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1 INTRODUCTION

List of acronyms, symbols and Greek letters:

2D - Two-Dimensional

3D — Three-Dimensional

AOM - Acousto Optic Modulator

AFM - Atomic Force Microscopy

p - experimentally derived photosensitivity constant
CPhC' - Chirped Photonic Crystal

CAD - Computer Aided Design

CCD - Charge-Coupled Device

CMOS - Complementary Metal-Oxide-Semiconductor sensor
d — voxel diameter

DFBL - Distributed FeedBack Laser

DLW - Direct Laser Writing

DM - Dichromatic Mirror

I — light intensity

Iy, — threshold light intensity needed for irreversible photomodification
I; — light intensity at which material is optically damaged
IR - InfraRed

FLMP - Femtosecond Laser Multiphoton Polymerization
f — focal length of the lens

FWHM - Full Width at Half Maximum

LCP - Long-Chained-Polymers

LED - Light Emiting Diode

LET - Long Exposure Technique

LOC - Lab On Chip

[ — voxel length

M - monomer molecule

M* - radicalized monomer molecule



MOE - Micro Optical Element

MOEMS - Micro Opto Electro Mechanical System
MPA - MultiPhoton Absorption

n — optical refractive index

N — order of nonlinear absorption

NA - Numerical Aperture

NIL - Nano Imprint Lithography

NIR - Near InfraRed

OPA - Optical Parametric Amplifier
ORMOCER - ORganically MOdified CERamics
ORMOSIL - ORganically MOdified SILica
P - polymer molecule

P — average laser power

Pp - peak laser power

PAG - PhotoAcid Generator

PhC' - Photonic Crystal

PDMS - PolyDiMethylSiloxane

PEG-DA - Poly(Ethylene Glycol)Dia-Acrylate
PI - Photo-Initiator

R — radius of the sphere

SCP - Short-Chained-Polymers

SEM - Scanning Electrone Microscope
SIL - Solid Immersion Lens

t — the total irradiation (exposure) time
UV - Ultra Violet

v - sample scanning (translation) speed
VIS - VISible

vozel - Volumetric piXel

wo — beam diameter (waist) at the focus
zr —Rayleigh length

A — light wavelength

v — laser pulse repetition rate

£ - material photosensitivity constant

7 — laser pulse duration

TPA - Two-Photon Absorption



INTRODUCTION
Multiphoton absorption induced laser true 3D fabrication of polymers with
submicrometer spatial resolution has been introduced a decade ago [1]. Up
to date this kind of Femtosecond Laser Direct Writing (FLDW) technique
is being already applied widely in the fields of photonics, microoptics, mi-
cromechanics, microfluidics and being transferred to production of artifi-
cial polymeric scaffolds, metamaterials and plasmonic devices [2), [3], 4, 5].
Femtosecond Laser Multiphoton Polymerization (FLMP), being a branch of
rapid prototyping techniques, enables to form 3D microstructures of com-
plex geometry with 100 nm spatial resolution with unmatched flexibility
(structure geometry and/or scale can be changed easily). FLMP is based
on nonlinear light and matter interaction, when a pulsed light beam having
high peak power from the range of VIS or NIR being tightly focused into the
volume of the photosensitive polymer. Due to temporal and spatial overlap
several photons are absorbed simultaneously in the beam waist. This is fol-
lowed by further irreversible photochemical processes which are of threshold
behaviour, like minimal concentration of photoexcited highly reactive radi-
cal molecules. The thresholding also arises from the postprocessing of light
exposed samples and depends on the material chemical properties and the
mechanical rigidity of the structure itself. This way, precisely tuning the
intensity of light and exposure dose one can reach sub-diffraction (up to
< A/30) spatial structuring resolution [6, [7, 8, [9]. After the point-by-point
exposure the trace of the scanned laser focus becomes a part of the polymer
material resistant to organic solvents. Applying proper developing and rins-
ing conditions, to yield rigid structures, up to 120 nm reproducible spatial
resolution can be achieved to form functional 3D micro/nanoobjects. To
date FLMP offers possibility to produce objects out of various photosen-
sitive polymer materials such as acrylates, organic-inorganic hybrids and
epoxies which are distinguished for assorted optical, mechanical, chemical
as well as biological properties offering possibility to tune the material to
case specific application. Finally, FLMP setup is not complicated to use
and does not require clean-room or any additional costly in maintenance
facility.

In this thesis, experimental results on FLMP 3D micro/nanostructuring
of various photopolymers are presented. It starts from the construction and

development of the laser fabrication setup. Issues like optimization of the



laser structuring parameters for increasing fabrication resolution and pro-
duction throughput are presented and discussed. Functional microdevices
manufactured out of acrylate, hybrid organic-inorganic and biodegradable

photopolymers are demonstrated and their performance is investigated.

During the work several problems were met and had to be solved:

1) Development of novel laboratory setup based on diode pumped solid
state femtosecond Yb:KGW amplified laser system combined with high
translation speed and precision linear motion stages designed for rapid
FLMP micro/nano-structuring over a large area. Various irradiation wave-
lenghts (not only NIR, but VIS and also longer NIR) are needed to opti-
mize the nonlinear excitation of the photosensitive material. High sample
translation speed (increasing from pm/s to mm/s) corresponding to rapid
structure writing is needed in order to make samples over a large areas

(from tens of pm to tens of mm).

2) Investigation on improvement of 3D structuring spatial resolution
choosing the appropriate photosensitive materials and optimizing fabrica-
tion parameters. Hybrid materials containing metal isopropoxides were
found to be best for complex-shaped rigid structure formation at micro/na-
noscale with 200 nm reproducible resolution and acrylate based materials
can be applied to initiate self-polymerization which can reach < 100 nm
spatial resolution. Precise 3D structuring can be performed in not photo-
sensitized materials (containing no photoinitiator) initiating the photopoly-

merization reaction via avalanche ionization.

3) Fabrication of microoptical elements and characterization of their
optical properties in order to estimate FLMP applicability for production
of integrated and bi-functional microoptical components. Refractive in-
dex matching ultra-low shrinking materials were found to be suitable for
manufacturing of custom shaped microoptical elements and bi-functional
components ensuring surface roughness to be sufficient (< A/20) for optical
quality requirements (< A/10). It can be applied in molding of flight flow

at microscale, for introducing as well as registering light.



4) Study on photostructuring of biocompatible materials in 3D with
< 1 pm resolution required for biomedical applications. Optimization of
fabrication over a large area had to be done in order to manufacture mi-

crostructured samples suitable for biomedical applications.

OUTLINE

The structure of the whole PhD thesis is presented in this way:

In 2nd chapter the motivation of the work is explained; 3rd chapter are
statements of the novelty and relevance of the obtained results, and the
4th Chapter is accenting the practical gain; PhD Thesis is stated in 5th
Chapter; in 6th Chapter participation in projects and other scientific activ-
ities of the author is listed; 7th Chapter describes the existing techniques of
3D micro/nanostructuring; the principles and applied approach of FLMP
technique are presented in Chapter 8 and Chapter 9; information about
photosensitive materials and experimental details are given in Chapter 10
and Chapter 11; original results revealing the mechanisms of 3D structuring
are presented in Chapter 12; characterization of microoptical components
and their performance are described in Chapter 15th; production of 3D scaf-
folds and their biocompatibility investigation is provided in Chapter 1jth;
15th Chapter is the summary and outlook of the whole work; in Chapter
16th input of cooauthors is distinguished; approbation and brief biography
of the author are the Chapters 17th and 18th.



2 MOTIVATION

Femtosecond laser multiphoton polymerization technique owning enormous
potential of possible applications in fabrication 3D functional micro/nano-
devices is still in its early stages of development, especially concerning mass
production of devices required by industry. In order to expand the practical
applicability to reach the horizons of potential it is necessary to optimize
laser source and exposure conditions, sample positioning and /or beam scan-
ning control, photosensitive material’s response as well as developing and
post-development steps. For this goal it is a requisite to have a synergetic
collaboration between interdisciplinary science fields, such as laser optics
(including ultrafast laser phenomena), material sciences (material proper-
ties at nanoscale) and chemistry (femtochemistry and nano-scaled chem-
istry). All together this could lead to overcome the challenges and offer di-
rect and single step process to structure micro/nano objects with < 100 nm
spatial resolution in all three dimensions [10] 1], 12], 13| 14]. This would
open a way not only to greatly minimize the size of nowadays used complex
micro-devices, but also would allow creation of manmade materials with
properties which are non-existing in the real world naturally, for e.g. create
plasmonic metamaterials, that would realize invisibility cloaking [15, 16}, 17].
Production of artificial bio-attractive and biodegradable scaffolds would
enable to control stem cell proliferation and differentiation sequenced by
advances in tissue engineering and regenerative medicine [18] 19, 20]. Ad-
ditionally, FLMP allows formation of complex shaped micro/nano-devices
on various surfaces and materials easing the integration of single elements
into sophisticated systems like Lab-On-Chip (LOC) |21, 22] or Micro-Opto-
Electro-Mechanical-Systems (MOEMS) [23, 24].

10



TECHNIQUES
Four years ago, by the time when the PhD project began, practically one
could get only commercially available photopolymers and structure them
by using femtosecond T%:Sapphire lasers due to their abundance based on
historical reasons. In parallel, alternative femtosecond laser sources where
starting to emerge in modern laser microfabrication and microprocessing
labs. For eg., Yb:KGW femtosecond laser could offer higher and tunable
amplified pulse repetition rate as well different irradiation wavelength. This
has intrigued to experimentally test their applicability for FLMP structur-
ing, benefits and drawbacks, and on the other hand, to investigate the
mechanism of light-matter interaction from different angle going deeper in
the details. This pace was followed by supervening synthesis and inves-
tigation of new photosensitive materials specially designed for FLMP 3D
micro/nanostructuring. Since, the application field of FLMP was growing
and branching dramatically rapidly, possibility to tune-up the material for
the specific needs became crucial [25, 26]. This let two approaches to be
practically realized aiming to find the optimal material performance: 1) to
create novel material with desired properties or 2) to apply the existing and
widely used material for FLMP structuring. Both contentions had their ad-
vantages and disadvantages, and different scientific background of materials
sciences/chemistry and laser physics/optics, both being in ultralow spatial
(nanoscale) and temporal (femtosecond) dimensions. However, it had to
be supported by experimental work to be done in order to acquire data for

concluding knowledge.
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APPLICATIONS
These above mentioned reasons has initiated the direction of PhD project
to be focused on novel laser systems and their applicability for 3D mi-
cro/nanostructuring of common and new photopolymer materials. In the
beginning of the work this has not been done in details. From the very
first demonstration and emergence of FLMP as micro/nanostructuring tech-
nique it has drawn a great attention for prototyping Photonic Crystal (PhC)
templates [27, 28]. Recently, concentrated research is being done for its ap-
plication in plasmonics and metamaterial production experiments [29, 30,
31]. Yet, almost only few papers have been published showing the potential
to create sophisticated microoptical devices as well as their integration into
complex 3D optical circuits. FLMP fabricated artificial polymer scaffolds
were shown to be biocompatible in vitro, yet lacking in practical demon-
stration of their biological functioning as the common overall size of the
scaffolds was less than 100 pm resulting to the fact preventing from in vivo
tests. Then, based on contemporary situation it was essentially meaning-
ful to focus the research for the creation of functional micro/nanodevices

mainly on these topical vectors.

12



3 NOVELTY AND
RELEVANCE

Femtosecond laser multiphoton polymerization technique due to its high
spatial structuring resolution and possibility to directly produce 3D mi-
cro/nanostructures is attractive for scientific and industrial applications in
the fields of photonics, micromechanics, microfluidics and tissue engineer-
ing [32, 33, B4, B5]. That is why the first commercially available FLMP
setups are appearing from several suppliers. However, the novelty of the
technique and point-by-point (serial) structuring as well as still lack of com-
plete understanding of limiting factors for high throughput mass production

are the issues to be solved in the near future.

For the increase of photostructuring spatial resolution one needs not
only to optimize laser source and exposing conditions, but also to improve
the material response at micro/nanoscale. Commonly used photopolymers
and photoresists created for UV and e-beam as well as nanoimprint litho-
graphy are not always suitable for FLMP 3D structuring in the meaning
of efficiency and workability. Few years ago novel type hybrid organic-
inorganic metal isopropoxides (alcoxides) containing photosensitive mate-
rials were introduced in the FLMP application field [36, B7]. They were
specially designed for 3D nanostructuring offering unprecedented structure
rigidity and ultralow shrinkage and since being custom made — tuning of
the material properties by changing the ratio of ingredients or the compo-
nents. Yet still many efforts have to be done in order to fully identify their
optical, mechanical, chemical and biological properties important for case
specific applications. Serial writing offers flexible and easy change of the
geometry and /or scale of the prototype model, though is not highly efficient
in fabrication of large scale objects sustaining high feature spatial resolu-

tion. The problem arises if for eg., an array of microlenses or a relatively

13



large scaffold template is needed. The solution could be offered in several
approaches, interference lithography or multi-beam parallel writing. The
first way provides rapid processing of larger areas by producing periodic
structures up to millimeters in size keeping hundreds of nanometer preci-
sion, yet it is limited to introducing defects [38, B9]. The alternative of
multi-beam writing meets the best sides of both directions — possibility to
form multitude of elements at once as well as modify their production over
the larger areas (volumes) [40], 41]. This question is triggered not only by
the industrial demand to increase fabrication throughput, but also by the
“ecological” fact that only 1% or less of generated femtosecond laser optical

power is used for sample exposure.

The novelty and relevance of the presented results in this work can be

distinguished into:

1) An automated novel FLMP setup based on high and tunable pulse
repetition rate diode pumped solid state Yb:KGW amplified laser system
combined by high translation speed and positioning precision linear motion
stages has been designed and assembled. The fabrication system enables
rapid production of 2D microstructures with 200 nm reproducible spatial

resolution on various substrates.

2) Self-polymerization ("repolymerization”) phenomenon occuring un-
der below threshold laser exposure in various photopolymers was observed
and explained for the first time. Conditions of laser beam scanning, critical
distance between rigid supports and developing for self-forming ultrafine
(< 100 nm) fibers and membranes were defined. The possibility to predict

and control the assembling of nanofibers and nanomembranes was shown.

3) The potential to manufacture integrated and bi-functional microop-
tical components out of hybrid photopolymers was revealed. Their perfor-
mance was investigated and technique enabling an increase of fabrication

throughput (up to 300 times) was offered.
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4) For the first time it was experimentally shown that 3D photostructur-
ing can be achieved reaching near to optical damage threshold light inten-
sities due to avalanche ionization. Deeper understanding of these processes
is essential for the optimization laser exposure and the response of the ma-

terial in order to go sub-100 nm reproducible high quality structuring.

5) Biocompatibility of FLMP structurable photopolymers was tested in
vitro and in vivo. Adult myogenic stem cells proliferation tests on poly-
meric substrates showed that the selected laser structurable materials such
as ORMOCORE b59, SZ2080 and PEG-DA-258 are applicable for biomed-
ical practice. It was supported by the biocompatibility tested for these

polymer materials implanted in living organism.

15



4 PRACTICAL GAIN

1. In cooperation with Altechna Ltd. a novel FLMP fully automated
setup has been designed and constructed based on high pulse repetition
rate amplified Yb:KGW laser system (Light Conversion, Ltd., Lithuania)
combined with high translation speed and precision linear motion stages
(Aerotech Inc., UK) for rapid micro/nanofabrication over a large areas. It
enables 3D structuring of photopolymers over areas as large as cm ensuring

200 nm reproducible spatial resolution.

2. Investigation on FLMP 3D micro/nano-structuring of acrylate and
hybrid photosensitive materials was done, optimization of fabrication pa-
rameters were determined, possible fields for their applications were defined.
The highest spatial resolution could be achieved applying custom prepared
acrylate photopolymer AKRE (~100 nm resolution was reached). Due to
low shrinkage and refractive index matching hybrid photosensitive material
SZ2080 (FORTH, Heraklion, Crete, Greece) was recognized as being best
for production of microoptical and photonic elements. Cell proliferation in
vitro and in vivo tests with animals showed the widely used biocompatible
and biodegradable PEG-DA-258 material to be suitable for 3D structuring

with sub-micrometer spatial resolution.

3. Photosensitive acrylate based material AKRE19/23/37 was de-
veloped. It is suitable for high resolution 3D DLW structuring and being
custom made can be optimized for used laser’s irradiation wavelength upon
demand. The material cost is significantly lower (> 200 times) compar-
ing to commonly used commercially available photopolymers used for 3D
micro/nanostructuring. It is easy to use and has been shown to be biocom-

patible.
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4. The developed FLMP technique was successfully adapted to
be used for the production of microoptical elements. It enables flexible
and rapid fabrication of custom geometry microlenses and bi-functional
(refractive-diffractive) microoptical components. Possibility to manufac-

ture microoptics on fiber tip was demonstrated.

5. In cooperation with Vilnius Biochemistry Institute and Vilnius
University Faculty of Medicine Heart Surgery Center artificial 3D polymer
scaffolds and templates with required pore sizes for stem cell growth were
successfully fabricated. In vivo and in vitro studies have shown the photo-
structurable materials to be biocompatible. This implies FLMP technique

to be perspective for applications in tissue engineering.
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5 PhD THESIS

I) A novel automated laboratory 3D micro/nanofabrication system based
on high pulse repetition rate femtosecond Yb:KGW laser and precise linear
XYZ translation stages enables rapid and flexible production of functional
micro/nanodevices over a large area with reachable 100 nm spatial struc-

turing resolution.

1) M. Malinauskas, V. Purlys, M. Rutkauskas and R. Gadonas, Two-
Photon Polymerization for Fabrication of Three-Dimensional Micro- and
Nanostructures over a Large Area, Proc. SPIE 7204, 72040C (2009).

