 59 % and 46 %.

Photonic structures with @ values below 46% were found to be too weak to survive.
This is connected to the fact that further reduction of feature size for this woodpile dimensions
results in structures that do not possess sufficient mechanical strength and collapse during the
developing step. Therefore here we approach the lower limit of this technique when using
current materials at the described structural parameters.
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Effect of the Number of Woodpile Layers on the Quality of the Bandstop

Although for the case of 2PP microfabrication increasing number of layers does not present
any significant challenge. For considerations of practicality, with prospective on other
materials and infiltration methods, it is interesting to know what the minimum number of
layers a crystal should contain in order to still exhibit the considerable photonic bandstop
effect. Figure 3.22 illustrates the measured reflectance spectra for woodpile structures
containing different number of layers in vertical direction. The number of layers is changed
by the multiples of 4, i.e. a new unit cell is added every time in the vertical direction. The rest
of the relevant structure parameters are kept constant: in-layer-period is 1pum, the distance
between the layers in the vertical direction corresponds to 1.05*FCC, and the ® = 46%. The
fabrication parameters are set to SmW for the average laser power and 200um/s for the
scanning speed. To avoid possible effects from structure termination and to make sure that
none of the layers is truncated by the glass substrates on which the crystal is attached, the
structures were fabricated above the glass substrates supported by a set of poles. As it was
discussed in the section 3.1.2, this feature also helps to avoid possible anisotropic structure
deformation due to shrinkage, and, which is more critical in this case, partial photonic crystal
truncation by the carrying substrate. An array of such “free-standing” structures containing
different number of layers were analysed by FTIR.
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Figure 3.22 a) Reflection spectra for woodpile structures with different number of layers; b) amplitude of
reflectance peak vs number of unit cells.

It is observed that already a structure containing only 8 layers shows almost 12%
reflectance peak at the position of the bandstop. In this case a second peak appears at the
shorter wavelength, this feature manifests presence of a higher order bandstop. Evolution of
reflectance peak amplitude vs number of layers is presented in the figure 3.22b. Starting with
16 layers and up the reflectance is increased mere 3%. The sudden drop in reflectance for the
structures with 20 and 28 layer, could be explained after detailed SEM analysis of the sample.
It revealed that due to some deformation of support structure the upper facet of these
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structures were not exactly parallel to the sample surface. As a result the incidence angle of

testing beam deviates from the optimal value and results in reduced transmission signal.
Characterization of Spiral Photonic crystals fabricated by 2PP technique

Optimisation of the Dielectric Filling Fraction Value

A few factors have direct influence on the size of PBG, one of them is the dielectric filling
fraction (®) determining the ratio of air to dielectric material in a photonic crystal. Spiral

structures are fabricated by “pinpoint” illumination, where every single voxel is produced
separately.
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Figure 3.23 Measured reflection spectra of spiral photonic crystal structures with different dielectric filling
fractions (®). Inset at the top shows according SEM images of the structures, from left to right: 13 %, 16 %, 18
%, 21 %, 22 %, 25 %.

During 2PP microfabrication of photonic crystals with fixed structural parameters, the
value of @ is adjusted by setting the illumination parameters, since they are in direct relation
to polymerized voxel size, i.e. the spirals cross-section dimensions ‘w’ and ‘h’. The relevant
fabrication parameters in this case are the applied average laser power and the illumination
duration. In order to adjust @, average laser power was varied in the range 5.5 mW to 3mW,
while the illumination duration is fixed to 1 ms. Each spirals parameters are fixed to have a
radius r=0.65 pm and distance between the neighbouring spirals of d=1.2pm, i.e. the
neighbouring spirals overlap to a certain extent. Each structure consists of 18 x 18 single
spirals completing 5 revolutions in the vertical direction. The pitch size value is set to 1200
nm. Supporting structures are provided to each spiral in order to avoid anisotropic
deformation caused by possible shrinkage of the whole photonic crystal (see section 3.1.2).
Figure 3.23 presents transmission spectra for spiral photonic crystal structures characterised
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by different @ values. The according side/top view SEM images of analysed structures are
shown in the inset at the top of the figure. Compared to the case of woodpile photonic
crystals, structures with much lower ® values can be experimentally realised for spiral
configuration.

Naturally, variation of @ also influences the central position of the measured bandstop
- the position of the reflection peak is shifted between 1.3pm and 1.8um for fabricated
structures. Decrease in @ value result in a blue shift of central bandstop position.
The variation of @, directly influences the amplitude of the reflection peak, i.e. the quality of
the bandstop. It is observed that an @ = 16% represents an optimum value for direct
configuration spiral photonic crystal, characterised by a maximum reflectance of R=17%.

Tuning the Bandstop Position by Adjustment of Spirals Pitch Size Value

The bandstops measured along the vertical direction are highly sensitive to the variation in
spirals pitch size. Figure 3.24 presents reflection spectra for the spiral photonic crystals with
different pitch sizes. The structures were fabricated using constant illumination parameters,
i.e. the spiral cross-sections width and height are equal in all structures. The average laser
power is set to 4mW, the illumination time is set to 1ms. Also in this case each spiral has a
radius 1=0.65 pum and distance between the neighbouring spirals of d=1.2um. Each structure
consists of 18 x 18 single spirals completing 5 revolutions in the vertical direction. Again
supporting structures are provided in order to avoid possible deformations due to shrinkage
and to make sure that no part of the photonic crystal is truncated by the carrier substrate.

00 125 150 175 200 225 250
Wavelength [um]

Figure 3.24 Measured reflection spectra for spiral photonic crystal with different pitch sizes; Inset at the top
shows according SEM images of the structures, from left to right: 1060nm, 1220nm, 1430nm, 1620nm, 1935nm.
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For pitch values between 1060nm and 1935nm, the central position of the measured
reflection peaks is shifted by about 850nm. By increasing the value of the pitch size, while the
rest of the parameters are fixed, one is simultaneously reducing the relative value of the
dielectric filling fraction ®. For pitch size values of 1060nm, 1220nm, 1430nm, 1620nm, and
1935nm, the calculated values of ® are accordingly 23%, 20%, 16.5%, 13% and 11%.
Comparison of the results presented in figures 3.24 and 3.23, shows that the directions of the
shifts resulting from increasing the pitch size and decreasing the @ only are opposite.
Therefore, in comparison to a variation of the value of ® only, larger relative shift of the
central bandstop position can be obtained by tuning the spirals pitch.

The maximum reflection signal is obtained for the spirals with pitch size value of 1430
nm. This photonic crystal has a filling fraction of 16.5%, which is close to the optimum value
of 16% obtained from experiment on @ optimisation. From here it is concluded that the
quality of the bandgap is mainly influenced by the parameter @, while the central position of
the bandstop is best defined by the pitch size.

Fabrication of 3D photonic crystals containing an active nonlinear optical chromophore

Photonic crystals are considered to be the optical equivalent of semiconductors, as they
modify the properties of light in the same way a semiconductor does for electrons. However,
in contrast with electrons, photons cannot be easily dynamically tuned; for this, it is necessary
fabricate photonic crystals made of nonlinear materials, whose optical response depends on
the intensity of light that propagates through them. The unique properties of nonlinear
photonic crystals would allow the creation of fast and compact all-optical devices. Despite
efforts over the last decade, investigations into nonlinear photonic crystals have been limited
to theoretical simulations and the fabrication of one or two dimensional semiconductor
systems.

