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Fabrication of Glass-Ceramic 3D Micro-Optics
by Combining Laser Lithography and Calcination

Giedrius Balcas, Mangirdas Malinauskas, Maria Farsari, and Saulius Juodkazis*

This perspective is an overview of a recent direction in optical 3D printing,
where polymerization of crosslinkable materials and nanomaterial fillers can
be guided to the final structures and new composites via high temperature
annealing (HTA). Defining 3D nano/micro-structures by ultrafast laser direct
writing and tailoring their precursor composition with subsequent tunability
of the final properties during 750-1500 °C HTA step takes place at the large
surface-to-volume ratio conditions favoring efficient pyrolysis and calcination,
which are required for exchange of chemical materials/gases between
glass/ceramic phase and surrounding. Previously, unexplored inorganic
material formation conditions in terms of fast thermal quenching,
composition mixing and surface tension guided formation can be harnessed
by glass making for creation of new materials endowed with preferable
technical properties. An immediate application perspective for a high

1. Introduction: Concept of Post-
Fabrication High-Temperature
Treatment

Multiphoton polymerization has already
proved to be a versatile lithography tool
for micrometer-sized 3D structuring,!!
reaching sub-wavelength feature sizes,
and offering the possibility to fabricate
diverse free-form complex 3D micro-
optical components!?l and even minia-
turized optical imaging systems.}] The
3D-printed micro-optics technology has
transitioned from the innovators to early
adopters technological stage.! Until re-
cently, robust lithography-based additive

durability, integrated, and active 3D micro-optics is foreseen.
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manufacturing (AM) tools, such as two-

photon polymerization (TPP), were limited

to using organic or organic-inorganic
hybrid materials due to its fundamental requirement on the or-
ganic precursor cross-linking polymerization. At the same time,
inorganic materials, particularly SiO,, due to their common use
and already highly established foundation in photonics, opti-
cal component and microchannel formation, are highly sought
after.

The structuring of ceramic and other inorganic materials has
been limited in terms of available fabrication methods and the
complexity of structures that can be created in 3D space. Additive
manufacturing (AM) methods that enable the flexible structuring
of silica are needed to advance the fields of micro-optics, micro-
electronics, and micro-electromechanical systems. Fabrication of
micro-optics using 3D additive manufacturing (AM) techniques
involves considerations of minimal feature size, achievable
surface roughness, and printed part geometric complexity.
Only a brief overview of various categories of 3D AM tech-
niques for ceramic materials will be presented here, while more
comprehensive information can be found in relevant review
articles.’”! Although several 3D AM methods are routinely used
for larger scale component manufacture, such as light induced
polymerization based methods employing UV irradiation: Stere-
oLithogrAphy (SLA),!®°] Digital Light Proccessing (DLP),[10-12]
deposition methods of Direct Ink Writing (DIW),'*) Ink Jet
Printing (IJP),**15] Fused Deposition Modeling (FDM also know
as Fused Filament Fabrication - FFF)!1%17] and Binder Jetting 3D
Printing (BJ3DP)!'® or layered high-power laser based systems
of Laminated Object Manufacturing (LOM)!*! and Selective
Laser Sintering (SLS).[2%) The listed techniques are allowing
typical achievable feature sizes of tenths of micrometers!*'~21 to
millimeters in dimensions.!**?] Ability to create efficient optical