2) M. Malinauskas, V. Purlys, M. Rutkauskas, A. Gaidukevic¢iuté and
R. Gadonas, Femtosecond Visible Light Induced Two-Photon Photopoly-
merization for 8D Micro/Nanostructuring in Various Photopolymers and
Photoresins, Lithuanian J. Phys. 50(2), (2010).

IT) Using FLMP technique self-polymerization of suspended ultrafine
fibers (diameter < 100 nm) and membranes (thickness < 100 nm) can be
initiated in AKRE37 photopolymer. Their self-formation can be predicted
and controlled by generating excess radicals between support structures
under the conditions when the distance between rigid fabricated supports
is below the critical (~1 pm for fibers and up to 15 pm for membranes)
and the exposure is below the threshold needed for the irreversible material

modification.

M. Malinauskas, G. Bickauskaité, M. Rutkauskas, V. Purlys, D. Paip-
ulas and R. Gadonas, Self-Polymerization of Nano-Fibers and Nano-Mem-
branes Induced by Two-Photon Absorption, Lithuanian J. Phys. 50(1),
135-140 (2010).
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[II) FLMP technique is suitable for direct and flexible fabrication of
microoptical elements of complex geometry integrating several functions in
one component which can be manufactured on various substrates. Surface

roughness of the components is < \/20 what is sufficient for applications in
VIS range.

1) M. Malinauskas, H. Gilbergs, V. Purlys, A. Zukauskas, M. Rutkauskas
and R. Gadonas, Femtosecond Laser-Induced Two-Photon Photopolymer-
ization for Structuring of Micro-Optical and Photonic Devices, Proc. SPIE
7366, 736622 (2009).

2) M. Malinauskas, H. Gilbergs, A. Zukauskas, V. Purlys, D. Paipulas
and R. Gadonas, A Femtosecond Laser-Induced Two-Photon Photopoly-
merization Technique for Structuring Microlenses, J. Opt. 12(3), 035204
(2010).

3) M. Malinauskas, V. Purlys, M. Rutkauskas, A. Gaidukevic¢iuté and
R. Gadonas, Femtosecond Visible Light Induced Two-Photon Photopoly-
merization for 3D Micro/Nanostructuring in Various Photopolymers and
Photoresins, Lithuanian J. Phys. 50(2), (2010).

4) A. Zukauskas, M. Malinauskas, L. Kontenis, V. Purlys, D. Paipulas,
M. Vengris and R. Gadonas, Doped Polymeric Microstructures for Optically
Active Functional Devices, Lithuanian J. Phys. 50(1), 55-61 (2010).

5) M. Malinauskas, H. Gilbergs, A. Zukauskas, K. Belazaras, V. Purlys,
M. Rutkauskas, G. Bickauskaité, A. Momot, D. Paipulas, R. Gadonas,
S. Juodkazis and A. Piskarskas, Femtosecond laser fabrication of hybrid
micro-optical elements and their integration on the fiber tip, Proc. SPIE,
7716-9 (2010).

6) E. Brasselet, M. Malinauskas, A. Zukauskas, and S. Juodkazis, Photo-
polymerized microscopic vortex beam generators: precise delivery of optical

orbital angular momentum, Appl. Phys. Lett., accepted (2010)
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IV) High spatial resolution in 3D structuring can be achieved at near
optical damage threshold light intensity conditions in the focus of the laser

beam initiating avalanche ionization in polymer materials.

M. Malinauskas, A. Zukauskas, G. Bickauskaité, R. Gadonas and S. Juod-
kazis, Mechanisms of Three-Dimensional Structuring of Photo-Polymers by
Tightly Focused Femtosecond Laser Pulses, Opt. Express 18(10), 10209-
10221 (2010).

V) Artificial 3D scaffolds and templates with custom pore sizes and vari-
able geometry for stem cell growth can be fabricated out of biocompatible
and biodegradable photopolymers. In wvitro and in vivo experiments re-
vealed that the photostructurable materials are as biocompatible as a glass

or a surgery suture, respectively.

1) M. Malinauskas, P. Danilevi¢ius, D. Baltriukiené¢, M. Rutkauskas,
A. Zukauskas, Z. Kairyte, G. Bickauskaite, V. Purlys, D. Paipulas, V. Bukel-
skiené and R. Gadonas. 3D artificial polymeric scaffolds for stem cell growth
fabricated by femtosecond laser. Lithuanian J. Phys., 50(1):75-82, (2010).

2) M. Malinauskas, V. Purlys, A. Zukauskas, G. Bickauskaite, T. Ger-
tus, P. Danilevic¢ius, D. Paipulas, M. Rutkauskas, H. Gilbergs, D. Bal-
triukiené, L. Bukelskis, R. Sirmenis, V. Bukelskiené, R. Gadonas, V. Sirvy-
dis and A. Piskarskas. Laser Two-Photon Polymerization Micro- and Nanos-
tructuring Over a Large Area on Various Substrates. Proc. SPIE, 7715:-
7TT151F, (2010).

3) M. Malinauskas, V. Purlys, A. Zukauskas, M. Rutkauskas, P. Danile-
vi¢ius, D. Paipulas, G. Bickauskaité, L. Bukelskis, D. Baltriukiené, R. Sir-
menis, A. Gaidukevic¢iuté, V. Bukelskiené, R. Gadonas, V. Sirvydis and
A. Piskarskas. Large Scale Laser Two-Photon Polymerization Structuring
for Fabrication of Artificial Polymeric Scaffolds for Regenerative Medicine.
Proc. 1ICO-Photonics: Emerging Trends & Novel Materials in Photonics
2009, (in press 2010).
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6 PARTICIPATION IN
PROJECTS,
INTERNSHIPS AND
SUMMERSCHOOLS

NATIONAL PROJECTS:

(I) Ministry of Economy special program “Development of industry, ez-
port and business“ project ,Submicrometer precision positioning system for

femtosecond laser applications®, 2006.

(IT) Lithuanian National Science and Education foundation High tech-
nology program , Laser microfabrication and prototyping with high repetition
rate femtosecond pulses® (FEMTOPROCESSING), project No. B09/08,
2007-2009.

(ITI) Lithuanian Science Council “Artificial tissues for regenerative me-
dicine”, project No. MIP-10344, 2010-2011.

INTERNATIONAL PROJECTS:

(I) European Union project ,, Quantum Engineering and Space-Time Re-
search (QUEST)*.

(IT) European Union Marie Curie transfer of knowledge project ,, Non-
linear Optical Imaging for Biological Applications (NOLIMBA )<
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(III) European Union 7-th framework program "LASERLAB EUROPE"
project. (LASERLAB-EUROPE, No. 228334, OPTOBIO).

(IV) European Union 7-th framework program “Ultra-thin Conductive
Ceramic Mesh to Monitor Stress and Wear on a Steel Surface (MesMesh)”
project, 2010-2012.

INTERNSHIPS:

2005 04 — 2005 08, 2007 11 — 2008 01 and 2008 10 — 2008 12: internships

in Laser Center Hannover (LZH), Hannover, Germany.

2009 09 17 - 12 23: internship in Foundation for Research and Tech-
nology Hellas - Institute of Electronic Structure and Laser (FORTH-IESL),

Heraklion, Creete, Greece.
SUMMERSCHOOLS:

2006 07 10 — 22: summer school on , Optoelectronics, lasers and appli-
cations” in Crete Institute of Technology and Education, Chania, Crete,

Greece.

2010 04 23 — 04 25: training on “Novel Applications of Lasers in Physics,
Industry and Medicine”, Institute of Solid State Physics, Riga, Latvia.

AWARDS:
2008 07 13 — 15: Young Scientist Award for presentation in “5th in-
ternational conference on Nanosciences and Nanotechnologies”, (NNOS),

Thessaloniki, Greece.

2010 05 27-28: Young Scientist Award for presentation in "Conference of
Young Scientists on Energy Issues", (CYSENI 2010), Kaunas, Lithuania.
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7 TECHNIQUES FOR 3D MI-
CRO/NANOSTRUCTURING

Interest in down-scaled functional micro/nanodevices is growing steadily as
low-cost and high-efficiency devices are being applied wider in everyday life.
During last decades, efforts in improving the fabrication methods of such
components have advanced dramatically. UV lithography [42], electron
beam writing [43], X-ray lithography [44] and Nanolmprint Lithography
(NIL) [45] techniques are widely used for nanostructuring, however, these
methods are suffering lack of flexibility, cost efficiency and sometimes are
limited in true 3D structuring. Recently, development of novel less ex-
pensive technical routes of 3D fabrication in industrial applications have
emerged. It is represented by ink jet and 8D printing [46) 47], dip coat-
ing [48] and selective laser sintering [49] techniques. However, these meth-
ods are lacking fabrication resolution and are limited to usable materials.
During last decade a non-linear lithography technique employing ultrafast
laser has emerged as FLMP [I]. Illustrations showing method’s feasibil-
ity and flexibility for production of 3D microstructures are shown in the
later chapters. A comparison of FLMP and alternative technologies for
micro/nanostructuring is given in Table. [7.1]

Direct 3D writing in photopolymers enables rapid, flexible and cost ef-
ficient fabrication of microstructures required in fields of photonics [50] 51,
52], microoptics [53], 54], microfluidics [55], 56|, biomedical components [57,
58] and tissue engineering [59, 20]. Compared to its anterior alternative, UV
p-stereolithography [60, [61], it offers higher spatial resolution and easier fab-
rication of true 3D structures [62] 63]. Novel hybrid materials are expected
to ensure higher structuring resolution and control, optimized mechani-
cal, optical and electrical or even magnetic properties [64, 37]. Possibility
to selectively metalize these nanostructures provides opportunity to make

it applicable in plasmonics or metamaterials production [65], 66, 67, 68].
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Table 7.1.

FLMP among alternative micro-/nanofabrication technologies: the

typical dimensions of processing areas, the spatial resolution limit, the typical
throughput, the typical costs per fabricated part, and the flexibility to fabricate
different structures as well as 3D structuring possibility.

Technology: | Proce- | Resolu- | Through-| Cost Flexi- | 3D
ssing tion put per bility | struc-
area sample turing

Optical wafer 30 nm rapid low low no

lithography

NIL wafer 10 nm rapid low low no

Self- wafer 100 nm - | medium | low low low

assembly 1 pm

Ink-jet cm 50 - | medium | low medium| medium

Printer 100 pm

p-stereoli- cm 10 - | medium | medium| medium| medium

thography 100 pm

fs laser abla- | mm/cm | 1-50 gm | medium | medium| high no

tion

FLMP mm 100 nm | medium | me- high high

- 10 pm dium

e-/ion-beam | pm 10 nm low high high medium

lithography

AFM print- | um 10 nm low high medium| no

ing

Using FLMP technique, near 100 nm spatial structuring resolution was

demonstrated [69, [70, [71] (prototype systems are already commercially

available [72] [73| [74], [75]), but the structures were not much bigger than

several tens or hundreds of micrometers. It complicates the nano-featured

microstructures practical applications or even characterization of their prop-

erties. This implies that demand of 3D micro/nanostructures over a large

area is still high [76], (77, [78]. For example, larger PhCs or microlens arrays

can increase their applicability; artificial scaffolds have to be big enough for

the biologist or surgeon for comfortable handling.
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8 FEMTOSECOND LASER
MULTIPHOTON
POLYMERIZATION
TECHNIQUE

Nowadays, photopolymerization is an indispensable part of industrial pro-
cessing for vast variety of everyday used and hi-tech products. Yet, the his-
tory of modern applications of photopolymerization on the industrial scale
is relatively short compared to metallurgy and wood processing. First com-
mercial applications of this technique in coatings started in early 1960s.
Many new material systems, fitting a wide variety of possible industrial
applications, were soon developed. Appropriate equipment allowing fast
material photo- and thermocuring providing control over the process on the
industrial scale was introduced. In 1980s application of this technique ex-
panded till the wide acceptance in the industry as a rapid prototyping tech-
nology based photopolymerization. Stereolithography, also known as 3D
printing, a technique allowing to create complex 3D models from photosen-
sitive materials, soon was followed by u-stereolithography which in accor-
dance to provided CAD design enabled to produce objects at microscale [79)].
Polymerization is defined as a process of reacting monomer molecules to-
gether in a chemical reaction to form three-dimensional networks or polymer
chains. It can be initiated via energy introduced from light or heat. The
photopolymerization is defined as the light-induced chemical reaction of
monomers or oligomers that results in a solid polymeric network. Modern
material systems for photopolymerization contain two main components: a
photoinitiator and a monomer (or a mixture of monomers and oligomers).

Photoinitiators are the molecules which have low photo dissociation energy
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Fig. 8.1. Photochemistry of laser microfabrication Photoinitiator molecule ab-
sorbs a photon and turns to a radical (a); then it radicalizes monomer and triggers
chain-propagation reaction (b); when two radical-monomers meet the chain prop-
agation is terminated (c); during development process the non-polymerized part of
the material is washed out leaving only insoluble polymer chains (d).

and are added to increase the material photosensitivity. Photopolymer-
ization reactions that form a cross-linked network follow the characteristic
steps of any chain polymerization mechanism: photoinitiation, propagation
and termination (8.1a)-c)). Then the sample is immersed in the developer
bath to selectively remove the non-polymerized part of the material (8.14)).

Photopolymerization is advantageous compared to thermal or mechan-
ical polymerization routes due to the provision of spatial and temporal
control of the initiation reaction through control of illumination conditions.
Thus point by point structuring enables "materialization" of CAD model
out of the photopolymer as shown in Fig[8.2] It is worth mentioning that
most of the photopolymers have just a slight change in refractive index
and, thus, enables further structuring focusing the beam through the al-
ready produced structure. Additionally, some hybrid or epoxy materials
are in gel or solid state while being processed and the photomodified ar-
eas are not floating being fixed in space. This lets to flexibly choose the
starting and the ending point of the scanning without any restrains which
is sometimes convenient for specific geometries.

However, it still has drawbacks such as structure shrinkage and geo-
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Fig. 8.2. Fabrication steps. The structure is inscribed in a point-by-point manner,
as the localized photomodification follows the scanned contour of the focussed
beam. It changes the materials solubility, after the developing a free-standing 3D
structures can be obtained.

metrical deformations. Shrinkage is a result of material densification com-
pared to the 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 corresponding to shrink-
age [80]. Geometrical deformations occur when the structure is not rigid
enough to withstand the developing and drying process. It is known, that
the material rigidity is proportional to the volume of the material. So, at
microscale ir would mean that 10 times smaller feature would be 1000 (~ 103
lesser in volume) times fragile/soft. This become crucial when getting near
to 100 nm spatial resolution in 3D. One more issue which is important for
the structure formation is the bulk material hardness. Usually it is bet-
ter to apply harder material (with higher Young’s modulus) in order to
achieve lesser distortions, yet if the overall structure size increases, the ma-
terial densification caused stress can induce mechanical cracks to release
the accumulated tension. These questions are explained in a more detailed
manner in Chapter 11.

Femtosecond Laser Multi-photon Polymerization is a DLW technique
employing point-by-point photomodifying of the resin in 3D space. It comes
as a novel p-stereolithography technique employing non-linear light-matter
interaction (an analogue to laser scanning multiphoton microscopy). Reso-
lution of the structured features is defined by the above threshold intensity
distribution in the volume of the tightly focused laser beam waist. Precisely
varying light intensity within the so called “fabrication window” allows fine
tuning the wvozel size. Fabrication window is defined as the I;/I; ratio,

which is intensity of material optical damage divided by threshold intensity
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Fig. 8.3. a)Fabrication window and sub-wavelength resolution. Fabrication win-
dow defined as I;/I;;,. By precise adjusting introduced laser intensity I one can
tune the voxel dimensions and overcome diffraction limit corresponding to applied
laser light wavelength. b) Vozel size and aspect ratio. Voxel size follows light
intensity distribution and has form of ellipsoid.

required for the polymerization (Figl8.3h)). Wider fabrication window en-
sures easier photostructuring and enables to tune the voxel size by changing
the laser intensity I (Fig.. By moving the sample relatively to the fixed
focus spot one can photomodify the material along the scanning direction.
Later, the negative photopolymer (usually a droplet on a substrate) is de-
veloped in organic solvent and all the unexposed pre-polymer is washed out
revealing a free standing 3D structure.

The simultaneous excitation mechanism involves a virtual intermediate
state which is created by the interaction of first photon and the second
photon is absorbed only if it arrives within the virtual state life time of
1071 s [81]. For this it is imperative to have a high intensity source that
would ensure that the second photon arrives within the life time of the vir-
tual state. In the case of TPA, the electron transition is induced by two

photons, each with half the required energy of the gap between the two
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energy levels. This condition can be easily fulfilled when ultrashort light
pulse lasers (usually ~100 fs or less) are used. The laser beam is closely
focused with a high numerical aperture objective lens into a volume of a
photocurable resin creating highest photon densities within the vicinity of
the focus. Since two-photon absorption rate has a quadratic dependence
on the photon density profile, the integrated photosensitive material re-
sponse is greatly enhanced at the focal spot. The two-photon absorption
cross-section is generally extremely low, so a very high spatial resolution
beneath the limit of diffraction of the light used in the FLMP process
can be realized. On focusing a high intensity laser closely into the vol-
ume of a liquid or gel state photoresin transparent to VIS or NIR light is
absorbed by the photoinitiator molecules which generate free radicals (initi-
ation). The radicals react with monomers producing monomer-radicals, so
the monomer-radicals expand in a chain reaction (chain-propagation) until
two radicals meet (termination). The irreversible photopolymerization re-
action efficiency is proportional to multiphoton absorption rate and occurs
only in the region where light intensity is above the threshold required for

the polymerization I > I,.

