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INTRODUCTION

The field of ceramics and ceramic-like materials has attracted considerable
attention in engineering due to their exceptional mechanical, chemical, and
thermal properties [1]. There is a growing interest in advanced resins and
innovative fabrication processes to meet the increasing demand for novel 3D
ceramic micro/nano-structures that cannot be achieved using conventional
manufacturing technologies. The most precise and versatile technology for
fabricating inorganic 3D ceramics is the combination of femtosecond laser-
based 3D lithography (3DLL) and thermal treatment [2—4]. This technology is
highly suitable for various applications ranging from micromechanics [5] to
biomedicine [6], integrated micro-optics [7], and photonics [8]. However, there
is still a need for a wider variety of initial materials, further optimization of the
composition of starting materials and calcination conditions to fully propagate
and enhance this technology.

Extensive research has focused on the production of photoactive suspensions
and their effectiveness in fabricating 3D ceramics. Typically, these suspensions
consist of finely dispersed ceramic particles within organic resin matrices, such
as inks or pastes. The selection of materials for these suspensions includes
metal or semimetal oxides, carbides, borides, nitrides, and glass grains, which
are appropriately dispersed within organic monomers [9, 10].

The presence of inorganic particles in suspensions can lead to challenges
such as agglomeration and sedimentation, resulting in final 3D objects. The
chemical differences between organic resins and inorganic particles make it
difficult to prepare a stable and transparent solution. When the material lacks
transparency, the laser light can scatter or be absorbed, causing a reduction
in laser power at the point of polymerization, which introduces poorly con-
trollable fabrication system setup. As a result, irregularities may appear in
the final structure. Additionally, structures fabricated from suspensions often
undergo significant deformation during the heating process [11].

To overcome these limitations, the development of homogeneous hybrid
metal-organic resins is currently underway. These resins aim to combine
the advantages of both metal-organic frameworks and organic polymers to
address the aforementioned disadvantages. Homogeneous mixtures strive to
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enhance stability, improve processability, and achieve desirable mechanical
and functional properties in the resulting 3D objects.

In this context, the present dissertation research aims to tackle the challenges
of obtaining accurate and hard 3D ceramic objects by exploring new advanced
hybrid materials, production processes and application in 3D multi-photon
lithography. The study focuses on the synthesis and manufacturing of 3D ob-
jects through direct laser printing, as well as the transformation from 3D hybrid
polymeric structures to ceramics with unique properties. The characterization
and experimental conditions of 3D lithography and heat treatment are also
presented. The results demonstrate the achievement of the highest resolution
below 60 nm for free-form 3D SiO; /ZrO; inorganic 3D object and the unique
mechanical properties of 3D SiOC, SiC, and «,3-5i3Ny4 ceramics. Ultimately,
this thesis contributes significantly to the advancement of methodologies ded-
icated to manufacturing of ultra-small and robust 3D ceramic objects, with
direct relevance to industrial applications.

THE AIM OF THE THESIS

The aim of this thesis was to synthesize a range of metal-organic precurs-
ors via the sol-gel method and prepare ceramic 3D micro/nanostructures by
combining femtosecond laser lithography and pyrolysis.

THE SCIENTIFIC TASKS OF THE THESIS

In order to fulfill the aim of the dissertation, the following tasks were
formulated:

1. To prepare (synthesize) hybrid silicon/zirconium-organic and silicon-
organic compounds via sol-gel method.

2. To assess the feasibility of the synthesized materials for femtosecond
laser-induced polymerization and to explore the influence of different
parameters and materials composition on the overall quality of the pro-
duced 3D objects.

3. To examine the effects of pyrolysis/calcination parameters such as tem-
perature, duration, and atmosphere on the deformation, shrinkage, chem-
ical, physical, and mechanical properties of the resultant ceramic 3D
micro/nano-objects.
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NOVELTY AND IMPORTANCE OF THE WORK

This dissertation was inspired by the challenge of fabricating precise and
hard 3D ceramic objects. The research focused on the exploration of novel
silicon-organic materials, its manufacturing process, utilization in 3D multi-
photon lithography and the transition from 3D hybrid polymeric structures to
ceramics with unique properties. A novel approach for direct measuring the
crystalline phase of 3D micro-objects using a single crystal X-Ray diffractometer
was demonstrated for the first time. The study also achieved a new record
for the highest resolution below 60 nm of free-form 3D SiO,/ZrO, inorganic
objects.

Furthermore, a novel silicon-organic material was developed, showcasing
remarkable advancements in its mechanical properties, specifically tailored for
additive manufacturing. The amorphous SiOC, SiC, and «,3-5i3N4 ceramics
demonstrated negligible deformation or decomposition, however provided
for a uniform repetitive decrease in volume, increased hardness upon heat-
ing (up to ~15 GPa) and reduced elastic modulus (up to ~105 GPa). These
accomplishments (=15 GPa hardness and ~60 nm resolution) have facilitated
the commercial applicability of these materials by overcoming significant sci-
entific and engineering challenges, creating new opportunities for industrial
applications.

STATEMENTS FOR DEFENSE

1. The sol-gel method is a suitable approach for the efficient synthesis of
transparent hybrid silicon and zircon metal-organic compounds for 3D
laser photopolymerization. It is possible to control the properties of
materials prepared using 3-methacryloxypropyltrimethoxysilane and
zirconium propoxide by altering the molar ratio in the range from 9:1 to
5:5.

2. The resolution of 3D-printed ceramic structures depends on the initial
photoactive material composition, the laser parameters during photopoly-
merization and the heating protocol. Hence, it is possible to achieve nano-
scale feature size down to 60 nm for 3-methacryloxypropyltrimethoxy-
silane : zirconium propoxide 9:1 material using fabrication parameters:
300 fs laser pulse duration, 200 kHz repetition rate, 200 m/s printing
velocity, and 64 uW laser power (irradiation 0.22 TW/cm?) followed by
annealing at 1000 °C.

3. The crystalline phases of powders and 3D objects with identical com-
positions exhibit structural variations. Crystalline phases of both the
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3D objects and powders vary differently by adjusting the molar ratio of
the initial precursor (3-methacryloxypropyltrimethoxysilane : zirconium
propoxide) from 9:1 to 5:5 and the heating temperature from 1000 °C to
1400°C.

. The sol-gel method is suitable for stable, and transparent advanced
silicon-organic materials fabrication for 3D laser lithography. It is possible
to control the chemical properties of materials by changing the molar ratio
of trimethoxymethylsilane and 3-methacryloxypropyltrimethoxysilane
(9:1, 8:2 and 7:3).

. The mechanical properties of prepared SiOC, SiC, and «,3-Si3Ny ceramic
objects depend on chemical composition and post-processing conditions.
Hence, it is possible to obtain hard 3D ceramic structures (hardness up
to ~15 GPa, reduced elastic modulus ~105 GPa) using 8:2 (trimethoxy-
methylsilane : 3-methacryloxypropyltrimethoxysilane) initial material fol-
lowed by annealing at 1200 °C temperature under nitrogen atmosphere.
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1. LITERATURE OVERVIEW

Development of 3D micro-/nano-objects plays a crucial role in the miniatur-
ization of devices, enabling enhanced functionality and integration possibilities
in various fields such as photonics, microfluidics, micromechanics, micro-
electronics, and micro-optics. One prominent technique for fabricating these
objects is multi-photon lithography, also known as two-photon polymeriza-
tion, which utilizes laser direct writing to rapidly prototype 3D structures.
Recent progress in this ultrafast laser technique, coupled with advancements
in material science, has made routine 3D printing of inorganic structures pos-
sible through a combination of mask-less photopolymerization and subsequent
thermal post-treatments. These recent achievements hold great promise for
technical applications requiring highly resilient structures composed of inert
and durable materials capable to withstand harsh environments.

Multi-photon 3D lithography [12] (specifically, two-photon polymerization
(TPP) [13]) is already a well-established technique among scientists and is
readily available in the industry [14]. Its versatility meets the requirements for
a plethora of micro- and nano-scale applications where true 3D structures and
high feature definitions are needed [3]. It can be extended to larger dimensions
of up to mm-scales (upscaled) with a wide variety of materials to choose
from [12, 15].

By definition, the outcome of the photopolymerization process is inherently
related to the choice of cross-linkable materials. The materials can be purely
organic or organic-inorganic hybrids [16]. This is indeed acceptable to a great
extent for prototyping and additive manufacturing of objects applicable in
micro-optics, nano-photonics, microfluidics, micromechanics, biomedicine,
sensor and diverse templating (master or mask making) [17]. Such devices
must feature high performance and durability under harsh conditions.

On the other hand, glasses, ceramics, and crystalline materials possess
exceptional properties as technical materials, characterized by high resilience,
transparency, and low reactivity. Consequently, technologies have been de-
veloped to create inorganic 3D objects that fulfill these requirements. One such
technology is based on a combination of photoactive hybrids synthesis (typic-
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ally sol-gel), photopolymerization, and high-temperature post-processing.

In the case of metalorganic resists specifically designed for multiphoton
polymerization, the application of heat treatment leads to several notable effects.
Firstly, there is an increase in the degree of cross-linking and densification,
followed by material decomposition, along with geometrical downscaling.
Furthermore, at elevated temperatures (> 1000 °C) inorganic glass-ceramic
phase transition material phases can be observed followed by the emergence
of fully crystalline phases. This simultaneous geometry and material provide
the possibility to produce unique devices unachievable using other methods.

Up to now, additive manufacturing of sol-gel materials and fabrication of
inorganic objects was limited to the micro-scale. However, recent advances
in femtosecond laser material processing enabled the fabrication of features
on the nano-scale. With a combination of ultrafast lasers (both, short pulses
and high repetition rates) the 3D lithography is becoming a precision additive
manufacturing tool with ~100 nm spatial definition (resolution) on demand.
Combination with pyrolysis/calcination post-treatment enables reaching ex-
treme scales of sub-100 nm and fabrication of pure inorganic objects. This is a
milestone achievement in ultrafast laser nanostructuring and in the following
chapters will be discussed in detail of physical-chemical principles, techno-
logical realization, examples of novel emerging applications, and a future
outlook.

Literature overview is written based on the printed article [A1] (see
list of publications): G. Merkininkaite, et. al. ,Polymers for Regenerative
Medicine Structures Made via Multiphoton 3D Lithography: a Review”. In-
ternational Journal of Polymer Science. Vol. 2019, 3403548, 23, 2019, doi.:
10.1155/2019/3403548, and book chapter [B1] (see list of publications): G.
Merkininkaité et al. ,Multi-photon 3D lithography for sub- 100 nm additive
manufacturing of inorganics”. In: Stoian, R., Bonse, J.(eds) Ultrafast Laser
Nanostructuring. Springer Series in Optical Sciences. Vol 239. Springer, Cham.
Chapter No. 22,2023, doi.: 10.1007/978-3-031-14752-422.

1.1 Physical principles of multiphoton excitation and photopolymerization

A non-linear thresholded photo-response of polymeric material is exploited
for the laser direct write (DLW) 3D nanopolymerization [15, 17]. The photo-
excitation of the organic monomer (prepolymer) molecules can be utilized
as a linear or non-linear light-matter interaction via one-photon, two-photon
and multi-photon absorption mechanisms. Additionally, during exposure
avalanche ionization and thermal accumulation, might occur [18]. The interplay
between these processes is not trivial.

Although, the technique is being widely used and commercially established,
still intensive research effort is being invested to better understand the funda-
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mental processes. This is illustrated in some recent prominent review papers
on that topic [15, 19]. Furthermore, a decade-long dispute about the dominant
mechanisms, which will be discussed below, is still in progress via original
research dedicated papers [20, 21].

In one-photon absorption, a molecule absorbs a single photon. While two-
photon absorption occurs when two lower-energy (compared to single-photon
adsorption) photons are absorbed simultaneously. The energy of the absorbed
photon (in the case of one photon (1PA)) or two photons (in the case of TPA
(further 2PA)) must be equal or higher to the energy difference between the
ground state and the excited state of a molecule. Both absorption mechanisms
involve the excitation of the photoinitiator molecule from the singlet ground
state (Sp) to the excited singlet manifold (S;) (see Figure 1.1). Subsequently;, it
relaxes to the lowest S; energy state, undergoes intersystem crossing (ISC) to
the lowest triplet state, thereby initiating radical generation [19].

However, when dealing with long-lasting triplet states (for example, if
the triplet state is lower than the dissociated state or if there exists a potential
barrier), the excited state absorption (ESA) from the triplet becomes necessary
to generate radicals.

In multiphoton ionization (MPI) (see Figure 1.1), a photoinitiator may
not be necessary, as the monomer itself can be photoionized. For short pulse
durations (100 fs), direct multiphoton ionization dominates, while for longer
pulse durations, it primarily serves as a seeding mechanism for avalanche gen-
eration. However, both cases require initiation by multiphoton ionization and
large pulse energies. Radicals can be generated through nonresonant reactions
via photothermal dissociation of photoinitiator or monomer molecules. This
photophysical reaction pathway is expected to dominate if the number of laser
pulses hitting a voxel is low or if a photoinitiator is absent, resulting in higher
required pulse energies compared to two-photon absorption [18].

One-photon absorption has some distinct disadvantages. While collimated
light can induce polymerization reaction in the relatively big (up to cm) area
with high repeatably [22], achieving true 3D shapes is tricky. The standard way
used in stereolithography is stacking 2D layers on top of each other. This leads
to the necessity to use supports if free-hanging features are made [23]. Also,
resins need to be liquid in order to cast a new layer after the previous one is
done. Thus, while one-photon absorption is a powerful tool for manufacturing
various structures, there are also some severe limitations.
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Figure 1.1: A schematic representation of possible two and multi-photon ab-
sorption pathways. Reprinted with permission from [18].

In 2PA case, the number of absorbed photons n,, per time ¢ can be calculated
using the following equation [A1]:
dn,,

- — 2
= 0N F?, (1.1)

here 03 is 2PA cross-section of a particular material (quantified by Goppert-
Mayer units, GM = 507°° cm? s), N is the density of absorbing component and
F is photon flux which can be defined as F' = I /hv. Conclusions about what
practical considerations should be made when trying to apply 2PA for polymer-
ization can draw from Eq. 1.1. First, the photon absorption rate is proportional
to I?, making excessive I one of the main considerations. The N should also
be sufficient for the reaction. Finally, the material needs to be reactive enough
to have high o5. The first requirement is realized using appropriate processing
setup, second and third by tuning the material properties. The nonlinearity
of the process behind 3D laser lithography is the key to achieving fabricated
features below the diffraction limit.

Most often a localized photo-chemical modification (Figure 1.5) can be
achieved by optimizing light exposure parameters. Usually, this includes
intensity - I [W/cm?], and corresponding energy dose - D [J] for the specific
material to fit within the fabrication window (FW, or a dynamic DFW taking
into account the ratio of damage and initiation thresholds). Fine-tuning these
values can ensure fine 3D structuring (Figure 1.4). The final object dimensions
and resulting resolution will depend on the interplay between laser exposure
(I, D), material response (sensitivity, diffusion of reaction), and geometrical
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rigidity (architecture) - thus, in turn, will be defined by physical, chemical
and engineering thresholds [15]. The routinely observed spatial dimensions of
single voxels are down to 100 nm lateral and 300 nm longitudinal dimensions
(see Figure 1.2). And the production throughput can reach tens of thousands
of individual voxels per second which makes it an extremely efficient precision
(in nanoscale) additive manufacturing tool [12, 24].

(a) NA=1.4 J [a. u] (®) Intensity /
! c A /\ Optical damage
2 % 23 threshold I,
© O
0.6 0T
0 = £ .
s B3 [\\ ' Polymerization
2 w i / b threshold /,,
0.2 ) |/\1'\
44 2 0 2 4 IEJ: Z = &

I'[um] Lateral Longitudinal
dimensions d dimensions /

Figure 1.2: Non-linear thresholded photoresponse of a prepolymer confined
by the incident light’s intensity spatial distribution. (a) - light intensity distri-
bution using NA = 1.4 immersion oil objective. The photo-modified volume
is defined by the lateral d, and axial I, isointensity region exceeding the non-
linear absorption threshold (corresponding to the highest photon density). The
voxel (volumetric pixel) is elongated along the beam propagation direction
following the incident energy density distribution. » and z depict realistic
probable dimensions in spatial units while I is normalized. (b) - scaling by in-
tensity tuning: lateral and longitudinal dimensions, respectively. By adjusting
the incident laser I fitting within the polymerization threshold (irreversible
photomodicifation) and damage threshold (bubbling, explosions, uncontrolled
burning) one can linearly vary the cross-linked volume from sub-wavelength
to wavelength dimensions (lateral). The axial dimensions will be enlarged
depending on the focussing optics and will follow quadratic dependence on
NA. Figure adapted from [15].

However, the most recent development within the MPL community pertains
to Professor Wegener's scientific study regarding two-step absorption instead
of two-photon absorption [25]. In this research, Professor Wegener and his
team have devised a light-sensitive material that employs an actual energy
level for electron excitation, as opposed to a virtual level, thereby preserving
the quadratic nonlinearity relationship. The achievement is attainable using
a continuous-wave laser diode, resulting in a structured pattern with a mere
300 nm period. This technology is undergoing further refinement, with ongoing
efforts to achieve elevated printing speeds based on the principles of light sheet
microscopy.
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1.2 Laser 3D lithography setup and strategies

In order to realize 2PA a special workstation is required. In a very gener-
alized case there are 4 main components in each 3D laser lithography setup:
laser source, relay optics, sample positioning and imaging system [Figure 1.3].
Furthermore, choosing correct writing strategies are also extremely important,
because they can influence both: mechanical properties of the structure as well
as manufacturing throughput. Thus, when considering the capabilities of 3D
laser lithography the hardware/software part of the technology should not be
overlooked.

Yb:KGW

1030 nm

15w

1 kHz -620 kHz

Scanner and 200 fs - 10 ps

imaging system

515 nm
(343 nm)

Figure 1.3: Simplified schematics of a 3D laser lithography fabrication setup
employing amplified fs laser and harmonic generator. Here PP; is a phase
plate, G; and G, are Brewster angle polarizers, M - mirrors, RM - removable
mirror, RPM - removable power meter, T - telescope, Obj - objective. Taken
from [12].

As discussed previously, 2PA is a nonlinear process requiring high light
intensity (I). The peak intensity I in a focused Gaussian beam can be obtained
through the following equation [26]:

2P

Iy = ——
07 Fuinr

(1.2)

here P is average laser power, f - laser repetition rate, wy = 0.61NA/\ is a
radius of beam waist and 7 is pulse duration. As can be seen, the laser source
is responsible for most parameters leading to high I (P, f and 7). For this
reason, ultrafast fs laser with high P (up to few hundred mW), reasonable
f (which rarely exceeds MHz) and very short 7 (tens of fs range) is the best
candidate to induce 2PA [27]. Nevertheless, picosecond (ps) [28], nanosecond
(ns) [29] and even continuous wave (cw) [30] lasers were used for 3D laser
lithography. However, in these cases 2PA is surpassed by thermal effects and
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avalanche ionization as a dominant process for inducing polymerization. This
resulted in a decrease in fabrication window and/or necessity to use substantial
lower translation velocity, thus making ultrafast lasers a primary choice for
high-efficiency 3D laser lithography setups. It is interesting to point out that
both oscillators and amplified fs laser systems can be used. The latter laser
systems are also capable of subtractive laser manufacturing, such as ablation
or selective glass etching [31-33]. Thus, a setup with such laser can perform
both additive and subtractive laser processing.

The purpose of relay optics is quite straightforward - direct laser light
from laser to the sample. However, peculiarities of this operation should not
be overlooked. As established in last paragraph, laser should be emitting fs
pulses. In the case of oscillators such pulses can be extremely short (sub 100 fs)
and, in turn, have relatively broad spectral width. Furthermore, several laser
harmonics might be used in one 3D laser lithography setup [12]. Therefore,
optics in the setup have to be able to sustain all of the relevant harmonics
with respective spectral widths. In addition, optics have to assure that there
is a minimal temporal pulse broadening due to de-chirping of the pulse as
it passes various optical elements or it is appropriately controlled for the
benefit of printing [34, 35]. Alongside spectro-temporal requirements, optical
chain also has to assure that there are no spatial disturbances to the beam.
Indeed, to achieve maximal possible writing accuracy laser beam has to be as
close to Gaussian as possible [36]. Additionally, the beam diameter should
match the aperture of focusing optics, introducing the need of a telescope.
Finally, an appropriate numerical aperture (NA) objective should be chosen to
accommodate needed feature size/throughput compromise. The light intensity
in the focal region of Gaussian beam can be defined as [37]:

2 9.2
I(r,z) = IowzJ;)Q exp (w(i7;2> , (1.3)

here r is the distance from the optical axis, z - distance from the focal plane
parallel to the optical axis. Because wy depends on NA, by changing the
objective one can relatively easy tune the size of the modified volume.