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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elements is directly linked to the wavelength for which the optical
element is design to function. This makes all of the aforemen-
tioned methods only suitable for longer wavelength electromag-
netic wave manipulation, such as the elements that have been
demonstrated for THz and mm-wave range.”*?% In contrast,
techniques such as Aerosol Printing (AP),[?3% Glancing Angle
Deposition (GAD),’!l Meniscus Printing (MP),*?] Interference
Lithography (IL),**] Imprint Lithography (IL) methods®*>¢! and
Electron Induced Deposition (EID)3738] are capable of achieving
sub-wavelength feature sizes for the visible range optical or pho-
tonic components. Among them, only EID has demonstrated
the ability to create truly 3D geometries,’”] while the other
techniques have only been shown to produce 1D lattice or 2D
extruded structures with varying degrees of spatial control and
process repeatability.313%*1] Despite these geometric restric-
tions, these technologies have been used to create functionalized
surfaces for Surface-Enhanced Raman Spectroscopy (SERS)!*
or chiral metamaterials/**** for use in optical applications. In
the case of EID, there are still technological limitations that
result in non-linear geometric responses to system parameters
and a low printing throughput of approximately 0.8 voxelss~1,18!
compared to MPL based techniques with values reaching 10°
voxelss™! 1 using single and up to 10° voxelss™! using multiple
beams approaches.[*]

There is a growing demand for the precise control over
inorganic materials that goes beyond basic 2D extruded shapes.
This need is particularly evident in high-quality refractive optics-
based imaging systems that require multi-element systems to
minimize optical and chromatic aberrations.[*’*8] Additionally,
interest in 3D chiral geometries have been demonstrated*’! to
elicit a stronger chiro-optical response in respective chiral-optical
elements. 3D structures can create more pronounced spatial
asymmetries, resulting in greater differences in the interaction
of left- and right-circularly polarized light with the structures.[*’!
Furthermore, ability to fabricate compound multi-element sys-
tems have also attracted attention in meta-surface fabrication,
offering more functional degrees of freedom.**! For instance,
one of beneficial factors of moving to 3D is the ability to form
polarization independent components, as demonstrated by
Zhan et al.,”!l and to achieve wavelength or angle independent
meta-surface systems.’?/ The 3D AM technology benefit can
also be harnessed in the case of photonic integrated circuit (PIC)
designs. High spatial complexity allows to create non-trivial
highly-integrated miniature opto-mechanical systems.>*!

Currently, Multi-Photon Lithography is the most versatile
AM technology that has the ability to form true 3D complex
multi-element structures in the nano/micro scale, which is
needed to access a wide field of micro-optics.>*! This technology
has been successfully demonstrated in the fabrication of optical
sensing micro-systems, as one demonstrated by Zhang et al.,l>"!
compound objective imaging systems,>® or even completely
suspended geometries,*>*7] including examples as Xia et al.
demonstrated micro-nanomachines.>!

While there have been breakthroughs in the use of lithogra-
phy for inorganic material structuring, such as the recent work
of Duan et al., who demonstrated inorganic structuring on the
nanoscale (<30 nm),>! the ability to achieve high levels of form
control at nano/micro feature scale has not yet been demon-
strated. In addition, the method described by these authors has
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intrinsic limitations in terms of the possible height of prepoly-
mer layers, which prevents the manufacture of true 3D freestand-
ing geometries.