Nonlinear optical (NLO) silica sol-gel materials have attracted much interest because
of advantages such as high nonlinearity, low cost, high poling efficiency and stable alignment
of chromophore molecules, leading to high temporal and thermal stability of their nonlinear
performance [ZLP'04, GCL"01]. Incorporating NLO chromophores into sol-gels in either a
guest—host or a side-chain—main-chain strategy has produced electro-optically active sol-gels
[EDM07]. Research to date in this direction has only produced planar electro-optic devices
[ZLL'04, ZLF06].

Side-chain-main chain incorporation strategy presents a more appropriate way when it
comes to 2PP microfabrication, since NLO dopants might be washed out the guest-host
structure in the development step involving solvents. In this work ORMOSIL photosensitive
sol-gel is modified to contain NLO chromophore DR1. 2PP technique is employed to
fabricate 3D photonic crystals with bandgaps in the near-IR spectral region. Similarly to pure
ORMOSIL, this composite material exhibits minimal shrinkage during photopolymerization,
eliminating the need for shrinkage compensation or the fabrication of support structures. In
order to chemically bind this second-order NLO chromophore to ORMOSIL molecules it is
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firstly reacted with (3-isocyanatopropyl) triethoxysilane to form a functionalized silicon
alkoxide precursor (SGDR1). The details on material synthesis can be found in section 2.2.
The samples for 2PP processing are prepared by drop-casting the material onto 100 micron
thick Indium Tin Oxide (ITO)-coated glass substrates. The resultant gel films are baked at 100
°C for 1 h, to condensate the sol-gel. ITO-coated glass slides were used to enable future
electrical poling of the structures. After the 2PP processing, the samples are developed for
three minutes in THF and rinsed in 2-propanol.

The absorption spectrum acquired from this composite material film, spincoated on a
quartz substrate, is shown in figure 3.25a. The material absorbs very strongly in the spectral
region 400-550 nm, but it is completely transparent at 600-2000 nm and has an additional
window of transparency in the spectral region 300-400 nm. These properties make SGDR1
ideal for 2PP structuring with a Ti:Sapphire laser, emitting at 780nm. The IR transparency
allows the focusing of the laser within the volume of the material, while the relatively high
UV transparency means that there will be two-photon absorption mostly by the photoinitiator,
and not by the NLO chromophore. In addition, as the material has no natural absorption in the
near-IR spectral range, it can be used for the fabrication of photonic crystals exhibiting PBG
centred at the telecommunication wavelengths, and consequently any nonlinearity will be off

resonance.
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Figure 3.25 a) absorption spectra of the material containing DR1; b) optical microscope image of an array of
fabricated woodpile photonic crystals (single structure size is 30pum).

The structures were fabricated layer-by-layer bottom up with the last layer attached to
the coverslip. After the completion of the component build process, the sample was developed
for three minutes in THF and rinsed in 2-propanol. Figure 3.25b shows an optical microscope
image of an array of photonic crystals; they have the bright red colour of Disperse Red 1.
Scanning Electron Microscope (SEM) images of a DR1-containing photonic crystal fabricated
by the 2PP are presented in the figure 3.26. As it can be seen, SGDRI can be structured very
accurately and without defects. Due to the properties of the ORMOSIL matrix the fabricated
structures are not affected by shrinkage and no additional restraining support structures or
precompensation procedure is required. The highest resolution achieved in this material is 250
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nm. FTIR transmission spectra of fabricated structures confirmed the existence of a bandstop

around 1.5um (not shown).

Figure 3.26 SEM images of woodpile photonic crystal fabricated by 2PP of NLO material.

Previous studies have shown that Disperse Red 1 sol-gel copolymers exhibit second order
nonlinearity, with d33=30-55 pm/V at 1300 nm, depending on the DR1 content [CPR'98,
RCL'95]. To manifest this nonlinearity, the symmetry in the material needs to be removed.
This can be done by corona poling the samples at elevated temperatures. Once corona poled,
the samples have been reported to exhibit excellent optical as well as mechanical stability.

Fabrication of Shaped 3D Photonic Crystals

Very often photonic crystals shape and surface termination can play an important role [SGO0S5,
MDM07]. For this purpose a software application based on constructive solid geometry
approach was developed. Here the inner geometry of the structure is defined as a property of
endless space. The shape of the structure is described by a surface in 3D. Application of
Boolean intersection between both inputs results in a porous structure with a defined volume.

Figure 3.27 SEM images of 2PP produced structures: a) solid microvenus model; b) according “venus-shaped”
woodpile; c) lens-shaped woodpile structure.
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This method provides independent control over the structures outer shape and inner porosity.
Figure 3.27b shows an example of venus-shaped woodpile structure produced by 2PP of
Ormocore material. The outer shape is defined by an introduced 3D surface described in
standard stereolithography STL format.

Figure 3.27c shows a top-view SEM image of a lens-shaped woodpile structure. Although
initially developed for photonic application, this software provides great opportunities for the
fabrication of scaffolds for tissue engineering, as will be described in section 3.3.3.

Conclusions

Fabrication of 3D photonic crystals with various structural parameters, geometries and even
shapes has been demonstrated by 2PP microfabrication. It is observed that 2PP allows precise
tuning of the PBG position through controlling structural parameters of the fabricated
structure in a reproducible manner. On the example of woodpile structures it was shown that
quality of the achieved photonic crystals is sufficient to achieve a considerable PBG effect
already for 4 unit cells along the testing direction.

Such complex architectures as spiral photonic crystals can be realised by 2PP technique. The
woodpile structures were produced by continuous scanning, while “pinpoint” illumination
method was applied for spiral structures. SEM analysis showed that high quality structures are
achieved for both methods. It is generally considered that for large area microfabrication,
pinpoint illumination presents disadvantage of longer processing time, when compared to
continuous scanning approach. However, for a realistic micropositioning system, on-the-fly
“pinpoint” illumination of spiral structures results in similar or even reduced processing times.
Optical characterisation showed that optical response of the same order were obtained for
both woodpile and spiral configurations. By setting the structural parameters, measured
bandstops for these experimentally realised photonic crystals, can be precisely positioned in
the near-IR spectral range at the telecommunication wavelengths.

Dielectric filling fraction (®) is very important parameter, influencing the size and, to some
extend, the exact position of the PBG. In 2PP microfabrication the @ value is controlled
independently of structural parameters of a photonic crystal, by adjusting the illumination
dose. For woodpile architecture a minimal ® value of 46 % is limited by the stability of the
produced structures. Further reduction of @ value, i.e. woodpiles rods cross-section, results in
structures which collapse during the developing step. It was observed that much lower values
of @ can be experimentally realised for spiral photonic crystals. This can be explained by the
fact that, compared to woodpile, spiral structure resembles the diamond architecture much
closer, while requiring less material [MTO04]. In addition, substantial spatial overlap between
individual spirals contributes to better mechanical stability and lower ® values for the spiral
architecture.