3D laser lithography is realized by moving a focused laser beam in rela-
tion to a sample or sample in relation to the laser beam. At the onset of the
technology piezoelectric (piezo for simplicity) stages were used [38]. They
provide extreme precision down to the sub-nm scale. However, their working
area is extremely limited (no more than several hundred ym) and translation
velocities are limited. They were also sensitive to physical overloads due to the
danger of the piezocrystals cracking. These problems meant that piezostages
were gradually phased out from the fields where high-throughput printing
was necessary. The two next easily applied options were galvanometric scan-
ners and linear stages. Scanners are superb positioning tool for very high
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throughput fabrication due to the minimal inertia [39]. This means that cm/s
translation velocities can be achieved even while fabricating very complex
shapes. The downside of this approach is the printing area being confined
to a working field of an objective which is in order of several hundred pym.
If structure dimensions exceeded working area of an objective, it had to be
divided into segments which were then printed one-by-one, resulting in stitch-
ing between segments [40—43]. Stitches induce optical and mechanical defects
which might compromise functionality of the structure. Linear stages do not
have this problem and can produce cm-sized structures at high translation
velocities (up to cm/s) if the structure is simple and based on straight lines [44—
46]. However, due to the high inertia of the stages, distortions might appear in
more complex cases also creating a limitation. The solution to these problems
is synchronization of galvanometric scanners and linear stages allowing to
achieve stitch-free printing with superb quality of complex 3D shapes at high
translation velocities [12].

The final component necessary for practical 3D laser lithography setup
is integrated imaging system. In the simplest case it is needed to assure that
structure is fabricated at appropriate position of the sample and for real time
observation of the printing process [45]. At the same time the functionality
of imaging system can be expanded to include additional functions, such as
autofocus. In general sense, autofocus is needed to find interface between
pre-polymer and substrate. It minimizes the workload on the setup operator
and enhances repeatability and precision of such operation. Depending on
desired result, it can be achieved by using existing imaging hardware and
additional image post processing [47], or by introducing more components
into the setup [48]. It is important to note that implementation of autofocus
is relatively simple in 3D laser lithography case due to fluorescence of most
processable polymers. This sharply contrasts with finding interface between
two non-fluorescent transparent mediums where more advanced solutions are
needed [49].

Such 3D laser lithography fabrication setup is appropriate for sol-gel based
materials photopolymerization due to their easy sample handling and exposure
trajectory while being in a gel state, as well as mechanical properties to survive
the whole process till producing complex 3D object. The typical protocol
scheme of 3D inorganics fabrication is depicted in Figure 1.4. It includes
DLW, wet chemical development and high-temperature treatment. Finally,
the produced structures can serve as templates for various post-processing
solutions including plasma etching, metal sputtering, atomic layer deposition
and replications. Altogether such a method can be readily exploited for additive
manufacturing of inorganic substances at micro and nano-scale dimensions.
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Figure 1.4: Visualization of DLW process and heat treatment. (a) shows the
basic building block of the structure — the "voxel" characterized by its transverse
and longitudinal dimensions, (b) the process of sequentially scanning the
hybrid metal-organic prepolymer and forming the desired structure, (c) the
development process to remove the unexposed material, (d) 3D polymeric
structure, (e) calcination as a route for ceramic 3D nano-structures production,
(f) final crystalline 3D object.

1.3 Chemical principles of thresholded photopolymerization

The main goal of using light in lithography is to induce photocleavage of
chemical bond and initiation of photochemical reactions. The photopolymeriz-
ation process from a chemical perspective is based on the interaction between
light radiation with a photoinitiator and monomer. The mechanism of free
radical polymerization is shown in Figure 1.5. Free radical polymerization
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consists of four fundamental steps: initiation, propagation, chain transfer and

termination.

A)
h
- Pl v Ro* + Ry
Initiation .
Ry + M Rp-M*
Rp-M* + M RiyM-M*
Propagation
RoM-M* + nM RiyM-(M),-M*
RiM-(M),-M* + DH RiM-(M),-MH + D*
Chain Transfer
D* + M DM*
Ri1)M=(M)-(M) ,-MR;
RiyM-(M)-M* + Rj)M-(M),,-M* <
RyM-(M)-M + R M-(M),-M
Termination
. RyM-(M),-MR,
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Figure 1.5: A) - steps of the free radical polymerization including initiation,
propagation, chain transfer and termination. PI- photoinitiator, M- monomer,
D- donor, R- radical. Red markings show the active substance that fur-
ther participates in the reaction. B) - photocleavage example of methyl-1-
(4-methylthio)phenyl-2- morpholinopropan-1-one (MMMP) photoinitiator. Fig-
ure reproduced from [50].

Initiation involves the formation of radicals after the absorption of photons
as described previously. The most commonly used initiating molecules are
photo-degradable aldehydes or ketones. They have a tendency to split into two
fragments with unpaired electrons after photon absorption [51]. In general,
cleavage occurs at any weak bond but usually takes place at the « - posi-
tion of the carbonyl group and less frequently at the § - cleavage Figure 1.5B.
Chemical families of such type photoinitiators are hydroxyacetophenones,
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benzylketals, benzoin derivatives, a-aminoalkylacetophenones, phosphine
oxides, a-haloacetophenones, trichlormethyl-S-triazine and others [50]. Chem-
ical formulas of structures (photoinitiators and monomers) are shown in 1.1
table. Basically, following radicals generation, active species then react with
any monomer such as «, - unsaturated aldehydes/ketones, acrylates, vinyl
esters, vinyl sulfones, imidazoles, maleimides, etc. During this process, a free
radical of the photoinitiator attacks the double bond of the monomer, and the
new radical is formed (R(;)-M)*. In this way, chain initiation consists of two
described steps (Figure 1.5A), Initiation part).

During propagation, a polymer increases its chain length by the fast and
progressive addition of monomers to the growing polymer chain keeping active
centers. Ideally, the propagation step would continue until all monomers are
consumed. However, pairs of radicals also tend to react with each other, anni-
hilating their activities. Such behavior is called termination and is schematically
depicted in Figure 1.5A Termination part.

Short polymer chains can be formed due to a side reaction called chain
transfer. This reaction can be caused by a small molecule, such as a chain
transfer agent, solvent, initiator, monomer, or polymer, which in the scheme
corresponds to DH (Figure 1.5A, Chain Transfer). Chain transfer effect results
in the destruction of one radical, but also the creation of another radical in
contrast to termination. In many cases, however, a newly created radical is
unable to propagate further [52].

1.4 Photoinitiators in laser lithography

Correct choice of Pl is imperative for 3D laser lithography. PI's influence
on the whole printing process is immense because it determines what laser
wavelength should be used and what is the fabrication window. When 3D
laser lithography was first used, photopolymers with PIs designed for one UV
photon absorption were applied due to being readily available [53, 54]. From
the first glance it might seem that adoption of one photon PIs for 2PA should
be pretty straightforward by just making sure that fs laser wavelenght is half
of the absorption peak of the PI. However, interestingly enough, it was shown
that sometimes PIs with huge one photon absorption cross-section o can have
very small o5 in the range of tens GM [55]. In comparison, o3 can go as high as
more than a thousand GM [55]. This proves the necessity to create PIs specially
designed for 2PA.

2PA-oriented Pls can be realized by using D-7-D, D-7-A, D-m-A-7-D, and A-
m-D-m-A type chemical compounds showing large changes of dipole/quadrupole
moment upon excitation, with extended conjugation in molecules [56]. Here
7 is a w-conjugated backbone (for example, vinyl groups in ethynylphenyl,
ethynylene or phenyl), D usually represents hydrogen, methoxy, alkylamino,
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Table 1.1: Possible photoinitiators and monomers for UV lithography.
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such as, dimethylamino, diphenylamino, and dibutylamino groups which
act as electron-donors, and A- acceptors (for instance, various cycloketones,
ketones, pyridine or pyridinium) (see Figure 1.6) [56-58]. D-7-D and D-n-A-7-
D are two of the most commonly used PI systems in 2PA.

Important requirement of Pls is the sufficient two photon absorption cross
section value which is most dependent on the chemical structure, hydrophili-
city /phobicity and solvent. According to M. Albota et. all, the two photon
absorption cross section increases due to the increasing conjugation length of
the molecule or the increasing extent of symmetrical charge transfer from the
ends of the molecule to the middle, or vice versa [59]. Furthermore, the 2PA
cross section value was equal to 176 GM of the hydrophilic PI P2CK (Figure 1.6)
under 800 nm excitation in water, while its hydrophobic analogue (B3FL) in
chloroform- 466 GM [60]. The hypothesis of such behavior is interpreted by
hydrogen bonding between solute and solvent, changes in the PI geometry or
aggregation [57].

While Pls are the primary way to induce crosslinking, it was also showed
that in some cases polymerization reaction can be induced even without PI
present [26, 61, 62]. This potentially eliminates the need to use PI and, thus,
optimizes its printing conditions. On the other hand, it reduces the fabrication
window, potentially weakens the structure mechanically and creates additional
requirements for the light source [26]. This is due to the change in the undergo-
ing light-matter interaction. It was calculated that if P is not present, avalanche
ionization might become a comparable or even greater contributor to chemical
bond cleavage than 2PA [63]. However, as avalanche requires time to achieve
its full potential, relatively longer pulses in the range of hundreds of fs are
necessary.

1.5 Negative photo-resists

A negative photoresist is a type of photoresist in which the portion of
the photoresist that is exposed to light becomes insoluble to the photores-
ist developer. The unexposed portion of the photoresist is dissolved by the
photoresist developer. Possible monomers for UV lithography were depicted
in 1.1 table. However, there are three main groups of photoresists that are
commonly used in a TPP which are discussed below.

1.5.1 Acrylates

Acrylates are one of the most commonly used families of photopolymers in
3D printing due to their high photoactivity and chemical tunability. Historically
it was the first polymer structured in 2PP [53]. Acrylates are a family of
polymers made from acrylate monomers which are esters. The significant
feature of acrylates is that vinyl groups are directly bounded to the carbonyl
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Figure 1.6: Structural formulas of 2PA PIs. Here P2CK is PI soluble in water,
while B3FL- soluble in organic solvents [Al]. D-m-A-7-D conjugated system
model is depicted below. The figure is adapted from [56, 58].

carbon. These monomers are important due to their bifunctionality. The vinyl
group is responsive for polymerization [64]. The carboxylate group carries
numerous functionalities providing the ability to modify the composition and
chemical structure of acrylates. The polymerization chemistry of acrylates is
based on the differences between two vinyl carbon atoms. Vinyl groups possess
an abundance of electron density, whereas carboxyl groups exhibit a high level
of polarity. Therefore, the carboxyl group in acrylates attracts electrons from
the vinyl group, leading to a deficit of electrons in alpha carbon and an excess
in beta carbon (see Figure 1.7). This property results in the high activity of
acrylates in the free radical polymerization reactions.

Many acrylates with diverse properties can be obtained by altering the
groups connected to the alpha carbon and carboxylate. For example, methyl,
ethyl or other organic chain having acrylic, methacrylic, cyanoacrylic esters [65].

28



There are abundant acrylates monomers and oligomers that are photosensitive,
such as hydroxypropylacrylate, hexanediol diacrylate, polyester tetra-acrylate,
hexaacrylate, oxazolidone acrylate, pentaerythritol triacrylate, urethane ac-
rylate, some fluorinated acrylates, methyl methacrylate and so forth [66]. Many
acrylates possess appealing properties depending on their chemical structure,
such as high chemical and heat resistance, stability, toughness, favorable stiff-
ness, flexibility, optical clarity [65, 67] or 3DLL forming possibility. It is known
that, for instance, in polymethyl methacrylates, the softening point, density,
and refractive index decrease while toughness increases as the ester chain
lengthens. By changing the ester group from methyl to isobutyl in polymethyl
methacrylate, the density can range from 1.19 to 1.02 g/cm?3, the refractive
index can vary from 1.48 to 1.45, and the softening point can be adjusted from
125°C to 62 °C [65]. On the other hand, when it is necessary to achieve poly-
mers with specific properties, it is possible to combine other monomers or
modifiers through copolymerization reactions. As a result, copolymers [65, 68]
and blends, also known as acrylic multipolymers [65] can be obtained. Certain
components, such as ethoxylated trimethylolpropane triacrylate, are used to
reduce shrinkage during photopolymerization [69]. To enhance the hardness of
the polymer, tris(2-hydroxylethyl)isocyanurate should be added [69]. Various
modified acrylates have been utilized in 3DLL over the years [70-72]. Over-
all, acrylate groups play a significant role in the discussed polymers, making
acrylate chemistry a fundamental aspect of 3DLL.

B-carbon atom  a—carbon atom

Ny p
\C:C R,

/ \ o Polymerization _PI(_:IZ_(::
n

H C
O/
\ C=0
R, carbonyl carbon atom O/
\
Rlsz= H, CH3, CH2CH3... Rz

Figure 1.7: Structural formula of acrylates before and after polymerization.
Here R; and R; are organic substituents, n- degree of polymerization. Alpha,
beta and carbonyl carbon atoms are shown [A1].

1.5.2 Hydrogels

Hydrogels can be defined as polymeric networks with the capacity to
absorb and retain a significant amount of water within their 3D structures. This
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unique property is attributed to the chemical structure of the material. The
hydrogels are formed by hydrophilic groups which are hydrated in an aqueous
medium [73, 74]. Typically, hydrogels are insoluble in aqueous solutions due
to their polymeric cross-linking. However, the presence of abundant water
molecules within the polymer network, facilitated by hydrogen interactions,
enables these materials to swell in aqueous solutions [74]. Therefore, chemically,
hydrogels can be characterized by two conditions: the presence of a water-
insoluble polymeric chain and the inclusion of hydrophilic functional groups.
The two aforementioned requirements give rise to a wide range of hydrogel
precursors. To facilitate the understanding of hydrogels, they can be classified
based on several aspects. Firstly, hydrogels can be categorized according to
their origin as either natural or synthetic polymers. Additionally, based on
polymeric composition, hydrogels can be grouped as homopolymeric, where
the basic structure consists of a single type of monomer, copolymer (com-
posed of two or more different monomer species with at least one hydrophilic
component) or multipolymeric interpenetrating polymeric hydrogels, which
consist of two independent crosslinked polymers. Furthermore, hydrogels can
be classified based on their crystallinity, such as amorphous, semicrystalline, or
crystalline. Another classification criterion is the electric charge of hydrogels,
which allows for grouping them into nonionic, ionic (including both cationic
and anionic hydrogels), amphoteric (containing acidic and basic groups), and
zwitterionic (including both anionic and cationic groups) hydrogels [74].
However, not all hydrogels can participate in photopolymerization. In
3DLL precursors hydrogels are usually liquid and should immediately respond
to irradiation of light. Therefore, PIs which accelerate photopolymerization
reactions are necessary. Multifunctional crosslinkers, such as acrylic acid or
(meth)acrylates, create links between the polymeric chains. Frequently, mono-
functional reactive dilutes are added in order to adjust the viscosity [75]. Pho-
topolymerizable hydrogel precursors could be: HA-MA /acrylamide, modified
gelatin, collagen, fibrinogen, fibronectin, concavalin A, lypholized BSA (bivone
serum albumin), PEGDA /HEMA and so forth, together with eligible PIs [75].
One of the most used hydrogels for several decades is PEGDA [76, 77]. Its
structural formula is depicted in Figure 1.8. PEGDA consists of polyethylene
glycol with two acrylates substituents at the ends of the chain. PEGDA is func-
tionalized by polyacrylic or polymethacrylic acids in order to form crosslinked
hydrogels. These compounds have an oxygen atom in a polyethylene glycol
part and carboxylic group in an acid part. The hydrogen bond between these
groups is formed. This behaviour depends on pH, because the reason for hy-
drogen bond formation is the protonation of carboxylic group [73]. However,
properties of hydrogels can be changed not only by changing pH. Various
factors, such as temperature, pressure, solvent composition or ions changes
controllable, can influence crosslinking density, hydrophobicity, swelling rate,
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permeability, degradability and mechanical strenght [75] of gels which are
important for 3DLL process and for the applicability of the final product.

The ability to polymerize hydrogels with 3DLL further extends their
applicability [75]. Indeed, from most of the currently available materials they
offer one of the best analogs for extracellular matrix. Thus, numerous different
structures were created out of hydrogels over the years using 3DLL [45, 78-80].
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0] )K/CHZ
H,cZ 0

0O n

Figure 1.8: Structural formula of polyethylene glycol diacrylate (PEGDA). Here
n is a degree of polymerization [Al].

1.5.3 Epoxy

SU-8 is the most popular epoxy-based photoresist, which can be polymerized
via TPP. SU-8 is unique, as it possesses eight epoxy groups per monomer [81].
It is based on the acid-labile groups and the photo-acid generator [82]. This
results in a rather strict processing protocol. First, it is pre-baked to remove
the solvent. Subsequently, the material undergoes UV exposure, resulting
in the generation of a strong, low concentration acid. One example is the
decomposition of PI into hexafluoroantimonic acid, which then protonates
epoxides. Such protonated oxonium ions are capable to react with neutral
epoxides in cross-linking reactions after irradiation. During this process, acid
regenerates resulting in a very strong reaction in exposed areas. This reaction
is facilitated by the fact presence of eight epoxy sites on each monomer under
typical conditions. [Figure 1.9]. The end result is very well-defined 3D objects
that can be relatively big (up to cm) or can have very small features (down to
tens of nm [83]).

3DLL processing of SU8 have some interesting features in comparison to
standard UV case. First off, exposure and post-bake can be combined into a
single processing step [84]. This is possible due to the capability to induce
both: nonlinear absorption and subsequent heating during the same laser
scanning step. The polymerization kinetics are also somewhat different. Raman
spectra reveals that when SUS is exposed to 800 nm 100 fs 1 kHz Ti:Saphire
the absorption dynamic is different from standard UV case. However, the end
result is basically the same as SU8 polymerized with UV radiation and 2PA
has nearly identical Raman spectra [85]. Both sub-diffractive structures [86]
and mm scale objects [87] were fabricated using 3DLL out of SU8. Due to
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relatively good adhesion of SU8 to various functional substrates, structures can
be printed directly on them. One of the examples - fiber tips [88]. SUS8 consists
only of the organic matter, therefore it can also be removed by calcination in
ambient atmosphere in rather low temperature of 600 °C, making it a good
candidate for the template material for other substances that are hard to shape
in 3D directly [89]. This epoxy-based resist is transparent to visible light and
highly resistant to traditional solvents, making it suitable for many applications
such as microfluidic, photonic and biomedical structures [81].
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Figure 1.9: Molecular formula of SU8 monomer [A1].

1.54 Hybrid metal-organic materials and suspensions

Hybrid metal-organic prepolymers are exceptional materials for 3D laser
printing applications. These compounds possess remarkable properties that
make them highly suitable for fabrication, including photosensitivity to radi-
ation, transparency, and homogeneity. Moreover, 3D structures manufactured
from hybrids can be transformed into glass-ceramic or crystalline materials
through heat treatment. These ceramic structures exhibit excellent mechanical,
thermal, and chemical properties, making them highly promising as engineer-
ing materials.

Most hybrid preceramic polymers are metal-organic compounds derived
from silicon, with additional backbone chains consisting of carbon (C), nitrogen,
oxygen (O), boron (B), or metal atoms such as Hf, Zr, Al, Ti, Ge, V, Ce, Mo, Sn,
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Fe, Co, Ni, Pd, Pt, Cu, Ag, Au, W and etc [90]. The backbone of these polymers
is linked to side groups, which are predominantly organic. Common types of
side groups include alkyl, vinyl, aryl, epoxy, and various other organic groups
that can participate in photopolymerization (Figure 1.10) [91].
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Figure 1.10: Possible common types of silicon-based hybrid organometallic
polymers in the Si-Me-O-C-N-B system used as precursors for ceramics [B1].

In addition to homogeneous hybrid materials, suspensions are also utilized
to obtain functionally structured ceramics. Generally, suspensions consist of
fine ceramic particles dispersed in liquid or semi-liquid systems, serving as a
feedstock or metal-organic resins, often in the form of inks or pastes. Suspen-
sions are based on metal or semimetal oxides, carbides, borides, nitrides, glass
grains dispersed in organic monomers, such as oxymethylene, olefins, propyl-
ene or ethylene, urethanes, amides, ethers, esters, acrylates (Figure 1.10) [92].

However, suspensions present several disadvantages compared to hy-
brid organometallic monomer resins. Structures made from suspensions have
limited resolution due to the particle size and light scattering tendencies. Addi-
tionally, it is challenging to maintain stability in a mixture of substances over
an extended period. Moreover, structures tend to exhibit disproportionate
shrinkage and develop porosity or defects after heat treatment. The following
light-based methods used in additive manufacturing for such materials forma-
tion are commonly: stereolithography (SL)- digital light processing (DLP) and
two-photon polymerization (TPP), along with inkjet-based printing (IJP) and
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extrusion-based direct ink writing (DIW) [92], [93]. Indeed, the most prom-
ising method for obtaining high resolution 3D ceramics is laser two-photon
polymerization of hybrid materials with subsequent pyrolysis [A2].