Emerging heat treatment post-processes for MPL, either
a calcination (a complete removal of organic fraction of the
formed structure) or a pyrolysis (heating of organic material in
the absence of oxygen), have the enabling potential to structure
inorganic materials at micro-/nano-scales via AM means,*"! ex-
ample given in Figure 1. Polymer precursor transformation into
ceramics through a heat treatment process, known as thermal
conversion, resulting in the removal of the organic components
and the formation of a ceramic network is widely researched
in the case of structures with dimensions much higher than
100 um mark, in the matured field of Polymer Derived Ceram-
ics (PDCs).[®!] Organosilicon polymers conversion to ceramic
materials has been investigated since 1960s as a promising
route of producing ceramics for various applications;®? the
resulting inorganic materials have attractive properties such as
high-temperature stability, oxidation resistance, and exceptional
mechanical properties, and has been integrated together with
various AM methods, each offering individual advantages.[>®]
High throughput and build volume can be realized using mate-
rial extrusion based techniques such as direct ink writing, fused
deposition molding and inkjet printing. These techniques place
minimal restrictions on the material selection but are heavily re-
stricted in achievable feature sizes (100 um to millimeters). In the
case of higher resolution components fabrication, lithography
based techniques such as interference lithography, digital light
processing (DLP) and stereolithography (SLA) are seen as most
versatile. However, even these methods are limited by their linear
absorption triggering photo-activation of precursor materials,
which limits their achievable spatial resolutions to being tens-
of-micrometers. Whereas, the emerging field of 3D micro-optics
require sub-wavelength geometry and at a high fidelity. Here,
the MPL, due to its nonlinear light-matter interaction nature, is
offering sub-diffractional resolution and decreasing achievable
feature sizes down to sub-100 nm.[**] Differently than other listed
AM techniques, the incorporation of MPL with PDCs is still a
highly understudied field with limited limited understanding of
thermal conversion caused material changes (density, porosity,
refractive index, geometry preservation), material phase evolu-
tion and defect formation. Furthermore, intrinsic difference of
moving to micro-/nano-scales leads to new material function-
alities that have not been yet researched in the case of classical
PDCs. For instance, this scale is sought for photonic devices and
sensors, where precise control over material properties and fea-
tures is critical. Additionally, the integration of MPL with PDCs
can open up new possibilities in the fabrication of complex 3D
structures, as well as the development of novel material composi-
tions with enhanced properties that until now, were unreachable
for traditional MPL methods, for example, lanthanide doped
optically active materials and high refractive index inorganic
substances.[®%] In contrast to purifying the hybrid material
into inorganic substance, it allows getting rid of undesired or-
ganic ingredients, such as complete removal of harmful residual
monomers and toxic as well as coloring photo-initiators. The later
ones are also detrimental due to their auto-fluorescence which
can negatively affect optical properties or saturate the signal while
performing cell micro-imaging in biomedical research fields.°®]
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1) Laser 3D nano-printing (sub — 1 ps)
CNC - Computer Numerical Control

2) Calcination at > 1000°C
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3) Glass / Crystalline 3D nano-structure

Figure 1. Concept of a 3D printing via computer numerical control (CNC): from a polymer to glass-ceramic through a controlled high temperature
annealing in oxygen. Feature sizes in the final workpiece can reach nanoscale 2100 nm features for macro-dimensions of ~cm, hence, a mesoscale 3D

structuring/printing.

Historically HTA implementation as a post-processing tool for
MPL was first demonstrated by Pham et al.,[®) where authors
have successfully structured fully SICN ceramic microstructures
with spatial resolution of >400 um. This marked a breakthrough
of PDCs conjugation with MPL and further led material engineer-
ing research for more attractive material compositions for optical
use. Pham et al. work was followed by other silicorganic polymer
implementation for ceramic materials of SiC, SiOC structuriza-
tion which have high absorption. Further on, B. Rapp et al. pub-
lished on the now-commercialized nanocomposite Glassomer
polymerization via UV lithography!”®! and later demonstrated
structuring through multi-photon lithography.[”!! While the re-
search group has demonstrated the manufacture of silica-like
materials with a resolution of tens of micrometres using MPP
DLW, this falls behind the achievements in feature sizes capable
by traditional MPP methods that are needed for efficient micro-
optical and photonic integrated circuit (PIC) systems.[7273]

The use of specially designed pre-polymer materials in
conjunction with a post-process heat treatment has attracted
interest from various research groups as a means of breaking
the nano/micro scale feature size barrier for inorganic 3D
additive manufacturing processes and expanding the range
of structured material properties, including absorption, me-
chanical strength, chemical and thermal stability, and high
refractive index. By elevating the temperature of the material
to close or beyond its glass transition temperature, structures
composed of glass and/or ceramic phases can be produced.
These post-processing methods allow for the application of
precise, high resolution polymer structuring in well-established
glass material applications. As thermodynamics and kinetics
are both intertwined in glass formation, heat treatment opens
new toolbox to control glass, especially, where the small volume
and cross-section of the structures undergoes fast thermal
quenching, reaching under-cooling conditions impossible for
bulk materials. New, previously impossible glass formation con-
ditions can be explored, such as those which recently attracted
attention in formation of metallic glasses versus their crystalline
counterparts of high entropy alloys.”*7>] and provide much
required understanding in still unresolved glass formation
(2022 is UNESCO's year of glass). This perspective article aims
to summarize current new findings and promising direction
emerging in micro-optics and nano-structure experimentation,
which eventually will bring understanding of the enigmatic glass
formation at increasingly much smaller space domain.