In order to control the value of @ in 2PP microfabrication, it is extremely important to have
possibility of precise control over the energy of the pulse delivered at the sample. Decrease of
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illumination dose and, therefore, resulting voxel size, below a certain threshold, results in an
overall structure shrinkage. This process results in deviation of achieved structure parameters
from initial specification. On the other hand such “controlled shrinkage” can be used
constructively in order to further reduce the structure size (see section 3.1.2).

Higher order features observed in the measured FTIR spectra indicate high optical quality of
the fabricated photonic crystal structures. Photonic crystals fabricated from material
containing NLO chromophore were demonstrated by 2PP microfabrication. DRI
chromophore was chemically modified and added in a side-chain-main-chain manner to a
conventionally used ORMOSIL based sol-gel. It is seen that the NLO chromophore stays
inside the material throughout the processing. This method provides important guidelines for
alternative material modifications with other nonlinear, electrooptic or photoactive materials.
In conclusion, 2PP provides important rapid prototyping tool for realisation of micro- and
nanoscale all-optical circuits. For the applications where the existence of complete PBG is
essential, structures fabricated by 2PP can be used as templates for further inversion with high
refractive index materials [SOC04, TFD'06]. Recently demonstrated surface metallization
approaches [CTT 06, MJIT'07] provide alternative, often less complex and expensive means
for complete PBG realisation.
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3.3 Biomedical applications of 2PP microfabrication

3.3.1 Microneedles for Transdermal Drug Delivery

Advances in genetic engineering and proteomics have provided protein- and nucleic acid-
based treatments for cancer and other chronic diseases [ZPC04, OS04]. Unfortunately, many
novel drugs and vaccines cannot be administered in oral or transdermal form, because they
may be metabolized by the kidneys or liver before reaching systemic circulation [PLOS5].
These agents may be administered intravenously using hypodermic needles; this route
provides complete and instantaneous absorption [Pra04]. Use of conventional hypodermic
needles involves trauma at the injection site, pain to the patient, medical skill to administer the
injection, and difficulty in providing sustained delivery of a pharmacologic agent over
extended period of time.

a)

Figure 3.28 Microneedles fabricated by 2PP technique: a) an optical image of five Ormocore microneedles

placed next to a conventional hypodermic needle; b) SEM image of an array of microneedles with an offcenter
channel.

Transdermal drug delivery is an alternative method that has experienced a rapid
development in the past two decades, and has often shown improved efficiency over the other
delivery routes [PMLO04, CF89]. It avoids many issues associated with intravenous drug
administration, including pain to the patient, trauma at the injection site, and difficulty in
providing sustained release of pharmacologic agents. In addition, precise dosing, safety, and
convenience are also addressed by transdermal drug delivery. However, only a small number
of pharmacological substances are delivered in this manner today. The most commonly
known example is nicotine patches. The main reason for that is the significant barrier to
diffusion of substances with higher molecular weight provided by the upper layers of the skin.
The top layer, called stratum corneum, is composed of dead cells surrounded by lipid. This
layer provides the most significant barrier to diffusion to approximately 90% of transdermal
drug applications [Fly96, SSW'05]. A few techniques, enhancing the substance delivery
through the skin have been proposed. Two of the better-known active technologies are
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iontophoresis and sonophoresis. The rate of product development, involving these
technologies has been relatively slow [MitO1]. This is partly conditioned by the relative
complexity of the resulting systems, compared to the passive transdermal systems. One of the
passive technologies is based on micro-needle enhanced drug delivery. These systems use
arrays of hollow or solid microneedles to open pores in the upper layer of the skin and assist
the drug transportation. Figure 3.28 shows examples of such microneedle arrays fabricated by
2PP technique. The length of the needles is chosen such that they do not penetrate into the
dermis, pervaded with nerve endings, and thus do not cause pain. In order to penetrate the
stratum corneum, microneedles for drug delivery have to be longer than 100 pm, and are
generally 300400 pum long, since the skin exhibits thickness values that vary with age,
location, and skin condition. Application of microneedles has been reported to greatly
enhance (up to 100,000 fold) the permeation of macromolecules through the skin [Bar01].
Hollow microneedles allow diffusion- or pressure-driven transport of pharmacologic agents
through the needle bore to be adjusted over an extended period of time. The microneedles for
withdrawal of blood must exceed lengths of 700-900 um in order to penetrate the dermis,
which contains blood vessels. Most importantly, microneedle devices must not fracture during
penetration, use, or removal.

Finally, arrays of microneedles may be used to provide pharmacologic agent injection
or biological fluid extraction at higher rates and over a wider area than individual
microneedles. Microneedle arrays provide redundancy if individual needles are fractured or
obstructed during the microneedle insertion process [GLBO03]. In addition, arrays of
microneedles provide greater possibilities for directly reaching vasculature in the dermis for
extraction of blood. Microneedle arrays are also less prone to fracture if exposed to shear
forces, because these forces are distributed over a wider area [GS03].

a)

Figure 3.29 Hollow microneedles for transdermal drug delivery: a) cross-section of original CAD design of
microneedles with various positions of the channel center. The channel displacement allows to control the tip
sharpness; b) SEM images of according microneedles fabricated by 2PP technique.
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The flexibility and high resolution of the 2PP technique allows rapid fabrication of
microneedle arrays with various geometries, and study its effect on the tissue penetration
properties. In order to study the effect of microneedles geometry on its penetration properties,
square arrays of 25 identical 500um spaced needles were fabricated by 2PP of Ormocore
material. Since these structures do not require very high resolution in the vertical direction, a
conventional 10X microscope objective (0.2 NA) lens was used to focus the laser beam into a
volume containing photosensitive resin. The average length of a fabricated needle is 800um
and the base diameters are in a range 150-300pum. The length of the needle enables its
application for both drug delivery and blood drawing. Tip sharpness was changed by
adjusting the position of the channel relative to the central symmetry axis in the original
design (see figure 3.28). The diameter of the channel is fixed for all the samples. The four
openings visible at the base of each needle were fabricated in order to guarantee the complete
removal of the non-crosslinked polymer from the channel during the developing fabrication
step, since one end of the needle would be blocked by the glass coverslip otherwise. These
openings are omitted in the needles actually used for flow studies and drug delivery, since in
that case both channel ends are open.
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Figure 3.30 a) Load-displacement curves obtained for the needles with different flow channel-microneedle tip
displacement (indicated in um for each deign); b) SEM image of a 3x3 off-centre microneedles array in the
optimum configuration (channel is displaced by 5.4um relative to the needle axis).

Naturally it is desirable to fabricate needles that require least load on order to penetrate
the skin. Microneedles undergo several forces during insertion into the skin, including
compressive forces, bending forces, shear forces, buckling forces, and skin resistance.
Fracture testing and penetration testing of microneedle arrays was determined using
compression load testing (ELF 3200, Bose EnduraTEC Systems Group, Minnetonka, MN,
USA). In these studies, 50 g and 500 g load cells were driven at 0.008 mm/s displacement rate
against polytetrafluoroethylene (duPont, Wilmington, DE, USA) and cadaveric porcine
adipose tissue (Nahunta Pork, Pikeville, NC, USA). Cadaveric porcine material was chosen
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for this study because porcine epidermal and dermal layers closely resemble their human
counterparts. Although cadaveric porcine adipose tissue is softer than whole porcine skin, it
exhibits a homogeneous, uniform surface that is appropriate for mechanical testing. A video
capture device was used to examine the microneedle penetration behaviour and determine the
mode of failure.