(8.1)

(8.2)

here, d and [ is voxel diameter and length, wy is beam waist at the focal
position, zgr is Rayleigh range, N is the order of absorption nonlinearity. A
volumetric pixel (vozel) is considered to be the smallest repeating element
which adds up to make a 3D structure. On the focal spot initial voxels
take the shape of the intensity distribution of the focused laser beam. The
voxel growth follows the prolonged exposure in all directions uniformly and
becomes especially enlarged along the intensity distribution with an increase
in applied laser power. The voxel expansion is radical diffusion-dependent
process. The effect of variation of power and exposure time on the growth
of voxels to formulate the scaling laws for voxels has been studied in details

[82]. Though the final dimensions of photomodified region depend on the
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spatial light intensity profile, material response including total exposure
dose, photoinitiator concentration and pulse repetition rate has to be taken

in account especially at the close-to-threshold conditions:

Fig. 8.4. FLMP resolution graphs. Voxel diameter d (a) and length [ (b) versus
applied laser power P in different used photopolymers.

A ](])VtﬁTl/'
d= R In 7 (8.3)
225 1 /dNA\?
| = | €eP (2 ()\) ) -1 (8.4)

here, 7 is exposure time, 3 is experimentally derived constant (photoini-

tiator two-photon absorption cross-section , concentration and quantum
efficiency), 7 and v are laser pulse duration and repetition rate, n is re-
fractive index of the photosensitive material. Theoretically calculated and
experimentally measured resolutions (voxel sizes) are graphed in . It is
evidently seen that achievable structuring resolution (as well as aspect ratio
of the voxel) greatly depends on the material properties.

Using this technique outstanding periodic and non-periodic micro/na-
nostructures can be obtained as shown in Figl8.5} a) 65 nm width diameter
polymeric nano-fiber from AKRE37 photopolymer. b) Photonic crystal
(face cubic centered woodpile structure) having lateral period and line res-

olution 1.5 pym and 0.45 pum, respectively. c¢) Four layers of nano-chain-
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Fig. 8.5. Sample micro/nanostructures fabricated by FLMP method.

mail structure out of intertwined rings, ring radius 2.5 pm, brim thick-
ness 400 nm. d) Free standing micro-letters LRC (corresponding to Laser
Research Center). b, ¢ and d are produced out of SZ2080 hybrid pho-
topolymer. They can be used in vast variety of scientific and industrial
applications where 3D functional microobjects or templates are required.
The fields of applications has expanded dramatically since the first ex-
perimental demonstrations of the principle itself to nowadays FLMP mi-
cro/nanostructuring. Capability of this technique to create complex 3D
structures with resolution, reproducibility and throughput superior to other
approaches has established this young technology as a serious and some-
times unique. The interest in the FLMP has been continuously growing
from both sides, the fundamental and technological and there still a lot of

room for improvement of both.
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9 EXPERIMENTAL
FABRICATION SYSTEMS

9.1 Yb:KGW laser fabrication setup

In our experiments we have used AltSCA (Altechna Co. Ltd.) position-
ing system designed for fast and precise laser microfabrication in 3D space
for scientific and industrial applications. Amplified Yb:KGW femtosecond
laser system Pharos (Light Conversion Co. Ltd.) with tunable repetition
rate from 1 to 200 kHz, average power 6 W, 280 fs pulse duration, 1030 and
515 nm (second harmonic) wavelength was used as an irradiation source.
The experimental setup used for FLMP nanostructuring is shown in Fig[9.1]
The expanded femtosecond laser beam is guided through objective, focusing
it into the volume of the photoresin. The sample is mounted on large area
XYZ positioning stages. By moving the laser focus inside the photoresin
one is able to write complex 3D structures. Since, upon irradiation the resin
undergoes transition from liquid to solid (or from gel to solid), wide-field
transmission microscopy is used to monitor the process of FLMP in real
time. The CMOS camera (mvBlueFOX-M102G) enables online fabrication
supervision. The ability to image the sample while performing FLMP is
an important feature for a successful fabrication process. It is of utmost
importance to anchor the microstructures to the substrates if they are to
survive the washing step of the unsolidified resin. The pin-point structuring
has no restrains since the polymerized material is still highly transparent
to NIR or VIS laser light. The positioning system consists of linear mo-
tor driven stages (Aerotech, Inc.): ALS130-100 for XY, ALS130-50 for Z.
These stages ensure an overall travelling range of 100 mm into XY dimen-
sions and 50 mm in Z dimension as well as support sample translation speed
up to 300 mm/s. The system can be used for rapid FLMP structuring in var-

ious photosensitive materials at large scale with reproducible feature sizes
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Fig. 9.1. 3D fabrication setup. fs pulsed IR light is frequency doubled prop-
agating through Second Harmonic Generation element (SHG, nonlinear crystal).
Dichroic mirror is used to guide the laser beam, which is tightly focused by micro-
scope objective into the sample which is translated using XYZ stages. LED light
illuminates the sample and is collected for real time fabrication imaging on CMOS
camera.

as small as 200 nm (achievable up to 150 nm or even higher). The ability to
scale up and speed up the fabrication is offered by simply changing the laser
beam focusing objective. In this work, several microscope objectives were
used and corresponding fabrication resolution was measured. Control of all
equipment is automated via 3D-Poli computer software specially designed
for FLMP applications.

Using this fabrication method 200 nm spatial structuring reprocibility
can be be achieved as a free-hanging line 3D structure (Fig.9.2a)) or a
line on a substrate as a 2D structure (Fig.9.2b)) out of the most materials
suitable for FLMP.

9.2 Ti:Sapphire laser fabrication setup

Alternative to the first system a Ti:Sapphire oscillator system Tsunams,
Spectra Physics providing 800 nm irradiation wavelength 80 fs pulses at
80 MHz repetition rate combined with the positioning system consisting
of three micrometer-step motor stages (Standa Ltd) stacked on each other
and piezo nanopositioning stage (Nanocube, Physik Instrumente GmbH)

mounted on was used. The step motor stages are used to increase fabrication
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Fig. 9.2. FLMP structuring resolution. A suspended line of sub-90 nm width out

of Ge containing sol-gel hybrid material (a); 200 nm reproducible lines on a glass
substrate out of SZ2080, (b).

field were the structures will be localized on the substrate while the piezo
stage ensures precise fabrication of the microstructure. The positioning
resolution of piezo stage is 1 nm. The exposure time is controlled by a
home-made mechanical shutter with a stable response time of up to 5 ms.
The main difference from the first system is the irradiation wavelength and

pulse repetition rate as well as positioning hardware.

9.3 Other laser fabrication setups

The adequate systems used in the LZH and FORTH differed mainly for
using galvo-scanner for a beam guiding instead of the sample translation.
Femtosecond laser pulsed irradiation (60 fs/20 fs, 90 MHz /75 MHz, 400 mW,
780 nm /800 nm, Fusion, Femtolasers/Chameleon, Coherent, LZH/FORTH,
respectively) was tightly focused into the volume of a photosensitive resin,
galvo-scanner (Hurryscan 11, Scanlabs) enabled fast and precise beam de-
flection, however, limited processing field (~40x40 pm? in case of 100z ob-
jective was used and up to ~800x800 pum? if 20x objective was used). AOM
or mechanical shutter was used for a beam blocking when needed. Shorter
pulses (sub-20 fs) provided higher pulse peak power thus enabled reduc-
tion of average applied laser power. This was beneficial for ultra-precise

structuring (< 200 nm) and enabled to process wider range of materials.
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9.4 Sample characterization

The samples depending on the structure, geometry and substrate were
characterized by: transmission and reflection optical microscopies (various
microscopes), optical (PLy 2300, SENSOFAR) and AFM profilometries
(Scanning Probe AFM Dimension 3100, Digital Instruments), and SEM
(various SEMs). For high quality SEM analysis, the samples were coated
with a 10-50 nm thick Au, Ag or Cu layer in order to increase their electro-

conductivity.
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10 PHOTOSENSITIVE
MATERIALS

Photosensitive materials are divided into negative and positive tone. The
exposed volume of the negative resists undergoes photomodification and
becomes insoluble in developer. Unexposed material is removed during
the sample development (Fig. , thus revealing the DLW inscribed ob-
ject. In the case of positive resists the light induces dissociation (photo-
chemical bond breaking) of the molecules in the irradiated volume. Here
exposed material is removed during the development step. Convention-
ally, for u-stereolithography (so, also for FLMP) negative resists are mostly
used. In this work only negative photoresins were tested, though FLMP
enables positive to be used as well if needed. Samples for the fabrica-
tion were prepared by drop-casting or spin-coating the pre-polymer on a
substrate (cover glass, metal plate or plastic pad). It is recommended to
clean the substrates with acetone and heat prior to covering it with the
polymer to avoid organic material traces and water. Adhesion promoter
for eg., MATPMS (methacryloxypropyl trimethoxysilane) can be used to
improve the structured polymer adhesion to the substrate. After the ex-
posure the sample is immersed in the bath of adequate developer. Ad-
ditional rinsing or UV fixation can be applied if needed. Solid by it’s
nature materials mixed with the solvent have to be pre-exposure-baked to
evaporate it, some of them need a post-exposure-bake. In this work an
acrylate based AKRFE19/23/37 [83] 84, 85, 86], epoxy based SU-8 (Ger-
steltec) [87), 88, 89], hybrid organic-inorganic SZ2080 (FORTH) [25] 90,
64] and Ormocore b59 (Micro Resist Technology GmbH) [91], 92] 93], and
acrylated biodegradable PEG-DA-258 (PolyEthylenGlycol Di-Acrylate of
Maw. = 258, Sigma-Aldrich GmbH) [94, 95, 96] photosensitive materials
were used. The prepolymers were photosensitized by adding 0.5-2 wt.%
of thioxanthen-9-one, 2-benzyl-2-(dimethylamino)-4 -morpholinobutyrophe-
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Table 10.1. Photosensitive pre-polymer materials.

Material Chemical for- | Developer| Developing | Shrinkage| Reached
mula time resolu-
tion
AKRE C18H21N3Og | ethyl 20 min medium | < 100 nm
19/23/37 alcohol
SU-8 (CH3)2C(Cs- | PGMEA | 30 min ultra-low | < 100 nm
HOH),
Ormocore | Cq4H1251909 MIBK: 30 min medium | ~200 nm
b59 iso-
propanol
(1:1)
SZ2080 C1H1251ZrOy | MIBK: 30 min ultra-low | ~120 nm
iso-
propanol
(1:1)
PEG-DA- | CsH1004 water 1 min high ~300 nm
258

none or 4,4 -bis(dimethylamino Jbenzophenone (Michler’s ketone) photoini-
tiators (Sigma-Aldrich GmbH). Ormocore b59 and SU-8 were used as re-
ceived from the manufacturer. To increase the functionality of the mate-
rials, they can be chemically bonded or doped with inorganic or organic
ingredients upon demand [97, O8]. PolyDiMethylSiloxane (PDMS, Sylgard
184, Dow Corning) [99] was used as an elastomer material for replication.
Chemical formulas and developers for the used materials are listed in Ta-
ble [10.1l

All the materials are highly transparent for VIS and NIR light, so 3D
photostructuring in thick layers (high structures) can be realized. Also, it

makes the microstructures to be applicable in the field of optics.

10.1 Acrylate based materials

Acrylates were the first materials which were tested for FLMP structuring.
Up to date the highest resolution reaching tens of nanometers is achieved in
them [9, 100, [70]. They high photosensitivity makes them easy structurable.
They are could be widely applicable due to the low price. The majority of
acrylate resins are in liquid form before processing. However, the pure acry-

late and mixtures of acrylates are relatively high shrinking materials, thus
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demanding a CAD model precompensation [10I]. The home made acry-
late material AKRFE used in this work composed of commercially available
ingredients. Tris (2-hydrozy ethyl) isocyanurate triacrylate (SR368, Sar-
tomer Company, Inc.) is a polymer that is attractive for its properties like
strength without brittleness, low skin irritation, and good chemical adhe-
sion [86]. It was easily blended with desired radical photoinitiator needed to
tune the material to the laser irradiation wavelength. Thus the name of the
material AKRE19, AKRE23 and AKRES37 corresponds to the added ini-
tiator thiozanthen-9-one, 2-benzyl-2-(dimethylamino)-4-morpholinobutyro-

phenone and 4,4 -bis(dimethylamino )benzophenone, respectively.

10.2 Epoxy based materials

A prominent example of epoxy organic photoresist applied for FLMP fab-
rication is SU-8 developed by IBM [102]. The SU-8 is supplied as a vis-
cous liquid consisting of an epoxy resin, a solvent (gammabutyrolactone
or cyclopentanone depending on manufacturer’s formulation) and a photo-
acid generator (triarylsulfonium hezafluoroantimonate salt). It is photo-
crosslinked by cationic route as photo-acid is generated in the irradiated
volume. SU-8 (Gersteltec Sarl) is widely used in conventional UV lithog-
raphy. During pre-exposure-bake the solvent is evaporated and the material
becomes solid. 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. Cross-linking occurs during the post-exposure-bake step,
when a temperature is raised to 100°C. A great advantage of SU-8 mate-
rial for FLMP processing is no noticeable shrinkage. Also SU-§ material is
processed in a solid form, and the produced pattern is immobilized through-
out fabrication step. Therefore highly complex interconnected /interlocking
structures can be produced easily. This is particularly advantageous for
fabrication of moving micromechanical components. A certain disadvantage
is that SU-8 requires a multistep preparation and processing. By FLMP
technique suspended rods with lateral size down to 30 nm have been pro-
duced [6] and periodic structures with 150 nm [I03] have been successfully

fabricated out of SU-§ epoxy material.

38



10.3 Hybrid organic-inorganic materials

The hybrid materials can be classified in ORMOCERs (ORganically MOd-
ified CERamics) and ORMOSILs (ORganically MOdified SILicas). Both of
them have inorganic part containing Si, yet ORMOSILS also have metal-
isopropoxide ingredient. In both materials, methacrylate functional groups
are responsible for cross-linking of monomers. During photopolymerization
they are cross-linked and form a dense 3D network, the final product by
its properties is similar to glass. The physical and chemical properties of
the final material can be tailored by choosing appropriate precursors and
synthesis conditions. The mechanical rigidity and thermal stability can be
increased by increasing the inorganic content in the hybrid network. Fur-
thermore, sol-gel materials provide the possibility of the incorporation of
various functional groups by using a guest—host approach.

ORMOCER class materials are known as biocompatible photopolymers
and were introduced for optical applications. ORMOCERs contain a highly
cross-linkable organic network as well as inorganic components resulting in
high optical quality and mechanical as well as thermal stability. The poly-
merization process is initiated by the reaction of the radical photoinitiator
(Irgacure™ 369, Ciba) [104]. Recently, it has been studied intensively for
FLMP nanostructuring by Hannover Group [14, 52, 93]. The concept of
hybrid materials is that they combine properties of organic polymers such
as toughness, easy functionality, and processing at low temperatures with
those of glass-like materials such as hardness, chemical and thermal stabil-
ity, and optical transparency. The refractive index of ORMOCER materials
may be adjusted in the 1.47-1.56 range [91]. Due to their superior optical
properties and ease of processibility ORMOCERs are now widely applied
for optical interconnects and multi-chip module assembly. They are conven-
tionally patterned by UV lithography or nanoimprinting. Applying FLMP
technique < 200 nm structuring spatial resolution has been reached [14, 105]

In general ORMOSILs can contain Zr, Ti, Al, Ge, V or other metalic
ingredients. Zr containing ORMOSIL 572080 has been specially designed
for FLMP 8D micro/nanostructuring and synthesized by Heraklion Group.
Most importantly the properties of the synthesized materials can be mod-
ified in accordance to the structuring technique’s demands or for the fi-

nal application. By adjusting the synthesis conditions materials exhibiting
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ultra-low shrinkage and negligible geometrical distortions occuring during
the development were realised [106], 25, 37]. Additional dopants such as
non-linear chromophores, quantum dots or organic dyes can be introduced
easily [26 107, 97], thus increasing their functionality. Being by design
optimized for high resolution quality structuring these materials are photo-
structurable up to 120 nm resolution. These properties make such materials
especially attractive in the fields of photonics and metamaterial production.
As it is presented in Chapter 14, the biocompatibility in vitro and in vivo of
572080 has been shown to be comparable (not worse) than that of surgical
suture [108].

10.4 Biodegradable materials

A variety of biocompatible as well as biodegradable materials can be cured
by UV light or laser [109], thus 3D microstructured by FLMP [20]. An ex-
ample of biodegradable organic photopolymers are Poly(Ethylene Glycol)’s
(PEGSs). PEGSs have been proven to be non-toxic and they are widely used
as dispersants in commercial products, such as tooth paste, soft drinks,
shampoos and creams [110, 111, 112]. PEG molecules are usually func-
tionalized with acrylic groups in order to produce a photosensitive resin,
processible via free-radical polymerization, what enables photopolymeriza-
tion structuring. PEG-DA (Di-Acrylated PEG) is well known material in
biomedicine [113], 114} 115]. PEG-DA molecular mass usually is in the range
of 200 to 20 000. Recently, in Hannover [94, 116] and Vilnius [95] these
materials have been explored for FLMP micro/nanofabrication. PEG-DA’s
with molecular mass of ~200-700 were found to be suitable for 3D photo-
fabrication. The degradation rate of the materials in a living organism
depends on the molecular weight, mass of the material and surface area
(filling ratio and geometry). As most of the photopolymers PEGs can be
additionally functionalized with various biomolecules and proteins in or-
der to selectively influence specific biological processes. Flexible material
content and geometry tuning at microscale enables one to create the 3D
scaffolds with desired features to control cell growth and proliferation. This
is in the scope of interest for the cell growth experiments and tissue en-
gineering. Since, being biodegradable, PEG-DA’s can be used for drug

release and micro/nanostructurization can be a way to control the sustain.
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Up to date sub-micrometer resolution has been achieved in 3D structuring
of PEG-DAs [80, [117].
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11 EXPERIMENTAL

11.1 Limitations and optimization of FLMP

fabrication

It is obvious that for the nanostructuring precise sample positioning is indis-
pensible. When a CMOS or CCD camera is applied for online monitoring
of the fabrication process it is not complicated to find the correct focal po-
sition along depth coordinate z. Yet this is hardly can be kept constant
moving the sample laterally. While scanning along X or Y axis the devi-
ation of Z positioning will be inevitable. This means that the structure
might be partly “buried” in to the cover glass (substrate), not touching the
substrate or even be out of the photopolymer. The situation is illustrated
in Fig. ) The real sample structure suffering from this type of fab-
rication distortion when the substrate surface was not parallel is shown in
Fig. [11.1p). The importance of this problem grows as structure size (act-
ually, area not volume) increases. To solve this problem we have used z
pre-compensation integrated in our "D Poli" microfabrication software. It
is based on passive autofocus realized by first determining coordinates at
three points on substrate surface and then getting the equation of substrate
surface plane. The determination of each focal position corresponding to
the substrate surface is realized monitoring online fabrication of the mi-
cro/nanostructures with CMOS camera. Precompensation of z coordinate
during direct laser writing ensures the focus position with 1 - 2 ym precision
if sample is not bended. That is enough for the most of the cases.