Adv. Funct. Mater. 2023, 33, 2215230 2215230 (3 Of16)

2. Method

A combination of MPL and heat treatment was used as a method
to sinter and further lock inorganic materials after they have been
encapsulated in a pre-defined organic matrix through the use of
direct laser polymerization. Suspension of inorganic compounds
in a fixed geometry could be achieved via a number of MPL meth-
ods of increasing complexity:

® 3D structures made from resin, consisting inorganic compos-
ite materials, using MPL process. Once the structure has been
formed, non-crosslinked material was removed using solvent
solutions during development process.

® polymerization of a mould structure or structuring via se-
quence of inversions, that is, material consisting of inorganic
precursor was added after the structuring of 3D geometry has
been achieved in the previous step.”*!

e Similar to the case above, hollow structures could be fabricated
through sacrificial template method.l””]

Usually, after the inorganic precursor shaping step, an or-
ganic binder material fraction was present, which acts as a ma-
trix for inorganic material encapsulation. To obtain the final
fully inorganic material, debinding of organic fraction was per-
formed at elevated temperature, at which its organic fraction was
disintegrated. The typical debinding temperatures were above
400 °Cl787°] and the sample was held at this temperature for a
few hours until the organic fraction was completely decomposed
and removed.

Further increase in temperature leads to the conversion of
either amorphous glass or poly-crystalline phase-mechanically
and chemically inert structures, depending on the specific
sintering parameters used, such as annealing temperature,
heating/quenching rates, and atmosphere. Densification of
the material, due to removal of organic fraction, leads to finer
dimensions and, in some cases, higher refractive index objects,
while maintaining freely produced 3D shape, created with
conventional or advanced stereo-lithographic polymerization
techniques. Since the refractive index was proportional to
the mass density, micro-optical applications are the expected
beneficiaries of densification induced by pyrolysis or calcination.

The process of structuring 3D geometries through MPL and
heat treatment as a post-processing tool involves several steps.
Hybrid organic—inorganic material SZ2080 was chosen as a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Thermal transformation steps from synthesis to crystallization in Si—Zr organometallic system. From the author G. Merkininkaité with her
permission to adapt it for this articlel®! b) Optical images of 3D-micro scaffolds pre- and post- calcination in 1400 °C atmosphere. Reproduced with
permission.[32] Copyright 2019, Royal Society of Chemistry. c) Thermogravimetric analysis (TGA) data showing weight loss versus temperature. The
weight loss was 28% while the observed shrinkage was ~40%. The organic component was decomposed and removed by heating. Reproduced under

the terms of the CC-BY license.[33] Copyright 2017, MDPI.

representative example, as it has been widely studied for its abil-
ity to undergo such a transformation. Composition of SZ2080
was open and experimentation with photo-initiators tailoring
its response to two-photon absorption at specific wavelength of
excitation was widely documented!'#% (Figure 2).

The first step in this process was the preparation of pre-
polymer material. In the case of SZ2080, synthesis of a hybrid
metal-organic prepolymer was carried out using the sol-gel
method. Additionally, gelation may also be required depending
on the specific precursors and solvents used. The gelation
process typically takes place at temperatures close to the boiling
points of the solvents, in most cases- below 120 °C.

The second step was structuring of resist to create an arbitrary
3D architecture using one of the various multi-photon polymer-
ization techniques. Irreversible geometry formation was carried
out through the cross-linking of the prepolymer material, creat-
ing solvent resistant organic/inorganic networks.

The final step in the process of transforming hybrid
organometallic 3D objects into pure inorganic structures was the
high-temperature annealing (HTA) treatment of the fabricated
3D structure, which could be made using one of three methods:
pyrolysis, calcination, or crystallization. These methods involve
the decomposition or rearrangement of chemical bonds, the for-
mation of new chemical bonds, and the removal of the organic
component of the material.