Figure 3.30a contains load-displacement curves for in-plane and out-of-plane hollow
microneedle arrays with several flow channel-microneedle tip displacement values (indicated
in um on the graph). Similar load vs. displacement curves were observed for needles with
different base diameters. As indicated by the asymptotes, the slopes on the curves can be
divided into three regions (from left to right), exhibiting different trends: initial needle contact
with the porcine adipose tissue, prior its surface puncture; tissue puncture by a single, few or
complete microneedles array; the final displacement value attributed to the to contact between
the tissue and the cover slip substrates carrying the microneedle array. The local maximum
values indicate the points at which the load threshold was reached. At these values, the
porcine adipose tissue was punctured by one or few microneedles in the microneedle array.
Local minimum values were observed immediately adjacent to these local maximum values.
The “off-center microneedles” with channel positioned at 20.4um relative to the needles axis
exhibited the sharpest needle tips values among the out-of-plane microneedles (see rightmost
images in figure 3.29 ab). However, series of experiments consistently confirmed the lowest
penetration threshold for the microneedles array with channel to tip displacement value of
5.4um, and not 20.4um which has the sharpest tip. Optical microscopy analysis of the
microneedles tips helped to clarify the situation. Apparently very long and sharp but less rigid
tips of the microneedles with the channel shifted by 20.4um relative to the needles axis, are
bent during tissue penetration. Needle tip bending is associated with the presence of
methacrylate groups in the cross-linked Ormocore, as a consequence the structures stay
somewhat elastic. During the test the tip bends even further, resulting in increased penetration
resistance and therefore the larger values of load threshold. Overall results indicate minimal
dependence between geometry and skin penetration properties for polymeric microneedles
fabricated using two photon polymerization.

Similar load vs displacement curves acquired for microneedles with different aspect
ratios indicated a minor difference in the load values for different needles. The tests against
polytetrafluoroethylene surfaces however suggested dependence in failure. In general, the
larger the base of the microneedle, the higher the load it can endure before breaking or
bending. Majority of the microneedles bend, and eventually tip off the glass when tested
against polytetrafluoroethylene. Therefore by improving the needle attachment to the
substrate one can further increase failure load threshold. This can be done by applying
adhesion promoter to the substrate or by producing substrate from the same material as the

microneedles.
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a)

Figure 3.31 a) SEM image of bioinspired microneedle with mosquito-like tip; b) optical micrograph of 2PP

fabricated microneedle on full thickness porcine skin. Abbreviations on the left side of the image indicate
different skin layers: the stratum corneum (SC), epidermis (E), dermis (D), and fat (F).

The 2PP microfabrication allows to introduce precise structural details into the needle
design. Figure 3.31 shows a microneedle whose design was inspired by female mosquito
fascicle. Mosquito needle is a well known “nature-created” tool for effective and painless
“blood sampling”. Mosquito fascicle has a somewhat flat tip and additional microstructures
on its sides [LO71]. It has been suggested that by applying small amplitude vibrations the
mosquito cuts through the skin, rather than just statically puncturing it, this way reducing the
force needed for penetration [YZ04]. Fracture and penetration study of 2PP fabricated
microneedles with such saw-toothed walls showed no significant differences in load response.
A separate trial was performed with such biomimetic microneedle arrays mounted on 3D
piezoelectric actuator (in x, y, and z) in order to mimic mosquito fascicle movement. In this
case vibrations, induced by piezo actuator, resulted in high noise levels in load response,
which did not allow to draw any evidential conclusions, when compared to no piezoelectric
actuation. Therefore a more sensitive apparatus has to be used in order to verify the
advantages of such tip geometry over the other proposed designs.

Figure 3.31b shows an optical microscope image of a single microneedle on full
thickness porcine skin. It is observed that the inserted 2PP fabricated needle penetrates all the
way through epidermis, and will allow substance injection directly into dermis. Controlled
administration of fluorescein-conjugated biotin (a water-soluble B-complex vitamin) solution
into the dermal and hypodermal regions of skin was studied using off-centered microneedles.
Figure 3.32 shows DIC-fluorescence micrographs of skin sections injected with biotin and
frozen at various times. The images containing the skin cross-sections with the microneedle-
induced perforations show injected substance penetration through diffusion at different times
after injection. After 5 minutes, the biotin is localized in the perforation created by the
microneedles. After 20 minutes, the diffusion of biotin into the dermal/epidermal junction is
evident. At 60 minutes, the entire dosage of biotin diffused as deep as the dermal/hypodermal
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region of the skin. At the same time the control sample (biotin applied on the surface of the
skin) showed no diffusion beyond the stratum corneum even after 60 min.

Control Microneedle Microneedle Microneedle
A: 60 min B: 0-5 min C: 20 min

DIcC

FL

OVR

Figure 3.32 DIC-fluorescence microscopy of skin after administration of fluoresceinconjugated biotin using
microneedles fabricated by 2PP technique. Treatment duration with microneedle (5 min, 20 min, and 60 min) is
indicated on top of each column and may be compared with control at 60 min (without microneedle). Top row:
DIC single-channel provides clear view of the various skin layers. The stratum corneum (SC), epidermis (E),
and dermis (D) layers are indicated. Middle row: fluorescence images (FL) of fluorescein-biotin emission.
Bottom row: DIC-fluorescence overlay (OVR) with the fluorescence channel (Green) shows distribution of
biotin within the skin layers. Scale bar equals 100 um in all images.

Conclusions

Microneedle arrays developed using conventional microelectronics fabrication techniques
have inherent limitations that preclude the development of complex geometries and
microneedles with large wall thicknesses. CAD/CAM rapid prototyping allows fabrication of
complex geometries and rapid iterations of the structure design. Novel microneedles
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developed in this fashion can readily be integrated with MEMS devices to allow control over
amount and rate of pharmacologic administration. The control over the geometry of the
microneedle enables its application for both drug delivery and blood sampling. Results of our
studies indicate that microneedles created using the 2PP technique are suitable for in vivo use,
and for the integration with the next generation MEMS- and NEMS-based drug delivery

devices.

