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Introduction

Miniaturization of devices and increase in their functionality is a common trend of
nowadays technologies over all areas. A simple example from daily life is video and
audio compact discs. An in-depth examination of their evolution reveals several
tendencies: geometric dimensions decrease, and the amount of data increases. It is
an example of rapid miniaturization processes and functionality improvement driven
by economic, technological and environmental aspects. The rate of this processes
is clearly seen in semiconductors’ industry: Moore’s law claims that the number
of transistors in a dense integrated electronic circuit doubles every two years. The
same progression is prominent in the fabrication of medical, mechanical, microfluidic,
and finally — optical devices. Since the 8th decade of the 20th century the trend
of miniaturization of optical devices gradually moved from scientific laboratories
(principal demonstrations) to industry (real-life applications and mass production).
Its great success was determined by an adoption of numerous fabrication techniques,
MOCs’ functionality, integrity, longevity, sufficiently small scale and reasonable costs.
The progress of the MOCs formation was continuously stimulated by the demand
to control the light propagation at the micrometer scale. It requires the dedicated
tools — aforementioned microoptical elements, which can be defined as follows:

Microoptical components are optical elements that are between a few micrometers and
a millimeter in size.

The scientific interest in the field of microoptics is growing rapidly although this
branch of science exists for only more than a couple of decades with practical app-
lications keeping in step. At the moment, microoptical elements are used in Shack
Hartmann sensors, lightning systems, light emitting diodes, laser micromachining
and medicine [1]. As a result, the demand for the MOCs is continuously growing and
the desire to create innovative optical elements with novel functionality arises. Yet,
not everything can be done with the classical cutting, grinding and polishing tech-
niques, but the technologies evolve and make it possible to realize new ideas. One of
such technologies is a direct laser writing (DLW) technique based on non-linear inte-
raction between laser irradiation and light sensitive materials (prepolymers) [2]. This
technology, introduced almost two decades ago in 1997, offers unique possibilities for
fabricating three-dimensional (3D) microstructures in a single step with lateral and
axial resolutions beyond the diffraction limit. Later, it has also found applications
in the field of microoptics [3]. Up to now, numerous scientific articles have appeared
in literature on the manufacturing of classical minimized optical elements, analysis
of the DLW experimental parameters, process performance optimization and various
aspects of the applications. Despite to noticeable progress in this field, we are going
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to focus on the fabrication of singular microoptical elements and extend the range
of DLW possible applications. Moreover, we are going to reveal the potential to ma-
nufacture structures with the imprinted spatial refractive index distribution which
has not been reported so far in the growing field of direct laser writing. Finally, we
shift the focus to determination and characterization of polymers’ optical properties
which can be a limiting factor for further applications of the microoptical elements
produced by DLW.

Subject and Scope of the Thesis

The aim of this work is to investigate the experimental possibility to manufacture
singular and gradient refractive index microoptical elements via direct laser writing
technique out of hybrid organic-inorganic prepolymer and to employ these compo-
nents for the light flow control at the micrometer scale. In addition, it is aimed to
characterize optical and chemical properties of the hybrid polymer used within this
work.

Novelty

1. Spectrophotometric properties (transmittance, absorption coefficient, complex
refractive index) of the hybrid organic-inorganic polymer SZ2080 was determi-
ned in a 230-1000 nm spectral range.

2. The optical resistance of the various polymers used in DLW technique is deter-
mined by means of laser-induced damage threshold evaluation according to an
ISO certified testing method.

3. Fabrication of different geometry singular microoptical components using direct
laser writing technique is demonstrated. The propagation of the light through
the manufactured elements is investigated.

4. For the first time, the suitability of the direct laser writing technology for the
fabrication of gradient-index microoptical elements with the largest refractive
index change of the order of 1072 is demonstrated. The relationship between the
refractive index and degree of conversion and its dependence on the exposure
dosage to the laser radiation is determined.

Practical Value

The practical value of this work is reflected by the possibility to shape the light flow
at the micrometer scale both with different geometry and gradient refractive index
microoptical elements manufactured via direct laser writing technique out of light
sensitive prepolymers. The main advantages of these components are:
1. Laser-induced damage threshold of polymers is comparable with the optical
resistance of the anti-reflective coatings.
2. Polymers are transparent materials in the visible and near-infrared spectral
range.
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3. The surface roughness of the fabricated components is limited by the material
properties itself and is smaller than A\/10 in the visible spectral range.

4. Tt is possible to induce refractive index change of the order of 1072 within single
fabricated microstructure.

5. DLW fabrication technique is simple and promising. Also it is in a continual
improvement process for various applications.

6. The geometric shape of the microoptical elements is chosen freely and asym-
metric microstructures can be produced.

7. Complex optical systems consisting of numerous elements can be simplified by
the use of a single monolithic multifunctional microoptical component.

8. Microoptical elements can be manufactured not only on a standard glass subst-
rates, but integrated into more complex systems or production stages as well.

In regard to the aforementioned properties, microoptical elements, fabricated by
the means of DLW technique, may pave the way for practical applications in laser
micromachining, optical tweezers, sensors, etc.

Statements to Defend

1. Optical resistance of the hybrid polymer SZ2080, used for the manufacturing of
microoptical components via direct laser writing technique, is comparable with
the materials’, widely used for the anti-reflective coatings, at nanosecond pulse
duration testing regime (f = 50 Hz, 7 = 11 ns and 6.2 ns, A = 1064 nm and
532 nm). Meanwhile, at femtosecond pulse duration testing regime (f = 50 kHz,
7 = 343 fs, A = 1030 nm and 515 nm) optical resistance is in 0.1-0.6 J/cm?
range.

2. It is possible to fabricate functional singular microoptical elements via direct
laser writing technique out of hybrid prepolymer SZ2080 using concentric ring
and spiral laser beam scanning algorithms with decreasing radius. Light beams
propagating through the fabricated elements are distinguished by the optical
vortexes’ and zero and higher-order Gaussian and Bessel beams’ properties:
annular intensity distribution, propagation invariability in near field and zero
intensity at the central part of the beam.

3. The variation of the exposure dose during direct laser writing process leads to
the alteration of the consumed double carbon-carbon bonds during the radical
polymerization reaction in SZ2080 prepolymer. It allows to control the refracti-
ve index from 1.501 + 0.001 to 1.516 + 0.001 and to induce desired distribution
of the refractive index in a fabricating structure.

Approbation

Scientific articles in the periodical journals with an impact factor which are included
in the database of Institute for Scientific Information (ISI).
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Structure of the Thesis
The presented work is divided into five chapters:

o in Chapter 1, a brief overview of microoptical components’ history, their clas-
sification and fabrication methods are provided. Additionally, the basics of the
direct laser writing technique and its applications in the field of microoptics is
given,;

o in Chapter 2, the experimental setups used for the fabrication and characteriza-
tion of the samples are described. Also, the synthesis process of the photosen-
sitive material is explained and photopolymerization reactions are discussed;

o Chapter 3 is devoted for the determination of the polymers’ laser-induced da-
mage threshold;

o Chapter 4 begins from the description of the fabrication principles of the micro-
optical components. Next, the experimental results on the fabrication of conical
lenses, spiral phase plates, bi-functional elements and their integration onto fi-
ber tips are presented. In parallel, the generation of optical vortexes and higher
order Gaussian-Bessel beams using fabricated elements is exploited;

« in Chapter 5, experimental realization of the gradient-index structure, resulting
from a laser-induced local refractive index modification due to monomers’ cross-
linking, i.e. degree of conversion, is proposed and demonstrated.