Despite extensive development of photopolymers suitable for the fabri-
cation of #D micro/nanostructures, it is still challenging to produce a larger
structure without any kind of geometrical distortions due to the material
densification while photocuring and postprocessing. It has been shown that

shrinkage plays an important role in the fabrication of tiny structures with
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Fig. 11.1. Sample non-flatness problem. Common sample positioning and routine
problem of substrate being not perpendicular to laser beam. While moving along
X or Y axis it causes deviations in Z coordinate and part of the structure can be
not touching the substrate or buried in the substrate.

features of high resolution [70, 62]. However, shrinkage itself also intro-
duces additional challenges in the free-form fabrication of complex struc-
tures. This is the side effect of working in the sub-diffraction spatial reso-
lution regime: when the polymerized volume is minimized, the monomer-
to-polymer conversion rate is also reduced. It decreases the rigidness of the
structures. Additionally, the finer are the structural elements, the more sen-
sitive they are to capillary forces and it is a very challenging task to remove
the unexposed resin without distorting the fabricated structures [118] [119].
Schematic sequence of these problems is shown in Fig. [I1.2]

One more aspect which should be mentioned when discussing structur-
ing over the large areas is material cost. It is worth to mention that most

of the commercially available materials usually cost up to few Euros a gram

Fig. 11.2. Structure distortion occuring during fabrication: the initial width (a) is
reduced because of material volume shrinkage (b) and deformation due to drying
developer introduced capillary forces (c).
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Fig. 11.3. Illustrations of polymer structure deformation. Shrinkage and break-
age of millimeter scale structures. Scale bars represent 2 mm for a), 0.5 mm for
b) and c), respectively. a) 4x4 mm hexagonic structure out of Ormocore b59 is
distorted due to shrinkage. b) Breakage of large scale micro-grid produced out of
AKRFE19 photopolymer. Due to tension forces breakage appears to release tension.
¢) Structure of Ormocore b59 keeps the initial form due to separation of structural
elements.

or more. It is negligible if only a droplet per sample is used. However, fab-
ricating larger structures the importance of material cost will be increased
significantly. As a cost-effective solution we have proposed to use a nega-
tive photosensitive material AKRE19/23/37 which is much cheaper (~200
times) comparing to commercially available photopolymers. As it has been
shown earlier by our group, it is suitable for fabricating 3D structures with
high resolution [120} 85]. The photoinitiator can be added corresponding to
laser’s irradiation wavelength, so it can be “tuned” to fit the applied laser.
The photopolymer is a highly viscous liquid which makes it suitable for
FLMP applications. However, when fabricating micro/nanofeatured struc-
tures over a large area shrinkage seems to remain a serious problem. Since
polymerization is the process of material densification, the shrinkage is in-
evitable. The solution to use “non-shrinking” materials seems to be case
sensitive depending on the structure geometry. Fig. shows three mil-
limeter size structures of different geometries representing three different
cases of distortions created by tension forces.

Table shows the voxel lateral size limit dependence on focusing
objective. Voxel diameter was fine-tuned by adjusting applied average laser
power (corresponding to light intensity at the vicinity of the focus at the
same focusing conditions), minimal and maximal diameters were estimated

from SEM micrographs. It is seen that voxel size varies few times depending
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on applied laser power and it can be modified significantly by changing the
objective. Such resolution tuning can fit different demands for versatile

applications.

Table 11.1. Obtained structuring lateral resolution using different focusing ob-
jectives (M - magnification of the used microscope objective, AR - aspect ratio
of lateral and axial vozel dimensions). Applied laser irradiation wavelenght was
515 nm. Values are just orientational as the specific value depends on material,
photoinitiator and sample translation velocity.

M NA X, pm AR
100x 1.4 0.2-0.5 1:3
40x 0.65 04-1 1:5
20x 0.5 0.7 -2 1:7
10x 0.25 2.5-15 15

To calculate time needed for fabrication of a specific structure one can

use a simple estimation:

_ xyzF

t
Rv

where t is fabrication time, x, y, and z are width, length, and height of the
structure, R is structuring resolution depending on the N A of the used ob-
jective and applied laser power P, v is sample scanning speed, and F is fill
factor (the ratio of polymerized versus non-polymerized volume of the whole
structure). It is seen that the increase of structure volume dramatically in-
creases the fabrication time as well as fill factor F' does. Through changing
to appropriate optics and applying high sample scanning velocity it is pos-
sible to produce a relatively large in filled volume structure in less time. For
example, fabrication of woodpile structure with lateral and axial period of
8 and 2 um, respectively, having overall structure size of 800x800x40 pm3
and roughly 0.5 filling ratio, scanning the sample at 1000 um /s speed would
take just 25 min using a NA = 0.25 objective. Using NA = 1.25 it would
take up to 7 h to fabricate an identical structure. However, if huge vol-
umes are needed to be polymerized and high feature resolution is required,

a sophisticated strategy to overcome the drawback of time consuming fab-
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Fig. 11.4. Schematic illustrations of fabrication outer shell of a spherical lens.
a) The used fast fabrication sequence: (1) contour scanning for a shell-hardening,
(2) development, and (3) UV exposure for the final volumetric polymerization. b)
Comparison of time required to fabricate a hemi-spherical lenses of different radii,
r, by the proposed shell exposure vs. a full-volume raster scan.

rication can be invoked. For instance, if a cantilever with a sharp tip is
needed, the huge in volume body of the cantilever can be fabricated using a
low NA objective and then the sharp tip can be fabricated with a high NA
objective. This combination enables fabrication of relatively large (mm in
overall scale) volumetric structures with submicrometer feature resolution.

Choosing correct fabrication strategy is crucial for saving time usage
of costly FLMP machinery. Our group has developed an efficient way to
manufacture volumetric microoptical elements. In order to speed up the
fabrication process, only the outer shells were made using DLW, and the

interior was polymerized using a post-fabrication UV treatment. The di-
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ameter d and height [ of single photopolymerized voxels was controlled by
modifying the laser power, scanning speed, and focusing optics [121), 85].
This allowed the fabrication of enclosure shells mechanically strong enough
and the formation of unexposed regions inside the optical elements for fur-
ther processing steps (Fig. ) The procedure of shell fabrication, de-
velopment, and post-treatment with UV light enabled the fabrication time
reduction by approximately ~ 200 — 400 times. This approach has been
already demonstrated for producing sample 3D microstructures of complex
geometry and components for microfluidics [122] [56]. The time required to
fabricate a compact, hemi-spherical lens of radius R, by volumetric raster
scanning with pitch d, (the same pitch in lateral and axial directions is
considered) at scan speed, v, is: t, = dTVv where the volume of hemi-sphere
V= % x 47 R3; the pitch is at least two times smaller than the diameter of
the voxel actual fabrication. One the contrary, for only the shell fabrication
the required time is t5 = d% with the surface of hemi-sphere S = % x %ﬂ'RQ.
Hence, the factor of the efficiency increase is f. = i—” = 3% As the radius
of a lens increases, or the voxel size decreases (hence, the pitch, d, too),
the fabrication time becomes impractical for the volumetric raster fabrica-
tion. In the case of the microoptical elements discussed in this study, an
improvement of approximately (1—3) x 10? times is achieved using the shell-
fabrication approach (Fig. ) The actual exposure time required for the
fabrication of a R = 50 pm radius lens of focal length ~ 100 ym at volume
filling by a raster scan with 200 nm overlap between voxels is 14.7 h, re-
ducing to approximately 2.6 min by employing the proposed shell-exposure
(Fig. ) The step between exposure spots was varying d = 25 — 200 nm
and scan speed was kept in the v = 50 — 200 um/s. The time requirements
are similar if any other bulky (volumetric) structures (for eg. nanochannels
in microfluidics or microporous scaffolds in tissue engineering) are desired

to be produced.

11.2 Supplementary nanoimprint
lithography technique

For fabrication of series of identical 2.5D micro/nanostructured samples

(for eg. scaffolds for cell growth experiments or 2D optics, photonics, plas-
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Fig. 11.5. A desired 2.5D structure is fabricated by a serial FLMP writting in
a well structurable photopolymer (for eg.: SZ2080) and developed, a) and b). A
layer of PDMS elastomer is placed on original structure and cured via thermopoly-
merization reaction c). Transparent PDMS mold is placed on fresh photopolymer
and it is cross-linked by exposing with UV, d) and e). Finally, the mask is removed
and replica remains on a new substrate, f).

monics, metamaterials) there is a way to speed up the production pro-
cess dramatically. In such case, time consuming and expensive fabrication
via FLMP direct writing is needed only once to initially produce a mas-
ter template. Later a standard Nanolmprint Lithography (/NIL) replication
method employing thermopolymer PDMS can be used [123] [124] 125]. This
micro/nanomolding can be applied for rapid production of series identical
samples with resolution up to tens of nm. The replication steps are shown
in Fig. [[1.2] A transparent PDMS elastomer mold is produced on original
structure and is later used for stamping structures via UV polymerization.
The stamping process can be repeated up to 10% times without notice-
able quality degradation [126]. The elasticity of the stamp can be tuned
by changing the ratio of thermoinitiator or curing temperature and time.
Lower concentrations of the thermoinitiator as well as lower applied cur-
ing temperatures (corresponding to longer duration needed for the cross-
linking to occur) makes the mask softer, thus easier to peel off from the
replicated structure, yet slightly lower spatial resolution. It is noteworthy,

that in principle PDMS can be structured via DLW as well, thus enabling
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direct fabrication of replica masks [127]. It is also known that PDMS is a
biocompatible material [128] and extensively studied for applications in mi-
crooptics [129] and microfluidics [I30]. More important such transferring of
"inverted" structure empowers one to apply the materials (not transparent,
containing electric or magnetic nanoparticles) and substrates (opaque, not
possible to be illuminated through) which may be not possible to use for

direct and quality FLMP structuring.
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12 FEMTOSECOND LASER
WRITING INDUCED
MECHANISMS AT
NANOSCALE

12.1 3D nanopolymerization via
photochemical, thermochemical and

avalanche ionization

This section is based on the data presented in the reference [131]. Though
in all of the thesis it was taken a common opinion that during FLMP pro-
cess TPA is a dominant and the only process, here a contradicting results
are presented and argumented opinion showing complexity of the 3D struc-
turing at nanoscale is described. The most widely used materials in 3D
laser photopolymerization are acrylate and epoxy based resins and resists
developed decades ago before the era of tabletop femtosecond lasers for
UV p-stereolithography. Traditional photopolymers are photosensitized for
wavelength of eximer laser at 308 nm or i-line of Hg-light source at 365 nm.
Photosensitization and initiation of a nonlinear photopolymerization is dif-
ferent by its nature from that developed for the one-photon processes in
the case when ultrashort laser pulses (< 1 ps) at longer wavelengths are
employed. Excitation of electronic subsystem occurs faster than an uptake
of energy into ionic subsystem proceeding via electron-ion equilibration,
recombination, thermal diffusion in the case. Since thermal processes are
known to be efficient in chemical modifications of materials, by tuning a pho-

ton energy with a controlled thermal activation the materials’ processing
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is acquiring new functionalities when fs-laser pulses with tens-of-megahertz
repetition rate are used [I, 28 [14) 132, 133] 7, 83]. Better understand-
ing of the photo-physical and chemical mechanisms of polymerization is
required [134], 135 136] via direct measurements of photopolymerization
nonlinearity [10, 137]. Such studies would allow to optimize response of
materials and tailor their composition for the higher resolution or sensitiv-
ity in 3D structuring applications.

Plenty of successful two-photon initiated microfabrication works has
been done applying a variety of femtosecond irradiation sources while pro-
cessing different photosensitive materials - acrylates, epoxies and organic-
inorganic hybrid materials. Initially and up to date most of them has been
done using Ti:Sapphire oscillators generating 780-800 nm irradiation wave-
length and operating at 75-80 MHz pulse repetition rate [II, 28] 92 132,
133, 138, 83]. Alternatively, Ti:Sapphire amplified systems have been ap-
plied successfully having 1 kHz pulse repetition rate [139, 51, 140]. Both
light sources were emitting 100 - 200 fs duration pulses. Despite that, novel
Yb:KGW lasing media based systems were expected to ensure even better
results in resolution meaning due to shorter irradiation wavelength (1030 nm
frequency doubled gives 515 nm) providing slightly longer pulses 300 - 400
fs and varying pulse repetition rate from 200 kHz to 26 MHz [141], 142, [85].
Though this has enabled processing wider range of photosensitive mate-
rials it did not ensure higher resolution than obtained applying 780-800
nm exposure. Precise wavelength tuning to target the two-photon absorp-
tion peak could be helpful to increase the efficiency and thus result to in-
crease in structuring resolution [70], yet contradicting results were demon-
strated that rather miss-matching excitation and absorption spectra can be
used for steady microfabrication [I0]. Additionally, 400 nm exposure has
been shown to be efficient for two-photon induced 3D structuring [27, [143)].
Furthermore, 300 fs 1030 nm irradiation has been demonstrated be suit-
able as a three-photon absorption induced 3D microstructuring in the com-
monly used materials like ORMOCER and SU-8 [144, [145]. Finally, two-
photon initiated polymerization fabrication using Nd:YAG frequency dou-
bled 532 nm wavelength and 500 ps pulse duration laser operating at 5
kHz has been reported [146, 147]. This diversity of applied pulsed light
sources evokes a question whether always two-photon absorption plays a

dominant role in initiating the ultra-localized modification of the material?
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Fig. 12.1. Schematic diagram of excitation by one photon and several photons
simultaneously. Like in non-linear microscopy, a photosensitizer molecule can be
excited by few photons if the sum of their energy is matching the one needed for
linear absorption.

It is noteworthy to mention that in this manner variety of acrylate, epoxy
and hybrid materials can be processed in near-100 nm resolution. Detailed
theoretical models on sub-100 nm feature fabrication estimates has been
already reported [134], 135].

By this experimental work and it’s interpretation it is demonstrated how
a choice of photoinitiator and its concentration defines and in some cases
limits the achievable 3D resolution in direct laser writing by femtosecond
laser pulses, as well as it has not such a direct dependency as only sum
of the energies from several photons to fit the energy required for linear
absorption Fig[12.1] It is shown that avalanche ionization plays an impor-
tant part in photopolymerization at tight focusing conditions even though
a seeding stage of bond breaking and radical generation occurs via a nonlin-
ear two-photon absorption (7'PA). Resolution of 3D structuring at different
formulations of photopolymers followed prediction of two-photon nonlin-
earities [148], i.e., when TPA becomes stronger resolution worsens due to
an enhanced polymerization rate. However, in the TPA photo-sensitized
resists there is a wider processing window where high-quality and fidelity
3D structures can be prototyped. In practical use of photopolymerization
the quality of 3D structure, its resolution, mechanical and optical proper-
ties are the most important. By setting different pulse energies and scan-
ning speeds the required window of photo-polymer processing is empirically

found. Even the one-photon absorption can be used to obtain 3D micro-
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Fig. 12.2. (The photoluminescence excitation (PLE) spectra of the pure resist
SZ2080 (a), uncoated cover glass, resist with 2wt% of Irgacure 369 (Irg.) and 4,4’ -
bis(diethylaminobenzo phenone) (Bis.) in (¢) and (d), respectively. The wavelength

of PLE maximum, A\;%*, corresponds to the most efficient energy delivery in 3D

structuring of chosen resists.

structures when tight focusing is used [149, [150]. This explains why so
different resists and resins optimized for the one-photon absorption at the
UV wavelengths still can be employed for 3D laser structuring at 800 and
1030 nm wavelengths using fs-laser sources. At those wavelengths TPA is
usually negligible (Fig. [12.3)).

The most probable optically nonlinear effects occurring at the lowest ir-
radiance/intensity are the TPA and refraction change via Kerr effect. The
direct measurements of these nonlinear parameters are carried out by a
Z-scan method [I5I] using ultra-short laser pulses, eg., the best fit of an
open aperture Z-scan data for the Gaussian spatial distribution of a laser
pulse provides a measure of the TPA cross section. Other methods such
as transmission measurements and photoluminescence are usually overesti-

mating the actual TPA cross section [I52], 153]. The intensity dependent
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Fig. 12.3. Functional dependencies of the TPA coefficient, 3, and nonlinear re-
fractive index, ny on the normalized photon energy determined by the polynomial
functions Go and F.

TPA coefficient, 3, and nonlinear refractive index, no, has been measured for
many crystalline and amorphous materials [148] [154]. The same character-
istic dependencies are also valid for molecular solutions of a highly efficient
TPA absorber MBAPB [155] which is similar to photoinitiators used in re-
sists [156], 38]. Optical nonlinearities of dyes and photoinitiators measured
by fs Z-scan corroborated the expected spectral dependencies established
in the case of inorganic solid state materials [152].