3.3.2 Fabrication of Microprosthesis

The malleus, incus, and stapes bones compose a so-called ossicular chain that serves to
transmit sounds from the tympanic membrane to the inner ear (see figure 3.33ab). Ear
diseases may cause discontinuity or fixation of the ossicles, which results in conductive
hearing loss [Dan98, Cru94]. Ossiculoplasty is a technique for reconstruction of the bones of
ossicular chain within the middle ear [AIb98, Bay00, Goo94]. The traditional method for
restoring sound conduction in the middle ear involves the use of the remaining ossicles
[Col99]. The most commonly used material is the patient’s own incus bone. However,
autograft materials are not always available in patients suffering from chronic diseases. In
addition, shaping of these materials requires additional operative time. There are also
concerns regarding loss of rigidity, resorption, or fixation of the implant to the wall of the
middle ear. Homograft materials, which are obtained from cadavers, are now rarely used due
to the risk of infection [Cur00, Gla88]. Alternatively artificial prostheses are used in
ossuculoplasty. Figure 3.33c shows schematics of such reconstruction where a part of
remaining stapes bone is used along with the partial ossicular replacement prosthesis. Several
alloplastic materials have been considered for use in ossicular reconstruction. Polyethylene,
high-density polyethylene sponge, polytetrafluoroethylene (PTFE), and Proplast (PTFE-
carbon composite) pistons were used in middle ear reconstruction [Bra86]. These materials
demonstrated migration, extrusion, penetration into the inner ear, and significant middle ear
reactivity, resulting in a necessity of a repeated surgery. As a result, these solid polymers are
not currently used for restoration of sound conduction. Titanium, alumina, stainless steel, and
gold are biocompatible materials that have been considered for use in ossicular reconstruction
[Jah83, Sch98, Str99, Sch06, Wan99, Zah00]. For example, titanium prostheses have
demonstrated biocompatibility, rigidity, biostability, low ferromagneticity, low density, and
good sound conduction. However, recent studies have indicated that a thin cartilage graft is
needed to cover the head plate of the prosthesis and prevent prosthesis extrusion. Bioactive
materials (Bioglass, Ceravital, hydroxyapatite) promote direct chemical bonding with body
tissues, and bioactive prostheses were developed with the hope that these materials would
have a lower rate of extrusion [Gro86, Gro85, Bli86, Man90, Gol00]. These materials can be
placed directly under the tympanic membrane, and do not demonstrate significant extrusion.
However, bioactive materials have not gained wide acceptance due to difficulty in shaping the
prostheses and mechanical instability, especially at infected middle ear sites.
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Figure 3.33 Schematic representation of: a) middle ear and ossicular chain; b) ossicular chain with damaged
incus; ¢) ossicular chain repaired with Partial Ossicular Replacement Prosthesis (PORP) [www.SJ]

Novel materials and prostheses that provide improved sound transmission for longer
periods of time are demanded by patients and surgeons. These materials must demonstrate a
high degree of cell compatibility, ease of use, and minimal extrusion [Mer99, Mor98, Mur(05].
Mass-produced implants are produced in several shapes and sizes; however, these designs do
not take individual patient anatomy into account. One way of increasing the success of
ossicular prostheses is the development of patient-specific implants [Mah95, Lim02]. Such
implants possess the appropriate design features, including head size, weight, and footplate
attachment, for a particular patient.

)

Figure 3.34 Total Ossicular Replacement Prosthesis (TORP): a) original design; b) optical image of a structure
fabricated by 2PP of Ormocore; ¢) close-up on the fabricated TORPs head plate.

Ormocore surfaces fabricated using 2PP approach demonstrated acceptable cell
viability and cell growth profiles [DPNOS5]. Here we demonstrate the use of 2PP technique for
rapid prototyping of Ormocore middle-ear bone replacement prostheses. The design used in
this study was similar to that of a commercially available TORP prosthesis (total ossicular
replacement prosthesis, Kurz Medical Inc., Dusslingen, Germany). Figure 3.34a contains a
CAD and optical image of the TORP-shaped Ormocer ossicular prostheses. Such structure
was produced by 2PP (see Figure 3.34bc) directly from CAD input in a layer-by-layer
approach, with a distance of 25um between the layers. The prostheses stand 4.3 mm tall, 300-
400 um wide at shaft, 2.6 mm wide and 400-500 pum thick at the diskshaped headplate. The
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disk-shaped headplate of the prosthesis was designed to be placed under the tympanic
membrane. The shaft of the prosthesis is designed to connect the footplate of the stapes with
the undersurface of the tympanic membrane in order to enable sound conduction. The
headplate also contained five microneedle-like structures protruding at 400 um with 160 pm
base width. These structures are introduced to improve cellular adhesion, avoid device
migration, or provide means for possible cartilage attachment before the operation.

a) b)
Figure 3.35 The implantation process of the 2PP fabricated TORP through the right external auditory canal: a)

prosthesis aligned against the posterior canal wall; b) the implant positioned in sifu on the footplate of the stapes below
the tympanic membrane to provide sound conduction, as found in natural middle ear.

An important criterion for such prosthesis is the handling in a real operational room
environment. In order to verify it, in vitro implantation test was performed into the right ear of
commercially obtained human head. First the chorda tympani was partly removed in order to
provide access to the middle ear and a possibility of optical imaging. The natural incus and
the head of the stapes, initially present in the middle ear, were removed using surgical tools.
The 2PP fabricated Ormocore prosthesis was than carefully aligned against the posterior canal
wall (see figure 3.35 a). Finally, the implant was positioned in situ on the footplate of the
stapes below the tympanic membrane to provide sound conduction, as found in natural middle
ear (see figure 3.35 b). The prosthesis was handled without fracture during the entire
procedure. The detailed description of this in vitro implantation study can be found elsewhere
[OCAO07].
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Figure 3.36 Nanoindentation test results of UV photopolymerized Ormocore thin film and Ormocore ear-
prosthesis fabricated by 2PP technique: a) hardness (MPa) vs indentation depth; b) modulus (MPa) vs
indentation depth. Error bars indicate standard deviation of mean.

For the mechanical tests the headplate was separated from the fabricated TORP.
Nanoindentation tests performed on the surface of the headplate of the ossicularprosthesis
were compared with thin-film Ormocore material (Figure 3.36). As the load increased, the
measured values of Hardness (H) and Modulus (E) of the Ormocore thin-film were found to
be significantly higher than the headplate surface. Both values were consistently higher by a
factor of four in the thin-film material.

Conclusions

To conclude, ossicular replacement prosthesis fabricated by 2PP has shown good mechanical
properties and ease of handling. The applied Ormocore material can be photostructured with
high precision using 2PP technique, and has shown good biocompatibility. As mentioned
earlier, conventional mass-produced implants do not sufficiently take individual patient
anatomy into account. CAD/CAM rapid prototyping by 2PP may permit development of
patient-specific geometries to allow unique fit with surrounding middle ear configurations and
minimize prosthesis rotation and migration. Imaging (computerized tomography or magnetic
resonance imagining) and image analysis software may be employed to generate implants
with appropriate design, structure, and material properties for a particular patient. In addition,
these prostheses may be designed to possess pores, which allow for diffusion of nutrients to
cells and waste matter away from cells. Pore connectivity, shape, and size may influence cell-

prosthesis interaction.
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3.3.3 Scaffolds for Tissue Engineering (Recreating cellular microenvironment by 2PP).

Tissue engineering is an interdisciplinary field that applies the principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain, or
improve tissue function or a whole organ. Tissue engineering has also been defined as
"understanding the principles of tissue growth, and applying this to produce functional
replacement tissue for clinical use” [www.Wk]. Cells in the body are exposed to a complex
milieu regulated by their interactions with other cells, the surrounding cell matrix and soluble
factors. A key element of this microenvironment is the 3D architecture of the extracellular
matrix (ECM). Furthermore, upon removing cells from this microenvironment many cell
types, such as liver cells, quickly lose their function. One of the most popular approaches for
tissue engineering relies on the application of scaffolds. Scaffolds help to guide cell growth
and create certain milieu required for cells to form a functional 3D tissue. Generally, scaffolds
have to fulfil several basic requirements. They should promote cell attachment and migration,
enable diffusion of vital cell nutrients and expressed products, and have appropriate
mechanical properties [HutO1]. A number of studies have demonstrated that cells in artificial
3D matrices have an improved function relative to their culture on 2D substrates. Ideally the
3D matrices should mimic the structure and biological function of native ECM as much as
possible. In an artificial scaffold pore shape, size, their distribution and connectivity play an
important role. These factors influence the regeneration process [HKM'08], and
simultaneously define the mechanical properties of the structure [Liu96].