At the end of this work, the results of this thesis are summarized and a list of
conclusions is given.
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Review of the Literature

1.1 Microoptical elements: history, classification and fabrication
methods

For the first time the term microoptics was mentioned by Dr. T. Uchida and Dr. I. Ki-
tano in the late 1960’s [4], but some scientists argue that this term appeared in lite-
rature in 1984 [5,6]. Nevertheless, the roots of microoptics reach much further back
in the history. It was in 17th century when the pioneers of the microscopy and micro-
biology, Antonie van Leeuwenhock and Robert Hooke, have melted small filaments of
glass and used them as lenses for their ,,under construction” microscopes [7]. At that
moment, the progress of the microoptics has started. In 18th century David Ritten-
house has constructed the first diffraction grating out of human hairs while Joseph
von Fraunhofer, in 19th century, has derived the law of diffraction and measured the
wavelength of the light. The latest breakthrough in microoptics has started in the
8th decade of the 20th century when manufacturing techniques from semiconductor
industry were adapted for the fabrication of diffraction gratings. It was followed
by the demonstration of the refractive microoptical elements’ fabrication one decade
later [8-10] and continuous surface profile components at the end of the 20th cen-
tury [11]. This motivated the research and continuous development in the field of
microoptics which is moving towards practical applications these days [12,13].

Examples of the microoptical components can be found in nature all around us.
Compound eyes of the insects and crustaceans are made of many repeatable units
(ommatidia) and each of them is composed of a microlens. In some cases wings of
the butterflies and birds’ plumes reminds the diffraction gratings. Meanwhile, dew
drops on plant leaves acquire hemispherical surface shape due to condensation and
are similar to the microlenses fabricated using self-formation technologies (e.g. resist
reflow).

Generally, microoptical components can be classified into two main groups accor-
ding to the light confinement within the element: (1) waveguide optics (the propa-
gation of the light is restricted by a refractive index distribution), and (2) free-space
optics (the light is not confined). Due to the large diversity of the MOCs, we are
going to focus on the latter elements. Moreover, four types of the free-space optical
elements can be distinguished in respect to their feature size (I') and light wave-
length (\): (1) refractive continuous surface profile MOCs (T > )), (2) refractive
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periodic structures of continuous profile (I' > \), (3) periodic sub-wavelength struc-
tures (I' < \), and (4) combination of above mentioned elements (e.g. T > X\ and
I' > \). According to this nomenclature, let us narrow the subject of this research
up to the first and the fourth groups.

For a long time classical cutting, grinding and polishing techniques were used for
the manufacturing of the optical components. However, these methods reach their
limits and capabilities when the size of the optical elements decreases below 1 mm.
In this case, the development of novel methods and adaptation of the mask-based
lithography techniques from the field of integrated circuits allowed to enter a new
stage for the microoptical elements. Currently, a huge variety of the fabrication
methods exists and it is not possible to discuss all of them in details. Therefore,
a classification and brief overview of the fabrication methods will be given in this
section meanwhile the peculiarities of each technique can be found in the following
books [4-6,14]. Commonly, MOCs’ manufacturing techniques can be grouped in-
to three categories in respect to the principles of the fabrication: (1) lithographic,
(2) self-formation, and (3) subtractive techniques (see Fig. 1.1). In the first case, a
photosensitive material on the substrate is exposed to the light so that its pattern,
encoded as an amplitude distribution, is embedded into the material due to photopo-
lymerization. The illumination of the sample can be realized either through the mask
(binary, multi-level [15] or grey tone [16]) or scanning the sample point-by-point with
a focused beam of electrons [17] or light [18]. The former methods are distinguished
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Fig. 1.1: Classification of the microoptical elements’ manufacturing and post-processing
techniques.

15



1 Review of the Literature

by the high throughput, short exposure time and low fabrication costs whereas the
latter — by high flexibility and arbitrary design of the MOCs. Also MOCs’ fabrica-
tion over a large area in a short time can be carried out via interference lithography
technique when the intensity pattern of the several laser beams is transferred into
exposed light sensitive material, although in most cases only a periodic structures
can be produced [19]. In the second case, the fabrication method is based on the sur-
face tension of the polymer’s cylinders [11], droplets [20] or filaments [21] by heating
them above their glass transition temperature. During melting, surface tension leads
to the formation of spherical and/or cylindrical lenses as material tries to acquire a
shape which satisfies the condition of the lowest energy, i. e. to gain minimal surfa-
ce area. MOCs, fabricated using self-formation techniques, are benefiting from the
high sphericity, very smooth surface, low price and large-scale production. The last
fabrication method is based on the material’s removal during the interaction with a
diamond tool [22], focused laser [23] or ion beam [24]. The biggest advantage of this
technique lies in the ability to process various materials (plastics, glasses, metals and
semiconductors).

Even though a large variety of techniques for the fabrication of the MOCs exists,
in some cases the quality of the produced elements is not satisfactory and the compo-
nents should be post-processed. For example, the surface roughness of the MOCs can
be increased by polishing with a CO5 laser, OH gas flame or heating. Meantime, the
elements, fabricated out of polymers, can be transferred into glass by wet and/or dry
etching. Moreover, some of the aforementioned fabrication methods suffer from low
throughput which is undesirable in terms of mass production, but it can be overcome
by employing a variety of replication techniques.

1.2 Direct laser writing technique: principles and applications

The first experimental demonstration of the direct laser writing technique was pub-
lished in 1997 [2]. Over the last 20 years this technique proved to be as a versatile
tool for the rapid fabrication of custom-shaped 3D microstructures and has made
a great stride in transition from the scientific laboratories to the industry. Four
stages of the DLW process can be distinguished: (1) preparation of the material,
(2) fabrication process, (3) development stage, and (4) characterization of the fab-

laser beam
objective

90 °C
fabricated structure
organic solvent

5$§335/droplet of the polymer

-—»
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substrate

@) (b) (c) (d)

Fig. 1.2: Schematic illustration of the DLW fabrication process: (a) preparation of the
material, (b) fabrication process, (c) development stage, and (d) characterization of the
fabricated microstructure.
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ricated microstructure (see Fig. 1.2). The DLW technique in the form of radical
multi-photon polymerization is based on the simultaneous absorption of two or more
photons of the same frequency in photosensitive molecules which subsequently un-
dergo a radicalization process. The photogenerated radicals induce a cross-linking
of prepolymeric materials. Due to the nonlinear interaction between the light and
the prepolymer spin-coated or drop-casted on the glass substrate (Fig. 1.2 (a)) the
photochemical reaction is highly confined inside the volume of the tightly focused la-
ser beam. 3D structures are fabricated point-to-point: voxels (volumetric pizels) are
formed in the bulk of the prepolymer by changing the position of the focus point ac-
cording to the computer aided design (CAD) or the programmed code (Fig. 1.2 (b)).
The light exposed negative prepolymer becomes insoluble in the organic solvent used
as developer (Fig. 1.2 (c)), while the unexposed prepolymer is dissolved and washed
out, leaving free-standing 3D microstructures with various geometries on arbitrary
substrate (Fig. 1.2 (d)). The principles of the DLW process are described in more
details in the following review papers [25-33].

Nine years after the invention of DLW technique, it has found numerous app-
lications in the field of microoptics. At the early stage, the fabrication of classical
minimized optical elements (lenses, prisms) was demonstrated [34,35], and then the
manufacturing of more complex shaped elements has started [36-39]. Much efforts
have been devoted for the process optimization and to overcome low fabrication th-
roughput. For instance, implementation of various scanning strategies [3,40] and
outer shell fabrication [41-43], integration of the spatial light modulators for parallel
multi-beam processing [44, 45|, synthesis of novel materials [46] and other technical
solutions [47,48] allowed to speed-up the process up to 1000x and to fabricate a
centimeter-sized objects [49]. In 2010, the first experimental demonstration of the
MOCs’ integration on the fibers has appeared. Up to now, it has expanded considera-
bly and fiber tip structures are used as Fabry-Pero, SERS (surface-enhanced Raman
scattering) and acousto-optical sensors [50-52]. Moreover, microoptical elements fab-
ricated by DLW technique are used in microfluidics [53], anti-reflective coatings [54],
colour filters [55], LEDs (light emitting diodes) [56] and VCSELs (vertical-cavity
surface emitting laser) [57]. This demonstrates a wide range of MOCs applications
and development of the DLW fabrication method, which is still continuing.
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Experimental Methods

Materials used in fabrication

Hybrid organic-inorganic prepolymer SZ2080 was used in this work. It was cho-
sen because of the transparency in VIS and NIR ranges, mechanically and chemi-
cally stability, nearly glass matching refractive index, surface roughness down to
sub-10 nm and possibility for doping with quantum dots, nanoparticles and fluo-
rescent dyes [58]. It is synthesized via sol-gel process of the methacryloxypropyl
trimethoxysilane (MAPTMS), methacrylic acid (MAA) and zirconium n-propoxide
(ZPO). MAPTMS and MAA serve as organic polymerizable units while ZPO to-
gether with the alkoxysilane groups of MAPTMS act as inorganic moieties. During
hydrolysis and polycondensation reactions the —O-Si—-O-Zr—-O—- inorganic network
with the attached methacrylic groups is formed. The inorganic network with the
single bonds between the atoms serves as a back-bone of the molecule while methac-
rylic groups are responsible for the polymerization reaction. In addition, SZ2080 is
photosensitized with the Irgacure 369 photoininiator (2-benzyl-2-(dimethylamino)-
1-[4-(4-morpholinyl) phenyl]-1-butanone). The synthesis process of the SZ2080 is
described elsewhere in more details [58]. Upon absorption of the light, the C—C bond
of the photoinitiator is broken and two highly reactive radicals are formed. Sub-
sequently, C=C double bond in the methacrylic group is opened and converted to
a C—C single bond. That initiates chain reaction which lasts until two free-radicals
react with each other.