The nonlinear refractive coefficient, na (n = ng + nol) is given by [154,
148]:

hey/ E
2 p
nalem* /W1 = KQn%Eg Ga(hw/Ey) (12.1)

where E, = 21 €V, is an empirical constant, and G is the universal function

plotted in Fig. [12.2l The nonlinear T'PA absorption coefficient, (o = ag +
BI) is given by [154, [148]:

Blem/W] =K \/FPFQ(Zhw/Eg) (12.2)

213
nOEg

where Fj is the universal function plotted in Fig. [12.2, The G and F' func-
tions are defined by the following polynomial expressions: Ga(z) = (2+6x —
302 — 2% — 30 /4 — 32° /4 4+ 2(1 — 22)3/20(1 — 22))/(642%), here the Heaviside
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function ©(y) = 0 for y < 0 and O(y) = 1 for y > 0; F»(2z) = (22 —1)3/2/(2x)°
for 22 > 1. Figure shows the functional dependencies for § and and ns.
The abscise value z = 1 corresponds to the one-photon (or fundamental) ab-

sorption when photon energy is equal to the bandgap E,. For our analysis,
we use the corresponding A%* (Fig.|12.2)) as the wavelength of the most effi-

abs

cient 3D structuring, i.e., it is well absorbed and the autofluorescence PL is
efficiently emitted. This wavelength defines the central wavelength of over-
lap between the absorption and emission spectra. For justification of such
wavelength choice for x = 1 condition, we tested following procedure for the
MBAPB [38]. The \}%* = 470 nm is considered as the bandgap wavelength
(z = 1) while the strongest TPA has a plateau region at 680-710 nm close
to the expected location of the most efficient TPA [154], [148] (see, Fig.
at the 671 nm (z = 0.7). Hence, such choice of \71%* for the photo-sensitizer
is following expected spectral dependency of two-photon nonlinearities. It
may appear counter intuitive that at the half of bandgap energy =z = 0.5
the TPA is not taking place (Fig. [148]. Moreover, photons of half of
bandgap energy experience the largest ny; or self-focusing. However, this
is consistent with the white light continuum generation which is related to
the nonlinear refraction and is efficient when the photon energy of driving
radiation is smaller than half of the bandgap.

In terms of 3D laser structuring the spectral dependence of the G and
F functions would hint that a choice of irradiation wavelength for the most
efficient photo-initiation of absorption is to be carefully chosen. The most
optimal case for two-photon structuring is at a photon energy of 0.7E,
when f is the largest and n9 is small. One can also recognize an expected
tendency that closer to the fundamental absorption (z = 1) the ny values
become negative as it would be expected due to free carrier absorption.
Free carriers cause defocusing and alters light beam delivery to the focus.
When linear absorption is present along with the nonlinear one, the re-
fractive index changes per free electron, the dispersion volume, should be
taken into account as well as the free carrier absorption. The procedures
are well established by approaches in semiconductor physics. In solid state
nomenclature, when band-to-band transitions are taking place simultane-

ously with the virtual ones (at hw < E, as discussed above) the overall
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refractive index change can be described by [148]:
An = nal + ne_pN,, (12.3)

where N, is the electron density in conduction band and n._; is the “dis-
persion volume” [I57] [ecm?] or the change of the refractive index per one

electron-hole pair, which can be estimated as:

—e2

(12.4)

Neep = ——————
¢ 2nom*egw?’

here m*and e are the effective electron mass and charge, respectively, and
ng is the unperturbed refractive index.

The rates of multiphoton absorption and avalanche multiplication of
electrons are estimated for the optical breakdown conditions in photore-
sists. The number density of electrons n. created to the end of the pulse
by the avalanche and multi-photon processes can be obtained from a rate

equation [I5§]:
dne
dt

= NeWimp + NaWmpi, (12.5)

where n, denotes the molecular density, i.e., available electron donors af-
ter photo-cleavage of bonds. If the laser intensity is constant during the
laser pulse (corresponding to a flat-top intensity distribution) and when re-
combination during the pulse is negligible. Then the solution of Eq.
with the initial condition n.(t =0)= ney and wim, and wpy,y; is straightfor-
ward [I58]:

ne (I, \,t) = {neo  Latimpi [1—exp (—wimpt)]} exp (Wimpt) - (12.6)
Wimp
It is commonly accepted that breakdown of a dielectric occurs when the
plasma frequency of excited electrons equals to the frequency of the laser
light [159]. The critical electron density, the breakdown threshold, for
800 nm wavelength (w = 2.35 x 10" s71) is n, = 224 = 1.735 x 10*! cm .

Free electrons will oscillate in the electromagnetic field of the laser pulse.

These electron can gain net energy by multiple electron-lattice/atom col-
lisions and eventually be accelerated to reach the energy in excess of the

ionization potential J;. Energetic electrons create an avalanche which has
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the ionization rate estimated as follows [160]:

2
€osc 2w Ve—ph

Wimp ~ .
Ji (Vg_ph + wQ)

(12.7)

Here v,_pp,, and w are electron-phonon momentum exchange rate and laser
frequency, respectively. Electron-phonon momentum exchange rate, the
rate of collisions at the breakdown can be estimated as v,_,, = 6 x 101 1/s.

The oscillation energy of electron in a scaling form reads [160]:

! 2
EOSC[GV] =93 (1()14[\]\/'/CH12]> )\Mm’ (128)
which for 1 TW/cm? irradiance at 800 nm wavelength, yields e,5. = 30 meV
and is twice larger for a circularly polarized light.

The multiphoton ionization rate, a probability of ionization per atom

per second, can be calculated according to [160]:

Winpi R~ wni{f (6()50) " , (12.9)

where n,, is the integer part of (J;/hw + 1) and defines the number of pho-
tons required for ionization [I61]. The electron production rates via non-
linear TPA and avalanche are estimated for the experimental conditions.
This analysis is only valid for order of magnitude estimates, however, it
is insightful to determine the dominating mechanism of ionization, bond
breaking, radical generation, and, hence, cross-linking.

The threshold in 8D laser structuring appears as a result of cross-linking
as it defines solubility of the resist during development and elastic properties
of final the structure [162]. When a photopolymerized structure is allowed
to shrink freely in space during drying, the final size depends on the pulse
energy exponentially [I63]. Cross linking is temperature dependent follow-
ing the Arrhenius mechanism and the thermal effects are important. In the
case of tight focusing, the strong light intensity gradients create strongly
localized thermal field. Hence, a 3D structuring of resins and resists is pos-
sible even at the wavelengths close to the direct absorption band as was
demonstrated by 355 nm 20 ps pulses in the acrylic resins [150].

Photopolymerization of 3D structures at the (pre-)breakdown condi-

tions was carried out in sol-gel resist by tightly focused femtosecond laser
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pulses. The mechanisms relevant to the optically nonlinear and thermal
pathways of photopolymerization have been discussed as well as the method
for the best wavelength selection for 3D structuring. When fs-pulses at
high irradiance are used, the avalanche ionization plays an important role
in chemical bond breaking and promotes cross-linking. By better under-
standing of the photophysical and photochemical processes we can expect
to create new resist and resin materials where true nanostructuring with
resolution with sub-100 nm in all #D can be achieved. The same resins can
be 3D structured by 150 fs pulses of 400 nm central wavelength by TPA
as was demonstrated by measuring the power dependence of polymeriza-
tion [143]. Though TPA of those resins is not optimal at 400 nm where the
resonant TPA and linear absorption are already present, a 3D structuring
is possible.

The best resolution was achieved in non-photo-sensitized resist and
worsened for more longer wavelength sensitive (larger \7%*, see, Fig.
and larger concentrations of sensitizers. The widest pulse energy window
for high fidelity microstructuring of resist was in the case of resist with Irg.
photoinitiator. The other contribution which might affect the photopoly-
merization is the thermal emission of hot electron plasma at the focus.
The black-body emission estimations showed that free electrons which have
high temperature T = 1000 K at the pre-breakdown conditions can be ef-
ficient emitters at the 2 — 3 ym where many organic compounds have a
strong absorption. The black body emission according to the Wien’s law
has the maximum at N9 = /T, with v = 2.9 x 1073K. This mechanism
can also contribute to the final efficiency of photo-polymerization as has
been demonstrated by a scaling behavior [164].

Especially when chemically amplified resists such as the popular nega-
tive tone SU-8 are used. In this case one polymerization event is releas-
ing photo-acid which promotes polymerization in a chain reaction manner.
Considering possible eight cross-linking sites per monomer, propagation of
polymerization is nonlinear but would appear with a reduced slope if poly-
merized feature size is plotted against the incident laser irradiance (slope 2
would be expected for a typical T'PA process when one cross-linking occurs
for two absorbed photons).

The ways to improve resolution of 3D laser structuring of materials is

discussed in terms of optical and material aspects. It is shown that opti-
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mization of TPA of photoinitiator in the irradiation region of low nonlinear
refractive index changes is critical for the achievement of nanostructuring
when ~ 100 nm resolution in all three dimensions is to be achieved. The
critical electron density at 800 nm is 1.735 x 102! cm~3. Thus one can con-
clude that the above simple model predicts the breakdown threshold to
be around 1.5 x 10> W/cm? in semi-quantitative agreement with reported
earlier experiments in glass [165].

In practical use of photopolymerization the quality of 3D structure, its
resolution, mechanical and optical properties are the most important. By
setting different pulse energies and scanning speeds the required window
of photopolymer processing is empirically found. Even the one photon ab-
sorption can be used to obtain 3D microstructures when tight focusing is
used [149, 150]. This explains why so different resists and resins optimized
for the one photon absorption at the UV wavelengths still can be employed
for 3D laser structuring at 800 and 1030 nm wavelengths using fs-laser
sources. At those wavelengths TPA is usually negligible (Fig. . Fig-
ure [12.2] shows the PLE spectra of SZ2080 with different photosensitizers
used in this study. In contrast to the SU-8, where the auto- fluorescence
is recognizable at wavelengths \7%* < 320 nm [166]. In SZ2080, the PLE

abs

peak is observed at A\J}%* ~ 340 nm in a pure resist and at 390 and 520 nm
in case of resist with Irg. and Bis. sensitizers, respectively (Fig. [12.2)). For
two-photon structuring at 800 nm wavelength the optimized resist is ex-

pected to have the A71%* peak corresponding to the absorption wavelength

of 1.24/(0.7 x 3.1[eV]) = 571 nm (Fig. [12.3)).
At the 1030 nm wavelength, the ionization rates slightly changes but

the conditions wimyp > wpyi is even stronger fulfilled since the quiver energy
of light-driven electrons scales as 5. o< A? (Eq. . In actual polymeriza-
tion at 1030 nm/300 fs, the SZ2080 with Bis. showed much larger feature
sizes of fabricated logpile structures as compared with the ones recorded in
SZ2080 with Irg. below breakdown threshold (Fig. for the very same
irradiation conditions. In order to be able to recover 3D logpile structures
in the case of all three different resists the concentration of photosensitizes
was reduced to 1wt.%. In such case, the structures recorded in resists with
photosensitizer were at the breakdown threshold similar to Fig. [12.4c). As
resist gets more optimized for laser structuring by TPA (closer to z = 0.7),

the feature sizes become larger. This is consistent with the analysis pre-
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Fig. 12.4. The smallest width of a photopolymerized log vs the ratio A7}% /A,

abs

where the A% ig the absorption maximum of the PLE (see, Fig. [12.2)) and \; nm

abs

is the laser wavelength: 1030 nm (7-3) and 800 nm (4,5). Right axis shows func-
tional behavior of TPA, (3, and refraction, ns, (see, Fig. [12.3). Inset SEM im-
ages (1-3) show structures made at the same focusing conditions corresponding to:
13 TW/cm? at focus Iy = % for pulse duration of 300 fs, wavelength 1030 nm,
pulse energy E, = 14.5 nJ) in pure SZ2080 (1) and doped with 1 wt.% of Irg. (2)
and Bis. (3). The markers (4,5) corresponds to SZ2080 with 2 wt.% of Irg. and
SU-8, respectively, structured with 800 nm, 150 fs pulses focused by NA = 1.42
objective lens.

sented above: as seeding electrons are produced more efficiently and at the
considerably higher avalanche rates as compared to multi-photon, the ion-
ization is stronger facilitating polymerization via bond cleavage and thermal
effects. The smallest achievable width of 3D logpile structures are plotted
in such a way (Fig. [L3.4) that resists with different sensitization (A7}%*)
structured at different wavelength )\; can be compared with expectations
for the two-photon absorption and refraction (the right axis). A recogniz-
able trend is that as \7}% increases or/and )\; decreases the smallest feature

size increases even when TPA 8 — 0 at z < 0.5. The smallest feature sizes

can be obtained in non-sensitized resist.
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Table 12.1.  Qualitative comparison of different laser structuring regimes for
1030 nm /300 fs pulses in SZ2080 at different photosensitization; focusing NA = 1.4
and scanning speed 100 pm/s.

Condition at focus: 572080 | SZ2080 + | SZ2080 +
Irg. 1wt% Bis. 1wt%

Polymerization threshold, | 14 (12.5) | 5 (4.5) 4 (3.6)

nJ (TW/cm?)

Quality structuring (midd- | 16 (14.4) | 7 (6.3) 5 (4.5)

le of the range), nlJ

(TW/cm?)

Explosion threshold, nJ |17 (15.2) | 12 (10.8) 12 (10.8)

(TW/cm?)

Uncontrolled burning, nJ | 18 (16.1) | 18 (16.1) 17 (15.2)

(TW/cm?)

A qualitative comparison of fs-laser structuring regimes at 1030 nm and
300 fs is summarized in Table for 3D logpile structures in terms of
pulse energy at focus (as usually measured in experiments) and in terms
of irradiance for tight focusing with a NA = 1.4 objective lens. A narrow
window of photostructuring exist in undoped resist however the smallest
feature sizes can be obtained, while laser structuring of more TPA sensitive
material (z — 0.5) results in larger feature sizes which are more sensitive
to laser power fluctuations. Other important parameters for the 3D laser
structuring are the laser repetition rate and overlap between laser pulses.
The cooling time of the focal region can be estimated as the t. = d?/D, where
d is diameter at focus approximately equal to the wavelength of irradiation
at a tight focusing considered here; D ~ 1073 ¢cm?/s is a typical thermal
diffusion constant in polymers [167]. This yields in cooling time of ~ 10us
which is much longer than 12 ns between adjacent pulses in the case of
80 MHz repetition rate of fs-oscillators. Hence, the 3D laser structuring by
oscillator irradiation is very different in terms of mechanisms from that by
amplified fs-lasers at kHz repetition rates when the focal spot has time to
cool down [168]. Here, we discuss a low repetition rate fabrication, which
is the simplest case.

It is noteworthy, that heat generated by exothermal photopolymeriza-
tion reaction is yet another factor enhancing polymerization. Since ther-
mal polymerization of many photopolymers occurs at approximately 150°C,

thermal accumulation can be used for a controlled heating of the focal vol-

61



ume providing a required control over 3D structuring [164]. Since polymer-
ization and cross-linking depends exponentially on temperature this can
provide an efficient method for 3D laser structuring of photopolymers.

For the considered here case of the pre-breakdown and breakdown poly-
merization, the mechanism of electron generation, i.e., chemical bond break-
ing changes the effective photo-initiation pathways and the bond cleavage
required for generation of radicals and cations can proceed directly via ion-
ization of the host (in addition to the standard pathway via photoinitiator
absorption and chemical bond opening). It has been established that unless
pulse duration is less than approximately 10 fs, the avalanche (an impact
ionization) is an efficient process fueled by multiphoton ionization [I59]. It
is also noteworthy that a standard role of photoinitiator (or a pair of photo-
sensitizer with initiator) in providing free radicals (or cations) becomes dif-
ferent for a high-irradiance fs-pulse exposure. Once photoinitiator absorbed
a photon and an electron in an excited state can undergo avalanche in a
quasi-continuum of excited states and promote bond breaking, hence, poly-
merization. In a strongly ionized photopolymer the avalanche is expected
to be a prevalent mechanism in chemical bond cleavage as demonstrated by
this order of magnitude estimation here. The avalanche usually proceeds
with heating of the focal region since the kinetic energy of electron should
exceed that of the bandgap by up to 50% in the case of fs-laser pulses in
order to comply with energy and momentum conservation of the avalanche

process [161].