Most conventional scaffold fabrication approaches such as freeze-drying, phase
separation, solvent casting etc. have limitations when it comes to precise control of the
scaffold internal architecture. Using these techniques it is now feasible to control pore
connectivity and pore size. Porosity levels of around 90% can be realised, this way providing
sufficient pore connectivity for cell attachment and nutrition factors diffusion. However no
active control over the size and the position of each individual pore is provided. As a
consequence, it is virtually impossible to produce structures in accordance to a predefined
blueprint or series identical scaffolds.

With emergency of solid freeform fabrication and rapid prototyping technologies it
became possible to party solve these problems. Such techniques as stereolithography, 3D
printing, selective laser sintering or fused deposition modelling allow realisation of structures
using a predefined CAD model. Many materials, relevant in biomedical and specifically tissue
engineering fields have been successfully tested. Some of these techniques even allow
deposition of living cells and proteins directly during the fabrication process. Of equal
importance is the fact that also the external shape of such scaffold can be defined in the initial
CAD design. Using the 3D data input, provided for example by computer tomography,
patient-specific scaffolds conforming to individual anatomic structure at the implantation
sight can be realised.

A main difference between described passive and active technological approaches is

the size scale. Passive technologies can produce scaffolds with pore sizes in the range from a
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few microns to hundreds of micrometers. In solid freeform fabrication and rapid prototyping,
due to limited structural resolution, large scaffolds with pore sizes on the order of hundreds of
microns are produced. In order to overcome this barrier a combination of both, three-
dimensional printing and salt-leaching has been applied [RSR"03]. This way the large features
inside the scaffold are defined in accordance to initial CAD design, while smaller pore size
and distribution cannot be controlled precisely.
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a) b)
Figure 3.37 Highly porous 3D scaffold with two distinct pore dimensions: a) CAD concept (inset shows three
side projections of the structure); b) SEM image of according structure fabricated by 2PP technique.

On the other hand, the structural resolution of the 2PP microfabrication technique can
be scaled up by using a different focussing optics. Therefore, 2PP technique allows to close
the existing gap in structural parameters of scaffolds produced by different techniques.
Structures with feature sizes ranging from submicrometer to hundreds of microns can be now
produced using a single technique. The particular advantage of 2PP technique for the
fabrication of scaffolds for tissue engineering is the possibility to precisely control both
external shape and internal porosity of the structure while delivering high structural
resolution. Figure 3.27 in section 3.3.2 presented a shaped photonic crystal structure produced
by 2PP, it can be seen as an example of such porous structure. Scaffolds with a more
sophisticated pore size distribution can be realised by designing the pores directly. For the
first time it is possible to create a “designer scaffolds” with feature sizes on the order of that
of the natural extracellular matrix. The position of pores with sizes ranging from hundreds of
microns down so submicrometer can now be exactly defined inside the scaffold. Figure 3.37a
shows a CAD design of such scaffold having porosity of more than 80%, an inset in the image
presents three side projections of the structure. The through pores, which can be accessed
from each scaffold surface, are large enough to accommodate cells. A second set of pores,
having diameter much smaller than the cell dimension, is introduced in order to enhance fluid
transport inside the scaffold. In addition, the mechanical properties of such scaffold can be
controlled by adjusting the applied material properties, varying the porosity and introducing
changes in the internal geometry of the structure. An SEM image of according scaffold
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fabricated by 2PP of Zr-based hybrid Ormosil material is shown in figure 3.37b. Despite high
porosity the structure is mechanically stable. Large pores have diameter of around 20um.
Interconnected micropores, of around 5 um, while not accessible by cells, provide means for
liquid transport inside this 3D scaffold. The high reproducibility of 2PP microfabrication, for
the first time allows the fabrication of large series of identical samples, and therefore, enables
systematic studies of scaffold-cell and cell-cell interactions in a 3D system.

One of the issues associated with the repair of large volume tissue defects is
vascularisation. Since 2PP allows introducing pores of desired size at any location in the
scaffold, it has a great potential for defining the future vascular network already in the initial
scaffold fabrication step. This way it would be possible to integrate the newly formed vascular
network, with the one already present around the particular defect in the body. Figure 3.38
shows an original CAD design of a fragment of a branching microcapillarie network model
and an according structure fabricated by 2PP of SU8 material. The overall structure diameter
is about 100um, the smallest feature size is around 2 pm. Similarly to most mammalian
branching vascular and respiratory networks, the Murray’s law governing the relation
between the branching vessel diameters has been taken into account here.

The properties of material applied for scaffold fabrication can play a crucial role in
tissue formation mechanisms. For adherent cells, the proliferation is only possible if the cells
attach to the cultivation surface. Different properties of the culture material affect the
adherence of the cells to the surface. It is known that a favourable distribution of charges
influences the interaction between cellular adhesion molecules, such as integrins, and material
[SVK95].

Figure 3.38 An original CAD design (a) and a scanning electron microscope (SEM) image of a fabricated
structure (b), which resembles a fragment of pulmonary alveoli — microcapillaries responsible for gas exchange
in the mammalian lungs.

In order to test the biocompatibility of materials applied for 2PP microfabrication,
various cells were seeded onto flat cover slips coated with these materials. By comparing the
proliferation rates of cells grown on flat material surfaces and under control conditions, it was
demonstrated that hybrid organic inorganic and SU8 materials are not cytotoxic. Thus, these
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polymers do not affect the cell proliferation in a negative manner, which demonstrates that
they fulfil the minimum requirement for a scaffold material. However, there still can be
effects associated with the modifications on a genetic level. If the adherent cells, used in this
study, can not attach, they react by reduction of the proliferation rate and even by inducing
cell death, which correlates with an increase of the DNA damage effect. Additional tests
comparing the DNA strand breaking of the cells grown on the Ormocore and in control
conditions have shown no statistically significant influence by the presence of Ormocore. The
presence of Ormocore does not alter the proliferation parameter of the cells and does not
increase the tailmoment. Therefore, one can conclude that Ormocore sustains the adhesion of
cells.

When the intercellular junctions of a new tissue are formed, the gap junctions are the
last junctions which are established. Their formation is conditioned by cell-to-cell adhesion
structures, composed from other molecules, such as cadherins and cadherin-associated
molecules [FNT'97]. Gap junction are cell-to-cell adhesion structures composed of direct
cell-to-cell channels which allow a direct exchange of ions and small metabolites such as
second messengers between neighbouring cells. An evidence of gap junction formation is
therefore a good merit for evaluation of tissue formation. The compatibility of Ormocore with
the formation of cellular junctions appropriate for the living tissue, such as gap junction
coupling, was studied the double whole patch-clamp technique [NAT05]. The gap-junction
conductance measurements reveal that Ormocore does not alter formation of cell-to-cell
junctions, critical for functional tissue growth [OSN'07]. Based on these results one can
conclude that the cultivation of cells on Ormocore is compatible with the formation of tissue.
The full description of the results of this study can be found in a following publication
[SNO'07].