Samples were prepared by drop-casting the prepolymer on a cover glass and sub-
sequently drying on a hotplate at three stages: (1) 20 min at 40 °C, (2) 20 min
at 70 °C and 3) 20 min at 90 °C. After fabrication, the samples were developed in
4-methyl-2-pentanone for 1 hour. In order to minimize the effect of shrinkage due
to capillary forces, the samples described in Chapter 5 were additionally developed
in a critical point dryer. Afterwards, the samples were inspected with a differential
interference contrast microscope. Scanning electron microscope (SEM) and optical
profilometer were used for the quantitative analysis: determination of MOCs dimen-
sions (height, radius), surface roughness, waviness and profile.

Fabrication method

DLW setup equipped with Yb:KGW laser emitting 300 fs duration pulses at repeti-
tion rate of 200 kHz and second harmonic at 515 nm was used for the fabrication of
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microoptical components. An immersion objective lens with a numerical aperture of
1.4 and a magnification 100x was used for tight focusing of the light into the volume
of the prepolymer to induce the photochemical reaction. The laser spot was tra-
ced through the prepolymer by changing the position of the sample using linear air
bearing motor stages. The laser intensity was attenuated by using a A/2 waveplate
combined with a polarizer while the exposure time was adjusted using an acousto-
optic modulator. A red light LED source, an objective lens and an additional lens
together with a CCD camera were used for real time monitoring of the fabrication
process. For the fabrication of MOCs on the fiber tip, home-made fiber holder was
used and installed into setup. More details on this issue will be provided in Chapter 4.

Optical characterization of the samples

Optical performance of the fabricated devices was tested regarding the propagation
features of the generated light field. Three different experimental setups were used
for the evaluation of amplitude, phase and refractive index properties. All of them
include a 632.8 nm spatially filtered and 7.5x expanded He-Ne laser as a light source.
In addition, the first configuration consists of microscope elements fixed on a micro-
meter stepper motor stage and a CCD camera. A Gaussian laser beam is focused at
normal incidence onto the sample in the focal plane, where the fabricated MOC is
placed. The intensity profiles at a distance z from the midplane of the structure were
recorder by means of an objective lens and a CCD camera. Using the cover glass as
a reference plane, the emergence and propagation of a Gaussian and/or Bessel beam
can be observed.

For the evaluation of the phase properties of the generated light fields, the exper-
imental setup was upgraded with a Mach-Zehnder interferometer consisting of two
additional beam splitters and mirrors. In this case, the probe beam passes through
the sample and interference with a reference beam passing through free-space occurs.
In respect of focused laser beam size wg and radius of the microoptical element r,
only the wy/R < 1/2 case was considered in order to avoid diffraction by the outer
part of the MOC which causes additional interference effects.

The refractive index was measured with the Michelson’s interferometer instead
of Mach-Zehnder’s. A laser beam passes through the fabricated element and is mag-
nified with an objective lens, split into two beams and reflected backwards resulting
in a superposition beam. The arising intensity pattern is subsequently imaged onto
a CCD camera. By adjusting one of the mirrors an interference pattern with equally
spaced straight and parallel lines is obtained. The gradation of the fringes apparent
in the pattern is the result of the interference between the laser beam propagating
through the microstructure and reference beam (air) and can be used for the precise
determination of refractive index.

Laser-induced damage threshold measurements

A nanosecond Q-switched Nd:YAG and a femtosecond mode-locked Yb:KGW la-
ser systems were used for the LIDT measurements according to ISO 21254-2:2011
standard [59] in 1-on-1 and S-on-1 (S < 1000) regimes by using automated test
station [60,61]. The ns laser emitted A = 1064 nm wavelength pulses which were
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frequency doubled to A = 532 nm. The pulse durations were 11 ns and 6.2 ns at
50 Hz repetition rate, respectively. The laser beam was focused to 250 + 10 pm?
and 133 + 4 um? spots at 1/e? intensity level in the sample plane, respectively to
the first and second harmonics. In the case of the fs laser system, it provided 343 fs
duration pulses at 1030 nm and 515 nm wavelengths while the repetition rate was
set to 50 kHz. The laser beam was focused to 65 4+ 0.2 um? beam spot at 1030 nm
and 46.5 + 0.2 pum? at 515 nm. The measurement procedure was performed in an
automated manner by a computer controlled sample positioning, laser fluence atte-
nuation and damage detection system. On-line damage detection in situ was based
on the change in optical scattering of irradiated site. Additionally, off-line damage
inspection was performed registering laser-induced changes with differential interfe-
rence contrast microscope at 40x magnification. Morphological surface examination
of thin films was performed with scanning electron microscope. 20 nm gold layer was
sputtered on top before the inspection with SEM.

Characterization of spectrophotometric and chemical properties

The spectral distribution of the thin films’ transmittance and reflectance was me-
asured at close to normal incidence in the wavelength range of 190-1100 nm using
double beam spectrometer. The obtained data were used for the determination of the
absorption coefficient and the energy difference between the ground and the lowest
excited states (AF) according to Tauc model [62].

Complex refractive index of the polymer SZ2080 was measured using standard el-
lipsometry technique. Spectral ellipsometer with two rotating compensators was used
for the investigation into the optical response of polymers’ coatings. Ellipsometric
measurements have been carried out in the wavelength range from 240 nm to 1000 nm
and angle of incidence AOI = 75°. The obtained data were analysed by a multi-layer
model. It represented the following layer sequence structure: Si substrate/polymer
film /air. Optical constants of SZ2080 layers were characterized by Cody-Lorentz
function in the regression analysis. The contribution of surface roughness was taken
into account in the calculations of ellipsometric parameters W(\) and A(\).

Raman spectra of the samples were measured with a confocal Raman micros-
pectrometer in the 830-1920 cm~! range. A cw He-Ne laser operating at 633 nm
wavelength was used for the excitation via objective with the numerical aperture
of 0.75. A laser beam of 5 mW average power was focused to a spot of 1.3 um in
radius. Before the spectra acquisition, each sample was continuously irradiated for
15-30 min in order to reduce the fluorescence background. After the photo-bleaching,
Raman spectra remained stable during acquisition, indicating the absence of addi-
tional polymerization or degradation effects in the sample. The irradiation time for
each measurement was set to 10 s and the number of accumulations to 10, yielding a
total accumulation time of 100 s. A 5th order polynomial function was used for the
baseline subtraction. Each peak was fitted using a Lorentzian function, from which
the peak data (height, integrated area, full width at half maximum, and position)
were deduced.
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Investigation of the Polymers’ Optical Resistance

Material related to this chapter was published in [AG, A7, A10] and presented at [C7,
C11, C13] conferences.