12.2 Self-formation of nanofibers and

nanomembranes

FLMP is a technique enabling formation of 3D nanostructures in photosen-
sitive resins with sub-wavelength resolution and unmatched flexibility. How-
ever, controllable fabrication of sub-100 nm features by this technique is still
a challenge. Self-polymerization, also known as non-local polymerization, is
considered to be promising in this ultra-high resolution structure formation.
Recent observation of fragile self-polymerized fibers with tens of nanometers
diameter (nano-fibers) encourages the use of self-polymerization to produce

nanometer scale structures of different profile than fibers and define the con-
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ditions for controllable fabrication. "X"- shaped polymerized supports are
used as rigid structures to produce suspended self-polymerized features of
different nature (shape and dimensionality) in-between the walls of "X". By
laser writing a network of lines parallel to the substrate and perpendicular to
the long symmetry axis of "X" under different conditions, self-formation of
periodic nanofibers (diameter < 100 nm) and nano-membranes is induced
in acrylate photopolymer AKRES37. Depending on introduced exposure
dose spatial density, threshold behaviour of no-structure, nano-fiber, nano-
membrane and laser written lines is deduced. Preliminary model including
laser intensity, concentration of radicals, collapse force and distance between
supports as variables having threshold effect on final self-polymerized struc-
ture’s geometry is proposed to explain non-local self-polymerization.
Focused femtosecond beam introduces energy in a highly localized vol-
ume of a bulk photoresist via multiphoton absorption at the focal point.
Pre-polymer containing special photoreactive molecules (photoinitiators)
are excited at the beam waist. Generated radicals initiate local irreversible
cross-linking reaction resulting in formation of tiny rigid polymerized el-
ements - voxels [169]. These photomodified volumes can be produced in
a serial manner by light exposure of the photoresist and joined together
in a way to form any desirable 3D structure. After processing by laser
beam, unexposed material is washed out during development process so
that free-standing 3D structures anchored to the substrate sustain. Non-
linear character of the two-photon absorption and chemical threshold of
required radical concentration (Cyy,) for irreversible cross-linking result the
photomodified volume to be highly localized and the minimum size of a
voxel to be far below the size of beam waist limited by diffraction [170].
Thus, moving of the beam focus position in 3D enables DLW of arbitrary
polymer structures with sub-wavelength resolution [I71]. This DLW tech-
nique often referred as FLMP has emerged as a tool for the rapid, cheap,
and flexible fabrication of 8D nanostructures for photonics, microoptics,
nanofluidics and nanomechanics. Though the lateral size of the smallest
features of 3D structure fabricated by FLMP can be as small as 100 nm,
further decrease in size is of great importance and possibilities to produce
sub-100 nanometer structures still represent an appealing challenge.
Recently, self-polymerization of fragile fiber-like structures with sub-100

nm diameter suspended in-between rigid supports has been reported when

63



distance between the supports is below critical, Dy, ~ 1 pm [172] [173].
Critical distance refers to a maximum spacing between the supports suf-
ficient for self-polymerized features yet to form and sustain rinsing. Self-
polymerization occurs when laser generated radical concentration becomes
close to threshold (C' ~ Cy,) and is enough to self-assemble a feature which
sustains rinsing in an organic solvent. LFET has been proposed by S.-H.
Park et al [172] to induce and control self-polymerization of nano-fibers at
the interior region of rigid microstructures. Weakly polymerized regions
consisting of SCP were assumed to form around densely polymerized line
patterns formed of LCP varying lateral size of the voxels via LET. When
both sides of the line patterns were close enough that the weakly polymer-
ized regions overlapped (D < Dy;), numerous ultrafine nano-fibers of less
than 30 nm in diameter appeared throughout the overlapped region. D. Tan
et al [I73] have demonstrated that nano-fibers can be produced in control-
lable manner by increasing the incident laser power and accelerating scan
speed in order to shorten the exposure time. Both groups named the Dy, to
be the most important factor for self-formation of nano-fibers though their
proposed exposure conditions are rather opposing. In our work we present
results of experimental study on self-polymerization of nano-fibers as well
as 2D case of self-polymerized structures - suspended nano-membranes.
This phenomenon is investigated in custom made acrylate photopolymer
AKRE3T.

AKRFE37 was made by blending commercially available tris(2-hydro-
zy ethyl)isocyanurate-triacrylate (Sartomer Company, Inc.) monomer with
radical photoinitiator 4,4 -bis(dimethylamino)benzophenone (Sigma-Aldrich
Co.). Ethyl alcohol was used as a developer. Self-polymerization has been
studied by observing the formation of self-induced structures between the
rigid support objects fabricated using FLMP system ( Ti:Sapphire in LRC').
'X"-shaped polymerized supports were fabricated anchored to the glass sub-
strate in the drop-casted photoresist. The walls of the structure were fab-
ricated using 24 mW average laser power P and scanning speed v was kept
200 pm/s. The length of the supports was 100 um, they were intersecting
at the angle of 20° to have a gradient change of D and the height of the
walls was set 16 um. Self-polymerization has been stimulated by unidirec-
tionally laser writing the network of parallel lines oriented perpendicular

to the long symmetry axis of "X" support. Network of lines was written
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Fig. 12.5. Threshold behaviour for the self-polymerization of structures by varying
average laser power P and lines network period L.

at 15 pm height keeping fixed v of 200 pm/s, but changing P and period
between written lines L. With an intention to investigate the conditions for
self-polymerized structures to form in different exposure approach, v was
kept at the level intermediate in the range of that used by S.-H. Park’s and
D. Tan’s groups to fabricate nanofibers [172) I73]. After rinsing in ethyl
alcohol for 20 minutes at 60°C the resulting structures were dried out.

To evaluate the laser writing parameters for the network of lines result-
ing in self-polymerization of nano-fibers and nano-membranes at least five
samples were fabricated and examined at every set of writing parameters (P
and L) in order to test the repeatability. The lines with period of 0.1, 0.3,
0.5 and 0.7 ym were written between the walls of the support for several
different values of average power P which was varied in the interval from 9
to 15 mW (step of 1 mW). After analyzing the features which were formed
between the supporting walls, we identified three types of structures. The
first type was self-polymerized films (uniform thin membranes suspended

at 15 pm height and covering part of spacing between the supporting walls
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Fig. 12.6. Two types of formed structures: a) self-polymerized membrane (P
of 12 mW, L of 0.6 pm); b) thick film (P of 10 mW, L of 0.3 um). Noticeable
difference in films thickness is observed, though due to limited resolution of our
SEM thickness was not measured exactly.

where lines were written). The membrane edges were curved with the ra-
dius of curvature slightly different at opposite sides of the support. Radius
of curvature of the membrane edge was found to depend on the radical dif-
fusion direction along the symmetry axis of the support (perpendicular to
the laser written lines). Although the SEM images did not allow accurate
measurement of the membrane thickness, it has been estimated to be far
below the longitudinal size of the rigid voxels as was deduced from the SEM
images of the samples taken at 45° angle. Another two types of structures
were thick films, forming when fabricated at certain P and L lines overlap
(angular SEM image shows thickness of the film to be equal to the longi-
tudinal size of the voxel) (Fig. , and separate lines, forming when L
is increased. Except of these main types of the structures, cracked films,
periodic self-polymerized fibers and other intermediate structures were also
observed in some cases but fabrication conditions resulting in appearance
of these structures were not investigated in detail. Probability for each of
the three main structural features to form has been roughly estimated by

analyzing the SEM images of samples which were fabricated using the same
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P and L. If four out of five samples fabricated under the same conditions
where of the same type (the same kind of the structures formed), the prob-
ability for that type structure to form was assumed to be one. Figure [12.5
reflects the threshold character of self-polymerization in terms of diverse
structure formation. It shows that none of the structures appear between
rigid supports up to P of 10 mW. Though the threshold power Py, for rigid
structures to form in AKRE37 was estimated to be about 12 mW, self-
formed membranes were observed both below and above this P, depending
on the density of laser written lines. These self-formed membranes extend
over considerable area so that the distance covered between the supports is
much bigger (up to 8 times) compared to critical distance for nano-fibers
(~1 pm) [I72, 173]. At higher P the formation of thick instead of thin
films suspended between the walls was observed. Switching to this type
structures also showed threshold character for every L of the network. At
the P > Py, thick film type structures switched to solid lines formation
as expected in FLMP fabrication. P of 10 mW was found to be enough
for self-polymerized membranes to form in-between the walls when scanned
lines were packed densely enough. When writing lines with L of 0.5 pm
and P of 12 mW, sometimes intermediate structures were formed, including
separate lines and small islets of thin film in-between the polymerized and
self-polymerized lines. Individual high resolution lines were formed when L
was of 0.5 um and P of 15 mW. Periodic nano-fibers of about 50 - 100 nm in
diameter self-composed in-between the polymerized lines (Fig. were
also evident. Those fibers were formed periodically within ~350 nm in the
gap of 400 nm of previously photopolymerized lines corresponding to be
the support structures, which tend to interact among each other resulting
in diminished distanced in-between.

Our results show that nano-fibers could self-form when laser writing
at P ~ Py, and at v of intermediate value compared to those in [172] 173]
and generating radicals with density which is not sufficient to form robust
structural features. Moreover, to our best knowledge self-polymerization of
nano-membranes has not been reported previously. The films in-between
the walls of "X" form as the SCP may be entangled into the surface lay-
ers of the laser written network of lines due to the chain elongation during
the diffusion dominated processes of chain reaction or polymerization ter-

mination [I74]. Due to capillary forces self-formed films are concave and
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Fig. 12.7. a) Image showing the formation of particular "X" structure and lines
network; b) SEM image of self-polymerized structures in-between the laser poly-
merized lines (P of 14 mW, period of 0.7 gm): thin fibers compose within periodic
distance in the gap of 0.5 pm.

curved at the edges. During the rinsing the solvent evaporates faster from
the membrane surface than from under it and the capillary forces bend the
film downward. The edges of the membrane curve because evaporation of
the solvent makes the polymer deform. Noticeable difference in radius of
curvature of membrane edges dependent on the direction of the lines net-
work formation might be explained by the preferential direction of SCP
diffusion towards the existing structures (in this case, the "X" walls) [I75].
In one case, the creation of high radical and SCP concentration starts away
(D > Dyp,) from already polymerized "X" walls and is extended towards the
intersection point ("X" center) of the walls. That means that chains tend to
propagate the same direction as the concentration of radicals and SCP, and
do not terminate until LCP meet which is more likely to happen in the area
where irradiation started or near the "X" walls. If the chain is terminated
before one of its ends is attached to the "X" wall, the whole chain is washed
out during development process. The probability of this to happen reduces
as the irradiated area gets closer to the center of "X". In other case, radicals
and SCP are started to generate already close to the center of "X" and tend

to connect into chains and attach to the "X" walls first, because the distance
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Direction of the formation of lines network

Fig. 12.8. ITmages showing the expected profile of lines formation in-between the
supports: (a) the model; (b) the actual SEM image of the sample; (c¢) and (d)
magnified images of structure ends reflecting different quantity of formed lines
dependent on the direction of network formation.

for those SCP to diffuse towards already polymerized supports is already
minimal and only increases as the network of exposed lines is extended
away from the center. Therefore, the curvature radius of the membrane
edge, formed when radicals were started to generate away from the sup-
ports, is smaller than the one of the membrane edge, formed when radicals
were started to generate at the center of "X". Due to the same reasons the
number of lines polymerized in-between the supporting walls discussed in
the first case is much smaller than in the other (Fig. [12.8)). Obtained results
show that the distance between the supporting structures definitely influ-
ences the formation of self-polymerized membranes. That is why Dy, plays
crucial role determining self-formation of nanofibers and nanomembranes.
Though our results on studying self-polymerization of nano-membranes are
well consistent with earlier data referring to critically important role of
the Dy, we suggest that the practical success of controllable fabrication of
nano-features is actually greatly influenced by the collapse force threshold
(Fy), emerging during developer evaporation process, which is the feature
of both the material and the structure [176]. To fully describe the critical
factors influencing the final self-formed feature, four conditions has to be

fulfilled: 1) average laser power P ~ Py in order to initiate two-photon
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absorption; 2) concentration of radicals C' ~ Cy, to initiate polymerization
chain-reaction; 3) material rigidity F' < F}, not to sustain structure having
geometry of laser scanned trace; 4) distance between supports D < Dy, in
order for the SCP to be entangled in higher polymerized regions of supports
instead of being washed out. It is worth to mention that all these parame-
ters are very crucial for self-polymerized features, making them extremely
case sensitive.

The current study shows that, when laser writing the line network
between solid polymerized supporting structures under appropriate con-
ditions, suspended nanofibers and nanomembranes can be formed in repeti-
tive manner. Compared to the previously reported works, our experimental
results confirm the most important parameter to be critical distance be-
tween the supports. Nevertheless, it contradicts to the assumption that
the LET [§ or high laser power and sample translation velocity are re-
quired to induce self-polymerization [9]. Additionally, we found threshold
behaviour of no-structure, nanofiber, nanomembrane, laser written line for-
mation depending on average laser power P and distance between writ-
ten lines L. A simple model is proposed predicting required average laser
power, concentration of radicals, material rigidity and distance between sup-
ports for self-polymerization to be induced. These conditions are defined
in relation with the threshold parameters respectively P ~ Py, C ~ Cy,,
F < Fy, and D < Dy;,) and must be satisfied in order to achieve repeatable
self-polymerization of nano-features. Precise control of this femtosecond
laser induced self-polymerization could open a way for fabrication of nano-
membranes which could be widely applied in nanomechanics, nanofluidics,

nanophotonics and plasmonic metamaterials.
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13 FABRICATION AND
CHARACTERIZATION
OF MICROOPTICAL
COMPONENTS

13.1 Integrated microoptical components

This section is based on experimental results presented in references [177]
and [I78]. The femtosecond laser-induced multiphoton polymerization of
a Zr-Si based sol-gel photopolymer was employed for the fabrication of a
series of microoptical elements with single and combined optical functions:
convex and Fresnel lenses, gratings, solid immersion lenses on a glass slide
and on the tip of an optical fibre. The microlenses were produced as poly-
mer caps of varying radii from 10 to 90 gm. The matching of refractive
indices between the polymer and substrate was exploited for the creation
of composite glass-resist structures which functioned as single lenses. Using
this principle, solid immersion lenses were fabricated and their performance
demonstrated. The magnification of the composite solid immersion lenses
corresponded to the calculated values. The surface roughness of the lenses
was below ~30 nm, acceptable for optical applications in the visible range.
In addition, the integration of microoptical elements onto tip of optical fibre
was demonstrated. To increase the efficiency of the 3D laser polymerization,
the lenses were formed by only scanning the outer shell and polymerizing
the interior by exposure to UV light.

Microfabrication by multiphoton polymerization (MPP) is a relatively
new, direct laser-write technique which allows the flexible 3D structuring of

photopolymers at the micro/nanoscale [I]. To date, it has been employed
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in the fabrication of photonic [179, B35, 180, 132, K1), 52), [50], micro-optical
[53), 18T, 182] 54, 92], 183], and microfluidic [I84], 163] micro/nanodevices.
As new photopolymers, specifically designed for MPP, emerge, detailed in-
vestigation on damage threshold, resolution improvement, and search for
methods to increase fabrication throughput evokes further efforts in con-
trollable and reproducible manufacturing of optical components. New de-
signs of complex miniaturized and integrated optical, opto-fluidic devices
and sensors are required.

For the fabrication of high quality MicroOptical Elements (MOE), the
photopolymer properties play an important role. The low post-fabrication
shrinkage of hybrid resists is desirable for the fabrication of microoptical
devices and photonic crystals over larger areas with cross sections above
100 um, as shrinkage is a primary cause of deformation and detachment at
the periphery of polymerized structures with larger cross-sections. This is
because the strain, ¢ = %, for a small lateral shrinkage length Al over length
[ would cause the force defined by Hooke’s law F = €Y and predicts a strong
deformation of material with a lower Young modulus, Y, on the polymer-
substrate boundary. As the material employed here, the silicon-zirconium
containing hybrid SZ2080 material suffer less from shrinkage compared to
commonly used acrylate based or other sol-gel organic-inorganic materials
[25], 185], 10T, 186], the microstructures fabricated using it are prone to a
lesser extent to such failure. Also, its glassy nature makes it compatible
with glass substrates for microfluidic applications, where hydrophilic sur-
faces are required. It is of outmost importance to anchor the fabricated
microstructures onto the substrate, to withstand the development of the
unsolidified resin [I18]. When required by design, the polymerized regions
can be re-exposed since the polymerized material is still highly transparent
to IR light.

An 100 nm spatial overlap of neighboring pulses corresponds to a scan-
ning speed of 100 um/s. The spherical aberration due to refractive index
mismatch between the immersion oil (n = 1.515) and the glass substrate
is negligible and spherical aberration-free structuring conditions exist for
focusing depths up to ~30 pm [I87].

The focal lengths of the fabricated lenses were varied from several tens
to hundreds of micrometers. For measuring such small focal distances a

microscope setup mounted on a micrometer step-motor with step size of
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Fig. 13.1. Optical characterization of micro-optical element (a p-lens) formed on
a cover glass (a) and optical fiber tip (b).

2.5 pm (Standa) was used, as shown in Fig. [13.1h). As the stage moved,
the focal plane of the microscope objective crossed through the focus of the
fabricated microlenses, which was illuminated by collimated light from a
LED. An image of the light distribution was captured using a CCD camera.
The images were analyzed by fitting a Gaussian function to the acquired
light distribution and the focal length of the lens was calculated. The
same approach was used for the fibre-integrated microlenses (Fig. [13.1p).
Spherical lenses with different radii of curvature and therefore different focal
lengths were fabricated. The glass surface was considered as the reference
for the focal distance measurement using the experiment described above
and using the thickness of the lens as an offset (fabrication parameter). For
validation, spherical lenses were fabricated and their focal length, which
should be twice the radius of curvature, was measured.

Faster processing makes cost-effective the fabrication of multiple optical
elements and arrays such as those used in micro-imaging and in light collec-
tion for solar cells. As recently demonstrated [I31], shorter wavelengths of
fs-laser irradiation increase the polymerization rate, hence, smaller overlap
between adjacent pulses and smaller laser power can be used making laser
polymerization more practical. Here, an array of aspheric microlenses was
fabricated in SZ2080 with frequency-doubled 515 nm/300 fs pulses at a fast
200 pm/s scanning speed using an immersion oil objective lens of numerical
aperture NA = 1.25. Their diameter was d = 50 yum and maximum height
h = 11.7 um. The radial distribution of the height of a positive aspherical

lens is given by a condition:

h(r) = le (F —ny/R2 4+ F2 4 \/(m/R? +F2 - F2)2 (1 —n2)(r2 — R2)>

(13.1)

73



where n is the refractive index of lens, F' is the focal length, and R is the
radius. This condition was derived for geometrical optics rays parallel to
optical axis and converging to a single focal point, thus reducing spherical
aberrations. The fabricated lens was tested by setup shown in Fig.
using a NA = 0.9 objective lens. The experimental value of the focal length
Fezp = 48 pm was close to the designed focal length F' = 50 pm. An error
might be reduced by taking into account the height of the voxel.