Conclusions

The fabrication of scaffolds with a desired structure in 3D is a very important task in tissue
engineering. It has been demonstrated that CAD designed complex 3D structures can be
generated by 2PP technique. Using different cell lines, it has been shown that two important
polymers used for 2PP: Ormocore and SUS, support cell growth and are biocompatible at the
cellular level. Cells are able to form cell-to-cell junctions, such as gap junctions, characteristic
to functional tissue. It has been demonstrated that cells can be grown of the vertical surfaces
of Ormocore structures generated by 2PP technique. These results demonstrate the great
potential of 2PP technology for the fabrication of 3D scaffolds and test structures for tissue
engineering and systematic cell interaction studies in 3D. Structures with feature size similar
to natural extracellular matrix can be produced. With respect to other techniques
conventionally used for scaffold fabrication, 2PP technique allows to close the existing gap in
structural parameters of resulting structures. The high reproducibility of 2PP microfabrication,
for the first time allows the fabrication of large series of identical samples, and therefore,

enables systematic studies of scaffold-cell and cell-cell interactions in a 3D system.

78



4 Summary and Outlook

This thesis presented results of work on the development of 2PP technique and exploration of
some its specific applications in optics and biomedicine. The results of the fundamental
investigations of the 2PP microfabrication are presented in section 3.1. The effectiveness of
2PP initiation is closely related to the properties of the applied photoinitiator. On the example
of Zr-based photosensitive hybrid it was demonstrated that interaction between the material
matrix and the photoinitiator is critical, as it governs the photosensitive properties of the
material. Due to the bathochromic effect of the Zr atom in presence of photoinitiator, the
material absorption spectra is shifted to longer wavelength, when compared to the absorption
of pure photoinitiator. Furthermore, this effect can be used in order to increase and tune the
material sensitivity by using the properties of the polymer matrix instead of increasing the
photoinitiator content alone. This finding is particularly useful for application where the high
photoinitiator content is undesirable, e. g. tissue engineering or medical implant fabrication.

A further, common issue for photopolymerization, addressed in this chapter, was material
shrinkage. It can result in structure deformation or even collapse, and therefore compromises
the fidelity of the 2PP microfabrication and the quality of fabricated structures. In case of
2PP, volume reduction still has not been fully investigated. Unlike conventional methods, 2PP
enables the study of the shrinking processes locally, at the microscale. In section 3.1.2, a
simple, straightforward methodology allowing the evaluation of shrinkage was suggested. On
the example of woodpile photonic crystal structures, built on supporting “legs”, it has been
demonstrated that the degree of shrinkage is in direct relation with the applied irradiation
dose. The structures produced at sufficiently high laser powers do not exhibit any measurable
shrinkage, while at lower average laser powers shrinkage results in a structural reduction of
up to 18%, and line width reduction of up to 35% of the original values. Furthermore, it is
shown, that controlled shrinkage can be used in order to indirectly “improve” the structural
resolution, i.e. to decrease feature sizes. Optical characterisation of photonic crystals,
demonstrate that a woodpile, allowed to shrink to a full extent, exhibits a well expressed
bandstop centered at 1330nm, indicating that homogeneous structure shrinkage could be
achieved.

Section 3.1.2 is dedicated to 2PP structuring of pure organic materials, on the example
of PEG-diacrylates. The general feature size dependencies on the irradiation dose have been
measured for material formulations with different molecular weights. Structures with feature
size well below micrometer can be easily realised by 2PP of these materials. PEG formulation
with higher molecular weight in general results in voxels with lower aspect ratios, indicating
higher shrinkage for this material. This investigation shows that as the molecular weight of
the PEGda increases, the surface of the fabricated structures exhibits a less defined geometry
and more expressed diffusion driven polymerization patterns. Application of 2PP technique
for microstructuring of these materials brings together a very flexible microstructuring
technology and a well known material platform, so addressing a wide area of potential

applications in tissue engineering and biomedical fields.
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Section 3.2 is dedicated to fabrication of microoptical elements by 2PP technique. Regarding
the variety of possible surface profiles 2PP technique is superior to conventional approaches
for fabrication of refractive optics. Furthermore, many polymeric materials, designed for
optical applications, can be structures by 2PP technique. In the perspective to mass production
of such microoptical elements, it is meaningful to use structures fabricated directly by means
of 2PP microfabrication in order to prepare elastomeric molds for further replication with UV-
micromolding.

Fabrication of 3D photonic crystals with various structural parameters, geometries and

even shapes has been demonstrated by 2PP microfabrication. By setting the structural
parameters, measured bandstops for these experimentally realised photonic crystals, can be
precisely positioned in the near-IR spectral range at the telecommunication wavelengths.
Higher order features observed in the measured FTIR spectra indicate high optical quality of
the fabricated photonic crystal structures. On the example of woodpile structures it was shown
that quality of the fabricated photonic crystals is sufficient to achieve a considerable PBG
effect already for 4 unit cells along the testing direction. Dielectric filling fraction (®) is very
important parameter, influencing the size and, to some extend, the exact position of the PBG.
In 2PP microfabrication the ® value is controlled independently of structural parameters of a
photonic crystal, by adjusting the illumination dose. For woodpile architecture a minimal @
value of 46 % is limited by the stability of the produced structures. Further reduction of ®
value, i.e. woodpiles rods cross-section, results in mechanically weak structures, which
collapse during the developing step. It was observed that much lower values of @ can be
experimentally realised for spiral photonic crystals. This can be explained by the fact that,
compared to woodpile, spiral structure resembles the diamond architecture much closer, while
requiring less material. In addition, substantial spatial overlap between individual spirals
contributes to better mechanical stability and lower @ values for the spiral architecture.
For some future applications it is important to provide photonic crystals with nonlinear optical
response. DR1 chromophore was chemically modified and added in a side-chain-main-chain
manner to a conventionally used ORMOSIL based sol-gel. Such material containing NLO
chromophore was successfully structured by 2PP technique. It is seen that the NLO
chromophore stays inside the material throughout the processing. This method provides
important guidelines for alternative material modifications with other nonlinear, electrooptic
or photoactive materials. In conclusion, 2PP provides important rapid prototyping tool for the
microscale all-optical circuit realisation.

Applications of 2PP microfabrication in biomedicine are presented in section 3.3.
Microneedles produced by 2PP of hybrid photosensitive materials were tested for use in
transdermal drug delivery. The optimisation of needle geometry for the lowest skin resistance
during needle insertion has been performed. Flow studies using florescent dye solution
provide evidence of controlled subcutaneous injection possibility through the microneedle.
Results of this study indicate that microneedles created using the 2PP technique are suitable
for in vivo use, and for the integration with the next generation MEMS- and NEMS-based
drug delivery devices.
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Another related application area is fabrication of microprosthesis. While conventional mass-
produced implants do not sufficiently take individual patient anatomy into account,
CAD/CAM rapid prototyping by 2PP may permit development of patient-specific geometries.
Middle ear ossicular replacement prosthesis, fabricated by 2PP, has shown good mechanical
properties and ease of handling. The applied Ormocore material can be photostructured with
high precision using 2PP technique, and has shown good biocompatibility. This study
indicates high potential of 2PP technique for prototyping and fabrication of such patient-
specific microimplants.