Laser two-photon polymerization technology offers the advantage of being
compatible with a wide range of materials [A1]. The requirements for ma-
terials suitable for two-photon polymerization are minimal: they need to be
transparent to the laser wavelength and possess the characteristics necessary
for multiphoton absorption triggering photopolymerization [94, 95]. To en-
able the conversion of the produced structures into pure inorganic ceramics
through pyrolysis, the chemical composition of the materials must include
inorganic components. Such materials can be suspensions containing inorganic
nano/micro-particles or hybrid metal-organic prepolymers, as discussed in
the previous paragraph and illustrated schematically in Figure 1.10. Among
the various synthesis methods, the sol-gel method is the most suitable and
extensively studied technique for producing hybrid materials [96].

In brief, the sol-gel process entails preparing a precursor mix (a sol or a
solution), which transforms into a more solid-like substance upon evaporation
of the solvent and chemical cross-linking of its solid, liquid, or dissolved
components [97]. Sols or solutions can often be transformed into ceramics
through gel-like intermediates at temperatures that are significantly lower
than the ones employed in traditional processing [96]. This occurs because the
precursors used are intermixed at a molecular level and can react further to
form a network.

In order to enhance comprehension of the synthesis methodology, Fig-
ure 1.11 is presented as an example [98]. The sol-gel process begins with the
stabilization of metal or semimetal alkoxide by organic molecules. In the case
of photocurable metalorganic resist synthesis, organic acid having acryloyl
group (for example, methacrylic acid) should be added to produce stable,
photo-active precursors, necessary for photopolymerization. Stabilization is
carried out slowly adding the organic acid to the alkoxide. After stabilization,
hydrolysis is performed. During hydrolysis, water reacts nucleophilically with
metal alkoxide to form hydroxide groups through the alkoxy groups contained
in the metal alkoxide precursor. Acids or bases are used as catalysts for these
reactions. The way the reaction occurs and its kinetic properties are principally
influenced by the catalyst, the nature of the alkoxide group and the solvent
used. Stabilized and hydrolyzed alkoxides of metals or semi-metals are added
dropwise to each other. Typically, the alkoxide of the more active metal is
added dropwise to the more passive one, thus forming a liquid solution- sol.
The natural phenomenon that follows hydrolysis of alkoxide precursors is con-
densation (also called polycondensation or inorganic polymerization). In this
process, hydroxyl groups react with each other to form oxo bridges (-M-O-M-)
in combination with the simultaneous elimination of either a water or alcohol

34



molecule [98-100]. In the presence of solvents and alcohol formed after hydro-
lysis, the condensation is accelerated by heating (~90 °C). After condensation
gels become sufficiently rigid and transparent, so they can be polymerized
with appropriate radiation [99]. Additionally, appropriate photoinitiator may

be added to the sol.
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1.6 Positive photo-resists

All photopolymers discussed so far are of so called negative photo-resists.
It means that areas which were exposed to the light are crosslinked and remain
after the development. However, opposite also can be realised by using so
called positive photo-resists. In that case under irradiation exposed regions
of photosensitive material are removed by the developing. Typically, positive
resists consist of the polymer matrix, photoactive generator, solvent and other
additives [101, 102]. The main requirement of such resist is photosensitivity
of photoactive generator which is basically called photoacid generator due
to its property to produce acid after the light irradiation. The photoactive
generators can be divided into two types, first - the ionic, which mostly contain
onium salts and upon UV light are able to produce Bronsted acids, while the
second type is non-ionic that can generate sulfonic, carboxylic and phosphoric
acids. Generally, polymers having tertiary carboxylate, tertiary carbonate,
tertiary ether, acetal, hemiacetal ester or other easily protonizable group are
used in positive tone resist systems. In that case after the photo-activated
acid-catalyzed reactions such polymers are decomposed into poly-carboxylic
acids or poly-phenols [101], depending on the initial functional group, and
the compounds with smaller molecular weights. Thereafter, polymers having
acidic functional groups can easily dissolve in alkaline solvent. The described
system is called the amplification resins. The most prevalent type of positive
tone photoresist consists of diazonaphthoquinone (DNQ), phenol formaldehide
polymer (Novolac), and propylene glycol monomethyl ether acetate (PGMEA)
as a solvent [103-106].

Positive tone resists were applied in 3D laser lithography [107] with primer
focus on possibility to use them in microfluidics [108]. However, they are
relatively chemically unstable with short shelf life and narrow fabrication
window. Thus, in recent years they were used less and less in favour of easier
to use and apply negative tone resist.

1.7 Thermal post-processing technique for 3D nanostructures

Typically, hybrid organometallic 3D objects exhibit mechanical properties
that are comparable to those of organic structures [109, 110]. However, hybrids
possess a distinct advantage - they can undergo a transformation into pure
inorganic amorphous, glassy, or crystalline structures [111, 112],[A2]. As a
result, the potential applications of such structures expand significantly. In this
section, the subsequent steps involved in post-processing 3D hybrid structures
in order to achieve either inorganic-amorphous or crystalline structures (refer
to Figure 1.12) will be described. To illustrate the processes, we will take the
well-known and widely used material SZ20807* [113].
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Figure 1.12: Steps from synthesis to crystallization in Si-Zr organometallic
system. Chemical structures and crystal lattices were reproduced from [111].

The transition of $Z20807* from polymer to an amorphous glass-ceramic
was investigated and described by Gailevicius et al. [111]. This study was
continued by Merkininkaité et al. [A2]. The results are described in Chapter 3.

In order to preserve the structural integrity of the object following heat
treatment, it is essential to carry out the processes of polymerization and
cross-linking. Based on the chemical nature of precursors, cross-linking reac-
tions can be initiated in different ways: exposure to light or laser curing (the
described case of photopolymerization), thermal treatment (150 °C - 400 °C),
electron-beam curing and reactive plasma initiation for cross-linking at low
temperatures (<200 °C) [114]. Thermal cross-linking after photopolymerization
is the most attractive and best-studied for hybrid metal-organic materials. This
technique induces hydrosilylation (Si-H/vinyl groups), transamination (evol-
ution of amines, ammonia or oligomeric silazanes), thermal polymerization
(vinyl or allyl groups) and dehydrocoupling (Si-H/Si-H or Si-H/N-H groups)
reactions causing the formation of organic/inorganic networks [91, 112] and
structure densification.

Pyrolysis is a thermal treatment conducted at temperatures exceeding

38



400 °C, wherein polymers undergo decomposition, ultimately resulting in the
formation of amorphous inorganic compounds. Calcination and crystallization,
being high-temperature treatments, initiate subsequent reactions. The proper-
ties of 3D objects after heating, including chemical composition, density, defects
population, surface morphology, and crystallinity, are not solely influenced by
the composition of the initial material. They are additionally affected by factors
such as the heating temperature and its ramp rate and holding time, as well as
the heating atmosphere, whether it is under overpressure or in a vacuum [115].
During the pyrolysis step, less stable organic compounds decompose resulting
in objects initial weight loss up to ~30% [26], and linear shrinkage ~40% [111].
Most of the precursors (individually for each composition) reach amorphous
glass/ceramic up to 1100 °C and crystallization begins at higher temperatures
(typically from 1200 °C). In an oxidizing atmosphere, organic material is elim-
inated in the form of CO and CO, gas. Therefore, it is crucial to control the
rate of temperature increase in order to prevent the formation of porosity in
the structure. In this case, the predominant outcome involves the formation of
metal or semi-metal oxides as depicted in Figure 1.12. The formation of free
carbon, carbides, or nitrides occurs through chemical reactions that take place
during the heat treatment process in an inert atmosphere, such as argon (Ar),
nitrogen (N2), or under vacuum conditions [91].

In summary, the optimal conditions for polymer-to-ceramic conversion
extensively depend not only on the original precursor composition but also on
the atmosphere, heating rate and temperature.

1.8 Trends and technical applications

This section presents the most promising trends and fields of application that
derive direct benefits from the distinctive mechanical, optical, and chemical
properties exhibited by 3D structures with sub-100 nm scale. These objects
assume critical role in facilitating advancements in numerous domains.

Currently, thermal post-treatment is being established as a technique for
downscaling or improving the properties of the laser additive manufactured
3D nanostructures. For instance, pyrolysis is applied at 900 °C for production
of carbon nanowires, resulting in downscaling the features and converting the
compound into a new substance [116]. In another study, a pre-ceramic resin
was developed and investigated for its application in two-photon lithography,
with the aim of fabricating crack-free objects characterized by bulky and free-
form objects [117], yet the systematic feature size (resolution) study was not
performed in details, making the results difficult to evaluate or compare.

On the other hand, some inorganic tin oxide ceramics were 3D structured
via a similar femtosecond laser 3D photolithography technique followed by
sintering, it showed a promising route for high resolution additive manufac-
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turing. Yet the obtained spatial resolution was ~ 1 um in linewidth [118].
Another study presents a robust method for additive manufacturing of ductile,
ultrastrong silicon oxycarbide (SiOC) ceramics at previously unprecedented
scales using two-photon polymerization direct laser writing (TPP-DLW) of a
preceramic resin, offering the potential to fabricate engineering systems with
feature size ~ 200 nm [119].

The latest research towards applications in photonics was focused on
creating high refractive index materials, such as TiO;. The 300-600 nm spa-
tial resolution was demonstrated [8]. In general, metal oxide ceramics are
important in both modern technology and commercial applications. This was
demonstrated by applying lithium-cobalt oxide 3D structuring suitable for
cathodes into lithium ions batteries [120].

All in all, applications can range from micro-optics to micromechanical
systems operated in harsh environments requiring toughness and stability. The
technical applications are separated into these sub-topics: micro-optics, nano-
photonics, micro-/nano-fluidics, micro-mechanics, and nano-electronics. The
following section presents and discusses the significant details of the current
milestone achievements.

(a) Pristine (b) Sintered (c) Dimensions

20 um

(d) Top view of the micro-lens
/ \4”” R \‘&
¥ -
i) 9
L i

Figure 1.13: An SEM image of micro-optical component stacked of 3 aspheric
lenses: (a) pristine and (b) sintered. Geometrical characterization of the single
lens diameter by optical profilometer - (c), and its top view under OM (d).
Validation of the same calcinated micro-lens imaging and resolving properties
using 1951 USAF test target - imaged group 6 element 7 corresponds to the
resolution of 4.39 pm (228 Ip/mm). As shown, the geometrical and material
properties such as projected lens shape and optical transparency are preserved
for quality functional performance. Figure adapted from [7].
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1.8.1 Micro-optics

Recently, a pilot study on laser 3D printing of inorganic free-form micro-
optics was experimentally validated [7]. Ultrafast laser nanolithography was
employed for structuring hybrid organic-inorganic material SZ20807* and
followed by high-temperature (~1000 °C) post-processing. The process allowed
production of true 3D architectures and subsequent heat-treatment resulted
in material conversion to a transparent inorganic glassy material. Miniature
optical elements were produced and characterized. Also, their optical operation
was demonstrated. The preliminary measuring indicated the averaged value of
refractive index ~ 1.609, which matched well with the n = 1.617 as reported for
non-structured material in literature [121]. Finally, the concept was validated
for manufacturing of micro-optical components stacked of 3 aspheric lenses (see
Figure 1.13). This is extremely attractive for the implementation of DLW
lithography-made glass optics in material processing, remote sensing, and
astrophotonics [7].

1.8.2 Nano-photonics

Additive manufacturing at a small scale enables advanced in 3D nano-
photonics systems. However, the choice of high-refractive-index materials is
limited. Recently was produced process to fabricate complex 3D architectures
out of dense titanium dioxide (TiO3). These objects were characterized by a
high refractive index (n = 2.3) and nano dimensions, required for nano-photonic
devices. The transmission electron microscopy analysis proved this material
to be a crystalline rutile (TiO2) phase. SEM analysis shows grain formation
with an average size of 110 nm and < 1% porosity. Proof-of-concept woodpile
3D architectures with 300-600 nm beam dimensions exhibited a full photonic
bandgap centered at 1.8-2.9 um, as was revealed by Fourier-transform infrared
spectroscopy and matching with a plane wave expansion simulations [122].
The complete protocol and resulting structures are shown in Figure 1.14.

1.8.3 Micro-fluidics

Micro-fluidics is another field that is greatly benefiting from the true 3D
shaping of glass structures. The fabrication of arbitrary three-dimensional sus-
pended hollow micro-structures in transparent fused silica glass are presented.
A micro-fluidic 3D intertwined mixer is shown in Figure 1.15. The repor-
ted results were achieved by mixing SiO; nanopowder in the organic binder
resin instead of sol-gel chemistry derived hybrid photopolymer [123]. Here
researchers utilized complex organic polymeric templates created by direct
laser writing. The templates were embedded in a SiO; nanocomposite material,
which was then polymerized and transformed into fused silica glass through
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Figure 1.14: Schematic representation of laser additive manufacturing of TiO,
3D nano-architectures by SEM images. (a) Woodpile architectures were sup-
ported by a set of springs that decouple them from the substrate. (b) Titania
woodpile structure was formed by calcination of the preceramic part. Repres-
entative TiO, magnified view before (c) and after (d) calcination at 750 - 900 °C.
Figures scale bars correspond to: (a) - 50 pm, (b) - 20 pm, (c) and (d) - 2 pm.
Reprinted with permission from [122]. Copyright (2023) American Chemical
Society.

thermal debinding and sintering processes. The removal of the polymeric tem-
plates during the debinding stage resulted in hollow cavities without material
redeposition or channel blockages. This technique allows for precise control
over the structure geometry [123].

The sintered fused silica glass parts demonstrated high optical transparency
across the UV, visible, and infrared regions, as well as mechanical, chemical,
and thermal stability. The surface properties of the glass, such as hydrophilicity
and surface energy (=60 mN m ™), resembled those of commercial fused silica
glass. Overall, this technique for fabricating three-dimensional suspended
hollow microstructures in fused silica glass using sacrificial templating has
significant potential for applications in flow-through synthesis, microfluidics
and lab-on-a-chip devices.
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Figure 1.15: Glass templates produced by DLW and thermal treatment: (c)
Intertwined spirals (scale: 900 pm). (d) Resulting intertwined microfluidic
spiral channels in fused silica glass with a channel width of 74 pm. The
channels were filled with dyes (see inset, scale: 140 pm). As it can be seen the
3D structures can be replicated with high accuracy and no deformations [123].

1.8.4 Micro-mechanics

Ultrafast DLW multiphoton lithography opened a new dimension for
the mechanical material engineering based on nano-architectured additive
manufacturing [124]. High-porosity (low mass density) objects with optimized
internal 3D geometries in combination with thermal treatment enable the
production of ductile, ultrastrong polymer-derived nanoceramics [125]. As an
example, mechanical performance in SiOC nanograting is shown in Figure 1.16.
This nanograting is characterized as mechanical metamaterials with exceptional
stiffness and strength properties. When subjected to uniaxial compression,
their effective stiffness varies between 1 and 17 GPa, while their strengths
span the range of 40 to 860 MPa. These mechanical properties are observed
across relative densities ranging from 9% to 40%. Moreover, the nanograting
demonstrates elastic-plastic behavior, with failure strains reaching up to 8%.

Recently, L. Brigo et al. (2018) showed that using commercial resist, 3D
complex architectures with size of the order of 0.10 mm in the z-direction and
with details down to 450 nm can be fabricated with 2 photon polymerization.
The achieved structures, after pyrolysis, were dense (1.98 + 0.02 g/cm?) and
fully transformed into SiOC. The mass loss of such structures was as high as
90%, the linear shrinkage was greater than 50% [126].

L. Yao et al. (2022) demonstrated a photocurable SiOC-based slurry which
was developed with 20 um printing accuracy. Fabricated gyroid metamaterials
exhibited attractive mechanical properties: the specific compressive strength
was as high as 63.0 MPa/(g/cm?) with 0.606 g/cm? density [127]. While E.
Shukrun (2018) showed the fabrication of 3D-printed organic—ceramic complex
hybrid structure with 139 MPa hardness [128]. These recent studies confirm
the increasing interest in ceramic metamaterials with improved mechanical
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Figure 1.16: Mechanical characterization of SiOC nanolattices: 3D structures
before mechanical characterization (top) and at the moment of failure (bot-
tom). Scale bars are all 5 um [125]. Reprinted with permission from Elsevier.
Copyright ©2023 by Elsevier.

properties.

Comparison of hardness and/or compressing failure strengths of 3D
inorganic or hybrid organic-inorganic structures prepared by additive manu-
facturing is depicted in Figure 1.17. It is clear that the hardness demonstrated
in many studies are limited to the megapascal (MPa) scale. Only the last studies
show hardness in the gigapascal (GPa) scale. The recent studies demonstrating
hardness in the GPa scale reflect the availability of new advanced materials and
the emergence of research areas that demand materials with higher hardness
properties.
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Figure 1.17: Comparison of the hardness of 3D inorganic or hybrid organic-
inorganic structures prepared by additive manufacturing [11, 127-139] and
[P1]. The achieved sizes of dimensions are provided. The result published in
the thesis approbation patent [P1] is highlighted.

1.8.5 Nano-electronics

For true 3D micro-/nano-electronics applications conductive microstruc-
tures containing gold can be fabricated by simultaneous photopolymerization
and photoreduction DLW and pyrolysis. E. Blasco et al. have reported employ-
ing a photoresist consisting of water-soluble polymers and a gold precursor.
The fabricated microstructures demonstrated good conductivity and were suc-
cessfully deployed for 3D connections between gold pads [140]. Ultrafast laser
3D lithography, combined with calcination, is a rapidly emerging field that is
still being studied for its feasibility. However, it has already demonstrated its
potential by successfully creating functional prototypes like ZnO-based UV
photodetection devices with a large current on/off ratio and excellent cycling
stability [97]. This is of crucial importance for next-generation MEMS/NEMS,
and energy storage devices.

1.8.6 Sub-100 nm challenges: comparison of current achievements

The ability to fabricate structures with sub-100 nanometer resolution
using 3D direct laser writing has far-reaching implications in various fields
of research and technology. It drives advancements in photonics, enabling
the development of advanced photonic devices and integrated optics. The
successful attainment of nanoscale dimensions using laser lithography as a
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standalone technique still presents challenges from a scientific perspective.

Sub-100 nm features can be fabricated using the stimulated emission de-
pletion (STED) technique, or by employing post-processing methods. STED
requires a more sophisticated two-wavelength laser setup and materials pre-
pared for that specific lithography [141, 142], yet not for their functionality.
Current achievements of sub-100 nm features via STED lithography are shown
in Figures 1.18(c-e)[142, 143]. Plasma etching has proven to be effective in
refining the features of fabricated structures, enhancing their quality and preci-
sion (Figure 1.18g). On the other hand, pyrolysis/calcination not only enables
downscaling of the structures (Figure 1.18(h-j)) but also facilitates the trans-
formation of the material into inorganic, rendering it highly advantageous for
a wide range of technical applications. However, as depicted in Figure 1.18(j),
it is evident that achieving nanoscale dimensions is feasible without the use
of STED technique. Therefore, there is no requirement for upgrading the
setup to a multi-wavelength exposure configuration. Finally, the calcination
route ensures complete material conversion to inorganic, thus removing the
photoinitiator in case it was used in the photoresin [7].

In Figure 1.19 essential publications in the DLW 3D lithography of inorganic
material are marked and dated accordingly. As an important criterion, the
reports are ranked in resolution (feature dimension), specifically on sub-100 nm
scale. Another plot represents the growing number of citations which shows
increasing interest in the field. It is noted, that during recent years the amount of
original publications increases and the density of the achievements concentrates
towards the 100 nm benchmark, with sub-100 nm being repeatedly reached.

1.8.7 Emerging applications

Appendix table A.11 summarizes the current achievements where DLW 3D
lithography was used in combination with thermal post-treatment: reference,
year, materials used, details of processing protocol, achieved dimensions, and
targeted applications. As it is seen, various femtosecond laser setups of dif-
ferent wavelengths (515 nm, 780-800 nm), pulse durations (100 fs, 300 fs), as
well as repetition rates (200 kHz or 80 MHz), were used. It can be deduced that
the dimensions of a three-dimensional (3D) objects are influenced not only by
the fabrication parameters but also by the specific material properties and an
optimized calcination protocol. It should be noted, that not all researchers were
aiming for the highest resolution, rather for the specific application. On the
other hand, supporting techniques such as helium-assisted microcasting can
be used for employing hollow polymer templates for filling it with glass slurry
and sequentially removing the template completely [190]. This results into
fused-silica structures where the laser 3D structured polymer serves just as a
sacrificial structure. Hence, the accomplishments of scientific research in micro-
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Figure 1.18: Current achievements of sub-100 nm features via STED lithography
((a) - (f)), plasma and pyrolysis assisted post-processing solutions (g), (h) - (j),
and inorganic structures obtained via calcination approach. A note, that STED
technique allowed achieving of 65 nm features of organic materials as shown
in (d), yet further variations of depletion power resulted in enlargement of
the primitive structures (e) - (f). In (h) a lattice structure out of $Z2080™
before and (i) after calcination is shown, with line widths reaching below
100 nm already in inorganic glass-ceramic material. Whereas with the material
tuned for inorganic substance outcome results in reproducibly reached 60 nm
homogeneous lines in a well ordered lattice geometry, shown in (j). Scale bars
represent 1 pm in (g). [111, 141, 144], [A2].

and nano-scale ceramic make a substantial contribution to the technology
industry.