Direct laser writing based lithography is an already established technique widely
used for the rapid and flexible manufacturing of diverse three-dimensional (3D)
micro/nano-objects [2,32]. Up to know, numerous state-of-the-art applications of the
microoptical components have been demonstrated [3,37,63-65]. Much efforts have
been devoted for the improvement of the microoptical components’ optical quality in
terms of surface roughness, transmittance, refractive index, shrinkage, etc [58,66,67].
For this purpose, various technical and scientific problems have been investigated and
solved [40,41]. Besides, a vast number of light sensitive materials were employed for
the manufacturing of the microoptical elements in order to meet the requirements of
particular applications. However, integration of the MOCs fabricated via DLW tech-
nique into 3D optical circuits and their practical implementation is still limited. One
issue which has not been considered and could be a limiting factor is a laser-induced
damage threshold (LIDT).

The scope of this chapter is to characterize optical resistance of the polymers
widely used for the manufacturing of 3D microstructures via DLW technique in long
and ultra-short pulse duration regimes. In the first part of this chapter a special
attention is given to a pure and photosensitized SZ2080 material used within this
work and in the second part — the obtained results are compared with other types of
polymers for which LIDT was determined as well.

3.1 Spectrophotometric characterization results

The transmission spectra of the pure and PI doped SZ2080 are shown in Fig. 3.1 (a).
It is evident that both materials are transparent in the VIS and NIR spectral ranges,
but in UV transmittance differs. Substantive difference between these materials lies
in the fact that one of them is doped with PI in order to increase the sensitivity
to the light before the fabrication. The PI’s molecules are consumed during the
initiation process of polymerization, even though some unreacted molecules remain
in the polymer matrix after the fabrication. The influence to the absorption of these
unreacted molecules is reflected by the differential spectrum. This absorption band
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Fig. 3.1: The transmittance spectrum of the photosensitized and non—photosensitized

572080 thin films (a), real (b) and imaginary (c) parts of the refractive index dispersion
curves. (d) Determination of the AE according to Tauc method [62].

is attributed to the = — 7* transition in the aromatic groups of PI. In Fig. 3.1 (b) the
real parts of the complex refractive index of the pure SZ2080 and SZ2080 + PI are
shown. Both materials are distinguished by the normal dispersion. The variation
of the refractive index over a range from 1.447 to 1.554 for pure SZ2080 and from
1.454 to 1.570 for SZ2080 + PI is apparent in the 240-1000 spectral range. The
energy difference between the ground and the lowest excited states is estimated from
a linear extrapolation of (o x hv)'/2 versus photon energy (hv) to a zero near the
absorption edge. The analysis of the Tauc plots reveals that AE of the pure SZ2080
and 572080 + PI is 4.03 eV and 2.72 eV, respectively (Fig. 3.1 (d)). Thus, the
presence of the PI and its concentration in the host matrix of the hybrid polymer
allows to tailor the refractive index as well as the energy difference between the
ground and the lowest excited states.

3.2 Nano- and femtosecond pulses induced damage of the SZ2080

LIDT wvalues of the pure and photosensitized SZ2080 for the 1-on-1 and S-on-1 cases
at the first and second harmonics in the ns and fs pulse duration regimes are summa-
rized in Table 3.1. The obtained values of the LIDT are in the range of tens J/cm?
in the ns pulse mode and an order of magnitude lower in the fs pulse mode. Also,
it can be seen that damage threshold of the pure SZ2080 is higher or comparable
within error limits than that of the SZ2080 + PI in all cases. Moreover, the attai-
ned results at the second harmonics and S-on-1 regime indicate that avoidance of
the photosensitization leads to higher resistance to the laser irradiation. Obviously,
higher extinction coefficient (Fig. 3.1 (c)) and lower AE energy result in increase of
the absorption which yields a more efficient laser energy transfer via free electron
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Table 3.1: Experimentally measured laser-induced damage threshold values (J/cm?) at
single and multi—shot regimes.

ns pulse test fs pulse test

Polymer Regime
532 nm 1064 nm 515 nm 1030 nm
972080 1-on-1 16.69 £1.72 21.00 £+ 2.88 0.68 £0.12 1.39 +0.16
S-on-1 13.67 £ 1.31 14.73 £ 2.10 0.13 £0.10 0.57 £ 0.08
1-on-1 13.75 £ 1.01 2298 +1.72 0.55 £ 0.08 1.46 +0.12
522080 + P1 S-on-1 1.44 4+ 0.28 10.63 = 1.07 0.06 £0.04 0.49 £+ 0.05

generation to the lattice which in turn causes optical breakdown and reduction of
the damage threshold of the SZ2080 + PI. S-on-1 regime tests revealed that LIDT
of all samples is decreasing with the increase of the pulse number. This phenomena
is attributed to the thermal accumulation and chemical bond breaking effects whi-
ch can be quantitatively evaluated according to the model proposed by Jee [68]. It
relates LIDT fluence Fy,(N) to the 1-on-1 threshold fluence Fj;(1) by the following
expression:

Fin(N) = Fy(1) x S¢71 (3.1)

here ¢ is an incubation parameter and N — number of pulses. £ = 1 means that no
incubation effect can be observed. By applying the present model we have obtained
that ¢ ranges from 0.88 to 0.97 at ns pulse mode and from 0.68 to 0.87 at fs pulse
mode. It indicates that the effect of incubation occurs in all cases. Moreover, ana-
lysis of the damage morphology revealed that delamination of thin films in all cases
can be observed at long pulse regime. Meanwhile, at ultra-short pulse regime, the
damage morphology is different — only the surface of the coating is affected and its
microexplosion or ablation can be identified.

3.3 Laser-induced damage threshold of other polymers

Experimental values of the LIDT for the various polymers (SZ2080 + PI, SZ2080,
OrmoComp, SU-8, PDMS and PMMA), exposed to nanosecond and femtosecond
pulse duration radiation, are shown in Fig. 3.2 (a) and (b), respectively. For the
direct comparison of how the wavelength and the number of pulses influence laser-
induced damage threshold, results are plotted on the same graph for the fundamental
(1064 nm and 1030 nm) and the second (532 nm and 515 nm) harmonics at single
(1-on-1) and multi-shot (S-on-1) regimes. Obtained LIDT values of polymers ran-
ge from ~ 8 J/cm? to ~ 25 J/cm? at single-shot regime and from ~ 0.3 J/cm? to
~ 15 J/ecm? at multi-shot regime for nanosecond pulse duration case. Measurements
of the damage threshold fluence at femtosecond pulse duration laser radiation and
multi-shot regime revealed that LIDT decreases by one or two orders of magnitude in
comparison to the results at ns pulses: ~ 0.1 J/cm? and ~ 0.2-0.6 J/cm? at 515 nm
and 1030 nm wavelengths, respectively.
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(a) ns pulse regime (experimental conditions: Nd:YAG laser system, f = 50 Hz,
7 =11 ns and 6.2 ns, wyp = 250.2 + 10.0 um and 133.5 £+ 4.6 pm for the first (1064 nm)
and second (532 nm) harmonics, AOI = 0°).
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(b) fs pulse regime (experimental conditions: Yb:KGW laser system, f = 50 kHz,
T =343 fs, wp = 65.0 £ 0.2 pm and 46.5 = 0.2 um for the first (1030 nm) and second
(515 nm) harmonics, AOI = 0°).

Fig. 3.2: Column diagrams showing LIDT of polymers thin films at ns (a) and fs (b) pulse
regimes for the first and second harmonics and 1-on-1 and S-on-1 tests.
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Nanosecond pulse induced damage mechanisms

Generally, polymers can be classified into two groups: saturated and conjugated
compounds. The difference between these two groups lies in the chemical bond type
between carbon atoms along the polymer backbone, i.e. whether it is single (satu-
rated) or alternating single-double (conjugated). In our case, PMMA and PDMS
can be assigned to the saturated polymer class whereas SU-8 belongs to conjugated
polymer class due to electron delocalization in benzene rings. Attribution of the
SZ2080, SZ2080 + PI and OrmoComp for any single class is more complicated. It is
likely that pure SZ2080 belongs to the saturated polymer class [58]. However, doping
of the polymers with the Pls, which are typically conjugated compounds, changes
their optical properties significantly. Therefore, we can assume that SZ2080 + PI
and OrmoComp is a mixture of the saturated and conjugated compounds.