Finally flexibility of 2PP technique allows fabrication of complex 3D structures that
can be used for guided cell growth. The fabrication of scaffolds with a desired structure in 3D
is a very important task in tissue engineering. It has been demonstrated that CAD designed
complex 3D structures with varying pores sizes can be generated by 2PP technique. For a
given material the mechanical properties of such scaffold can be adjusted by changing the size
and the positions of individual pores. These results demonstrate the great potential of 2PP
technology for the fabrication of 3D scaffolds and test structures for tissue engineering.
Structures with feature size similar to natural extracellular matrix can be produced. With
respect to other techniques conventionally used for scaffold fabrication, 2PP technique allows
to close the existing gap in structural parameters of resulting structures. The high
reproducibility of 2PP microfabrication, for the first time allows the fabrication of large series
of identical samples, and therefore, enables systematic studies of scaffold-cell and cell-cell

interactions in a 3D system.

In perspective to further development of the 2PP technology, it is clear that further
downscaling of the structural resolution is necessary in order to expand the number of
applications of 2PP in the sector of nanotechnology. For example photonic crystals with the
photonic bandgaps in the visible spectral range can be realised under the condition that
structural parameters of these 3D structures can be scaled down accordingly. Indeed, recently
a lot of efforts by scientific groups worldwide have been dedicated to this subject. Currently,
3D structures with features size as small as 65nm have been reported by 2PP using
femtosecond laser at 520nm [HCH'07]. Naturally use of even shorter wavelengths should
allow better focusing and result in smaller feature sizes. For this also materials and
photoinitiators sensitive in the according spectral range have to be considered. Some possible
solutions, based on elaboration of optical system, which were developed in order to improve
the spatial resolution of multiphoton microscopy, can be readily applied for 2PP technique.
Use of simple shaded ring filters helps to make the intensity distribution in the focus less
asymmetric, and therefore improve axial resolution of fluorescence microscopy [MCI'03].
Similarly, 4-Pi illumination is a more sophisticated method, where two high NA microscope
objectives are juxtaposed in order to allow constructive interference of their illumination
wavefronts inside the sample. As a result, a close-to-spherical sharp excitation spot providing
high spatial resolution can be realised [HLC 94]. Stimulated emission depletion (STED) is
another possibility allowing to reduce the size of the excitation region in the fluorescence
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microscopy [KEHO1]. Here pairs of synchronised laser pulses at different wavelengths are
applied. First pulse produces regular diffraction-limited excitation spot, while second donut
shaped STED-pulse quenches excited molecules back to the to the ground state by stimulated
emission. In the centre of the doughnut, fluorescence remains unaffected. Theoretically, using
this approach the excitation spot can be narrowed down to the size of a single molecule.
Practically STED-microscopy resolution as high as few tens of nanometres has been reported
[KJD'00]. In 2PP STED can be applied to confine the photopolymerized region by quenching
the photoinitiator molecules. Combination of both STED and 4-Pi microscopy is another,
rather expensive, but possible route.

Potentially less expensive and more universal methods for improving the structural
resolution rely on the modification of the materials applied for 2PP nanofabrication.
Application of photoinitiators, specially designed to provide effective two-photon absorption
has lead to improved structural resolution [XDC07]. Repolymerization patterns (see section
3.1.2) indicate that diffusion of radical molecules, away from the region where they were
produced by the laser pulse, lead to unwanted increase of the polymerised volume. By adding
radical quenchers chemical equivalent of STED effect, where excited photoinitiator molecules
are spatially confined by local gradients of quencher concentrations, was realised [LDO03,
TSKO05]. Here the diffusion of quencher molecules plays a critical role. Alternative solution is
to reduce the diffusion and so provide better confinement of the polymerized volume. For
this, solid materials, similar to ORMOSILs presented in this thesis can be used. Due to
mineral network, formed during prebaking step, the mobility of the material molecules is
already quite limited. Additional immobilisation of photoinitiator molecules, e. g. by chemical
bonding onto such material network, should provide considerable improvement of the
structural resolution.

Eventually the minimal resolution of 2PP technique will be limited by molecular size

of applied materials. Further progress will rely on application of novel, possibly purely
inorganic, photosensitive material systems.
With the development of turnkey femtosecond laser systems, 2PP technique enters the realm
of industrial applications. First all-in-one laboratory scale systems for 2PP microfabrication
are already commercially available [OC06]. Due to comparatively low throughput, it is very
likely that such systems will be first used for rapid prototyping or fabrication of small series
of microstructures. Few methods, allowing to increase throughput of 2PP by parallel
processing with multiple laser spots, have already been demonstrated experimentally
[MIMO5, KTA'05]. In cases where large series of identical samples are required, structures
produced by 2PP can be replicated by means of UV-micromolding or nanoimprinting
[XKZ 96, LLF06]. While UV-micromolding presents a unique route for replication of 3D
structures, well-established industrial scale techniques such as hot embossing or injection
molding are most likely to be used for microoptical element fabrication.

The number of applications of 2PP technique will continue to grow. Micromechanical
components produced by 2PP combined with on-chip microfluidic systems have already been
demonstrated and are likely to get wider acceptance. A considerable advantage of 2PP for this
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application is a possibility to fabricate complex interlocking micromechanical components in
a single step, this way eliminating the assembly step [MIKO03]. Metallization of structures
produces by 2PP opens new possibilities through additional functionality, for applications
where e .g. conductive 3D structures are required [FLP 06, HLA'05].

Realisation of 3D photonic crystals is a topic where 2PP still presents a unique
technology capable of the widest number of possible solutions. The progress in this field will
depend on the real demand of such structure realisation from the side of industry.

Without doubt, biomedical field will become one of the most important application
areas of microstructures produced by 2PP. Scalability of this technique can provide solutions
for a wide range of applications. Further reduction of the fabrication times will enable fast
production of patient-specific prosthesis directly in the operational room environment. A set
of data obtained with micro-coherence tomography of implantation site, can be used as an
input for 2PP microfabrication system. Next generation intelligent transdermal drug delivery
and blood sampling pTAS-based (micro total chemical analysis system) solutions will rely on
the use if microcappiliaries or microneedles integrated into microfluidic chip. Here, 2PP
presents a unique tool for rapid prototyping or manufacturing of small series of samples.
Increasing throughput, by e. g. parallel processing or substantially accelerating the speed of
fabrication, will bring 2PP approach closer industrial to scale manufacturing.

Fabrication of scaffolds for tissue engineering is certainly an application where
2PP offers enormous number of opportunities. When it comes to variation of possible 3D
scaffold design and fabrication of series of identical samples no other technique possesses
such flexibility as 2PP. Using 2PP microfabrication, for the first time enables systematic
studies of scaffold-cell and cell-cell interactions in a 3D system. Eventually scaffolds
fabricated from synthetic biodegradable polymers will be required. Such photosensitive
materials are already available; their investigations are currently in progress at the Laser
Zentrum Hannover. In perspective, 2PP can also provide means for adjustable surface-cell
interaction mediated by nanostructures or biomolecules deposited by photografting
[DKC'08]. Since the 2PP processing takes place at room temperature, the denaturation of
proteins due to high temperatures can be avoided.

The future of the 2PP technique looks bright. The fact that there is still a lot of room for

improvement in both fundamental, as well as technical aspects of this approach, indicates that

it will continue to provide new solutions in different application areas.
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