Figure 1.20 depicts properties of 3D ceramics, their immediate possible
and future potential technical applications. Certain applications necessitate
distinct requirements for thermal conductivity, chemical reactivity (inertness),
optical properties, mechanical, and electromagnetic characteristics. Described
characteristics are compatible with the technology’s capability of making multi-
material polymer 3D objects [191], thus empowering to make multi-material
inorganic-organic or inorganic-inorganic structures [145].

Finally, the eco-innovative aspect based on plant-derived optically 3D
printable resins allows merging bio-renewable resources with the discussed
calcination method - as the organic matter is only used for templating and is
evaporated eventually, thus it can allow selection of bio-based resins (such as
derived from vegetable oils for instance) instead of petroleum ones [192]. As an
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Figure 1.19: Current achievements of 3D inorganic structure resolution in 3D
lithography (corresponds to the black coordinate axis) and the number of
publications per year (corresponds to the blue coordinate axis). The number of
publications resulting from a search with keywords "3D, ceramic, printing" on
scopus.com website, from 2004 to 2022 [7, 97, 111, 122, 123, 125, 144-157]. The
achieved feature size of G. Merkininkaite et al. (up to 60 nm) is published in
article [A2] of the thesis approbation.

example, a resin based on AESO (acrylated epoxidized soy oil) and a natural
diluent such as ethyl lactate can possess a renewable carbon content of up to
89%. Furthermore, this resin can be manufactured across a wide range of sizes,
spanning from sub-micron to millimeter dimensions [193].

1.9 Summary and outlook

In conclusion, recent advances in ultrafast DLW lithography and its
application for additive manufacturing of 3D inorganic nano-objects have
shown significant progress. The ability to fabricate complex architectures and
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Figure 1.20: Properties of 3D ceramics, their immediate possible and future
potential technical applications [158-189].

true glass, ceramic, and crystalline structures through precision optical 3D
printing of hybrid organic-inorganic materials followed by high-temperature
thermal post-treatment is a notable achievement.

The synergistic progress in laser technology and material sciences have
already resulted in immediate applications in various fields such as microoptics,
nano-fluidics, micro-mechanics, and nano-electronics.

Moreover, this technology has established a reliable route for downsizing
structures, addressing the challenge of reaching below 100 nm features. By
achieving a 40-60% feature reduction without compromising geometry, DLW
3D nanolithography enables the production of complex shaped geometries with
the highest optically true 3D printable resolution. The material densification
during sintering offers benefits such as surface self-smoothing, which is crucial
for applications in micro-optics, nanophotonics, and fluidics.

However, it is important to note that the field of technology of precise 3D
ceramics is experiencing rapid advancements and progress at an accelerated
pace. Therefore, the quest for suitable hybrid precursors that are compatible
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with laser 3D polymerization remains an urgent and timely task. This is
primarily due to the fact that the formation of three-dimensional (3D) ceramic

objects at micro- and nano-dimensions through laser lithography heavily rely
on the chemical precursors nature.
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2. EXPERIMENTAL

2.1 Materials and synthesis methods

2.1.1 Synthesis of Si/Zr metalorganic precursors

Photoactive monomers were synthesized by the sol-gel method according to
the synthesis described in 2008 [194]. 3-(Trimethoxysilyl)propyl methacrylate
(MAPTMS, Sigma Aldrich, 98%), zirconium(IV) propoxide solution 70 wt. %
in 1-propanol (ZPO, Sigma Aldrich) and 2-methacrylic acid contains 250 ppm
MEHQ as inhibitor (MAA, Sigma Aldrich, 99%) were selected as precursors for
the preparation of the preceramic photopolymer. Methacrylic acid was vacuum
distilled in order to remove the inhibitor. Other reagents were used without
further purification. First, MAPTMS was hydrolyzed using aqueous HCI (0.1
M) solution at a 1:1 molar ratio (Figure 2.1 (I)). After half an hour of stirring,
the solution of alkoxysilane and water becomes homogeneous, indicating the
successful hydrolysis of the alkoxysilane groups.

Simultaneously, ZPO was stabilized by MAA at a 1:1 molar ratio (Figure 2.1
(II)). After that, hydrolyzed MAPTMS was added dropwise to the stabilized
ZPO solution to form a liquid sol. The photoinitiator was not used. After
stirring for 12 h in a sealed vial, the material was filtered using a 0.22 ym
syringe filter. One series of SiX:ZrY metalorganic precursors were synthesized,
where X is Si molar ratio from 9 to 5 and Y is Zr molar ratio from 1 to 5. Five
samples were prepared by adding drops of precursors on substrates. After
that, drops were dried on a hotplate at 90 °C degree for 1 hour in order to form
gels (Figure 2.1 (III)). After condensation, polymerization can be performed
(Figure 2.1 (IV)).

2.1.2 Synthesis of silicon-organic precursors

The series of silicon-organic compounds were also synthesized via the sol-gel
method using two silanes. Trimethoxymethylsilane (MTMS, >98.0% Aldrich),
possessing a 1:1 ratio of carbon and silicon atoms after hydrolysis and complete
condensation. 3-(trimethoxysilyl)propyl methacrylate (MAPTMS, 98% Aldrich)
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Figure 2.1: Flowchart of material synthesis and photopolymerization via fol-
lowing steps: hydrolysis of MAPTMS (1), stabilization of ZPO (II), mixing and
condensation case of 1:1 molar ratio) (III) and polymerization (IV).

is well known and widely used in 3D laser lithography. A series of samples
were prepared using 9:1, 8:2, and 7:3 molar ratios of MTMS and MAPTMS.
Firstly, MAPTMS and MTMS were hydrolyzed separately using an aqueous
HCI (0.1 M) solution at a 1:1 molar ratio (see Figure 2.2 (I) and (II)). The solution
of alkoxysilane and water becomes homogeneous after 30 min of stirring
indicating the successful hydrolysis of the alkoxysilane groups. During the
next step hydrolyzed MAPTMS was added dropwise to the hydrolyzed MTMS
solution. Lastly, the photoinitiator 2-benzyl-2-dimethylamino-1-(4- morpholino
phenyl)-butanone-1 (IRG) was added giving a 1% wt/wt concentration to the
final material. After stirring for 12 h in a sealed vial, the material was filtered
using a 0.22 pm syringe filter. Before photopolymerization a drop of sol was
placed on the substrate and dried on a hotplate at 50 °C for 1.5 h in order to
form a gel, see Figure 2.2 (III). After condensation, photopolymerization can be
carried out (Figure 2.2 (IV)).
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Figure 2.2: Flowchart of material synthesis and photopolymerization via follow-
ing steps: hydrolysis of MTMS (I) and MAPTMS (II), mixing and condensation
(case of 8:2 molar ratio) (III), photopolymerization (IV).

2.2 Characterization

2.2.1 Refractive indices measurements

Refractive indices were collected using Abbemat MW multiwavelength
refractometer with YAG (Yttrium-Aluminium-Garnet) prism, white light LED
source, and 6 different wavelength filter: 436.5, 486, 513.5, 546.3, 589.3, 643.3
nm. Measurements were performed at 25 °C.

2.2.2 FTIR measurements

Fourier transform infrared spectroscopy (FTIR) data were recorded in
transmission mode using FTIR spectrometer ALPHA (Bruker, Inc.), equipped
with a room temperature detector DLATGS. Spectra were acquired from 100
interferogram scans with 2 cm ™! resolution, from 4000 to 485 cm ™! wavenum-
bers.
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2.2.3 TGA analysis

For thermogravimetric (TGA) analysis, Pyris 1 TGA (Perkin Elmer) equip-
ment was used; samples were heated under air or nitrogen atmosphere from
30°C to 900 °C with a heating rate of 5°C/min.

2.2.4 X-ray diffraction analysis

The X-ray diffractograms were measured using two diffractometers. First,
X-ray diffraction data were collected using a Rigaku Miniflex II diffractometer
with Bragg-Brentano configuration (6/26) and equipped with the copper anode
(Cu Ka radiation). The equipment settings were set as follows: step width was
0.02°, measurement speed 5 °/min. The data were collected in the 26 range
from 10° to 80°.

X-ray diffraction data of 3D microstructures and corresponding powder were
collected on a BRUKER AXS (D8 Quest System) X-ray diffractometer equipped
with PHOTON 100 CMOS detector. The X-ray generator was operated at 50 kV
and 20 mA using Mo Ko (\ = 0.71073 A) radiation. Obtained X-ray diffraction
rings were collected and integrated using Bruker Apex 3 software. Obtained
data were compared to the reference data from COD (Crystallography Open
Database).

2.2.5 SEM and EDS analysis

SEM images together with EDS were taken with a scanning electron
microscope- Hitachi TM3000 at an accelerating voltage of 15 kV. High resolu-
tion SEM images were taken with a field-emission SEM Hitachi SU-70 at an
acceleration voltage of 5 kV.

2.2.6 Mechanical properties measurements

The mechanical properties were evaluated by a Hysitron TI Premier
nanoindenter equipped with a Berkovich diamond probe with a radius of
approximately 87 nm. Nine indents, arrayed in a square, were made using a
load-controlled indentation method with peak loads from 100 mN to 5 N.

2.2.7 Densities measurements

The non-destructive Archimedes method was used to evaluate the densities.
A Radwag 310 analytical balance with a resolution of 0.1 mg was used to
measure the mass of the sample in the air (A) and then submerged in the
deionized water (B). The deionized water had a density of 0.9978 g/cm? (po).
Densities were calculated employing the equation:
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2.2.8 UV-VIS transmittance measurements

UV-VIS transmittance spectra were carried out using Cary 5000, Agilent,
Santa Clara, CA, USA spectrometer. Transmittance was measured from 200 to
800 nm with a 1 nm interval.

2.3 Fabrication setups and parameters

Two fabrication setups were used in this work. A simplified diagram of
a 3D laser lithography fabrication setup is presented in Figure 1.3. The first
workstation is located at Vilnius University Laser Research Center. It was used
for PI-free polymerization of woodpiles and scaffolds. The fs-laser is Pharos
(Light Conversion Ltd.) operating at 1030 nm fundamental wavelength or
second harmonic at 515 nm with 300 fs pulse duration and 200 kHz repeti-
tion rate. Power is controlled with two power control units consisting of A/2
waveplate and Brewster angle polarizer. This two-stage power attenuation
technique minimized fluctuations in laser output power and facilitated precise
power control during the fabrication process. The laser beam is expanded by
a 2x-magnification telescope in order to fill all the objective aperture. Struc-
tures fabrication was performed with a combination of Aerotech linear stages
(ALS130-110-X,Y for positioning in XY plane, ALS130-60-Z for Z-axis) and
galvo-scanner, operating in a synchronized regime. The sample is illuminated
by a red LED which enables monitoring of the fabrication process in real-time
using a CMOS camera.

Resolution arrays, fullerene-type models and gyroids were produced
using a Laser Nanofactory setup (Femtika Ltd.) with accuracy at 300 nm [195].
The main light source in this setup is a femtosecond laser Carbide (Light
Conversion), outputting either fundamental (1030 nm) or second harmonic
(515 nm) radiation at repetition rates in the range of 60-1000 kHz and pulse
duration between 250 fs and 10 ps [196]. Average power is controlled with an
acousto optical element integrated into the laser. Laser light is guided to an
automatic beam expander with a magnification range from 2x to 10x. Structure
fabrication is performed by operating synchronously of Aerotech linear stages
(ANT130XY-160 (Aerotech Inc.) for XY and ANT130LZS-060 (Aerotech Inc.)
for Z-axis) and scanner system (AGV-10HPO (Aerotech Inc.)) [197].

Second harmonic (515 nm) wavelength focused with 20x 0.8 NA (Zeiss) or
100x 1.4 NA (Olympus) objectives was used for 3D free-form polymerization.

After photopolymerization, the development of all fabricated structures
was carried out in methyl-isobutyl-ketone for one hour.
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2.4 Heat treatment

Nabertherm high-temperature muffle furnace was used for heat treatments
up to 1400 °C temperature under air atmosphere for 1 hour, temperature ramp
rate was 5 °C/min.

Heat treatments under nitrogen atmosphere up to 1500 °C temperature
and under vacuum up to 1400 °C for 1 hour were performed in a Nabertherm
high-temperature tube furnace, temperature ramp rate was 5 °C/min.
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3.1 Introduction to high-resolution 3D inorganics fabrication

Precursors with required properties for fabrication are an essential pre-
requisite for micro- and nano-dimension ceramic frameworks made by laser
3D lithography. Thus, the search of new precursors suitable for laser 3D poly-
merization remains an urgent and timely task.

MAPTMS Molar ratio of

precursors

Figure 3.1: Graphical scheme showing precursors, their molar ratios in syn-
theses (a), photopolymerization and calcination technology (b) and formed
crystalline phase lattices after calcination (Cristobalite, SiO2, ZrSiO,4, mono-
clinic ZrO; and tetragonal ZrO,) (c). These phases can be observed depending
on the treatment temperature and initial hybrid materials compositions.

The presented study is directed to the rapidly developing field of inor-
ganic material 3D object production at nano-/micro scale. The fabrication
method includes laser lithography of hybrid organic-inorganic materials with
subsequent heat treatment leading to a variety of crystalline phases in 3D
objects. A series of organometallic polymer precursors with different silicon
(5i) and zirconium (Zr) molar ratios, ranging from 9:1 to 5:5, was prepared via
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sol-gel method (Figure 3.1 (a)). All mixtures were examined for perspective
used in 3D laser manufacturing by fabricating nano- and micro-feature sized
structures. Their spatial downscaling and surface morphology were evaluated
depending on chemical composition and crystallographic phase. The appear-
ance of a crystalline phase was proven using single-crystal X-ray diffraction
analysis, which revealed a lower crystallization temperature for microstruc-
tures compared to bulk materials. Fabricated 3D objects retained a complex
geometry without any distortion after heat treatment up to 1400 °C. Under
the proper conditions, a wide variety of crystalline phases as well as zircon
(ZrSiOy - a highly stable material) can be observed(Figure 3.1 (c)). In addition,
the highest new record of achieved resolution below 60 nm has been reached
(Figure 3.1 (b)). The proposed preparation protocol can be used to manufacture
micro/nano-devices with high precision and resistance to high temperatures
and aggressive environments.

The results published in paper [A2] are presented in this section (see list of
publications): , Laser additive manufacturing of Si/ZrO, tunable crystalline
phase 3D nanostructures”. Opto-Electronic Advances. Vol. 5, No. 5, 210077,
2022, doi.: 10.29026/0ea.2022.210077.

For inorganic material printing with predictable phase composition the
metalorganic silicon and zirconium mixtures with variable composition was se-
lected. In order to find out the suitability of such precursors for 3D micro/nano
scale printing the different variations of the precursor SiX:ZrY were synthes-
ized, characterized and 3D laser exposure and heat treatment experiments
were performed. The material in focus is a modified silicate (ORMOSIL) class
sol-gel resist originating from SZ2080™ [194].

3.1.1 Refractive indices of SiX:ZrY materials

Initial characterization of selected mixtures include evaluation of refractive
index for selected mixtures. Refractive indices of prepared sols and gels are
depicted in Figure 3.2. It can be concluded that zirconium content increase
raises the refractive index in both sols and gels. However, the change in
refractive indices for different composition gels is small enough that there is
no need for additional equipment adjustment during the fabrication process.
Based on refractive index tendencies for sol and gels, it can be assumed that
obtained polymers will follow a similar trend, i. e. slight increase in index
values. Polymeric materials that have a greater refractive index than 1.50 are
attributed to high-refractive-index polymers (HRIP), which on their own find
applications in various fields [198, 199]. For the most part, the refractive indices
of all prepared materials in this study are greater than 1.50 (except Si9:Zr1).
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Figure 3.2: Refractive indices (n) of SiX:ZrY materials at room temperature
(‘sols (a) and gels (b)) as a function of wavelength. Each measurement was
repeated three times, estimated standard deviations were negligible.

3.1.2 Fourier transform infrared spectroscopy analysis

The FTIR analysis was chosen for the evaluation of chemical changes in pre-
pared sols, gels, and polymers. Characteristic FTIR absorption peaks provide
qualitative and semi-quantitative information on hydrolysis, condensation, and
polymerization. The broad band absorption at ~ 3330 cm ™~ is characteristic of
the axial deformation of Si-OH, Zr-OH or C-OH groups, which corresponds
solvents, such as methanol and isopropyl alcohol or hydrolyzed silane and
zirconium (IV) propoxide in sols (Figure 3.3 (a)). It is clear that during con-
densation (the process described in the paragraph "Materials and Synthesis")
solvents, such as methanol and isopropyl alcohol are removed, therefore, a
band of -OH groups (=~ 3330 cm ') decreases in gels and polymers spectra.
Similar conclusions can be made for gels (Figure 3.3 (b)), FTIR spectra show the
condensation reaction progress during which various Si-O-Si, Zr-O-Zr and Si-
O-Zr bonds are formed. Increasing Si precursor concentration results in more
intense Si-O-5i bond absorption peaks in polymerized mixtures. The analogous
trend is visible for Zr precursor concentration increase. However, absorption
peaks of Si-O-Zr overlap and derive clear bond concentration trends for dif-
ferent mixture variations is cumbersome. After condensation (Figure 3.3 (b))
Si-O-Si (1130-1000 em ™), Si-O-Zr (1000-900 cm ™), Zr-O-Zr (~ 430 cm™ 1) ab-
sorption become broader and more complex, showing more overlapping bands,
which confirms that siloxanes, silanolates or zircoxanes chains become longer
or branched. Additionally, FTIR data (Figure 3.3 (c)) indicate polymerization
reaction process during which the signal of alkene groups diminishes, leading
to polymerized material after thermal treatment for 3 hours at 140 °C.

Based on FTIR and refractive-index data the selected synthesis procedure is
considered valid for further examination.
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Figure 3.3: Fourier transform infrared spectroscopy (FTIR) spectra of SiX:ZrY
sols (a), gels (b) and polymers (c).

3.1.3 Thermogravimetric and volumetric shrinkage analysis of SiX:ZrY ma-
terials

Thermogravimetric analysis and volumetric shrinkage data of 3D cubes
for different ratio SiX:ZrY materials and structures are depicted in (Figure 3.4
and Figure 3.5). Micro cubes were annealed on corundum substrates for 1h
at 1000 °C, under air atmosphere. In Figure 3.4 red lines show weight loss
dependence on temperature. The initial sharp weight loss (up to ~140°C) is
attributed to evaporation of solvents, such as methanol and isopropyl alcohol.
Based on FTIR data it can be concluded that materials reach almost complete
thermal polymerization at 140 °C temperature (double C=C bond ( 1650 cm-1)
signal intensity, while for polymers this signal almost disappear [200]. Thermal
polymerization temperature determination for prepared mixtures was neces-
sary in order to properly compare weight loss for laser printed structures
during heating. Initial weight is set to 100% at 150 °C, based on assumption
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that polymerization is complete and bulk polymerized mixtures are similar to
laser printed material. The weight loss patterns indicate that decomposition
of organic moiety is finished at 600 - 700 °C temperature range. The weight
stabilization at higher temperature points out the inorganic material formation.
TGA data reveals that with increasing silicon content, weight loss increases
and it ranges from 51% to 62% (Figure 3.5 (c). It is necessary to mention, that
with a higher amount of zirconium, the inorganic material is achieved at lower
temperature. The weight loss and volume shrinkage comparison is depicted
in Figure 3.5 (c). The volume change after annealing was estimated by meas-
uring volume of fabricated cubes. The volumetric shrinkage was calculated
employing the equation:

Vini ial) — Vi inal
A‘/(shm"rzk:age) (%) = (inatial) u )

T— * 100% (3.1)
here, V(initiary is a volume of cube before heat treatment, V 4;,.q;) - after heat
treatment. Each material sample contained set of three cube out of which
standard deviation (%) was calculated. The error ranges from 0,56 to 3,70
percent, with lowest values for Si:Zr 8:2 composition and highest for Si:Zr 5:5
composition. The low deviation from mean value brings to conclusion that 3D
structure fabrication and post heat treatment are reproducible and reliable. All
experimental data are provided in an appendix table A.1.