Laser-induced damage measurements at single-shot regime and 532 nm indicate
that the highest LIDT is characteristic for saturated polymers (PDMS, PMMA and
S72080) and the lowest — for conjugated polymers (SZ2080 + PI, OrmoComp and
SU-8). The number of alternating single-double bonds is the highest for the SU-8
in comparison to OrmoComp and SZ2080 + PI and it explains the lowest damage
threshold of SU-8. Such LIDT correlation with the polymers’ type can be explained
by the fact that electron binding energy is higher for the saturated compounds than
for the conjugated. It means that lower laser fluence is necessary in order to break
chemical bond of the conjugated polymers in comparison to saturated.

Femtosecond pulse induced damage mechanisms

In the last decade it was shown that simultaneous absorption of n photons with
the sum energy equal to AFE or higher is one of the leading mechanisms of optical
breakdown for dielectric layers at ultra-short pulses regime [69,70]. This idea is
supported by the evidence of the empirical data of LIDT cascade dependence on
the AE energy. Abrupt increase of the damage threshold was observed at the point
where n + 1 instead of n photons were required for the absorption. In order to verify
this hypothesis for the polymers, we have plotted LIDT as a function of AE. We have
noticed an increase of the damage threshold value from =0.65 J/cm? to ~0.9 J/cm?
between n = 2 and n = 3 cases at single-shot regime. This reveals that multiphoton
absorption is probably a dominant process for the optical breakdown as a higher
intensity is necessary for the absorption of three photons instead of two. Meanwhile
optical damage at multi-shot regime is influenced by either thermal accumulation
or chemical bond breaking effects as LIDT values decrease up to ~ 0.1 J/cm? and
no cascade behavior can be observed [71]. In the case of measurements at 1030 nm
wavelength we did not notice any correlation between LIDT and AFE of the polymers.
The probability of n photon absorption scales as P o« I"o,7, where [ is intensity of
the light, o, — absorption cross-section of n photons and 7 — pulse duration [72].
It becomes negligible small at longer wavelengths as higher number of photons is
necessary for the transition. Together with the absence of LIDT’s dependence on AF),
it implies that multiphoton absorption is not a predominant mechanism of optical
damage at 1030 nm wavelength and it is likely that other phenomenon have bigger
influence.
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Singular Optical Components

Material related to this chapter was published in [A1-A5 ir A9] and presented at
[C1 - C6, C8, C10 ir C12] conferences.

In this chapter, the experimental results on fabrication of singular microoptical com-
ponents will be discussed. In each section, we present the results on the fabrication
of a different microoptical element and discuss the features of the light beam propa-
gation through them.

4.1 Fabrication of the microoptical components

Beam shaping of light using micron scale optical devices remains a contemporary
challenge for the development of integrated optics, especially when the generation of
optical singularities is considered. In fact, to imprint singular features onto a light
beam from an element with typical spatial dimension, e.g. the radius R, basically
requires an optical component endowed with an appropriate topological structuring
having a spatial resolution 4 < R. Consequently, the smaller R, the more stringent
is the constraint on §l. In practice, the first thing that must be determined is the
dependence of the size of the photopolymerized volumetric pixel (i.e. feature size 4l)
on the DLW processing parameters: average laser beam power and scanning speed.
For this purpose, ,resolution bridge” method was employed [73]. The obtained results
allow to define the voxel overlap which is a determining factor of the MOCs surface
roughness and geometrical shape accuracy: § = [(d—dz)/d) X ((l—dm)/l} x 100, here 0 is
the degree of the voxel overlap, d and [ are the transverse and longitudinal dimensions
of the voxel, respectively, and dz and dz are the transverse and lateral scanning steps,
respectively. In our case, when the scanning step becomes higher than § ~ 90 %,
the surface roughness is below 10 nm and the A\/10 criteria for the MOCs surface is
met at the VIS spectral range. The degree of the voxel overlap is only one of the
many parameters allowing to fabricate smooth surface MOCs. The others are various
scanning modes and fabrication algorithms (concentric ring or spiral scanning), shape
precompensation due to shrinkage leading to the shape deformations and distortions,
the choice of the appropriate materials and development conditions. To summarize,
at first glance DLW technological processes are trivial, but they are the basis for the
fabrication of high quality microoptical elements.
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4.2 Conical microlenses

An axicon is an optical element with a surface profile defined by a 360° rotated prism.
Compared to conventional optical elements, the transverse intensity distribution of
light passed through the conical lens is described by a Bessel function. It allows
achieving theoretically nondiffracting beams in the long focal range distances with a
linear growth of the on-axis intensity. To demonstrate the flexibility and feasibility
of the DLW technique, three types of the conical lenses with various cone angles
(150°, 160° and 170°) and 15 pm radius were fabricated. SEM image of the 150°
cone angle axicon is shown in Fig. 4.1 (a). As one can observe, a small tip with a
radius of 500 nm is seen on the top which is caused by an overexposure. The tip
determines the curvature radius of the conical lens’ top and can cause the on-axis
intensity fluctuations of the Bessel beam [74]. In our case, the approximation of
the conical lens top with a circle has shown that the curvature radius of the tip is
equal to 2.5 um (Fig. 4.1 (b)). Nevertheless, the analysis of the various cone angle
axicons’ geometrical properties (cone angle, radius and height) performed with an
optical profilometer revealed that fabricated axicons are in close coincidence with
the designed structure. Optical performance of the 150°, 160° and 170° cone angle
axicons was measured with a setup described in Chapter 2. The obtained results show
the formation of the Bessel beam profile with 100 + 5 um, 150 + 5 pm and 210 + 5 pm
maximum propagation distance, defined as zpq, ~ w/(n— 1)y, to 150°, 160° and 170°
cone angle axicons, respectively. Moreover, in agreement with theoretical calculations
of the Bessel beam with ro = 2.405/k, (here k; = k(n — 1)1)), we observe a central
spot size dependence on the cone angle. As the cone angle decreases, the diameter
of the Bessel beam central spot increases: calculated values for 150°, 160° and 170°
cone angles — 1.84 um, 2.76 um and 5.51 pm; measured values — 2.12 um, 2.99 pm
and 5.59 um (Fig. 4.1 (c) — (e)). Lastly, we have demonstrated the fabrication of a
closely packed hexagonal and 150° cone angle axicon array showing the capability of
imaging and simultaneous generation of multiple Bessel beams.

R, um

Fig. 4.1: (a) SEM image of the conical microlens under 75° viewing angle with cone angle of
150° and (b) experimental cross-section profile of the same microlens showing the curvature
radius of the tip. Radial intensity profiles of a generated Bessel beam as a function of the
conical lens cone angle: (c) 150°, (d) 160° and (e) 170°. Scale bar in (a), (c)—(e) images:
10 pm.
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4.3 Spiral phase plates

A spiral phase plate (SPP) is an optical element whose complex transmittance has
a linear phase dependence with respect to azimuthal angle ¢. The light beam pa-
ssed through the SPP undergoes a phase-change and is transformed into the beam
containing optical vortex. Such beams refer to light field endowed with on-axis
phase singularity, which corresponds to a local azimuthal phase dependence of the
electric field of the form exp(ily) where [ is called the topological charge. Optical vor-
texes carry non-zero orbital angular momentum and have many applications [75-77].
Among all possible techniques to generate vortex beams [78-81], the use of SPPs is
distinguished by the highest efficiency. Here we show a fast and reliable direct laser
writing of high precision SPP’s with [ = 1, 2, 3 and 4 topological charge whose step
height is defined as h = (I\)/(np — ng) with A = 633 nm, n, = 1.504 and n, = 1. It is
crucial to match SPP’s step height to the integer value of [ perfectly in order to retain
the rotational symmetry of the optical vortex. In order to assess the step height of
the produced [ = 1 SPP, we have measured it at five different places with the opti-
cal profilometer. The obtained results are shown in Fig. 4.2 (a). It shows that the
average step height coincides well with the designed value: h. = 1.240 + 0.019 pm
and h; = 1.256 pum, respectively. Then, the optical performance of the fabricated
vortex generators were evaluated. The calculated and observed far field intensity
patterns obtained from SPP with R = 40 um and [ = 1 are shown in Fig. 4.2 (b)
and (c) in the case of wy/R = 1/2. In agreement with main features of vortex beams
we observe a doughnut intensity pattern. In contrast, a complex intensity pattern is
observed when wy/R = 2 (Fig. 4.2 (d) and (e)). In that case the on-axis intensity is
non-zero and the rotation symmetry is broken. This can be explained as the result
of interference between the field diffracted by the inner and the outer part of the illu-
minated SPP. A spiraling intensity pattern with [-fold symmetry whose handedness
depends on the sign of the topological charge is found. In conclusion, high fidelity
DLW of microscopic SPPs with integer topological charge has been realized. Both
the structure of the MOCs themselves and their use as vortex beam generators has
been demonstrated.
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Fig. 4.2: (a) Step height dependence on the radius of the SPP, shown in the inset’s SEM
image. (b) — (e) Calculated and experimental data of the SPP’s optical characterization. Far
(left row) and near (right row) field intensity patterns when a focused Gaussian beam waist
is normally incident onto a SPP. The data corresponds to wy/R = 1/2 and wy/R = 2.
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4.4 Bifunctional optical elements