Thermo-analytical techniques, Thermo-Gravimetric Analysis
(TGA), and Differential Scanning Calorimetry (DSC) were fre-
quently used tools for material change monitoring during the
HTA.I88] In the case of hybrid SZ2080 TGA , results given in
Figure 2¢, two main stages of material removal could be distin-
guished, corresponding to the material phases when the most

Adv. Funct. Mater. 2023, 33, 2215230 2215230 (4 0f16)

pronounced shrinkage occurs, Figure 2a. First peak, typically
below 150 °C, corresponds to the dehydration of the material
and evaporation of all solvents encapsulated by the structure.®°!
This step also matches the majority of mass loss, depending
on the material could reach values higher than 50 %./”] Afore-
mentioned material phase change also and marks the point
of complete thermal polymerization of residual non-reacted
monomers/oligomers, as evidenced by Fourier-Transform In-
frared spectroscopy (FTIR) data collected by several research
groups.[38687] Material shrinkage at this step manifest through
cross-linking and capillary forces that apply on the structure
upon removal of constituent ingredients. A second sudden ma-
terial mass loss occurs at a higher temperature, once again de-
pendant on the precursors, typically occurring at higher than
400 °C.I%8] At this point, the removal of polymerized organic
material was initiated, further increase of temperature leads to
no significant mass change, signaling to a major part of or-
ganic fraction being disintegrated. In the case of most used pre-
cursors, amorphous glass-like phase was achieved at tempera-
tures of up to 1100 °C. The crystallization occurs at even higher
temperatures of 1100-1200 °C (could reach up to 2000 °C).
It was worth noting, that final properties of polycrystalline
material phase was heavily influenced by concentrations of
precursors.[”] High proportion of carbon compounds in the pre-
HTA material could also lead to formation of a free-carbon,
which usually hinders final structures functionality for optical
use.BL%7] The properties of the resulting structures were influ-
enced by various factors, including the composition of the ini-
tial material, the heating temperature and rate of temperature
increase, the holding time, and the heating atmosphere
composition and pressure. In the case of heating/cooling rate
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slow temperature change of around 1 °C min~! was chosen,

ensuring removal of gases, such as CO and CO, released due
to the decomposition of organic moieties, and maintaining ho-
mogeneous temperature distribution within the structure, as
the residual stresses caused by thermal gradients could induce
crack formation.®8%% Heating atmosphere and pressure could
also heavily affect final material properties.”! Vacuum condi-
tions have been shown to reduce probability of entrapped air or
gas within the structure.!®¥] This leads to structures characterized
with low porosity and enhanced density, properties that were re-
quired for transparent and low loss materials for optical compo-
nents.

The annealing process parameters influences resulting ce-
ramic/polycrystalline materials properties: density, porosity,
surface roughness, and transparency. It could be tailored by
controlling the sintering temperature, duration, heating, and
cooling ramps. In the case of MPL formed structures, HTA was
typically performed using large volume atmosphere air muffle
furnace or inert gas filled tube furnace. However, a number of
different sintering methods have been utilized for structures
formed through various AM methods, including hot uni-axial or
isostatic pressing,°1??! ion irradiation,[****! EM wave radiation
based- using non-coherent light or laser sources,*>*’) and
chemical vapour deposition based methods of heat delivery.l***]

Laser pyrolysis was one of the promising alternatives to
traditional methods to be used in combination of MPL. Added
spatially selective heating ability has been used outside of
polymer derived ceramics subject, and has been proven to be
advantageous for laser micro-machined micro-optical devices.
For instance, selective laser beam induced thermal change has
been used in conjugation with Direct Laser Writing ablated mi-
crolenticular lens array surfaces,[!%] for optical fibers it has been
used to form Whispering Gallery Mode (WGM) cavities!'%! and
evanescent wave coupling enhanced tapered fiber sections.['®?]
Laser pyrolysis may eliminate one of the biggest given restrains
by HTA-substrate material selection governed integrated optical
component incapability limitation.®!