Data in Figure 3.5 (c) bring to conclusion, that denser ceramic structures are
obtained by increasing the silicon content, while theoretical prognosis is oppos-
ite. The calculated volume shrinkage should increase with higher zirconium
content, because crystalline zirconia is much denser than silica. In order to com-
pare obtained experimental results to the theoretical predictions, the theoretical
shrinkage was calculated. The mass and density of each material was calcu-
lated using molecular weights of fully condensed precursors and methacrylic
acid (molecular weights: condensed ZPO- 91.22 g/mol, condensed MAPTMS-
155.25 g/mol, MAA- 86.09 g/mol and oxygen- 15.999 g/mol), (densities: ZPO-
1.058 g/cm?, MAPTMS- 1.045 g/cm?, MAA- 1.020 g/cm?®). The expected mass
and density of ceramics was calculated based on assumption that silicon and
zirconium are completely transformed to cristobalite and tetragonal ZrO; (mo-
lecular weights: cristobalite- 60.08 g/mol, t-ZrO,- 123.22 g/mol), (densities:
cristobalite (COD 96-900-8226)- 2.309 g/cmy, t-ZrO, (COD 96-152-5706)- 6.190
g/cmsy). The fabricated cubes contained an unknown amount of amorphous
phase after annealing at 1000 °C. It can be assumed that a higher amount of
amorphous zirconia should be present compared to silica which crystallizes
at lower temperature [201, 202]. Therefore, the trend in experimental data is
opposite to the predicted (Figure 3.5 (c)).
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Figure 3.4: TGA data of SiX:ZrY showing weight loss vs temperature (red line).
TGA measurements were performed once for each material, so it is not possible
to include error bars for weight loss.

3.14 Investigation of fabrication prospects

To clarify the fabrication prospects of proposed mixtures, woodpiles were
fabricated and annealed on corundum substrates for 1h at 1000 °C, under air
atmosphere (Figure 3.6). During woodpiles fabrication average laser power
was 48, 56, and 64 uW, focused with a 100x1.4 NA objective, 300 fs pulse
duration, 200 kHz repetition rate, 515 nm wavelength, scanning speed was
200 and 500 pm/s, hatching distances in both, X and Y axes, was 0.1 ym. The
higher power was not used due to the uncontrolled burning of 5i9:Zr1 material.
The irradiance was calculated employing the following equation [203]:

g (3.2)

2 )
TpTW

here [ is irradiance [TW/cm?], E,=P/f, where P [mW] is average laser power,
f- repetition rates [kHz], 7, is the pulse duration [fs], w = 0.61A/NA [nm]. It
was found that the highest resolution of the inorganic structure (58.7 & 1.5 nm)
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Figure 3.5: SEM images of the Si7:Zr3 cube before (a) and after (b) heat treat-
ment at 1000 °C. The dashed line in (b) represents the dimensions of the cube be-
fore heat treatment. Theoretical (square symbols) and practical (circle symbols)
weight loss for the phase transition from the polymeric to the glass/ceramic
phase (black) and volumetric shrinkage (red) of cubes at the same phase trans-
ition (error bars of volumetric shrinkage represent standard deviation, n = 3.

is achieved for Si9:Zr1 material using 64 uW laser power, 200 ym/s velocity
(irradiation 0.22 TW /cm?) followed by annealing at 1000 °C (Figure 3.6(f)).
To the best of our knowledge, this is the highest resolution for inorganic 3D
ceramic derivative achieved by printing up to 2022. The same woodpiles were
fabricated with all hybrids for resolution comparison of all materials. The de-
pendence of woodpile lines width on the laser irradiance is shown in Figure 3.7
(a, b) and the numerical values are listed in Appendix Tables A.2, A.3, A4, A.5.
At lower laser irradiance it is difficult to get a clear relationship between res-
olution and material composition, nevertheless, at higher laser irradiance it
is evident that the resolution is higher where the zirconium content is lower.
In prepared mixtures, the zirconium amount is linked to the methacrylic acid,
while the silicon amount corresponds to the methyl methacrylate functional
group. The resolution dependence of 3D derivatives changing composition
can be explained by the fact that the photopolymerization activation energy
of methacrylic acid is several times lower than the activation energy of the
methyl methacrylate under the same conditions (E,(methacrylic acid) = 1.79
kCal/mol, E,(methyl methacrylate) = 4.48 kCal/mol) [204]. The same laser
energy density tends to polymerize a larger volume of material with a lower
photopolymerization activation energy during the unit pulse. However, photo-
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polymerization activation energy may also depend on the influence of adjacent
functional groups, photoinitiators, quenchers, and/or ambient conditions [205].
The printed structure treatment in a developing solvent after photopolymer-
ization can also affect the resolution due to the solvent ability to dissolve the
unpolymerized monomer molecules at the phase junction between polymer
and gel. The higher solvent affinity to substance and the lower molecular
weight or less branched structure of the molecule (steric effect), the better
solubility is achieved [206]. Also, the increase in molecular weight in most
cases leads to a decrease in solubility because the increase in molecular weight
increases the cohesive energy density (CED), where, according to J. Hildebrand,
the solubility parameter is the square root of the CED [207]. The molecular
weight and branching are smaller for zirconium and methacrylic acid monomer
compared to silicon monomer. Accordingly, as the zirconium content increases,
the resolution of the 3D structure should increase too, different from the re-
action activation energy influence. The competition takes place between two
opposing processes. This fact explains why it is difficult to see the evident
dependence of the resolution on the composition of the material at low laser
irradiance. Similarly, the easier penetration of the solvent into the material can
affect the swelling of the polymeric structure. It is important to mention that
the solubility of materials depends on many factors, thus it is used here only
for a comparison.

3.1.5 Quality and composition of structures

Scaffolds were produced with 10 mm/s fabrication velocity and average
laser power of 655 W, focused with a 20x0.8 NA objective. Structures were
annealed at 1000 °C, 1200 °C and 1400 °C temperatures in order to determine
the surface quality, elements distributions, resistance to aggressive chemicals,
and crystalline phases of structures.

The graph in Figure 3.8 shows the dependence of the mass of silicon and
zirconium elements on the initial sols composition. The images below are EDS
maps of the spatial distributions of elements. Energy dispersive X-ray analysis
confirmed that during photopolymerization and heating processes the relative
amount of silicon and zirconium does not change and elements are evenly
distributed over the entire surface of inorganic structures.

The surface quality of ceramic scaffolds annealed at 1400 °C surface and the
absence of porosity are confirmed by SEM images depicted in Figure 3.9. The
porosity and deformations of the structure are observed only in the scaffold
made of 5i9:Zrl (Figure 3.9 (f, k)). Unfortunately, corner fractures of the
structures occurred by placing them on the carbon film prior to SEM analysis.
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Before After

Figure 3.6: 5i9:Zr1 woodpiles before heat treatment (a, b, c) and after heating
at 1000 °C under air atmosphere (d, e, f). Woodpiles fabricated at 200 ym/s
speed (on the top line) and at 500 xm/s speed (on the bottom line) with 48, 56,
64 W incident irradiation power (a, d). The highest resolution of woodpiles
was obtained by applying 200 um/s and 64 yW parameters (b, c, e, and f).

3.1.6  Study of crystallization processes

For comparison of crystalline phases of 3D microstructures and powder, samples
were placed on a single crystal diffractometer measuring needle (Fig. 3.10 (d)),
obtained X-ray diffraction data (Debye-Scherrer rings (Fig. 3.10 (c)) were integ-
rated. Obtained X-ray diffractograms were recalculated to Cu Ko (A = 1.541874
A) wavelength using Bragg’s law and data were compared to the reference
data from COD (Crystallography Open Database) (Fig. 3.10 (a, b)).

In Figs. 3.11, 3.12, 3.13 XRD data of scaffolds (a-e) and corresponding

66



Power, pW Power, yW

48 52 56 60 64 48 52 56 60 64
s L s s s L L s L L 300
320 | V=200 um/s i a ] V=500 pm/s e b
41250
S S
€240} <
§ | o TiiTiEsee. ., P o¥__. ! —_ J200E
=160} TR e =
g PSS S B TR
- S =
80
—m— Si9:Zr1 before —m— Si7:Zr3 before —m— Si5:2r5 before L. —=— Si9:Zr1 before —8— Si7:Zr3 before —m— Si5:2r5 before 4 100
—m— Si9:Zr1 after —®- Si7:Zr3 after —m- Si5:Zr5 after —m— Si9:Zr1 after —®— Si7:Zr3 after —m— Si5:Zr5 after
0.16 0.18 0.20 0.22 0.16 0.18 0.20 0.22

Irradiance, TW/cm? Irradiance, TW/cm?

Figure 3.7: The dependence of Si9:Zr1, Si7:Zr3, S5i5:Zr5 woodpiles lines width
on the laser irradiance at 200 ym/s speed (a). Before heat treatment- solid lines,
after- dashed lines. The dependence of Si9:Zr1, 5i7:Zr3, Si5:Zr5 woodpiles lines
width on the laser irradiance at 500 ym/s speed (b) (error bars represent Std.
dev, n = 3).

powders (g-1) are presented for samples heat treated at 1000 °C, 1200 °C and
1400 °C, under air atmosphere. Scaffolds were annealed on graphite substrates,
while powder samples were prepared by heating materials gels at appropriate
temperatures (1000-1400 °C) in corundum crucibles. The color of all structures
and powders was white, indicating that no organic contaminants remained
after calcination. Obtained data were compared to the reference patterns of the
Crystallography Open Database (COD).

At the lowest heating temperature (Figure 3.11) in both, scaffolds and
powders, the formation of crystalline cristobalite and tetragonal ZrO, phases
are observed. Increasing zirconium amount leads to a more pronounced tet-
ragonal ZrO, crystalline phase. However, a relatively high background in
diffractograms indicates the presence of an amorphous phase. No visible
deformations in 3D structures were observed for all series of samples with
different compositions after calcination at 1000 °C. With increasing heating
temperature to 1200 °C (Figure 3.12) leads to samples, both powder, and struc-
tures, with higher crystallinity. However, X-ray diffraction data for all samples
still provide evidence of glassy amorphous phase presence. Diffractogram of
Si5:Zx5 3D structure shows that the cristobalite phase remains as pronounced
as tetragonal ZrO,, while different behavior is observed for powder sample,
tetragonal ZrO, phase is dominating. In order to find out why the XRD pat-
terns of powders and 3D structures look so different, an extensive study should
be done. However, it can be assumed that the difference in the amount of
material (in the case of structure is very small) or the presence and absence
of polymerization before heat treatment results in a difference in the XRD
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Figure 3.8: Energy-dispersive X-ray spectroscopy (EDS) analysis of scaffolds
annealed at 1000 °C. The graph above shows the elements weight (w%) de-
pendence on the initial composition of materials. Images below- EDS mapping
of scaffold, where Si-red, Zr-green.

patterns due to diffusion or heat distribution discrepancies. Each 3D structure
preserves its shape after 1200 °C heat treatment, except S5i9:Zr1. The materials
with the higher initial amount of silicon, start to melt due to the lower melting
temperature of silicon oxide compared to zirconium oxides. The most stable
zirconium dioxide phase is monoclinic, while tetragonal and cubic phases tend
to form at higher temperatures [208]. However, the monoclinic ZrO; phase
formed only at 1400 °C (see Figure 3.13(a-g)), while tetragonal dominated at all
heat treatment temperatures and starting compositions (except Figure 3.13(g)).
Such phenomenon can be explained using Ostwald’s Step Rule, stating that
phase formation follow a general pattern when phases with the highest energy
are formed first following the transition to lower energy phases [209, 210]. This
means that the higher energy metastable tetragonal phase is frozen in prepared
samples. Recently, A. Auxéméry et al. demonstrated that it is possible to
stabilize metastable tetragonal ZrO; not only by cationic substitution but it
can be achieved by varying the synthesis conditions [211]. In sum, differences
between the amounts of elements, such as Si, Zr, and O, before and after heat
treatment, resulting in distinct ratios of the formed crystalline phases and the

68



Figure 3.9: Scanning electron microscope images of Si9:Zr1 (a, {, k), Si8:Zr2
(b, g, 1), Si7:Zr3 (c, h, m), Si6:Zr4 (d, i, n), Si5:Zr5 (e, j, o) scaffolds annealed at
1400 °C. The scale bars are 500 (a, b, ¢, d, e), 50 (f, g, h, i, j) and 25 pm (k, 1, m, n,
0).

—Si6:2Zr4 1200°C structure

T T T
—Si0, (96-412-4056)

Cristobalite (96-900-8226)
——1-ZrO, (96-152-5706)
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10 40 50
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Figure 3.10: X-ray diffraction measurements. a- X-Ray diffraction pattern of
S5i6:Zr4 structure annealed at 1200 °C temperature, b- reference patterns, c-
Debye-Scherrer rings obtained after X-Ray diffraction measurement, d- pho-
tograph of Si6:Zr4 structure annealed at 1200 °C temperature placed on the
needle.

creation of further, higher or lower energy phases, although heated at the same
temperature.
3.1.7 Study on the resistance to aggressive impact

Moreover, for the stability study of ceramic structures to aggressive chemical
impact, ceramic (annealed at 1000 °C) in a comparison with polymeric Si7:Zx3
scaffolds were processed in a solution of piranha (volume ratio of 4:1 sulfuric
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Figure 3.11: X-ray diffractograms of structures (SEM images) annealed at
1000 °C ((a)-Si5:Zr5, (b)-Si6:Zr4, (c)-Si7:Zr3, (d)-Si8:Zr2, (e)-Si9:Zr1, (f)-reference
data) and X-ray diffractograms of powders annealed at 1000 °C ((g)-5i5:Zr5,
(h)-Si6:Zr4, (i)-5i7:Zr3, (j)-Si8:Zr2, (k)-5i9:Zr1, (1)-reference data). SEM images
show corresponding 3D scaffolds treated at 1000 °C temperature. SEM images
correspond to the same scale bar.

acid (Chempur, 95-98%) and peroxide (Chempur, 50%)), a highly corrosive and
an extremely powerful oxidizer, in an ultrasonic bath for 15 and 60 minutes. The
polymeric scaffold cracked and acquired defects after piranha and ultrasonic
treatment (Figure 3.14 (b, c)), while the ceramic structure showed complete
immunity to aggressive conditions (Figure 3.14(e, f)).

The resistance of the ceramic structures to alkali was also investigated.
Ceramic and polymeric Si7:Zr3 scaffolds were processed in a 1 mol/1 aqueous
potassium hydroxide (Penta, 85%) solution in an ultrasonic bath for 15 minutes.
Alkali did not adversely affect either polymer or ceramic structures (see Fig-
ure 3.16).

In order to determine the resistance of ceramic structures to negative temper-
atures, the study described below was performed. A corundum substrate with
519:Zr1 3D ceramic nanostructures on the surface was instantly immersed in a
thermos filled with liquid nitrogen (=77 K) and stored until the nitrogen had
completely evaporated under ambient conditions. The evaporation process las-
ted 10 minutes. The results of this study confirmed that such structures remain
robust and the adhesion between the specimen and the substrate remains even
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Figure 3.12: X-ray diffractograms of structures (SEM images) annealed at
1200 °C ((a)-Si5:Zr5, (b)-5i6:Zr4, (c)-Si7:Zr3, (d)-Si8:Zr2, (e)-5i9:Zr1, (f)-reference
data) and X-ray diffractograms of powders annealed at 1200 °C ((g)-Si5:Zr5,
(h)-Si6:Zr4, (i)-Si7:Zr3, (j)-Si8:Zr2, (k)-5i9:Zr1, (1)-reference data). SEM images
show corresponding 3D scaffolds treated at 1200 °C temperature. SEM images
correspond to the same scale bar.

after the rapid negative temperature impact. According to SEM measurements
of S5i9:Zr1 (see Figure 3.15) ceramic woodpile fabricated at 500 um/s and 64 pW,
the negative temperature caused no damage to the 3D nanostructures or their
detachment from the substrate (which, intuitively, could be caused due to
different thermal expansion coefficients).

A summarized graphically visualized map of 3D nanostructure resiliency
is shown in Figure 3.16, which confirms that fabricated ceramic micro-nano
3D structures withstand a wide range of temperatures (at least from -200 °C
to 1400 °C), remain stable and maintain sub-100 nm resolution throughout the
pH range even under ultrasonic exposure [B1].

3.1.8 Conclusions on high-resolution 3D inorganics fabrication results

The hybrid organic-inorganic polymer resists of variable composition
SiX:ZrY can be directly 3D laser structured and heat-treated to produce micro-
and nanostructures of different SiO,/ZrO, inorganic phases. In particular,
along with a typical amorphous (glass), t-ZrO, and monoclinic cristobalite, the
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Figure 3.13: X-ray diffractograms of structures (SEM images) annealed at
1400 °C ((a)-Si5:Zr5, (b)-Si6:Zr4, (c)-Si7:Zr3, (d)-Si8:Zr2, (e)-Si9:Zr1, (f)-reference
data) and X-ray diffractograms of powders annealed at 1400 °C ((g)-5i5:Zr5,
(h)-Si6:Zr4, (i)-5i7:Zr3, (j)-Si8:Zr2, (k)-5i9:Zr1, (1)-reference data). SEM images
show corresponding 3D scaffolds treated at 1400 °C temperature. SEM images
correspond to the same scale bar.

new m-ZrO; and zircon phases have been detected.

The t-ZrO, and cristobalite phases are observed after calcination at 1000 °C,
1200 °C and 1400 °C for all initial compositions Si5:Zr5-5i9:Zr1. However, the
m-ZrO, and zircon polycrystalline phases are mostly pronounced in printed
5i6:Zr4 and Si9:Zr1 composition samples after treatment at 1400 °C. This pro-
cedure is essential and relevant at the micro/nano-scale leading to individual
feature size below 100 nm, while 3D additive manufacturing methods of hard
inorganic materials is far from being readily available.

Repeatable nanoscale features size down to 60 nm were achieved for the
composition of Si9:Zr1 heat-treated at 1000 °C. The resolution is proven for
fine woodpile geometry periodic 3D structures. This is the highest resolution
achieved for an ORMOSIL class material using laser additive manufacturing
based on multi-photon lithography and thermal post-processing. The 3D
nanostructures also proved to be robust in low temperatures down to -200 °C
despite rapid cooling with liquid nitrogen and do not detach from the substrate,
delaminate into layers, fracture due to instantaneous thermal expansion or
show any kind of geometrical distortions.

72



Polymeric structures

Glass/ceramic structures

Figure 3.14: Chemical resistance investigation - applying ultrasonic bath while
immersion in piranha solution. (a) - Si7:Zr3 polymeric structure before chemical
treatment, (b) - Si7:Zr3 polymeric structure after chemical treatment (duration
15 min), (c), (b) - Si7:Zr3 polymeric structure after chemical treatment (duration
60 min), (c) - Si7:Zr3 ceramic structure (after 1000 °C heat treatment) before
chemical treatment, (e) - Si7:Zr3 ceramic structure after chemical treatment
(duration 15 min), (f) - Si7:Zr3 ceramic structure after chemical treatment
(duration 60 min).

In perspective, further variation in composition of the metalorganic pre-
polymer SiX:ZrY in finer steps could yield more fine-adjusted physical and
chemical properties. This should be expected not only for the examined current
composition, but for other multicomponent metalorganic polymer mixtures.
Such approach is highly promising, especially with combination with local-
ised heat treatment methods, e.g. focused electron or ion beam, as well as
a focused infrared laser radiation could generate a 3D structures with vary-
ing and controllable material properties throughout all 3D structure. Besides,
proposed preparation approach is promising for 4D printing of inorganic
smart/programmable materials.
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Figure 3.15: Scanning electron microscope images of Si9:Zr1 ceramic woodpile
fabricated at 500 um/s and 64 W after storage in liquid nitrogen (=77 K) for
10 minutes. The scale bars are 20 ym (a) and 2 pm (b). The surface grainy
structure is due to a magnetron sputtered conductive 10-20 nm metallic silver
to reduce charge up during SEM observations.
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Figure 3.16: Resistance of ceramic/crystalline 3D nano/micro-derivatives to
aggressive chemicals, temperature and ultrasound in Si/ZrO, system. Figure
produced using results from [A2].
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3.2 Introduction to manufacturing of 3D hard ceramic structures

In this study, the fabrication of hard ceramic SiOC 3D microstructures by
precursor synthesis, laser lithography, and pyrolysis combination is proposed.
Precursors are hybrid organosilicon materials prepared via sol-gel method us-
ing trimethoxymethylsilane and 3-(trimethoxysilyl)propyl methacrylate, which
has an acrylate functional group enabling laser photopolymerization process.
Hard 3D ceramic structures (hardness up to ~15 GPa, reduced elastic modu-
lus ~105 GPa) from soft organometallic derivatives are obtained after high-
temperature pyrolysis under a nitrogen atmosphere. The advantage of the
proposed method is the absence of shrinkage defects leading to a uniform
repetitive decrease in the volume of printed microstructures. In contrast to
slurry-based printing technology, the proposed method is focused on homo-
geneous monolithic molecular resins resulting in visual smooth surfaces of
prepared microstructures. Moreover, the printing resolution of the proposed
method is substantially improved through the absence of pre-dispersed ceramic
microparticles in mixtures, which is a necessary element in a slurry-based tech-
nology.