The generation of vortex beams at the micron scale out of usual Gaussian beams has
been restricted so far to the case of Laguerre-Gauss-like (LG) diffracting fields. In
contrast, in this section we consider the realization of MOCs that enable the genera-
tion of higher-order Bessel-Gauss-like (HOBG) beams, hence pseudo-nondiffracting
optical vortex beams. By doing so, we aim at merging the field of singular integra-
ted optics with that of nondiffracting light fields. This is done by combining SPPs,
which transform Gaussian beams into LG-like beams, and axicons, which transform
LG beams into HOBG-like beams. The proposed geometry of the monolithic MOC
(helical axicon) structure is made of an axicon and a SPP sharing a common basis
and suspended on micropillars. The helical axicon is described by two independent
parameters: (1) the step height h of the SPP which is related to the topological
charge [, and (2) the inclination angle v of the axicon which is related to the opening
angle of the Bessel beam cone. Two sets of microstructures have been fabricated: (1)
[ =1 with ¢ = 5°, 10°, and 15° and (2) v = 10° with [ = 1, 2, and 3. A SEM image
of a 100 pm diameter structure is shown in Fig. 4.3 (a) in the case [ = 1 and ¢ = 15°,
which qualitatively confirms the overall quality of the fabricated element. Then, the
optical performance was evaluated. The dependence of the azimuthally averaged in-
tensity profiles as a function of propagation distance is shown in Fig. 4.3 (b) next to
simulation (c). The agreement between the experimental data and simulations is fair-
ly good. We observe the on-axis line of darkness that is characteristic to the presence
of an optical vortex. This is illustrated in Fig. 4.3 (d), where radial intensity profile
is shown for [ = 1 and ¢ = 10°. The topological charge of the phase singularity can
be determined from Fig. 4.3 (e), where the characteristic ,forked” intensity pattern
associated with the 2in circulation of the optical phase is seen. Moreover, we can
observe an abrupt phase shift of 7 for the field at radial distances that correspond
to null intensity values, which is reminiscent of the Bessel beams. To conclude, we
have shown that DLW can be used to realize photopolymerized monolithic singular
MOC s for the generation of pseudo-nondiffracting HOBG beams.

0 100 200 300 400 500 600 700
z (um)

Fig. 4.3: (a) SEM image of a fabricated monolithic microstructure with 50 pm radius,
[ =1and ¢ = 15° (b) Experimental data and (c) simulations of radial intensity profile as
a function of the propagation distance for [ = 1 and ¢ = 5°. (d) and (e) characterization
of higher-order Bessel beams for | = 1 and ¢ = 10°. (d) Intensity profile, (e) interference
pattern exhibiting the typical fork pattern.
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4.5 Fabrication of complex microoptical elements on fiber tip

The last section of this chapter is devoted to the fabrication of the MOCs on the
fiber tip and solving the critical technical issue — accurate centering of the MOC
according to the fiber core, which can limit the performance efficiency of the whole
optical system. The MOC’s centering accuracy can be defined as the ratio of the
MOC’s deviation from the fiber and mode field’s diameter at the end of the fiber:
o= [Ad / (2w0)] x100. Thereby, the centering error can be reduced by either improving
the sample positioning, thus reducing Ad, or by increasing the mode field diameter
2wp. The latter method is more desirable in practice and it will be presented in
this section. This is demonstrated by the fabrication of a hybrid MOC consisting
of a conical lens, an aspherical lens, and three pillars. The structure is designed to
modify the Gaussian output of the fiber into Bessel beam. The pillars serve two
purposes: (1) to ensure the attachment of the free-form MOC to the fiber, and (2)
to control the free-space between the fiber and the hybrid MOC and, consequently,
the mode diameter which increases due to diffraction phenomena. The purpose of
the aspherical and conical microlenses is to ensure the collimation of the Gaussian
beam and the generation of a Bessel beam, respectively. Firstly, the dimensions of
the aspherical and conical lenses should be determined. It is done in accordance
with the measured properties of the light beam which is emerging from the end of
the single mode optical fiber (Fig. 4.4, first row of data). Next, the aspherical lens is
fabricated on the fiber tip to verify the effect of Gaussian beam collimation (Fig. 4.4,
second row of data). The obtained results show that after 50 pm traveling, the beam
waist increases by 2.21 um, corresponding to 4 %. According to this, the hybrid
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Fig. 4.4: SEM images of the cleaved single mode optical fiber (a), aspherical lens (b) and
hybrid microoptical element (c) fabricated on the tip of the fiber. Beam waist dependence
on the propagation distance from the fiber tip through the fiber (d), aspherical lens (e) and
hybrid MOC fabricated on the fiber tip. 2D intensity profiles and transverse distributions
of the propagating fiber mode ((g) and (k)), collimated Gaussian ((h) and (1)) and Bessel
((j) and (m)) beams measured along dashed lines in (d) — (f) images. Scale bars in (a) — (c)
images: 50 pm, in (g) — (j) images: 10 pm.
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MOC was fabricated on the fiber tip and the optical performance of the system was
characterized (Fig. 4.4, third row of data). Even though the waist diameter increases
by 5.32 um after 75 um propagation distance, we have observed the generation of a
Bessel beam. In addition, we experimentally demonstrate the increase of propagation
distance of a Bessel beam 5 times in comparison to the case when the axicon of the
same parameters would be fabricated directly on the fiber tip. Finally, let us evaluate
the influence of the beam expansion to the reduction of the centering problem. It was
found that Ad = 600 nm, 2wy = 2.26 um and 2w = 16.76 um according to measured
experimental results (here 2wy and 2w are the beam waist at the end-face of the fiber
and at 35 um distance from the fiber, respectively). Subsequently, Ad/(2wg) equals
to ¢9 = 27 % and ¢g = 4 %, respectively. The beam expansion, therefore, reduces
the relative off-axis error 7-fold.

In conclusion, we have proposed a new method to overcome the problem of ac-
curate centering of the microoptical components fabricated using direct laser writing
on the tip of a single mode optical fiber by employing mode field expansion.
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Optical Components with Gradient Refractive Index

Material related to this chapter was published in [A8] and presented at [C16] confe-
rence.

In the previous chapter it was demonstrated that propagation of the light beams
at the micrometer scale can be controlled via free-form microoptical elements due
to the sophisticated surface profile fabricated by DLW technique. It is well known
that propagation of the light can be controlled with gradient-index elements (GRIN)
which refer to structures endowed with the gradual variation of the refractive index.
Commonly, GRIN elements are manufactured using well-known methods: chemi-
cal vapor deposition [82], ion exchange [83], neutron irradiation [84], thermal [85],
UV [86] and diffusion-assisted lithography [87]. However, all of them lack the pos-
sibility to embody arbitrary shape components, except for a very recent study [88].
On the other hand, the DLW technique is distinguished by the unique feature of fab-
ricating complex shape 3D structures, but the possibility to manufacture structures
with the imprinted spatial refractive index distribution have not been reported so
far. Before moving onto the results’ section we want to mention that refractive in-
dex of the fabricated microstructures depends on their chemical properties — degree
of conversion (the percentage of consumed C=C bonds during the polymerization
process). Therefore, this chapter begins with the analysis of the chemical properties
using Raman microspectroscopy technique and in the second part we will come back
to GRIN microoptics.