In order to minimize the structural distortions of the photopolymerized
MOFEs and to make the fabrication sequence fast and practical, the area
photopolymerized by direct writing should be minimized. The function of
a volumetric microlens [54] can be also carried out by a Fresnel microlens
(Fig. [13.2k)) which occupies a smaller volume and, hence, has advantages
for integration into micro-electro-mechanical systems (MEMS), their optical
counterparts (MOEMS), or microfluidic chips. The used shell-formation
approach without lengthy raster-scanning of the entire volume (Fig. [L1.4h)
serves this purpose. The entire laser exposure process is reduced by a factor
of f. ~ 335 for the case described previously in Chapter 11.1. The used shell-
forming fabrication is a favorable approach for Fresnel lenses which require

high precision in surface definition.

Fig. 13.2. p-lenses and their performance. (a) an optical image of polymerized
aspherical lenses; see text for details. (b) Image of the laser ablated logo pattern
taken by the lenses shown in (a). The inset shows the image of pattern maks VU
LRC ablated in copper film; scale bar 500 pm. (c¢) SEM images of test samples:
a Fresnel half-lens and structure for a surface roughness determination on a cover
glass formed by the fast polymerization sequence
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Fig. 13.3. (color online) (a) Top-optical view of the polymerized Weierstrass-
sphere solid immersion lens (SIL). The inset shows the design where truncation, 7',
is defined by the radius, R, and refractive index, n, as T = R+ R/n. (b) Top-view
of the micrometer grid (the imaging object shown in inset of (a)). (c¢) The image of
the scale through polymerized SIL. All images were taken with the same objective
lens (Olympus plan FL N 10%0.25).

Results showed that formed microlenses have near spherical surface,
which closely corresponds with a spherical computer model, used for poly-
merization. Average deviations from the spherical shape were less than
0.5 pm which is < 2.5% of absolute value (Fig. [13.4h). It is important to
note that voxel size and shape was taken into consideration while construct-
ing the computer model used for polymerization. This allowed forming more
precise shape of a microlens.

SILs are spherical plano-convex lenses that can be used to increase the
numerical aperture, as well as the magnification of a microscope objec-
tive [I88]. SILs are an interesting possibility for microscopic and spectro-
scopic applications, especially when liquid immersion techniques with water
or oil cannot be used, eg., at temperatures below freezing. Another advan-
tage is that a wide range of materials can be used to tailor the optical
and mechanical properties of the immersion medium to the application as
needed.

SILs increase the numerical aperture of an imaging system in two dif-
ferent ways. Firstly, the NA depends linearly on the refractive index ngjy,.

SILs that have a half-sphere geometry rely on this effect, and refraction
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Fig. 13.4. (a) p-lens shaper and bi-functional microoptical component. Compar-
ison of R = 70 pum cut off sphere and fabricated microlens. Average deviations
from the spherical shape were less then 0.5 pm. (b) Hybrid micro-lens with a
phase grating. The curvature radius of the lens is R = 67 um, grating period

= 2.4 pm. The crosection and topography images taken by profilometer (Pl p
2300, Sensofar). Inset shows a profile measured by AFM (Scanning probe, AFM
dimension 3100, Digital Instruments).

on the surface is kept minimal as the incident angle on the lens is nearly
90° degrees. The optical path length inside the medium is also constant,
so chromatic aberrations are minimal. Secondly, by using the refraction
on the surface of the SIL an opening angle can be increased. Typically
a Weierstrass-sphere geometry (a sphere of radius R with refractive index
nsrr truncated to a thickness T of T = R+ R/ngyr) is used as it does not
introduce additional spherical aberrations into the optical system [189]. Be-
cause this geometry uses both effects the increase of the numerical aperture
is greater than the one of the half-sphere SIL and NA « n%;;.

The second effect that solid immersion lenses have on optical imaging
is the increase in magnification, which depends on the refractive index ngyy,

of the lens, its radius of curvature R and its centre thickness 7"

nSIL
M' =M x T;RR(l—nSIL)ﬂLf (13.2)
For a hemispherical SIL when T'= R, the numerical aperture as well as the
magnification increases by a factor of ngyy, the refractive index of the lens
material. For a Weierstrass-sphere SIL the increment factor equals n%;; as
follows from eqn. [13.2]
Figure[13.3|shows the design and performance of the polymerized Weier-

strass-sphere type SIL. This was made by only polymerizing the top part
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Fig. 13.5. Imaging of the light passed through an array of 2x 2 of hybrid microlens-
phase grating components at different distances from the cover glass surface as
indicated. The orientation of gratings is shown schematically on the left-side image.
The curvature radius is 67 pm; diameter 90 pym. Focus position at ~ 120 um
distance from the surface of cover glass. The marks D and F denote diffracted and
focused beams, respectively. See, supplementary online movie showing focusing
and diffraction of this hybrid lens.

of the lens (see, inset in Fig. [13.3h). The combination of the cap and glass-
substrate functions as a SIL due to the good matching of the refractive
indexes between the SZ2080 polymer (1.504) and cover glass (n = 1.52).
The curvature radius of the Weierstrass-sphere SILs is 92 pum, the thickness
of the glass substrate is 144 + 1 ym. The manufactured polymer cap has a
centre height of about 12 ym and a diameter of 93 pm. The focal length of
the microlens was measured to be 175+ 3 um. The SIL was used to image
a line grating (10 pm linewidth) with an ordinary microscope as shown
in Fig. [13.3c. The magnification of SIL is calculated to be M = 2.4 + 0.1
which is near to the expected value of M = n%,, ~ 2.3. As arbitrary
freeform surfaces can be created it is possible to use complex optical surfaces
that are more complex than plain, spherical ones. Aspheric SILs could
be designed to suppress aberrations and to improve imaging quality. It
is also possible to manufacture solid immersion lenses directly onto the
sample. It is noteworthy, photo-polymerized photonic crystal templates or
microlenses can be used for imaging inside liquid, since the phase delay
of light introduced by the 3D polymeric structure alters the phase of the
passing light. As a result an imaging of the out-of-focus plane is possible
by a 3D PhC template [177].

Refractive microlenses are widely used in optical communications, digi-

tal displays, optical data storage, beam formation and bio-imaging as well
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50 um

Fig. 15.6. SEM images of a tilted micrograting (a), a microlens (b) and a micro-
prism (c) photo-polymerized on a optical fiber tip.

as biomedical applications. The diffractive optical components offer com-
plimentary beam shaping versatility. There are many different methods to
fabricate refractive and diffractive microoptics [190, [191], however, the is-
sue of manufacturing hybrid components in a single step procedure is still
outstanding. Direct write polymerization offers unmatched flexibility in the
production of bi-functional refractive-diffractive micro-optical devices. For
example, microlenses with a phase grating on them can be manufactured
in a single step, (Fig. as well as microlens arrays, where each lens has
on it a differently oriented grating (Fig. [13.5)).

Fig. 13.7. Focusing of light emitted from the fiber with the tip-lens (a) and
without (b). The dashed-circle marks the circumference of the fiber tip; lines are
eye guides for the focusing and diffraction. The focus of imaging plane is at the
fiber tip z = 0 pm (left), at the focus z ~ 33 um, and z = 100 pm from the tip of
fiber (right side images).
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Figure [13.5] shows a light beam propagating through a hybrid micro-
optical element, as it is focused by the spherical profile shape and diffracted
due to the periodic lines on the surface. Zero to fourth order diffraction max-
ima were observed. In optical elements arrays diffraction gratings of neigh-
boring lenses can be formed at a varying angle, allowing different light flow
control variants to be achieved. There has been already shown that fibre-
top micro-optics can increase their coupling or splicing efficiencies [192].
However, their manufacturing is not an easy task, starting from the precise
positioning of the fiber. Figure shows a tilted 2D grating, a lens and
a prism hybrid structure fabricated on the tip of an optical fibre by direct
laser writing. The lens is functional as qualitatively illustrated in Fig. [13.7]
The average surface roughness across the polymerized surface was typically
~ 30 £ 3 nm (Fig. [13.8)), which is already in the range of a tenth of an
optical wavelength in the visible spectral range. The roughness of ~5 nm is
due to grains formed during the fabrication and development process. Such
roughness is acceptable for optical devices such as microlenses.

In order to demonstrate versatility and applicability of the laser poly-
merization technique single optical elements of complex surfaces such as as-
pherical, Fresnel, and solid immersion lenses were fabricated by raster scan-
ning only outer shell. In addition, MOFE with combined optical functions
and hybrid refractive-diffractive optical elements integrated with optical fi-
bres are presented. The formation of single and hybrid refractive-diffractive
elements by fs-laser polymerization was demonstrated using a fast and prac-
tical shell-formation and UV homogenization procedure. Such processing

sequence speeds up the laser exposure by a factor of ~ 102. The refractive

Fig. 13.8. Surface roughness of a fs-laser polymerized SZ2080. (a) shows typical
AFM measured profile and (b) line-marked cross section.
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index matching between cover glass and SZ2080 was exploited for the fabri-
cation of functional SIL lens by cap-polymerization. Imaging magnification
increase by ~ 2.4 times, as expected for a fully formed SIL, was experi-
mentally demonstrated. Arrays of such SIL lenses can be formed on cover
glass or outside walls of micro-fluidic chambers and used for laser trapping.
The integration of a diffractive grating and lens on the tip of optical fibre
was demonstrated. The fabrication of single micro-optical elements, and
the possibility to make optical elements with combined functions and their
integration into fibre optical elements adds new functionalities in the fields

of optomechanics, optofluidics, and sensors.

13.2 Elements of photonics

Rapid progress in photonics has been achieved because of continuous ad-
vances in nanotechnologies, materials science, microoptics, theoretical phy-
sics and development of microfabrication techniques. Polymers have emer-
ged as an important class of materials for applications in photonics. In
particular, interaction of light with materials possessing a periodic modula-
tion in their structure has led to a range of interesting and sometimes even
unique effects, which have shown promising applications in the production
of Bragg mirrors, optical switches, spectral and spatial filters [193, 194],
superprisms [195], waveguides, and optical resonators [196]. In this section,
sample polymeric nanostructures doped with fluorescent dyes are presented
as models for opticaly active components.

Though the main attractive features of the FLMP are explored in de-
tails in the reference papers [197, 63], possibility to fabricate doped polymer
structures by DLW is still important issue to be examined. For the fabri-
cation of functional devices, doping of polymers with various active dopant
molecules or nanoparticles could be essential in order to ensure required
function relevant to application. Organic dye molecules could be an exam-
ple of dopants providing fluorescence and lasing ability of the fabricated
microstructures. Wide range of dye molecules with different properties is
available in the optical region from UV to NIR wavelengths [198]. When
introduced into polymer structures, these dopants could serve as fluores-
cence markers in order to examine the interior of 3D devices using modern

laser scanning fluorescence microscopy methods enabling optical section-
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Table 13.1.  Properties of fluorescent dyes in ethanol (*quantum yield in
methanol).

Fluorescent dye | Absorption peak, | Emission peak, | Quantum yield
nm nm

R6G 530 556 0.95

Fluorescein 512 530 0.75

DCM LC6500 472 644 0.44

Coumarin 152 | 397 510 0.19

ing. Internal diagnosis of fabricated structures is of great importance for
the development of FLMP technology towards high accuracy true 3D fabri-
cation [199]. In biomedical applications, fluorescing scaffolds for cell culture
growth would enable better imaging of proliferating cell cultures [200], 201].
Finally, tunable light sources integrated in LOC microsystems are attrac-
tive for novel sensor concepts. One of such photonic device for compact
integrated light sources is DFBL [202], which cavity is based on light-
confinement in a Bragg’s grating. Such microlasers are particularly suitable
as LOC components because of possibility to integrate them with other
functional polymer components. Moreover, in order for the lasers to be
used in sensor systems a large Free Spectral Range (FSR) of the cavity is
required, which often implies having subwavelength features [203]. In this
paper, we present recent results on fabrication of organic dye doped polymer
microstructures by using direct writing technique based on FLMP.

The used FLMP setup was Ti:Sapphire LRC. In these experiments
negative tone sol-gel SZ2080 material was used photosensitized with 4,/ ’-
Bis(dimethylamino Jbenzophenone as the photoiniator. Organic dyes used
as dopants were R6G (Molecular Probes Inc), fluorescein (Acros Organics
b.v.b.a.), DCM LC6500 (Lambda Physik AG) and coumarin 152 (Sigma-
Aldrich GmbH), (see Table for data and Fig. for graphed spec-
trum). For doping of the photoresist, dyes were dissolved in isopropanol
(Riedel-de Haen AG), and then the solution of a dye was mixed with
S72080. The dopant concentration has been varied from 0.01 wt.% up
to 0.05 wt.%. The highest concentration used was limited by the dye solu-
bility. If the dyes were not completely dissolved, microexplosions occurred
and bubbles appeared in photoresist during fabrication. R6G and fluo-
rescein have been selected for fabrication experiments using two different

dopants due to the high fluorescence quantum yield and the difference in
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Fig. 15.9. Normalized emission spectra of SZ2080 doped with fluorescent dyes
registered at excitation wavelenght of 409 nm.

the emission spectra.

SEM image of 3D pyramid fabricated out of SZ2080 doped with R6G
up to 0.05 wt.% is shown in Fig. ) The pyramid is fabricated as
hollow woodpile-like structure in which every layer starting from the base
consists of two sets of four densely packed parallel rods at opposite sides
of the square layer of the pyramid. In every adjacent layer, sets of rods
are shifted to the center of the pyramid and rotated by 90 degrees rela-
tive to the previous below laying layer. Thus, the resulting structure is
hollow square pyramid, which height and base length is 30 ym and 65 pym
respectively. As seen from SEM image, quality of the fabricated structure
is quite good and no negative influence of dopant entrapped in the polymer
has been detected. Under illumination by blue-green light the feature fabri-
cated shows bright fluorescence with spectral features characteristic to the
dopant R6G. It allows usage of the confocal fluorescence microscopy meth-
ods in order to examine the interior of the pyramid by optical sectioning.

Fluorescence imaging was carried out by using conventional custom made
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Fig. 13.10. SEM (a) and fluorescence (b) microscope images of 3D hollow pyramid
fabricated out of SZ2080 doped with R6G.

confocal microscope. Femtosecond excitation pulses at 409 nm wavelength
were focused by 50x (NA = 0.8) objective lens inside the pyramid. Emitted
fluorescence was collected by the same lens and detected through dichroic
mirror and confocal aperture of 60 um diameter. Fig. ) presents the
result of fluorescence imaging of the interior of doped hollow pyramid. Op-
tical sectioning was carried out layer-by-layer from the base of the pyramid.
The confocal section of the pyramid few woodpile layers below apex, shows
clearly resolvable rods forming opposite faces of the pyramid at the partic-
ular height. Though SEM imaging provides information on rather regular
structure of the outside of the pyramid, fluorescence microscopy reveal, that
internal surfaces of the pyramid faces are covered with irregular structures
probably formed during development procedure and drying of the rinsing
solvent (Fig. [13.10b)). Thus, our results demonstrate not only possibility
but also the importance of examining the interior of the 3D structures fab-
ricated by FLMP technique. We demonstrate that doping of the materials
used for fabrication by FLMP with fluorescence marker molecules does not
decrease the quality of the fabricated structures. However, it enables study
of the interior of 3D structures by scanning microscopy techniques with
optical sectioning capabilities such as confocal or nonlinear fluorescence mi-
CTOSCOPY.

The possibility to fabricate structures consisting of two or more materi-
als having different mechanical and/or optical properties on the same sub-

strate could offer the way to create “smart” microstructures. These struc-
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tures act as a pre-designed micromechanism which is affected to changes in
environmental conditions (eg. actuator) [204]. To test this idea, we fab-
ricated two component grating out of 572080 doped with R6G and fluo-
rescein up to 0.05 wt.%. The grating was fabricated in successive manner
using standard sample preparation, fabrication and development procedures
for every doped component. Firstly, horizontal lines were fabricated out of
SZ2080 doped with R6G and then unexposed photopolymer was washed
away. Secondly, fluorescein doped SZ2080 was drop-casted on free-standing
horizontal lines and vertical lines were formed. The period of the grating is
5 pm. Fluorescence imaging (wavelength 800 nm, objective 8x (NA = 0.5))
results are presented in Fig. As emission spectra of R6G and fluo-
rescein are partially overlapping (Fig. , better spectral separation of
different components of the grating was achieved by narrow bandpass filters
(520 nm and 500 nm, spectral bandwidth 10 nm FWHM) in front of the
detector. Though separation of the grating components was not complete
due to spectral overlap and fluorescein emission, horizontal grating lines
are well resolved in raw fluorescence image detected through 520 nm band-
pass filter (Fig. [13.11h)). The only fluorescein-doped vertical lines of the
grating are present in the image taken through 500 nm filter (Fig. [13.11p)).
However, concentration distributions of dopants calculated from raw images
(Fig. [13.11k) and d)) reveal the presence of fluorescein in R6G-doped hori-
zontal line component of the grating as well as accumulation of R6G at the
edges of vertical lines doped with fluorescein. It is probably that this has
happened due to extraction of dopants into rinsing solvent during second
development procedure. Drying of the solvent results in accumulation of
dopants at the edges where lines are attached to the glass substrate.

Structures fabricated by FLMP out of biocompatible polymers are sup-
posed to serve as scaffolds for stem cell growth in regenerative medicine [95].
Marking scaffold with fluorescent dyes helps to trace cell proliferation in it
as the structure is highly fluorescent upon investigation [63]. Fig.[13.12h)
represents one of possible doped scaffold models for cell growth fabricated
over relatively large area (1 x 1 mm?). The dimension of one honeycomb line
is 20 um. Recently tested fluorescing scaffolds in preliminary cell growth
enables more detail observation of growth process using fluorescence mi-
croscopy methods.