The presented results chapter are published in a patent application [P1]
(see list of publications): G. Merkininkaite, D. Gailevicius, S. Sakirzanovas
(2022). "A method for production of a photo-curable inorganic-organic hybrid
resin and a method for production of hard SiO,C, ceramic microstructures
using the photo-curable inorganic-organic hybrid resin". Patent application no.
LT2022537. Patent submission no. 107277. Submitted on September 14 (2022)
and in a paper [A3] (see list of publications): G. Merkininkaité, et al. ,, Additive
Manufacturing of SiOC, SiC, SisN4 Ceramic 3D Micro-Structures”. Advanced
Engineering Materials, 2023, doi.: 10.1002/adem.202300639.

In order to examine the suitability of silicon-organic precursors for the
printing of hard 3D structures variable compositions using two monomers
were synthesized (MTMS:MAPTMS (9:1, 8:2, 7:3)), characterized before and
after 515 nm laser or ~365 nm LED (light emitting diode) treatment.

3.2.1 Ceramic plate fabrication

First of all, disk-shaped structures (plates) were fabricated in order to
investigate the mechanical, crystalline and optical properties of the materials.
For this purpose, 1 mm height and 8 mm diameter PDMS preforms were filled
with prepared liquid materials (MTMS:MAPTMS 9:1, 8:2, 7:3), the materials
were condensed on a hotplate at 50 °C for 1.5 h and polymerized by homemade
LED lamp (365 nm wavelength) for 1 h. Plates were annealed on corundum
substrates for 1 h in the temperature range from 1000 °C to 1500 °C under nitro-
gen atmosphere, and at 1400 °C under vacuum. A scheme of plate fabrication
is shown in Figure 3.17.
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Figure 3.17: A scheme of ceramic plates fabrication.

3.2.2 Evaluation of refractive indices

Initial characterization includes the evaluation of refractive indices (RI)
for selected mixtures. RI of prepared sols, gels and polymers determines the
transmittance to electromagnetic waves and helps to set the manufacturing
coefficient, which is equal to the RI of the material. To compensate the light
path through the air and material differences, 3D structure model in the Z
direction must be divided by the RI. Figure 3.18 shows a 3D structure model
and a structure made of MTMS:MAPTMS 8:2 material without introducing
the manufacturing coefficient into the code. The higher the refractive index of
the material, the higher structure is obtained. It is evident that it is necessary
to evaluate the RI of the material in order to obtain an appropriate shape.
The required effective manufacturing coefficient was determined to be 1.7 for
MTMS:MAPTMS 8:2 material. The coefficient is higher than the established RI
of materials.
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300 um

Figure 3.18: 3D fullerene model with a smaller fullerene inside (a) and a struc-
ture made of MTMS:MAPTMS 8:2 material without introducing a refractive
index into the fabrication code (b). Z is the height of the structure set in the
model before fabrication. n is a factor that is equal to the refractive index of the
material and affects the height of the manufactured structure.

RI of prepared MTMS:MAPTMS (9:1, 8:2 and 7:3) sols, gels and polymers
are depicted in Figure 3.19 (a), (b) and (c), respectively. The RI ranged between
1.371-1.390, 1.428 - 1.454 and 1.431 - 1.456 across the entire visible spectrum
(436.5 - 643.3 nm) in sols, gels and polymers. All experimental data are provided
in Appendix Table A.6. Based on Lorentz-Lorenz theory, the RI of materials
can be predicted from their molar refractions and molar volumes of their
substituent groups and backbone repeating units [212]. Therefore, the higher
MTMS content or higher degree of structural bonding in materials results in a
higher RI (see Figure 3.19).

RI results indicate that synthesized materials can be applied in a wide
range of advanced optical and optoelectronic devices including light-emitting
diodes [213], microlenses [7, 214], image sensors [215], photonic crystals [216]
and metamaterials where high RI and transparency to the visible spectrum are
required [198].
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Figure 3.19: Refractive indices of MTMS:MAPTMS + 1% PI (IRG 369) materials
at 25°C temperature ( sols (a), gels (b) and polymers (c)) as a function of
wavelength.).

3.2.3 Investigation of changes in chemical structure

Optimizing, controlling, and designing these sol-gel reactions is crucial
for achieving the desired properties and characteristics of the final product.
Numerous studies on silica sol-gel systems have demonstrated that the al-
koxysilane hydrolysis and condensation process, as well as the properties
of the resulting polymer, can be influenced by various synthesis parameters.
These parameters include temperature, pH, water/alkoxysilane ratio, and
solvent used [100]. The latter synthesis parameters were selected based on
studies carried out previously [194, 217]. The changes in bonding of prepared
MTMS:MAPTMS (9:1, 8:2, 7:3) materials after hydrolysis (a), condensation (b),
polymerization (c) and high-temperature treatment (d) were evaluated using
FTIR analysis (see Figure 3.20).
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Figure 3.20: Fourier transform infrared spectroscopy (FTIR) spectra of
MTMS:MAPTMS + 1% PI sols (a), gels (b), polymers (c) and ceramics heated at

Wavenumbers (cm™)

1000 °C temperature in a nitrogen atmosphere (d).

Under acidic conditions the hydrolysis reaction of alkoxysilane in most
cases is faster than the condensation reaction, therefore, hydrolysis occurs first
at room temperature. FTIR data of MTMS:MAPTMS (9:1, 8:2, 7:3) sols were
collected after the last synthesis step, i.e., filtration. The presence of solvents
(water, isopropyl alcohol, and methanol) is confirmed by the broadband in
FTIR spectra that peaks at ~3350 cm ™! (a) and is attributed to the OH stretch-
ing involved in hydrogen bonds. After condensation (b) and polymerization
(c) the decrease in peak intensity indicates the evaporation of solvents and the
existence of terminal hydrolyzed groups of siloxanes mixtures. During the
reactions Si-O-Si rocking absorption band at ~#440 cm~! and Si-O-Si stretching
signal at ~1010 cm ™! has a sharp change in intensity (Figure 3.20(b,c)), confirm-
ing that condensation has occurred after heating at 50 °C for 7 h. Furthermore,
the increased absorption intensity of the Si—C stretching bond at 800 cm! is
attributed to the cyclic compound, which means that a more extended condens-
ation network of siloxanes was formed where the alkyl groups do not interact

with other function groups [218].
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As condensation and photopolymerization proceeded, the typical for esters
C=0 absorption at 1720 cm' becomes broader and splits into two peaks due
to the change of mobility of C=0 bonds with gradual terminal double bond
polymerization [217]. However, the C=C double bond peak at 1630 cm™!
remained even after exposure to UV light, indicating that the UV diode is not
suitable for complete photopolymerization.

The most evident band rearrangements in FTIR spectra are observed after the
polymer-to-ceramic phase transition. The material pyrolyzed at 1000 °C have
three peaks attributed solely to inorganic bonds (800 cm ! Si-C; 2440 cm ™! and
~1010 cm~* Si-O-Si rocking and stretching, respectively), indicating absence
of organic residue after heating and an inorganic SiO,C, compound is formed
(Figure 3.20(d)).

3.24 Thermogravimetric analysis

The preceramic polymers to the ceramic phase transition of MTMS:MAPTMS
(91, 8:2, 7:3) polymerized samples were investigated by thermal gravimetric
analysis up to 950 °C under a nitrogen atmosphere. The thermal degrada-
tion/mass loss behavior (black curve), rate of mass loss (blue curve) and heat
change measurements (red curve) are shown in Figure 3.21. Mass changes oc-
cur due to evaporation, decomposition, and ceramization. Thermogravimetric
analysis showed that precursors almost completely decompose/ evaporate
during the exothermal process at low temperatures (up to 300 °C) (residual
weights of MAPTMS = 2.2%, MTMS = 0%).
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Figure 3.21: Thermogravimetric analysis data showing weight loss vs tem-
perature (black curve), heat flow over a temperature range (red curve), and
differential thermal analysis data (blue curve) of MTMS:MAPTMS (9:1, 8:2 and
7:3) polymers and initial precursors that are MTMS and MAPTMS.

It was observed that polymeric MTMS:MAPTMS samples are thermally
stable up to 150 °C, as expected. Above this temperature, the thermal de-
gradation of polymeric samples takes place in three stages. First, the mass of
synthesized hybrid polymeric materials starts to decrease during the endo-
thermal process at temperature interval 150 °C < t < 300 °C. This mass loss
is attributed to the evaporation of unreacted precursors (residuals), which
take up ca. 4-5% of all samples. The second and fastest endothermal mass
loss at 350°C < t < 600 °C temperature range indicates the decomposition
of the organic moiety. During this step, the mass loss increased with increas-
ing organic content in the prepared material. Sample with the most organic
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content, MTMS:MAPTMS=7:3, resulted in highest mass loss, i.e., 17.7%. An-
other sample where MTMS:MAPTMS ratio was equal to 8:2 lost 14.1% of its
initial weight. While the polymer with the lowest amount of organic content
(MTMS:MAPTMS=9:1) lost the lowest amount of its initial weight, i.e., 10.7%.
Finally, at the 650 °C < t < 950 °C temperature interval, amorphous SiO,C,
was formed with 73.2% (MTMS:MAPTMS=7:3), 76.4% (MTMS:MAPTMS=8:2)
and 79.8% (MTMS:MAPTMS=9:1) mass remaining. These results indicate that
hydrolysis and condensation procedures are necessary. Otherwise, the precurs-
ors evaporate/decompose at low temperature without the phase transition
into ceramics.

3.2.5 Study of crystallization processes

X-ray diffraction (XRD) analysis was used to study the composition and crys-
talline state after the pyrolysis. The results are shown in Figures 3.22, 3.24, 3.25.
XRD patterns collected from MTMS:MAPTMS disk shape samples calcinated
under the nitrogen atmosphere at the temperature range from 1000 °C to
1500 °C with a 100 °C step are shown in Figures 3.22(a-f), 3.24(a-f), 3.25(a-f) for
the sample with MTMS:MAPTMS ratio 9:1, 8:2, 7:3, respectively. Moreover,
XRD patterns of materials heat treated at 1400 °C under vacuum are depicted in
Figures 3.22(b), 3.24(b), 3.25(b). Heating samples under vacuum up to 1300 °C
provided the same XRD patterns as heating under the nitrogen atmosphere
(completely amorphous structures were formed) therefore, these patterns are
not presented. Obtained data were compared to the reference patterns (see
Figures 3.22(g), 3.24(g), 3.25(g)) of the Crystallography Open Database (COD).

The pure crystalline trigonal silicon carbide phase is identified after anneal-
ing the samples at a temperature of 1400 °C in a vacuum, regardless of the ratio
of precursors (Figures 3.22(b), 3.24(b), 3.25(b)), illustrating that the crystalliza-
tion of trigonal SiC is promoted by the increased pyrolysis temperature. The
crystal lattice pattern of trigonal silicon carbide is depicted in Figure 3.23(c).

Broad diffraction bands in patterns demonstrate that the samples were
amorphous and had no crystalline structure after pyrolysis in the temperat-
ure range 1000 °C < t < 1300 °C. Sharp but low-intensity peaks of trigonal
alpha SisN4 phase peaks appeared in the XRD pattern of MTMS:MAPTMS
9:1 sample, pyrolyzed at 1400 °C, indicating that the ceramic began to trans-
form from amorphous to crystal state. However, the material was still mainly
amorphous (see Figure 3.22(b)). Meanwhile, MTMS:MAPTMS 8:2 and 7:3
samples remained amorphous even after pyrolysis at 1400 °C temperature (see
Figure 3.24(b), 3.25(b)).

Lattice patterns of crystalline alpha and beta silicon nitride are shown in
Figure 3.23. The significant change in XRD patterns was observed after pyro-
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Figure 3.22: X-ray diffractograms of prepared 9:1 MTMS:MAPTMS ceramic
plates heat treated in a temperature range from 1000 °C to 1500 °C (a-f) in a
nitrogen atmosphere and at 1400 °C in a vacuum (b). Reference data (g).

lysis at 1500 °C. Sharp diffraction peaks seen in Figures 3.22 (a), 3.24 (a), 3.25(a)
indicate that the precursors had successfully converted to trigonal alpha SizNy
phase (lattice pattern is depicted in Figure 3.23(b)) which is predominant if
compared to peaks of hexagonal beta SigNy.

Interestingly, the starting materials had no nitrogen atoms in their com-
position, thus proving that the samples are reacting with nitrogen gas result-
ing in silicon nitride production. Such reactions between solid SiO,C,, (see
Figure 3.23(a)) composite and nitrogen gas are explained in recent scientific
publications [219-221]. Based on the literature, the formation and evolution
process of SisNy ceramics can be divided into several stages. First of all, below
1200 °C, preceramic material is converted to a mixture of silicon oxide and car-
bon (5i0,C, composites). When the temperature reaches 1200 °C, SiO vapor
and CO gas are released through carbothermic reduction between silicon oxide
and carbon. Finally, SiO, C, and nitrogen gas conversion to CO gas and a-SizNy
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Figure 3.23: Crystalline structures obtained after heat treatments of silicon-
organics at 1000-1300 °C under vacuum or Ny atmosphere (a), at 1500 °C under
N3 atmosphere (b) and at 1400 °C under vacuum (c).

(a small amount of 5-SizNy as a secondary phase can be also detected) . Here,
the nitrogen gas has two functions: as reactant and as a carrier gas to remove
CO from the reaction sites, allowing the decomposition to proceed further.
These results establish that the precursors were successfully converted to SizNy
ceramic after pyrolysis at 1500 °C. However, the background of the XRD signal
confirms the presence of a substantial amount of amorphous material.

3.2.6 3D fabrication prospects

3D structures such as a resolution array of lines with frames, fullerene-type
models (with smaller fullerene inside) and gyroids were formed to investigate
the potential of materials to participate in laser photopolymerization. The
material MTMS 7:3 MAPTMS was too liquid after condensation to form a
suitable height drop for laser photopolymerization, while in the case of MTMS
9:1 MAPTMS development of structures after photopolymerization was im-
possible due to the high degree of condensation. Therefore, 3D lithography is
provided only for MTMS 8:2 MAPTMS material (see Figures 3.26 and 3.27).
The resolution test of MTMS:MAPTMS 8:2 material was performed by
fabricating a resolution array of structures. The production velocity was ad-
justed in increments of 50 ym/s, ranging from 50 pm/s to 500 ym/s, while
the power was varied in increments of 20 W, from 20 pW to 220 uW (see
Figure 3.26). The structure produced using 40 uW laser power and 150 ym/s
fabrication speed had the smallest feature size. The average polymeric line

85



MTMS 8:2 MAPTMS

——1500°C N, 1h ]

b " ——1400°CN, 1h ]
F t —14008C Vacuu.m 1h

M ——1300°C N, 1h

orisel

9’\\_—“7—1200"0 N, 1h ]
N ——1100°C N, 1h ]

N ——1000°C N, 1h ]

Relative Intensity

# Si,N, beta (COD 96-100-1245)
* [ ¥ Si¢; (COD g6-154-1662) ]
oo

9 o . o 0 5N, alpha (COD 96-100-1239) 1
r *ol O |¥ A0 % %0 ]

10 20 30 40 5 60 70 80
20 (degree)

Figure 3.24: X-ray diffractograms of prepared 8:2 MTMS:MAPTMS ceramic
plates heat treated in a temperature range from 1000 °C to 1500 °C (a-f) in a
nitrogen atmosphere and at 1400 °C in a vacuum (b). Reference data (g).

thickness was 717.2+ 83 nm (Figure 3.26(d)). The capillary forces that acted
during development caused the merging of vertical lines. In order to avoid
merging, the development must be carried out using a critical point dryer
(CPD).

The structures chosen for larger dimensions derivatives fabrication experi-
ments were gyroids and fullerene-type models with smaller fullerene inside.
With this configuration, it is possible to determine several important factors.
First, the gyroid shows if it is possible to produce true cubic periodic 3D
structures. Fullerene-type models provide information about the production
possibilities of thin features and of hollow round shapes.

Gyroids and fullerene-type model fabrication were carried out using 515 nm
wavelength radiation, at repetition rates 200 kHz and pulse duration 300 fs,
focused by an objective lens with 20x 0.8 NA using 1.0 mW incident irradiation
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Figure 3.25: X-ray diffractograms of prepared 7:3 MTMS:MAPTMS ceramic
plates heat treated in a temperature range from 1000 °C to 1500 °C (a-f) in a
nitrogen atmosphere and at 1400 °C in a vacuum (b). Reference data (g).

power and 10 mm/s speed [12]. In order to evaluate surface and shape de-
formations after high temperature treatment all 3D structures were annealed in
the temperature range of 1000-1500 °C in a nitrogen atmosphere. Derivatives
with good quality (green) with insignificant cracks (yellow) and with severe
cracks or slight melting (red) are depicted and outlined in Figure 3.27. It is
evident that the gyroids retained their shape in the entire temperature range
even after reaching the SizNy crystalline phase. However, slight cracks were
recognized on the surface of a structure after heat treatment at 1200 °C (Fig-
ure 3.27(m)), which became more pronounced as the temperature increased
(Figure 3.27(r,w)).

Further, it was observed that after heat treatment at the highest temperature,
the structure started to melt in the contact zone between the structure and the
corundum substrate (see Figure 3.27(u)). This consequence can be explained by
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Figure 3.26: SEM images of resolution array of MTMS:MAPTMS 8:2 polymeric
structures (a,b), one of the structures in the array is shown in greater detail (c),
cropped and zoomed part of (c) image with marked sizes of lines (d). Code
authored by Linas JonuSauskas.

the higher thermal conductivity of solids than gases. Nevertheless, the visual
quality of the ceramic structures is improved more than published in other
similar studies [144, 160], even after processing at such high temperatures.

Fullerene-type models, which are less bulk-filled than gyroids, showed
excellent structure quality even up to 1400 °C temperature treatment. The
higher ratio of surface area and volume (in the case of the fullerene-type model)
resulted in an easier escape of CO gas from the structure volume during the
previously described SizNy synthesis reaction. Consequently, fewer defects are
presented after the highest temperature treatment.

3.2.7 Investigation of mechanical properties

The mechanical properties of ceramics are one of the most important features.
In order to evaluate the hardness of ceramic plates nine indents, arrayed in a
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Figure 3.27: SEM images of polymeric (a-e) and ceramic (heat-treated at 1000 °C
(f+), 1200 °C (k-0), 1400 °C (p-t), 1500 °C (u-y) in a nitrogen atmosphere) gyroids
and fullerene-type models, with the smaller fullerene inside the structure,
fabricated using MTMS 8:2 MAPTMS material. Structures with good quality
(green) with insignificant cracks (yellow) and with severe cracks or slight
melting (red) are outlined and marked with arrows.

square (Figure 3.28), were made using a load-controlled indentation method
with peak loads from 100 mN to 5 N.

Ceramic Plate Nanoindentation

Figure 3.28: 3D ceramic plate with nine indents on the surface.
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Figure 3.30(a) shows the average Berkovich hardness dependency and b
average reduced elastic modulus of sintered ceramic plate samples as a function
of the sintering temperature. All experimental data are provided in Appendix
Tables A.7, A.8. The optimization of sintering temperature was made for
each MTMS:MAPTMS composition. Averages of mechanical properties were
calculated using Berkovich hardness and reduced elastic modulus relationship
on applied loads data depicted in Figure 3.29.

Reduced elastic modulus is a physical quantity that determines the resistance
of a material to compression or tension. Meanwhile, hardness measurement
shows the resistance of a sample deformation due to a constant compression
load from a diamond indenter [222]. The tests work on the basic premise
of measuring the critical dimensions of an indentation left by a specifically
dimensioned and loaded indenter. Therefore, the measured hardness is not a
result of the shape of the structure, but a property of the specific material. It can
be seen that the maximum hardness and reduced elastic modulus were meas-
ured for MTMS:MAPTMS 8:2 sample sintered at 1200 °C, respectively 14.33 £
1.17 GPa and 104.99 + 1.81 GPa. The general trend which can be observed from
Figure 3.30(a) and b is that the hardness and reduced elastic modulus increase
from 1000 °C to 1200 °C. However, the further increase of the temperature
(values higher than 1200 °C) results in decreasing of the values of mechanical
properties. These results coincide with defects that have started to appear in
the structure and can be seen in Figure 3.27(m,r,w). All data sets, except for
samples annealed at 1500 °C, and all reduced elastic modules, except for 7:3
samples, annealed at 1000 °C and 1500 °C, were higher than the fused quartz
standard (FQ) (PN: 5-0098-2) (FQ hardness- 10.39 + 0.34 GPa, FQ reduced
elastic modulus- 69.45 + 1.17 GPa). However, the large standard deviations of
the values at high temperatures can be explained by the inhomogeneity of the
material (severe cracks). Nevertheless, demonstrated hardness results are truly
stunning in comparison with other reported results.