5.1 Change in chemical properties under light exposure

For the determination of interplay between the DLW exposure conditions and the
degree of conversion (DC) of fabricated microstructures, three sets of samples con-
sisting of 15 x 15 x 10 um? cuboids were prepared for the Raman microspectroscopy
experiments. Each array was fabricated by varying the average power in the ran-
ge of 20 — 220 uW and the sample translation velocity from 0.05 mm/s to 5 mm/s.
Fig. 5.1 (a) shows Raman spectra of the non-polymerized thin film of the prepolymer
S72080. Three peaks situated at 1593 cm~!, 1640 cm~! and 1714 cm~! are seen. The
first one is attributed to the aromatic ring vibrations of the Irgacure 369 photoinitia-
tor, the second — to the C=C stretching mode of the cross-linking methacrylate group
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Fig. 5.1: (a) Raman spectra of the prepolymer and (b) evolution of the cuboids fabricated
at 2.5 mm/s velocity. (c) Experimental data for the DC as a function of the DLW average
laser power/intensity and scanning velocity.

and the third — to the stretching mode of the carbonyl group (C=0). The typical
Raman spectra evolution of the cuboids photopolymerized with a varying average
laser power at constant velocity is shown in Fig. 5.1 (b). The decrease of the C=C
peak intensity with the increase of the laser beam power is clearly seen. It indicates
consumption and conversion of C=C bonds into single C-C bonds in the methacrylic
groups in the presence of light absorption. Meanwhile, the integrated intensity (S)
of the carbonyl group remains unaffected. Since this peak does not participate in the
chain growth reactions, it was used as a reference for the calculation of DC.

The degree of conversion was calculated by comparing the methacrylate C=C

stretching mode to a reference band C=0 before (‘n’) and after (‘p’) photopolyme-
rization [89]:

S o=/ Spio—
DC = l1 - ( re=0)/ p(c‘o)ﬂ % 100. (5.1)
Sn(c=C)/Sn(c=0)

It should be noted that prior to determination of DC, the fluorescence background
was photo-bleached maintaining two crucial conditions: (1) no arising or disappe-
arance of the peaks was observed and (2) the ratio of the peak intensity was constant
with the applied pretreatment exposure time. In Fig. 5.1 (c) we plot mean values
of the DC as a function of the average power and velocity. A rapid increase in the
DC with the increase in laser power is observed. Meanwhile, the decrease in the DC
from ~ 68 % to =~ 52 % with the increase in the writing velocity from 0.05 mm/s to
5 mm/s is found. Also, the achieved maximum value of the DC is in close agreement
with previously published results [90,91]. To summarize, the highest DC can be
achieved in two ways: P — max when v = const and v — min when P = const.
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5.2 Tailoring of the refractive index

In the following, based on the Raman microspectroscopy findings, we examine optical
properties of the photopolymerized SZ2080. We decided to evaluate the refractive in-
dex of the fabricated prisms at the case corresponding to ADC ~ 45 % at P = 40 uW.
The refractive index was measured with a Michelson interferometer according to the
setup described in Chapter 2. Since the intensity of the light field is related to its
phase (¢), the refractive index change in respect to air (ng;, = 1) can be evaluated
as follows:

_ P
An = 9T’ (5'2)

where h is the height of the prism and ¢ — phase shift. The obtained results are
summarized in Table 5.1. It can be seen that it is possible to achieve refractive index
change in the SZ2080 polymer up to An = n; —ns = (1.1640.12) x 102 depending on
the DLW conditions, i.e. exposure dosage. Moreover, a positive correlation between
the degree of conversion and refractive index exists. The higher the DC, the more
strongly the cross-linked network of monomers is polymerized corresponding to the
increase in the refractive index.

The GRIN element was designed and fabricated with consideration of the ref-
ractive index measurements (Fig. 5.2 (a)). The element is fabricated in a ,zig-zag”
recording manner with the increase in exposure dosage towards the structure’s center
and the decrease towards the opposite edge in the horizontal direction (x axis), while
the exposure dosage is constant in the perpendicular direction (y axis). It reveals
that the lens is a flat-top element in both directions even if the exposure dosage
varies continuously in the z axis. This ensures that the change in optical properties
of the fabricated component is not caused by its surface shape.

Finally, we measured the refractive index of the GRIN element along the x and y
axes employing the aforementioned interferometric technique. Quantitative analysis
of the refractive index distribution along both axes is shown in Fig. 5.2 (b). Obviously,
as was intended, the refractive index varies continuously in the z direction, but is
uniform in the y direction. Also, the index distribution obtained along the z axis
is distinguished by the symmetry within the error bars and can be expressed as:

Table 5.1: Experimentally measured DC and RI of the trapezoidal prisms fabricated at
40 uW power and alternating velocity corresponding to accumulated energy dosage: Dgye... =
D, x N, , here D, is the energy dosage per pulse and N, — number of pulses.

No. v, mm/s Dace., J/cm? DC, % n

n1 0.05 304 50.3 £ 2.0 1.5112 £ 0.0010
n9 0.1 152 348+14 1.5099 £ 0.0010
ns 0.25 61 23.1+3.6 1.5061 £ 0.0015
n4 0.5 30 10.4 £ 2.7 1.5046 £+ 0.0011
ns 1 15 5.5+3.1 1.4996 £ 0.0012
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Fig. 5.2: (a) Top view SEM image of the polymerized GRIN structure and (b) the measured
refractive index profile of it along = and y axes.

n(z) = no + kiz for < 0 and n(z) = ng + ke2x for > 0, where ng = 1.5159 £ 0.0004,
k1 = (6.78 £ 0.37) x 107* and kg = (—5.93 £ 0.37) x 10~%. Thus, the attained results
prove that the fabricated microstructure is indeed a GRIN element.

To conclude, we have investigated the interplay between the degree of conversion
and the refractive index of microstructures fabricated at various DLW experimental
parameters. Based on the Raman microspectroscopy results, we have found that
the degree of conversion is within a 6-70 % range and increases with the applied
DLW exposure dosage. Also, we have achieved refractive index change in the SZ2080
material up to An = (1.54 £ 0.11) x 10~2. Moreover, we reveal the linear dependence
among processing parameters (average laser power and scanning velocity) providing
handbook knowledge. Finally, we have demonstrated that DLW technology due
to its point-by-point scanning nature can be used for the manufacturing of GRIN
microoptics by precisely controlling the refractive index. This could find applications
in anamorphic light beam shaping, where aberration-free and plane optical surface
components are desirable.
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Conclusions

First statement to defend is supported by these conclusions:

1. Laser-induced damage experiments of hybrid polymer SZ2080 conducted with
Nd:YAG and Yb:KGW laser systems revealed that its optical resistance is in the
range of tens J/cm? at nanosecond pulse duration regime (1064 nm and 532 nm,
11 ns and 6.2 ns, 50 Hz) and varies in 0.1-0.6 J/cm? range at femtosecond pulse
duration regime (1030 nm and 515 nm, 343 fs, 50 kHz).

2. Study of the photoinitiator’s effect to the optical resistance of the SZ2080 poly-
mer at multi-shot (S-on-1) regime showed that it has no considerable influence
at the fundamental harmonic (1064 nm and 1030 nm) both at nano- and femto-
second pulse duration cases. Meanwhile, at the second harmonic (532 nm and
515 nm) it was found that laser-induced damage threshold decreases ten times
from 13.67 J/cm? to 1.44 J/cm? at nanosecond pulse duration regime and two
times from 0.13 J/cm? to 0.06 J/cm? at femtosecond pulse duration regime.
Such trends are explained by the reduction of energy difference between the
ground and the lowest excited states determined by the effect of conjugation of
a photoinitiator.

3. The results obtained at nanosecond pulse duration regime indicate that optical
resistance of the saturated polymers (SZ2080, PDMS and PMMA) is higher
than that of conjugated polymers (SU-8 and OrmoComp). At femtosecond
pulse duration regime and second harmonic (515 nm), damage threshold directly
depends on the AFE energy. An increase of the damage threshold value from
~ 0.65 J/cm? to ~ 0.9 J/cm? can be observed at the point where three instead
of two photons are required for the absorption.