Finally, one of the ultimate goals of doping polymer nanostructures with
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Fig. 13.11. Scanning fluorescence microscopy images of two component grating
fabricated out of SZ2080 doped with fluorescein (vertical lines) and R6G (horizon-
tal lines). a) and b) are row images taken through 520 nm and 500 nm bandpass
filters, respectively. c¢) and d) are calculated concentration distributions of fluores-
cein and R6G, respectively. Scale bars are 5 pm.

Fig. 13.12. SEM images of: a) scaffold fabricated out of SZ2080 doped with
fluorescein. b) distributed feedback dye laser resonator model fabricated out of

SZ2080 doped with R6G.

highly fluorescent molecules is to open the way for constructing optically
active devices such as microlasers which would exploit the new possibilities
of nanostructuring technologies of the lasing materials. One of the chal-
lenges is to produce microlasers such as DFBL [205]. An example of DFBL
resonator model fabricated out of SZ2080 doped with R6G with linewidth
of 280 nm and period of 850 nm is shown in Fig. [13.12b). Such lasing
microstructures are supposed to be beneficial of compact size, low power
consumption and easy integration into more complex LOC"s fabricated by
using the same technological approach. The optical resonator is based on
Bragg’s grating structure with introduced phase shift of a A/2 in the middle
of resonator in order to obtain a single resonance for each Bragg’s reflection.

The grating parameters were calculated to satisfy the Bragg’s condition:
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MAm = 2\op (13.3)

where m = 1, 2, 3.. is the reflection order, \,, is the wavelength and
Aop is the optical path length of one grating period [205]. Estimated optical
path and linewidth for the third order reflection is 846 nm and 282 nm re-
spectively. In order to test lasing ability of the DFBL model, the fabricated
structure was side-pumped by frequency doubled radiation of Q-switched
Nd:LSB microchip laser (531 nm, 0.5 ns pulse duration at 5 kHz repeti-
tion rate, Standa Ltd). Fluorescence of the structure was analyzed with
high resolution spectrometer (HR2000, Ocean Optics Inc.) expecting the
spectral narrowing of the fluorescence at the higher optical pump intensity
than threshold required to initiate lasing. However, we noticed bleaching
of fluorescent dye when the resonator was pumped at the higher intensi-
ties required for the spontaneous emission generation. This implies, that
limited photostability of dopant molecules is one of the main obstacles to
get lasing of polymer microstructures. Possible solution for this problem
could be encapsulation of fluorescent dye’s molecules into dendritic macro-
molecules (dendrimers) [198] making organic dyes less affected by reactive
species such as radicals and singlet oxygen.

Here it was shown that doping of 572080 with fluorescent dyes (R6G,
fluorescein, DCM LC6500 and coumarin 152) up to 0.05 wt.% does not sig-
nificantly reduce photostructuring capabilities of FLMP technology. Doped
3D micro/nanostructures were fabricated out of SZ2080. We demonstrate
that doping with fluorescent dyes enables diagnosis of internal structure of
fabricated 3D features by the means of fluorescence microscopy techniques.
Doped artificial scaffolds for cell growth were fabricated facilitating obser-
vation of cell proliferation. Finally, DFBL laser model was successfully
fabricated from SZ2080 doped with R6G. Low photostability of the dye in
polymer matrix still remains the main problem to be solved in order to get

functioning microdevice.
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14 3D SCAFFOLDS FOR
STEM CELL GROWTH

Due to diseases or traumas the demand of tissues and organs which could be
implanted into patient is high [206]. However, in order to engineer artificial
tissue out of autologous cells, specific extracellular material of complex 5D
architecture is needed. In nature, cells in living organism are surrounded
by extracellular matrix which plays an important role in cell functioning,
proliferation, differentiation, adsorption and others. Extracellular matrix
forms natural scaffolds for every tissue. At this point, studies are focused
on producing artificial scaffolds out of biocompatible materials. Such scaf-
folds could act as a skeleton for controllable stem cells growth and formation
of artificial tissues [207]. FLMP technology satisfies the requirements based
for 3D fabrication of scaffolds and range of photostructurable polymer ma-
terials are known to be biocompatible [208]. Furthermore, proliferation and
differentiation of stem cells can be controlled by changing chemical and me-
chanical properties of the used materials [209]. Nevertheless, much efforts
are still needed to improve the fabrication technology itself, increase effi-
ciency as well as study cell growth and behaviour. Using new approaches,
such as embryonic stem cells as cell source and novel design of 3D scaffolds,
tissue engineering brings a promising future to patients requiring tissue re-
pair and organ replacement [210].

Nowadays, complex form polymeric matrices are designed for primary
stem cell growth. It can serve as an artificial scaffold for growing tissue
in practice of regenerative medicine, which has its special requirements.
There is a need for controlled porosity because every tipe of tissue has its
individual best pore sizes to grow [210]. For eg., the pore size of 5 ym
was shown to be sufficient for neovascularization [211]. For chondrocyte
culture, more chondrocytes appeared as spherical chondrocytic morphology

and were closely packed in scaffold with 20 um pore size compared 80 pm
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pore size. At bigger pore size, chondrocytes preferred to spread over the
wall of the pores as elongated morphology and cell-cell interaction was lim-
ited [212]. For fibroblast ingrowth, the optimal pore size was found to be
20 pm [213]. Relatively large pore size such as 500 ym was also successfully
used for fibrovascular tissue ingrowth [214]. For adult mammalian skin,
20-125 pm were found to be the optimal pore size range [215]. The pore
size range of 135-635 um was applied to engineer adipose tissue [216]. The
effect of pore size on bone ingrowth provided by various scaffolds in bone
engineering covers 10-800 yum. Pore sizes of 200-400 pm were suggested
to be the optimum and pore sizes of 80-100 pm were considered to be the
minimum for bone ingrowth due to osteoconduction [217]. However, the
optimal pore size of the scaffolds depended on the mechanism of tissue re-
generation, but with FLMP porosity can be strictly controlled in a flexible
manner. The biodegradation or biostability of the scaffold is essential to
match the rate of neotissue formation [218]. FLMP can be applied for 3D
out of biodegradable and with biostable materials depending on targeted
application. Laser fabricated created scaffolds can have required mechanical
integrity and maintain the predesigned tissue structure, also they have been
proved to be non-cytotoxic and positively interact with cells, not interfere

cell migration, growth, adhesion and differentiation [219].

Fig. 14.1. CAD model of microporous 3D honeycomb structure (a) and a scaffold
fabricated out of SZ2080 biocompatible polymer (b).
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As the FLMP baser fabrication technology is not restricted to geometry
in 3D and able to process a vast variety of materials it offers a promising
perspective for production of specific scaffolds for tissue engineering. Ex-
ample of a rigid true 3D scaffold structure fabricated directly from CAD
model is shown in Fig[l4h) and b). Such structures could be promising
artificial scaffolds for cell proliferation in 3D exhibiting high mechanical
strength as are made of 3D honey-comb structures with intentionally intro-
duced gaps. The pore size of the scaffold has to be around twice as big as
the size of the single cell, and for mammals it would correspond to be tens
of micrometers [220]. Precise control of pore sizes, their homogeneity and
interconnection is believed to be beneficial for cell proliferation [221]. Also,
scaffold stiffness and biodegradability will depend on inner architecture, fill-
ing factor (Viaterial/Vscaffola) and surface area of the structure [222]. For
modern implants and cell-based artificial tissues, it is important to engineer
structures with characteristics that closely emulate nature. The advances in
various fields of science enable and enforce the scientists to search for novel
biocompatible biomaterials with distinct properties and innovative design
which are necessary for engineering contemporary composite tissue with a
purposeful orientation towards anatomic structures. The FLMP technique
seems to be suitable for production of 3D microstructured polymer scaffolds
with rigid internal architecture. Flexibility of the geometry change enables
to rapid manufacturing of novel design templates and test their biomedical
properties experimentally before such constructs will be applied in practice.

In this work the in vitro and in vivo biocompatibility investigations of
non-structured, 2D and 3D structured photopolymers were performed in
Vivarium of Institute of Biochemistry, Vilnius by biologists and surgeons

using rats and rabbits and their stem cells as test animals.

14.1 Material biocompatability in vitro

Artificial microstructured scaffolds covering up to cm area were produced
out of SZ2080, Ormocore b59, AKRE and PEG-DA-258 materials shown in
Fig.[14.2h) and b). They were used for cell biocompatibility tests in vitro.
Additionally, spin-coated films were used to test the biocompatibility of non-
structured photopolymers. In both cases the cell growth and proliferation

results were comparable to the surfaces of glass or polystyrene plates used
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as the control substrates.

Fig. 14.2. SEM micrographs of artificial 2D and 3D polymeric scaffolds fabricated
out of SZ2080 material, (a) and (b). Fluorescence and confocal microscopy images
showing blue stained cells attached on a polymeric honey-comb grid, (c¢) and (d).
In ¢) it noticeable a cell mitosis meaning the cell is ready to multiply and in (d) it
is seen that the cells are climbing to up on the 2.5D honey-comb scaffold.

Adult stem cells derived from rabbit or rat muscle were used for cell-
based artificial tissue engineering on the FLMP laser fabricated scaffolds.
Myogenic stem cells were isolated from skeletal muscle tissue and grown
in Iscove’s modified Dulbecco minimum essential medium (Sigma-Aldrich
GmbH) supplemented with 10% fetal calf serum (Sigma-Aldrich GmbH) in
multiple polystyrene tissue culture plates (Orange Scientific, Switzerland)
[223, 224]. After, primary adult myogenic stem cell line was used for the
constructing of cell-based artificial tissue on the FLMP engineered scaffolds.
Prior to cell inoculation to well containing the scaffold, they were stained
with 10 pg/ml diamidino-2-phenylindole (DAPI). DAPI is the classic blue

fluorescent probe for viable cells that fluoresce brightly when it is bound
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to DNA. Cells were inoculated at a density of 60000 cells per ml, after
72 h cultivation the proliferation of stem cells on the scaffolds was assessed
microscopically.

FLMP technique enables creation of flexible scaffolds (having mechan-
ically free movable parts). For eg. a chain-mail structure consisting of
separated intertwined rings can be manufactured, as shown in Fig. [14.3
This kind of structure is known to be flexible and light yet strong armor
from the Medieval times. The secret strength of the structure is caused for
the reason that the applied pressure is distributed to every ring homoge-
niously making the local tension spread in wider area. Besides to flexibility
and strength this kind of geometry allows to mechanically tune the porosity

by simply stretching the structure.

Fig. 14.3. Chain-mail structure consisting of free-hanging intertwined rings as
a flexible scaffold (a) and arrows indicating cells growing on it (b). SEM and
fluorescence microscopy pictures, respectively.

14.2 Material biocompatability in in vivo

In animal study, we evaluated biocompatibility of different polymeric sam-
ples manufactured as shapeless granules. For the comparison of the tissue
response to test-materials, as control, reaction to surgical clips and surgical
suture was evaluated also. All test and control samples were inserted intra-

muscularly into rat‘s organism. During three weeks postoperative period
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the animals were observed carefully. It was confirmed that there were no
complications of wound healing, the animals were curious and had healthy
appetite. The white blood cell count and neutrophil count were identified in
normal ranges in all the experimental groups, except for AKRFE group, dur-
ing three weeks. Implantation of Ormocore b59, PEG-DA-258 and SZ2080
did not provoke any clear inflammatory or allergic white blood cell reac-
tion. However, leukocytosis, neutrophilic reaction and increase of monocyte
count were noticed in AKRFE group. The monocyte count was slowly in-
creasing in this group during three weeks, thus showing the formation of
chronic inflammatory response. Implantation of surgical clips did not pro-
voke any clear acute inflammatory reaction when evaluating white blood
cell fractions. Nevertheless, monocyte count was slowly increasing during
the period of three weeks, suggesting easy chronic inflammatory reaction
due to implantation of this common surgical device. No eosinofilic reaction
was noticed in any of the experimental groups. After three weeks healing
the test sample-surrounding tissues were harvested and analyzed histolog-
ically. The microscopic slides were stained with HéE and immune cell
infiltration was evaluated. Lymphocytic infiltration was sparse in almost
all the slides except AKRE - bearing surrounding tissues. Nevertheless, it
is noteworthy that almost the same image was observed in the tissues sur-
rounding surgical clip and surgical suture. It is known that surgical suture
as well as traditional surgical metal devices show good biocompatibility and
are biologically inert. Taking into account the fact that surgical clips and
surgical suture are known as biocompatible implants widely used in surgical
practice, we can be not so critical about the biocompatibility of tested poly-
mers including AKRE. Comparing tests in vitro and in vivo we conclude
that AKRE is less biocompatible polymer than Ormocore b59, SZ2080 and
PEG-DA-258.

Within the limitations of this study, the following conclusion can be
drawn: adult myogenic stem cells proliferation tests on polymeric substrates
show that the selected laser 3D microstructurable materials such as Ormo-
core b59, SZ2080 and PEG-DA-258 are applicable for biomedical practice.
It is supported by the in vivo biocompatibility tested for these polymer ma-
terials implanted in living organism. The obtained results are encouraging

for the future work.
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However, further efforts, like investigation of cell adhesion intensity in
vitro and biodegradability of scaffolds in vivo as well as design of scaffolds
with suitable mechanical properties have to be done before the regenerative
medicine accepts it into everyday practice. Our approach to engineering of
artificial autologous tissues based on stem cell cultures populating custom
designed 3D polymeric scaffolds seems to offer good future prospects. The
direct laser writing techniques for fabrication of custom polymer scaffolds
for tissue engineering seems to offer both unmatched flexibility needed for
laboratory research and sufficient fabrication throughput for practical appli-
cation. Testing of artificial tissues in the experimental models of laboratory

animals is in progress.
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15 CONCLUSIONS AND
OUTLOOK

15.1 Conclusions

Thanks to the efforts of synergetic work of our group and other collabora-
tive research groups, we have expanded the capabilities of FLMP fabrication
technique pushing it forwards to the state being applicable for industrial
demands. While such issues as improvement of fabrication spatial resolu-
tion and incorporation of new materials continue to attract considerable
attention, this technology is already at a mature enough stage that the
focus is evolving towards applications. Our constructed laser 3D fabrica-
tion system can serve as a laboratory prototype of machinery for rapid
and routine 3D micro/nanostructuring over large areas (volumes) as well as
custom small scale production. This has already drawn a great interest for
microoptical, photonic, biological, microfluidic and optofluidic applications.
The latter growing interest forces further improving of FLMP technology.
Successive introduction of novel ultrafast laser excitation sources, study on
photopolymerization mechanisms and material response at nanoscale re-
vealed important issues in the 3D nanostructuring to be addressed for the
future scientific and technological applications. Avalanche ionization and
self-polymerization are of critical importance in order to manufacture high
spatial resolution and not distorted functional micro/nanodevices. Lastly,
though addressed in this study, possibility to photostructure various ma-
terials on different substrates, capability to integrate simple elements into
integrated microsystems, as well as incorporation of several functions in a

single component, are still of a great importance.
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15.2 Outlook

Despite recent advances in the field of direct laser micro/nanofabrication,
it is still a great challenge for material scientists to offer suitable materials
for true 3D photostructuring. Though there is a way to introduce shape
precompensation in order to minimize structural distortions [225] [186], yet
it seems more like the optimization of the materials could be ultimate so-
lution [36, I31]. As in has been presented in this thesis, FLMP technique
based on femtosecond laser offers opportunity to fabricate 3D functional
micro/nanodevices for various specific applications. Further improvements
of this technique could be realized applying Optical Parametric Amplifiers
(OPAs) and adjusting laser wavelength to the materials two-photon or more
photons absorption. It would enable easy laser-to-material tuning which
would optimize the multi-photon polymerization efficiency, thus providing
higher resolution. Furthermore integration of STimulated Emission Deple-
tion (STED) method to FLMP can offer unmatched axial resolution which
would mean the dimensions of voxel to be far less 100 nm and would open a
way to nano-realm using VIS/NIR light [226]. An excess of available power
in amplified laser systems could be utilized by applying Multi Lens Array
(MLA) [40]. Alternatively advances in beam shaping could also be applied
here, like Bessel beam, Diffractive Optical Element (DOEFE) or holographic
mask could be used to modify light intensity distribution for exposure.
This would enable DLW nanostructuring in 8D with increased through-
put up to few hundred times. Perhaps, Shaded Ring Filters (SRF') will be
widely applied to decrease the aspect ratio of the vozel. FLMP produced
structures will be more often used as a templates for further steps as se-
lective metallization, infiltration and double material inversion techniques
are being developed rapidly. Besides to that, it will make an advance in
new extensively explored fields of nanophotonics and plasmonic metamate-
rials. Additionally, it will enable fabrication of true 3D electric circuits, thus
transferring planar microchips to the third dimension. One of the coryphaei
in the FLMP field M. Hermatschweiler has recently commented “The field
of 3D nanostructures is bigger than we could ever have imagined. And it is
impossible to give precise figures about growth when a new technology cre-

ates and stimulates the market” [227].
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Fig. 15.1. FLMP fabricated Nanocity. It shows a ready state to fabricate fully
integrated optical-photonic-mechanical-biological functional micro/nano-device.

A materialized fragment of a future vision of the author about the ma-
ture application of the technology is illustrated in Fig.[15.2] Components of
Nanocity symbolize different functions, which are integrated in the complex
microdevice. The whole structure is as small that it could be placed on
the cut of human hair. Here incorporated elements are: 1 is a round well,
2 are rods serving as a support structures, & is a free hanging ring, 4 is
a rectangular well, 5 is woodpile pyramid. It is an example of multifunc-
tional micro/nanodevices which can be fabricated via single step FLMP
approach. A fully integrated component includes optical, photonic, me-
chanical, microfluidic and biological performances for sophisticated LOC,
pu-TAS or MOEMS in a not so far future.
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