In addition to hardness, the synthesized material density data also were
evaluated. Figure 3.31 displays the linear shrinkage (a) and the bulk density (b)
of the polymeric and sintered MTMS:MAPTMS (9:1, 8:2 and 7:3) samples as a
function of the sintering temperature. The increase in the heating temperature
caused linear shrinkage and density to increase with logarithmic progression.
This increase was due to the structural change and compactness of the sample
structure after the heat-treatment process. The linear shrinkage reached 22.62%,
23.66% and 25.50% for MTMS:MAPTMS 9:1, 8:2 and 7:3 samples, after the
highest 1500 °C temperature heat treatment. The mixture with a higher or-
ganic proportion (7:3) shrank the most in the whole temperature range. The
numerical values of all shrinkages are listed in Appendix Table A.9.

As shown in Figure 3.31(b) densities of MTMS:MAPTMS 9:1, 8:2 and 7:3 poly-
meric samples increased from 1.32, 1.30, 1.30 g/cm? to 2.33, 2.28,2.23 g/cm?
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Figure 3.29: Hardness (a, b, c) and reduced elastic modulus (d, e, f) dependence
on applied loads for prepared MTMS:MAPTMS (9:1, 8:2 and 7:3) ceramic plates
after heat treatment in a nitrogen atmosphere at a temperature range from
1000 °C to 1500 °C in a comparison with a fused quartz reference (PN:5-0098-2).

after crystallization. The numerical values of densities are listed in Appendix
Table A.10. The mixture with the lowest organic content in the starting material
(9:1) had the highest density in the entire temperature range. No fractional
porosity of the ceramic samples was observed (see Figure 3.27), therefore,
specimens density and shrinkage are mostly determined by the type of their
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individual constituents and their change with increasing temperature. The
low-density ceramics achieved allow the manufacturing of lighter structures in
the technology field.
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Figure 3.30: Average hardness (a) and reduced elastic modulus (b) dependence
on prepared MTMS:MAPTMS (9:1, 8:2 and 7:3) ceramic plates heating tem-
perature in a comparison with a fused quartz reference (PN: 5-0098-2). Hard-
ness and reduced elastic modulus dependence on applied loads for prepared
MTMS:MAPTMS (9:1, 8:2 and 7:3) ceramic plates are depicted in Figure 3.29.
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Figure 3.31: The variation of linear shrinkage (a) and bulk density (b) of pre-
pared MTMS:MAPTMS (9:1, 8:2 and 7:3) polymeric, glass and ceramic samples
at various sintering temperatures in a nitrogen atmosphere.

3.2.8 Technical application in micro-optics

Recently, there is a growing demand to combine the production of transpar-
ent and opaque 3D structures [223]. Photopolymerization of opaque resins is
very difficult or impossible due to light absorption in the Ultraviolet-Visible-
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Near Infrared (UV-VIS-NIR) region. Here was demonstrated that it is possible
to produce black structures without process limitations, since the initial resin
is transparent to UV-VIS, and opaque structures are obtained only after post-
processing. The transparency of the initial polymeric material and the absorp-
tion of ceramics were quantitatively determined by transmittance measurement
in the UV-VIS region. Optical microscope images of MTMS:MAPTMS 8:2 3D
polymeric and opaque ceramic structures together with transmission spectra
of gel, polymer and ceramic discs are introduced in Figure 3.32(a,b,c). The
ceramic has demonstrated complete absorption in the UV-VIS range, while the
gel transmits up to 70.6% of visible light, depending on the wavelength. There-
fore, such a fabrication method can be used in mechanically proof micro-optic
manufacturing. Transparent polymer is appropriate for lens production, and
opaque ceramics for the fabrication of microscopic apertures with increased
contrast of 3D-printed micro-optics.
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Figure 3.32: Optical microscope images of MTMS:MAPTMS 8:2 polymeric
(a) and ceramic fullerenes after heat treatment at 1000 °C temperature (b).
Spectra showing MTMS:MAPTMS 8:2 gel, polymer and black ceramic discs
transmittance (c) to UV-VIS light. The thickness of the discs for the UV-VIS

measurement was 1 mm. The ceramic disc shows complete absorption in the
UV-VIS light range.

3.2.9 Conclusions on manufacturing of 3D hard ceramic structures

Achieved mechanical properties and demonstrated tunability of material
(amorphous SiOC, SiC and «,(-SisN4) make it a milestone advance in the
laser applications field of mechanically hard devices manufacturing. The
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highest achieved Berkovich hardness was 14.33 4 1.17 GPa and reduced elastic
modulus 104.99 £ 1.81 GPa for MTMS:MAPTMS 8:2 material, annealed at
1200 °C. This material was characterized by a low density (2.21 + 0.09 g/cm?)
and an amorphous state of SiOC. Because of its hardness and high thermal
stability, the produced ceramic is suitable as pressing molds for micro-optic
fabrication from fused quartz. Also, due to opacity ceramics is appropriate for
the manufacturing of microscopic apertures.

The materials synthesized using MTMS and MAPTMS are suitable for
the production of micro-optics due to the visible light transmittance of the
polymeric material (for the optical element) and the impermeable ceramic
structures (for the apertures).

In perspective, the industry of micro-mechanics will benefit from this
investigation as it reveals the potential for manufacturing 3D high spatial
resolution and high solid ceramic structures. Such technology is in a perfect
match with the direction for downscaling and increasing functionalities of
novel crystalline ceramics structures that are precise, mechanically proof, light,
and defect-free without resolution limits.
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4. CONCLUSIONS

1. The sol-gel synthesis technique is a viable method for producing trans-
parent organometallic compounds using precursors such as 3-methacryl-
oxypropyltrimethoxysilane and zirconium propoxide, with molar ratios
ranging from 9:1 to 5:5, and trimethoxymethylsilane and 3-methacryl-
oxypropyltrimethoxysilane, ranging from 9:1 to 7:3. The resulting ma-
terials synthesized through this technique can be utilized for laser 3D
photopolymerization.

2. The resolution of inorganic 3D objects is dependent on various factors
including the composition of the photoactive material (3-methacryl-
oxypropyltrimethoxysilane : zirconium propoxide from 9:1 to 5:5), laser
parameters during photopolymerization (fabrication velocities 200 yim/s
and 500 pm/s, laser powers 48 uW, 56 uW, 64 W), and heating protocol.
By selecting 9:1 (3-methacryloxypropyltrimethoxysilane : zirconium pro-
poxide) precursor, 200 ym/s fabrication velocity, 64 W laser power and
heat treatment at 1000 °C under air atmosphere it is possible to achieve a
ceramic object resolution of up to 60 nm.

3. The crystalline phases of powders and 3D objects with identical initial
compositions exhibit structural variations in the range of starting materi-
als (3-methacryloxypropyltrimethoxysilane : zirconium propoxide) from
9:1 to 5:Zr and the heating protocol from 1000 °C to 1400 °C temperature
under air atmosphere. ZrSiO4 (COD 96-900-0692) crystalline phase was
obtained for 9:1 3D object and for 7:3, 6:4 powders heat-treated at 1400 °C
under air atmosphere.

4. The mechanical properties of inorganic 3D objects are dependent on the
composition of the starting photoactive material ( trimethoxymethylsil-
ane : 3-methacryloxypropyltrimethoxysilane from 9:1 to 7:3) and the
heating protocol (from 1000 °C to 1500 °C under nitrogen atmosphere). It
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is possible to obtain 3D inorganic objects that are harder than fused quartz.
The maximum value of Berkovich hardness as high as 14.33 + 1.77 GPa
and an elastic modulus of 104.99 + 1.81 GPa were achieved for 8:2 ( tri-
methoxymethylsilane : 3-methacryloxypropyltrimethoxysilane) sample
sintered at 1200 °C.

. Synthesized 8:2 ( trimethoxymethylsilane : 3-methacryloxypropyltri-
methoxysilane) material is suitable for the production of micro-optics
due to the polymeric material transmittance up to 70.6% to visible light
(~350-700 nm) (for the optical element manufacturing) and the imper-
meable of the ceramic 3D object (for the apertures).
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APPENDIX

Volume of cubes before heating

Sample a; as as Vi Va Vs Vavg. St dw
(pm) (um) (um) (pm?®)  (pm®)  (um®)  (um®) (um?®)

Si9:Zr1  23.60 23.82 2233 13147 13517 11128 12598 1286

Si8:Zr2 2545 24.83 2495 16476 15303 15535 15771 621

Si7:Zr3 2356 23.14 2330 13078 12389 12649 12705 348

Si6:Zr4 21.03 2198 2354 9299 10616 13036 10984 1895

Sib:Zr5 2338 2337 2327 12778 12770 12601 12717 100

Volume of cubes after heating

Sample a as as Vi Vo V3 Vavg. St dw
(pm) (um) (um) (um?®)  (pm®)  (um®) (um®) (um?®)
Si9:Zr1 1430 14.18 14.03 2921 2851 2763 2845 79
Si8:Zr2 1593 15.72 1557 4060 3885 3776 3907 143
Si7:Zr3 1441 1476 1466 2992 3218 3147 3119 116
Si6:Zzr4 1458 14.07 1588 3101 2785 4001 3296 631
Si5:Zr5 1548 1635 1582 3707 4372 3956 4012 336

Volumetric shrinkage

Sample AV (shrink)  AVa (Shrink)  AV3 (Shrink) AVayg. St dv.

(%) (%) (%) (%) (%)
Si9:Zr1 77.78 78.91 75.16 77.28 1.92
Si8:Zr2 75.36 74.6 75.69 75.69 0.56
Si7:7r3 77.12 74.02 75.12 75.42 2.19
Si6:Zr4 66.66 73.76 69.31 75.57 3.58
Si5:Zr5 70.99 65.76 68.6 68.45 3.69

Table A.1: Volume of cubes and volumetric shrinkage after heat treatment at
1000 °C.
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A=
Si9:Zr1
Velocity Power  a; as as agug. St.dwv.
(pm/s)  (pW) (nm) (nm) (nm) (nm) (nm)
200 48 190 169 188 182 11.6
200 56 157 187 207 184 25.2
200 64 99 109 129 112 15.3
500 48 208 238 238 228 17.3
500 56 206 222 202 210 10.6
500 64 178 188 208 191 15.3
Si8:Zr2
200 48 286 307 317 303 15.8
200 56 298 288 302 296 7.2
200 64 258 280 290 276 16.4
500 48 247 246 256 250 5.5
500 56 250 295 284 276 23.5
500 64 228 262 232 241 18.6
Si7:Zr3
200 48 277 280 271 276 4.6
200 56 287 278 267 277 10.0
200 64 209 276 251 245 33.8
500 48 222 216 214 217 4.2
500 56 223 225 238 229 8.1
500 64 272 287 278 279 7.6
Si6:Zr4
200 48 208 206 199 204 4.7
200 56 251 249 233 244 9.9
200 64 208 219 188 205 15.7
500 48 234 252 266 251 16.0
500 56 178 192 201 190 11.6
500 64 258 277 264 266 9.7
Si5:Zr5
200 48 263 279 279 274 9.2
200 56 316 343 317 325 15.3
200 64 278 265 286 276 10.6
500 48 207 206 191 201 9.0
500 56 239 223 230 231 8.0
500 64 222 262 246 243 20.1

Table A.2: Width of woodpiles lines before heating.
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5i9:Zr1

Velocity Power by bs bs bgvg. St dw.
(pm/s)  (pW) (m) (nm) (nm) (nm) (nm)
200 48 818 858 839 838 20.0
200 56 915 905 876 899 20.3
200 64 881 882 906 890 14.2
500 48 891 931 891 904 23.1
500 56 921 913 929 921 8.0
500 64 937 923 947 936 12.1
Si8:7Zr2
200 48 971 990 961 974 14.7
200 56 949 960 969 959 10.0
200 64 1011 961 991 988 25.2
500 48 980 901 970 950 43.0
500 56 1000 1040 1003 1014 223
500 64 956 975 956 962 11.0
Si7:7r3
200 48 961 951 980 964 14.7
200 56 951 921 970 947 24.7
200 64 941 936 941 939 2.9
500 48 953 959 982 965 15.3
500 56 921 948 961 943 20.4
500 64 870 871 817 853 30.9
Si6:Zr4
200 48 822 852 832 835 15.3
200 56 847 858 821 842 19.0
200 64 862 852 832 849 15.3
500 48 840 867 841 849 15.3
500 56 892 891 861 881 17.6
500 64 856 886 857 866 17.0
Si5:Zr5
200 48 951 931 961 948 15.3
200 56 881 861 891 878 15.3
200 64 881 905 897 894 12.2
500 48 913 900 926 913 13.0
500 56 883 873 847 868 18.6
500 64 872 842 832 849 20.8

Table A.3: Width of woodpiles periods before heating.
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N
AR
Si9:7r1
Velocity Power a as as Aqug. St.dv.
(pm/s)  (uW) (m) (nm) (nm) (nm) (nm)
200 48 135 141 147 141 6.0
200 56 139 143 155 146 8.3
200 64 60 57 59 58.7 1.5
500 48 190 206 186 194 10.6
500 56 183 199 175 186 12.2
500 64 185 172 159 172 13.0
Si8:Zr2
200 48 258 262 247 256 7.8
200 56 236 237 235 236 1.0
200 64 227 238 248 238 10.5
500 48 167 157 165 163 5.3
500 56 206 185 173 188 16.7
500 64 176 186 191 184 7.6
Si7:7Zr3
200 48 216 212 234 221 11.7
200 56 208 218 204 210 7.2
200 64 197 185 173 185 12.0
500 48 151 135 167 151 16.0
500 56 169 184 192 182 11.7
500 64 225 172 185 194 27.6
Si6:Zr4
200 48 176 182 186 181 5.0
200 56 150 170 173 164 12.5
200 64 166 149 151 155 9.3
500 48 197 182 187 189 7.6
500 56 161 166 168 165 3.6
500 64 207 217 227 217 10.0
Si5:Zr5
200 48 173 180 169 174 5.6
200 56 213 193 213 206 11.5
200 64 196 185 190 190 5.5
500 48 148 160 152 153 6.1
500 56 139 164 156 153 12.8
500 64 169 175 191 178 114

Table A.4: Width of woodpiles lines after heating at 1000 °C under air atmo-
sphere.
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Si9:7r1
Velocity Power by bo bs bavg.  St. dv.
(pm/s)  (@W) (mm) (nm) (@mm) (nm) (nm)
200 48 651 643 651 648 4.6
200 56 662 665 630 652 194
200 64 622 625 667 638 25.2
500 48 611 627 667 635 28.8
500 56 643 643 627 637.7 9.2
500 64 667 651 675 664 12.2
Si8:7Zr2
200 48 699 651 699 683 27.7
200 56 676 658 649 661 73.7
200 64 634 624 624 627 5.8
500 48 651 619 635 635 16.0
500 56 651 668 635 651 16.5
500 64 627 659 627 638 185
Si7:7r3
200 48 570 850 545 565 18.0
200 56 548 518 538 535 15.3
200 64 572 603 584 58 15.6
500 48 562 573 541 559 16.3
500 56 540 564 524 543 20.1
500 64 515 520 516 517 2.6
Si6:Zr4
200 48 555 527 526 536 16.5
200 56 522 543 536 534 10.7
200 64 551 516 529 532 17.7
500 48 574 576 545 565 17.3
500 56 549 559 542 550 8.5
500 64 571 552 562 562 9.5
Si5:7Zr5
200 48 555 529 528 537 15.3
200 56 518 539 512 523 14.2
200 64 513 518 515 515 2.5
500 48 523 579 605 569 419
500 56 521 543 586 550 33.1
500 64 567 523 550 547 222

Table A.5: Width of woodpiles periods after heating at 1000 °C under air
atmosphere.
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SANTRAUKA

Ivadas

Pastaraisiais deSimtmeciais keraminés medZiagos ir i$ ju pagamintos 3D
struktiiros susilaukia vis daugiau démesio dél isskirtiniy mechaniniu, cheminiuy
ir terminiu savybiu [1]. Didéjant susidoméjimui 3D keraminémis mikro/nano
struktiiromis, didéja nauju medZiaguy ir 3D dariniu gamybos procesu paklau-
sa. Iki Siol tiksliausia ir universaliausia adityvi neorganiniy laisvos formos
struktfiry formavimo technologija yra femtosekundiné lazeriné 3D fotopo-
limerizacija (spausdinimas) kombinuojama kartu su pirolize [2-4]. Femto-
sekundiniais lazeriais galima ypac tiksliai lokalizuoti ir kontroliuoti Sviesos
ir medziagos saveika, pasiekiant minimalu $iluminj efekta bei labai auksta
fabrikavimo precizi$kuma (iki $imtuy nanometry) [225, 226]. Atkaitinus tokias
struktiiras aukstoje temperatiiroje jos tampa neorganinémis ir susitraukia, todél
matmenys tampa dar maZesni.

Multifotoniné fotopolimerizacija yra puiki technologija gaminant jvairius
mikromechaninius [5], medicininius [6], optinius [7] ir fotoninius darinius [8],
taciau iki Siol reikSmingas ir pramongje pritaikomas struktiiras realizuoti
pavyksta tik naudojant organinius arba biriy neorganiniy daleliy ir skystu
organiniy rezistu suspensijas.

Vis délto gryni organiniai rezistai néra pakankamai atspariis agresyviems
chemikalams, ekstremalioms temperatiiroms ir aplinkos salygoms bei nepasi-
zymi patraukliomis fizikinémis ir mechaninémis savybémis. I$ neorganiniu—
organiniy suspensiju pagamintos struktiros neprilygsta grynoms keraminéms
ar kristalinéms medZiagoms, tac¢iau yra kur kas mechaniskai ir chemiskai at-
sparesnés uz organines. Vis délto is tokiy suspensiju (neorganiniy daleliy ir
organinio monomero misinio) pagaminty strukttaru formos ir raiskos preci-
ziSkuma apriboja daleliu dydis, ju sedimentacija laike ir §viesos sklaidos nuo
daleliy pavirsiaus efektas fotopolimerizacijos metu. Todél disertacijoje pateikiu
iki 8iol buvusiu keraminiuy 3D struktiiry formavimo problemu sprendimus.

Disertacija apima nauju fotoaktyviu vienaly¢iu paZangiu metalorganiniy
junginiy sintezes, medZiagy pritaikyma lazerinéje litografijoje ir gauty struktary
terminj ir/ar cheminj apdirbima. Pasitelkus $iuos metodus pavyko i$spresti
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neorganiniy strukttiry deformacijos, raiskos (pasiekta iki Siol didZiausia net
iki 60 nm neorganinés 3D formos raiska) ir fazés grynumo isStikius. Be to
struktiros pasizyméjo itin dideliu kietumu (kietumas ~15 GPa, tamprumo
modulis ~105 GPa), stabilumu agresyviuose chemikaluose ir atsparumu ekst-
remalioms temperatiiroms (nuo -200 °C iki 1400 °C). Pasiekti rezultatai suteikia
konkurencingus pranasumus turimy spausdinimo medziagy srityje ir atve-
ria naujas galimybes sukurtas medZziagas ir i$ ju pagamintas 3D keramines
struktiiras vystyti iki komerciniu produktu.

Tikslas ir uzdaviniai

Disertacijos tikslas buvo zoliu-geliu metodu susintetinti jvairius metalo orga-
ninius junginius ir pagaminti keramines/kristalines 3D mikro/nanostruktiiras
kombinuojant fotopolimerizacija femtosekundiniais lazeriais ir pirolize. Siam
tikslui igyvendinti buvo suformuluoti Sie uzdaviniai:

1. Zoliy-geliy metodu susintetinti hibridinius silicio/cirkonio ir silicio orga-
ninius junginius, tinkamus fotopolimerizacijai.

2. Ivertinti susintetinty medziagy tinkamuma fotopolimerizacijai naudojant
femtosekundinius lazerius bei istirti skirtingu parametry ir medziagu
sudéties jtaka pagaminty 3D strukttiry kokybei.

3. Istirti pirolizés/kalcinavimo parametry, tokiu kaip temperatiira, kaitini-
mo trukmeé ir atmosfera, poveikj gaunamuy keraminiy 3D mikro/nano-
objektu deformacijai, susitraukimui, cheminéms, fizinéms ir mechaninéms
savybéms.