Second statement to defend is supported by these conclusions:

4. Using direct laser writing system, consisting of Yb:KGW laser source (300 fs,
515 nm, 200 kHz), linear air bearing stages and galvanometric scanner, and
applying concentric ring and spiral scanning algorithms with 0.1-0.5 TW /cm?
laser intensity, the singular optical elements and their arrays were fabricated at
the micrometer scale:

a) conical lenses and arrays thereof with the following parameters: 30 pm
diameter, 5°, 10° and 15° inclination angle, 2.5 um tip radius of curvature
and 100 % fill factor;
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b) spiral phase plates which are 80 wm in diameter and have a topological
charge of 1, 2, 3 and 4 order;

c¢) monolithic bifunctional elements which are 100 um in diameter and con-
sist of 5°, 10° or 15° inclination angle conical lenses and 1, 2 or 3 order
topological charge spiral phase plates;

d) hybrid components, consisting of 15° inclination angle conical lens and
40 um diameter aspheric lens, integrated onto the single mode fiber tip in
order to optimize the manufacturing process.

5. Investigation of the amplitude and phase properties of the He-Ne laser beam,
propagating through the aforementioned elements, revealed that these beams
have properties of the optical vortexes and zero and first order Gaussian and
Bessel beams: invariability under propagation, phase singularity, annular in-
tensity distribution, = phase shift between adjacent rings, zero intensity at the
central part of the beam, the dependence of the propagation distance and cent-
ral core spot size of the beam on the inclination angle of the conical lenses. The
experimental data are supported by the numerical simulations.

Third statement to defend is supported by these conclusions:

6. Based on the Raman microscpectroscopy results, we have found that the de-
gree of conversion of microstructures fabricated at various DLW experimental
parameters (average laser power in the range of 20220 uW and scanning ve-
locity — 0.05-5 mm/s) is within a 6-68 % range and directly depends on the
exposure dosage of the laser irradiation as a 3rd degree function of the average
laser power: D o P3t.

7. It was determined that the refractive index of the microstructures, correspon-
ding to 6-50 % degree of conversion values and produced via DLW technique, is
different and can acquire up to An =(1.16 4 0.12) x 10~2 change depending on
DLW processing parameters. It indicates that refractive index of the fabricated
microstructures is directly linked to the number of consumed C=C chemical
bonds during polymerization reaction.

8. For the first time, it was demonstrated that DLW technology can be used for the
manufacturing of gradient refractive index microoptical elements out of hybrid
prepolymer SZ2080 by varying the exposure within 14-304 J/cm? range and
resulting in refractive index change up to An =(1.54 &+ 0.11) x 1072
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Santrauka

OPTINIYU ELEMENTU SVIESOS VALDYMUI MIKROMETRINIAME
MASTELYJE FORMAVIMAS TIESIOGINIO LAZERINIO RASYMO BUDU

Mikrooptiniai komponentai — tai yra optiniai elementai, kuriy geometriniai mat-
menys siekia nuo keliy mikrometry iki vieno milimetro. Jy gamybai nuo pat 1980
mety yra naudojamos jvairios technologijos, kurios skirstomos j tris placias grupes:
1) fotolitografijos, 2) savaiminio formavimo ir 3) atimamojo pobudzio metodus. Ta~
¢iau pastaruoju laikotarpiu vykstantys spartus mikrominiaturizacijos ir funkcijy is-
plétimo procesai reikalauja inovatyviy komponenty, gebanciy tiksliai valdyti sviesos
sklidimg mikrometriniame mastelyje. Anksc¢iau minétos tradicinés technologijos pa-
siekia savo galimybiy ribas ir ne visas idéjas galima jgyvendinti. Tai skatina esamy
technologijy vystyma ir naujy kurima. Viena is tokiy — 1997 metais pademonst-
ruotas tiesioginis lazerinis rasymas $viesai jautriose medZiagose (polimeruose). Si
technologija issiskiria is kity gamybos metody unikalia galimybe vieno proceso metu
formuoti jvairios geometrinés formos trimacius darinius su submikrometrine erdvi-
ne raiska. Praé¢jus devyneriems metams nuo pirmyjy darby, si technologija buvo
panaudota ir mikrooptiniy elementy formavimui. Siuo darbu plétojame tiesioginio
lazerinio rasymo technologija, demonstruodami jos testinuma ir naujas galimybes.

Sios disertacijos tikslas — eksperimentigkai istirti galimybe tiesioginio lazerinio ra-
symo technologija i$ hibridinio polimero formuoti singuliarios ir trukios geometrinés
formos bei gradientinio luzio rodiklio pasiskirstymo optinius elementus ir panaudoti
juos sviesos valdymui mikrometriniame mastelyje. Taip pat charakterizuoti formavi-
mui naudojama polimerine medziaga optiniais ir cheminiais aspektais.

Pirmajame rezultaty aptarimo skyriuje lazerio indukuoto pazeidimo metodika bu-
vo tyrinéjamas tiesioginio lazerinio rasymo technologijoje naudojamy jvairiy polimery
atsparumas optinei spinduliuotei. Naudojant Nd:YAG ir Yb:KGV lazerines sistemas
istirta pazeidimo slenksc¢io priklausomybé nuo lazerio impulso trukmes, bangos ilgio
ir impulsy skaiciaus. Nustatyta, kad nanosekundziy trukmeés impulsy atveju polime-
ry optinis atsparumas siekia iki poros desim¢iy J/cm?. O femtosekundziy trukmes
impulsy atveju, polimery pazeidimo slenkstis sumazéja viena arba dviem eilémis ir
igyja vertes 0,1 — 0,6 J/cm? intervale.

Antrajame rezultaty aptarimo skyriuje apzvelgiami mikrooptiniy elementy for-
mavimo principai ir nagrinéjama eksperimentiniy salygy jtaka sSiy komponenty geo-
metrinés formos atitikimui modeliams. Remiantis gautais rezultatais pademonst-
ruojama, kad tiesioginio lazerinio rasymo metodu galima formuoti jvairaus pagrindo
kampo kuginius lesius, nuo 1 iki 4 topologinio kruvio spiralines fazines ploksteles



ir sudétinius monolitinius pastaryjy elementy junginius. Eksperimentiniy rezultaty
patikimumas patvirtintas tiriant Sviesos sklidimo ypatybes pro suformuotus kompo-
nentus. Nustatyta, kad Sie Sviesos pluostai pasizymi optiniy sukuriy bei nulinés ir
aukstesneés eilés Gauso ir Beselio pluosty savybeémis.

Treciajame rezultaty aptarimo skyriuje Ramano mikrospektroskopijos ir interfe-
renciniais metodais buvo tyrinéjamos is hibridinio polimero SZ2080 suformuoty dari-
niy chemines ir optinés savybeés bei jy tarpusavio rysys. Empiriskai istirta monome-
ry konversijos ir luzio rodiklio priklausomybé nuo tiesioginio lazerinio rasymo ekspe-
rimentiniy salygy. Nustatyta, kad monomery konversija kinta nuo 6 % iki 68 %, o in-
dukuojamas luzio rodiklio pokytis gali siekti iki An =(1,16 & 0,12) x 10~2. Taip pat
nustatyta, kad luzio rodiklio pokytis tiesiogiai priklauso nuo polimerizacijos reakcijos
metu sueikvojamy C=C jungc¢iy. Tai sudaré salygas pirmg kartg pademonstruoti,
kad tiesioginio lazerinio rasymo technologija galima formuoti tiksliai derinamo luzio
rodiklio pasiskirstymo elementus.

Sio disertacijos rezultatai atskleidzia, kad tiek tiesioginio lazerinio rasymo tech-
nologija, tiek ir joje naudojamos polimerinés medziagos, yra tinkamos singuliaros
geometrines formos ir gradientinio luzio rodiklio mikrooptiniy elementy gamybai.
Pademonstruojama, kad pastarieji elementai yra funkcionalus ir gali buti panaudoti
sviesos valdymui mikrometriniame mastelyje.
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