Darbo naujumas

Sioje disertacijoje pademonstruoti didelés raiskos ir kietu 3D keraminiu
struktiiry gamybos btidai, apimantys nauju medZiagu sintezes, ju pritaikyma
3D daugiafotoninéje litografijoje ir strukttiry kristaliniu faziu poky¢ius po ter-
minio apdirbimo. Pirma karta pademonstruotas tiesioginis 3D mikrostrukttiry
kristalinés fazés matavimo metodas, bei pasiektas raiskos rekordas. Keraminés
5103/ ZrO; periodinés 3D struktiiros linijos plotis buvo maZesnis nei 60 nm.
Taip pat buvo sukurta nauja unikaliomis mechaninémis savybémis pasizyminti
silicio-organiné medziaga. Pritaikius Sia medziaga 3D litografijoje ir atlikus
gautu strukttiry pirolize, buvo nustatyta, kad susiformuoja amorfiné SiOC arba
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kristalines SiC ir/arba «,8-SizNy struktiiros, kurios nesideformuoja ir neturi
jokiu defekty, o kietumas ir tamprumo modulis yra net ~15 GPa ir ~105 GPa.

Sie pasiekimai iSsprendé kiety ir precizisku 3D struktiiry gamybos is$tkius
ir praplété technologijos pritaikymo galimybes komercijoje.

Ginamieji teiginiai

1. Zoliy-geliy metodas yra tinkamas sintezés biidas gaminti skaidrius silicio
ir cirkonio metalo organinius junginius, skirtus lazerinei 3D litografijai.
Kei¢iant pradiniu medziagu (3-metakriloksipropiltrimetoksisilanas ir
cirkonio propoksidas) molinj santykj nuo 9:1 iki 5:5 galima efektyviai
kontroliuoti medziagu savybes.

2. 3D keraminiu objektuy skiriamoji geba priklauso nuo pradinés fotoak-
tyvios medziagos sudéties, lazerio parametry fotopolimerizacijos me-
tu ir kaitinimo protokolo. Naudojant 9:1 molinio santykio 3-metakril-
oksipropiltrimetoksisilano ir cirkonio propoksido medziaga, naudojant
300 fs impulsuy trukme, 200 kHz pasikartojimo daznj, pasirinkus 200 ym/s
fotopolimerizacijos greiti ir 64 uW lazerio galia (apsvita 0.22 TW /cm?)
bei atkaitinus 3D objektus 1000 °C laipsniy temperatiiroje oro atmosferoje
galima pasiekti iki 60 nm keraminés strukttiros raiska.

3. Milteliy ir 3D objekty, turinéiy identiska sudéti, kristalinés fazés pasi-
zymi struktiriniais skirtumais. Kei¢iant pradiniu pirmtaku 3-metakril-
oksipropiltrimetoksisilano ir cirkonio propoksido molinius santykius nuo
9:1 iki 5:5 ir kaitinimo temperatiira nuo 1000 °C iki 1400 °C gaunamos
skirtingos 3D objektu ir milteliu kristalinés fazes.

4. Zoliu-geliu sintezés metodu galima sintetinti stabilias ir skaidrias silicio
organines medZiagas, tinkamas 3D lazerinei litografijai. Galima kont-
roliuoti silicio organiniu medZziagu savybes kei¢iant pradiniu reagentu
trimetoksimetilsilano ir 3-metakril-oksipropiltrimetoksisilano molinius
santykius (9:1, 8:2 ir 7:3).

5. Keraminiy 3D objekty mechaninés savybeés priklauso nuo cheminés
pradiniu medZiagu sudéties ir kaitinimo protokolo. Fotopolimerizacijoje
naudojant 8:2 (trimetoksimetilsilanas : 3-metakril-oksipropiltrimetoksi-
silanas) pradine medZiaga ir atkaitinus pagaminta objekta 1200 °C tem-
peratiroje azoto atmosferoje, galima gauti itin kietus 3D keraminius
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objektus (kietumas iki ~15 GPA, tamprumo modulis iki ~105 GPa).
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Rezultaty apzvalga

Disertacija yra paremta knygos skyriumi ir trimis moksliniais straips-
niais, iSleistais uzsienyje leidzZiamuosiuose periodiniuose mokslo leidiniuose,
turin¢iuose cituojamumo rodiklj Claritive duomenu bazéje Web of Science bei
Lietuvoje registruota patentine paraiska.

Pirmojoje disertacijos tyrimy dalyje pademonstruota metalorganiniy sili-
cio ir cirkonio junginiu sintezé, ju pritaikymas lazerinéje fotopolimerizacijoje,
gauty strukttiry kalcinacija ir fizikiniy bei cheminiy savybiu tyrimai. SiX:ZrY
metalorganiniy foto aktyviy medZziagu serija buvo pagaminta zoliy-geliy me-
todu, varijuojant silicio ir cirkonio pirmtakuy molinius santykius (nuo 9:1 iki
5:5).

Visu pirma nustatyta visu junginiy zoliu ir geliu laZio rodikliu (angl. RI)
priklausomybé nuo bangos ilgio. Rezultatai parodé, kad RI didéja didinant
cirkonio kieki medZziagose ir matavimus atliekant mazesniuose bangos ilgiuose.
RI vertés varijuoja nuo 1,422 iki 1,448 zoliuose ir nuo 1,487 iki 1,550 geliuose.
Visu geliy, i8skyrus Si9:Zr1, RI vertés didesnés nei 1,5, todél tokios medZziagos
gali bati priskirtos didelio ltizio rodiklio polimerams (angl. HRIP), o tai lemia
galima ju pritaikomuma jvairiose srityse.

Furjé transformacijos infraraudonuju spinduliu (angl. FTIR) spektrosko-
pijos analizé atlikta norint jvertinti silicio ir cirkonio metalorganiniy junginiy
chemineés sudéties pokycius zoliuose, geliuose ir polimeruose. Gauti rezulta-
tai ir charakteringos sugerties smailés leido kokybiskai nustatyti hidrolizés,
kondensacijos ir polimerizacijos procesus medZiagose. Zoliu spektruose do-
minuoja pla¢ios -OH grupiu sugerties juostos ties ~ 3330 cm~! bangos ilgiais,
patvirtinancios gausu tirpikliy ir metalorganiniu hidroksidu kiekj medZziagose.
Geliuose Si-O-Si, Si-O-Zr ir Zr-O-Zr rys$iu charakteringos sugerties juostos tam-
pa platesnés ir sudétingesnés, reiskiancios siloksany ir cirkoksany grandiniy
padidéjusi Sakotuma ir ilguma, o tai patvirtina jivykusia kondensacija. Gelius
paveikus 140 °C temperatiira, pastebétas Zymus dvigubu ry$iu tarp anglies
atomu sugerties smailiy intensyvumo sumazéjimas. Sis sumazéjimas patvirtina
vykstan¢ia termine junginiu polimerizacija.

Atlikus SiX:ZrY medziagu termogravimetrine analize nustatyta, kad visa
organiné dalis medZiagose pilnai suskyla pasiekus 700 °C temperatiira. Taip
pat pastebéta, kad didéjant silicio kiekiui junginiuose, masés netektis didéja ir
varijuoja nuo 51% iki 62%. Palyginus medZiagu maseés netekti ir mikro kubuy,
pagaminty i$ skirtingu SiX:ZrY medZiagu, ttriu susitraukima po atkaitinimo
1000 °C temperatiiroje, bei padarius prielaida, kad susiformuoja kristobalitas ir
tetragoninis cirkonio dioksidas, galima teigti, kad tankesnés mikro strukttiros
gaunamos, kai yra gaminamos i§ medziaguy, turin¢iu didesnj silicio kieki.

Siekiant nustatyti pagaminty misiniy fabrikavimo galimybes, kei¢iant laze-
rio galia ir fabrikavimo greitj, buvo pagamintos periodinés rastrinés strukttiros,
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kurios veéliau atkaitintos 1000 °C temperatiiroje ore. Buvo nustatyta, kad di-
dziausia skiriamoji geba yra gaunama naudojant S5i9:Zr1 medZziaga, pasirinkus
64 uW lazerio galia ir 200 um/s fabrikavimo greiti. Po atkaitinimo tokios
struktiiros linijos plotis siekia 58,7 & 1,5 nm ir tai yra didZiausia iki Siol pade-
montruota laisvos formos 3D neorganineés struktiiros raiska.

Pasinaudojus monokristalo Rentgeno difraktrometru pirma karta tiesiogiai
ivertintos 3D mikrostrukttiry kristalines fazés. 18 SiX:ZrY serijos medzZiagu
lazeriu sufabrikuotos 3D skeletinés mikrostruktiiros, kurios véliau atkaitin-
tos 1000-1400 °C temperatiirose ore. Visu struktiry Rentgeno difraktogra-
mos buvo palygintos su atitinkamu medZiagu milteliy difraktogramomis ir
ivertinti susidariusiy kristaliniy faziy panasumai bei skirtumai. Po atkaitinimo
1000 °C temperatiiroje visuose méginiuose susiformuoja kristalinés kristoba-
lito (COD 96-900-8226) ir tetragoninio cirkonio dioksido (COD 96-152-5706)
fazés. Keliant temperatiira, galima stebéti, kaip mazZéja amorfiniy medziagu
kiekis méginiuose, o kristaliniy faziy smailiy intensyvumai didéja. Po atkai-
tinimo 1400 °C temperatiiroje susiformuoja kristaliné ZrSiO, (COD 96-900-
0692) faze Si9:Zr1 mikrostruktiroje bei Si7:Zr3 ir Si6:Zr4 medziagu milteliuose.
Taip pat atsiranda monoklininé cirkonio dioksido (COD 96-230-0204) fazé
5i5:Zr5 milteliu medZiagoje ir visu medziagu struktiirose. Idomu tai, kad visos
struktiiros islaiké savo forma net po 1400 °C atkaitinimo, iSskyrus strukttira,
pagaminta i$ 5i9:Zr1 medziagos, kuri jau po poveikio 1200 °C temperatiira
pradéjo lydytis.

Atlikus atsparumo tyrimus buvo nustatyta, kad keraminés/kristalinés
strukttiros yra kur kas atsparesnés agresyviems chemikalams, nei polimerinés
ir atlaiko didelius temperatiirinius Sokus (nuo -200 °C iki 1400 °C).

Antrojoje disertacijos tyrimy dalyje pademonstruota nauju silicio-oganiniy
junginiu sintezé, ju pritaikymas lazerinéje fotopolimerizacijoje, gautu struktiiry
pirolizé ir fizikiniy bei cheminiy savybiu tyrimai. Zoliy-geliu metodu buvo
pagaminta silicio-organiniu fotoaktyviu junginiu serija, varijuojant trimetoksi-
metolsilano (angl. MTMS) ir 3-(trimetoksi)propil metakrilato (angl. MAPTMS)
prekursoriy molinius santykius (nuo 9:1 iki 7:3).

Atlikus medZiaguy zoliy, geliu ir polimery liiZio rodikliy (RI) priklausomybiu
nuo bangos ilgio matavimus nustatyta, kad didéjant komponento MTMS kie-
kiui, RI didéja ir varijuoja tarp: 1,371 - 1,390, 1,428 - 1,454 ir 1,431 - 1,456
zoliuose, geliuose ir polimeruose regimajame bangu ilgiu ruoze.

Susintetinta MTMS:MAPTMS méginiu serija yra nauja, todél norint
i$siaiskinti $iu medZziagu cheminés struktiiros poky¢ius zoliuose, geliuose,
polimeruose ir keraminiuose méginiuose buvo atlikta FTIR analizé. Nustatyta,
kad po hidrolizés medziagose gausu hidroksi grupiu turinciu tirpikliy. Medzia-
gas pakaitinus 50 °C laipsniy temperatiiroje 7 valandas, Si-O-Si charakteringy
sugerties smailiu intensyvumas padidéjo, o tai patvirtina kondensaciniu rysiu
susidaryma. Vis délto dvigubu ry$iu tarp anglies atomu smailés intensyvumas
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po poveikio UV diodu nepakito, todél galime daryti iSvada, kad UV diodo
energijos nepakanka tokiy medziagy fotopolimerizacijai. DidZiausi poky¢iai
ivyko medziagu FTIR spektruose po pirolizés 1000 °C temperatiiroje azoto
atmosferoje. Pirolizuotu medziagu FTIR spektruose matyti trys neorganiniams
rySiams buidingos sugerties smailés, patvirtinan¢ios SiO,C, keramikos susi-
daryma (800 cm™! priskiriama Si-C; ~440 cm~! ir ~1010 cm™~! priskiriami
vibraciniams ir tempiamiesiems Si-O-5i ry$iams).

Atlikus termogravimetrine analize buvo nustatyta, kad MTMS:MAPTMS
polimeriniai méginiai yra visiskai stabiliis iki 150 °C temperattiros, o rySkiausia
maseés netektis yra tarp 350 ir 600 °C. Sis procesas yra priskiriamas organiniu
medziagy skilimui. Temperatiiry intervale tarp 650 ir 950 °C formuojasi amor-
finé SiO,,C, keramika. Taip pat buvo nustatyta, kad didéjant MTMS komponen-
to kiekiui, masés netektis mazéja. Thermogravimetriné analizé parodé, kad yra
bttina atlikti hidrolize ir kondensacija medziagu sintezéje, kitu atveju atliekant
pirolize prekursoriai beveik visikai suskilty nepasieke 300 °C temperattiros.

Rentgeno spinduliu difrakciné analizé parodé, kad visi bandiniai, atkai-
tinti iki 1300 °C temperatiiros inertinéje atmosferoje ar vakuume yra amorfi-
niai. Atkaitinus MTMS:MAPTMS méginius 1400 °C temperatiiroje vakuume,
gaunama visiSkai gryna SiC (COD 96-154-1662) kristaliné fazé. Taip pat at-
kaitinus MTMS:MAPTMS meéginius 1500 °C temperatiiroje azoto atmosferoje,
susiformuoja alpha ir beta Si3Ny kristaliniu faziy misinys (COD 96-100-1239 ir
COD 96-100-1245).

3D lazerinei fotopolimerizacijai buvo pasirinkta MTMS 8:2 MAPTMS me-
dziaga. Nustacius optimaliausius fotopolimerizacijos lazeriu parametrus buvo
pagaminti 3D mikro giroidai ir fulereno tipo 3D mikro strukttiros su maZesne
fulereno tipo struktiira viduje. Visi dariniai buvo atkaitinti 1000-1500 °C tem-
perattiroje azoto atmosferoje. Skenuojanc¢iu elektroniniu mikroskopu jvertinus
struktiiry pavirsiaus kokybe, buvo nustatyta, kad mikro giroidai i8laiko sa-
vo forma visame temperatiry intervale, net pasiekus SisNy kristaline faze.
Vis délto nuo 1200 °C temperatiiros pavirSiuje matomi jtrtikimai. Fulerenu
tipo struktiiros savo forma islaiké ir neturéjo jokiu defektu net iki 1400 °C
temperatiiros, o aukstesnéje temperatiiroje pradéjo skilineéti ir lydytis.

Pastebéjus, jog atkaitintos struktiiros pasiZymi itin dideliu tvirtumu, bu-
vo jvertintos ju mechaninés savybeés, tokios kaip: Berkovi¢iaus kietumas ir
tamprumo modulis. DidZiausias kietumas (14,33 &+ 1,17 GPa) ir tamprumo
modulis (104,99 + 1,81 GPa) buvo keraminio disko, pagaminto i§ MTMS 8:2
MAPTMS medZiagos ir atkaitinto 1200 °C temperatiiroje, azoto atmosferoje.
Beveik visos medZiagos pasiZyméjo puikiomis mechaninémis savybémis, kuriu
vertés didesnés uz lydyto kvarco vertes.

Didéjant atkaitinimo temperattirai struktiiry, pagaminty is MTMS:MAPTMS,
traukimasis didéja. Taip pat esant didesniam MTMS kiekiui medZiagoje,
struktfiros traukiasi maziausiai. DidZiausias linijinis susitraukimas buvo

143



pasiektas disko, pagaminto i§ MTMS 7:3 MAPTMS medZiagos ir atkaitinto
1500 °C temperatiiroje azote ir sieké 25,50%. Atlikus diskuy tankiu matavimus,
buvo nustatyta, kad didéjant atkaitinimo temperattirai, medZziagu tankis didéja.
Tankiausias diskas yra pagamintas is MTMS 9:1 MAPTMS medZiagos ir atkai-
tintas 1500 °C temperatiiroje azote ir yra 2,33 g/cm?. Toks mazas keramikos
tankis praplecia siu medziagu panaudojimo galimybes technologijose, kuriose
yra reikalingos lengvos keraminés strukttiros.

Pastaruoju metu mikro-optikos srityje didéja poreikis kombinuoti skaidriu
ir nepersvie¢iamuy struktitiry gamyba. Skaidri medziaga naudojama lesiu ga-
myboje, o neskaidri- aperttiroms, kurios padidina kontrasta ir mikro-lesiu
efektyvuma. Pagaminty silicio-organiniu MTMS 8:2 MAPTMS diskuy regimojo
spektro Sviesos pralaidumas siekeé net iki 70,6%, kai atitinkami neorganiniai
diskai pasiZzyméjo visiSka regimojo spektro sugertimi. Todél toks gamybos
btidas gali btiti naudojamas gaminant mechaniskai atsparia mikrooptika.
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Isvados

1. Zoliy- geliy sintezés metodas yra tinkamas biidas gaminti skaidrius
metalu organinius (3-metakril-oksipropiltrimetoksisilanas ir cirkonio pro-
poksidas nuo 9:1 iki 5:5) ir silicio organinius (trimetoksimetilsilanas ir
3-metakriloksipropiltrimetoksisilanas nuo 9:1 iki 7:3) junginius, skirtus
lazerinei 3D fotopolimerizacijai.

2. Neorganiniu 3D struktiiry skiriamoji geba priklauso nuo pradinés foto-
aktyvios medziagos sudéties (3-metakriloksipropiltrimetoksisilanas ir
cirkonio propoksidas nuo 9:1 iki 5:5), lazerio parametru fotopolimerizaci-
jos metu (gamybos grei¢iai 200 ym/s ir 500 pm/s, galios 48 uW, 56 uW,
64 pW) ir kaitinimo protokolo. Pasirinkus 9:1 (3-metakriloksipropiltri-
metoksisilanas : cirkonio propoksidas) medziaga, 200 um/s gamybos
greitj ir 64 pW lazerio galia galima gauti iki 60 nm keraminio objekto
raiska.

3. 3D objekty ir atitinkamos sudéties milteliy kristalinés fazes pasizymi
struktiiriniais skirtumais kei¢iant pradiniu medZiagu (3-metakriloksi-
propiltrimetoksisilanas ir cirkonio propoksidas) sudéti nuo 9:5 iki 5:5 ir
kaitinimo protokola nuo 1000 °C iki 1400 °C temperatiiros ore. ZrSiO4
(COD 96-900-0692) kristaline fazé buvo gauta 9:1 3D objektui ir 7:3, 6:4
milteliams, atkaitintiems 1400 °C temperattiroje ore.

4. Neorganiniu 3D objektu mechaninés savybes priklauso nuo pradinés
fotoaktyvios medzZiagos sudéties (trimetoksimetilsilanas ir 3-metakril-
oksipropiltrimetoksisilanas nuo 9:1 iki 7:3) ir kaitinimo protokolo (nuo
1000 °C iki 1500 °C) temperattiros azoto atmosferoje. Galima gauti uz
lydyta kvarca kietesnius 3D neorganinius objektus. Naudojant 8:2 (trime-
toksimetilsilanas : 3-metakril-oksipropiltrimetoksisilanas) medziaga bu-
vo gautas net 14,33 £ 1,77 GPa Berkoviciaus kietumas ir 104,99 + 1,81 GPa
tamprumo modulis.

5. Susintetinta 8:2 (trimetoksimetilsilanas : 3-metakriloksipropiltrimetoksi-
silanas) medZiaga yra tinkama mikro-optikos gamyboje dél polimerinés
medZziagos pralaidumo (iki 70,6%) regimajai Sviesai (nuo ~350 nm iki
700 nm) (optiniui elementui gaminti) ir nepralaidziuy keraminiy strukttru
(apertiiroms).
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PADEKA

Visu pirma dékoju doktorantiiros vadovui prof. dr. Simui Sakirzan-
ovui. Aciti uz pasitikéjima ir suteikta galimybe studijuoti doktoranttira, uz
nejkainojamos patirties ir Ziniu perdavima bei galimybe mokytis i$ Jasu. Acig,
kad visada galéjau kreiptis pagalbos, Jiis padéjot igyvendinti tikslus ir jveikti
visus iskilusius is$tikius. Jisu pamokos, konstruktyvios jZvalgos ir patarimai
padéjo man tapti tuo, kuo esu dabar. Labai tai vertinu.

Aciti moksliniam konsultantui prof. dr. Mangirdui Malinauskui uz kon-
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