The final 3D structure obtained after HTA calcina-
tion/pyrolysis has a number of important steps to control
evolution of the structure, however, the very first polymerization
step was very important. Energy deposition by laser (light)
inside the volume of polymerizable material was the initiation
step, which leads to a sequence of further physicochemical and
structural changes. Next, energy deposition per volume during
direct laser writing was defined.

2.1. 3D Energy Deposition during 3D Laser Direct Writing

Photosensitive resist/resin for 3D calcination could be prepared
using different photo-polymers, photo-initiators/sensitisers, in-
organic fillers, or nanoparticles. Such initial photo-materials
could have very different absorption and scattering properties
as compared with photo-resists/resins which were highly trans-
parent at visible to NIR spectral range. Also, optical near-field
effects between constituent nanomaterials with distinct bound-
aries/surfaces were contributing to the light field localization on
nanoscale with dimensions up to few tens of nanometers. This
was a direct consequence of boundary conditions for dielectric
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permitivity D, = ¢E,, which has to be continous through the
boundary (for non-conductive materials), where E, if the normal
component of electric E-field of light at the interface and ¢ was
the permittivity of material. As a consequence, light intensity of
the local field between two surfaces with slightly higher refrac-
tive index n,, and lower n; in between, would be enhanced by a
factor (n,,/n;)* at the location of lower index; this was due to a fact
that intensity I « E* and &€ = (n + ix)* with x being the imagi-
nary part of the index. Nanoparticles of n, in photo-polymer n,
would be preferably bound by cross-linking in such an exposure.
Manifestation of this near-field light enhancement of laser direct
write lithography was demonstrated for polarization controlled
nanoscale ablation(!%l and was present in formation of nanoscale
ripples in the laser damaged regions inside bulk of transparent
materials using ultra-short laser pulses due to self-organization
present in multi-scattering environment on a nanoscale.[1%] Re-
cently, self-assembly of plasmonic nanoparticles inside solid state
glass was achieved using ultra-short laser pulses and energy de-
position via plasmonic near-fields.1%!

Strongly localized energy deposition down to nanoscale and lo-
cal temperature increase should not be underestimated in chemi-
cal cross-linking reactions which have the exponential Arrhenius
character of the reaction rates. In direct laser writing with tightly
focused ultra-short laser pulses, in situ characterization of sub-
wavelength volumes was a challenge and pump-probe methods
were required to probe the focal volume. In fact, pump and two
probes at same wavelengths but different angle of incidence was
required to recover pair of (n, k) from a single measurement.['%!
The light-matter interaction was fully known/described when the
light intensity I was known together with permittivity (epsilon)
€ = (n — x)* + i2nk which defines the energy deposition. The
n and k determines portions of light which were reflected and
absorbed via the reflectance R(n, k) and absorbance A(x). Since
temporal changes of ¢ were described by the electronic excita-
tions/transitions, they follow the intensity envelope of the driving
laser pulse. Hence, instantaneous ¢(t) determines the energy de-
position at the voxel. Changes of € could be regarded as an optical
nonlinearity reflective of the cumulative material response in n
and «. Each photo-excited electron contributes a negative part to
n (initially positive) and augments x due to absorption in the con-
tinuum of free electronic states. Hence, photo-excitation of ma-
terial drives Re[e] = (n — k)? — 0, hence, epsilon-near-zero (ENZ)
state.[1”] The ENZ has attracted attention due to the condition
of prefect absorber in plasmonics and nanophotonics, when ab-
sorbance A — 1 due to reflectance R — 0 (for the case when there
was not transmittance T = 0 and overall energy conservation
A+ R+ T'=1). The most efficient energy deposition was taking
place when 1 > Re[e(#)] > 0 occurring during the laser pulse. This
energy deposition into electronic state of material was coupled to
ions and atoms at the later stages starting couple of picoseconds
later when laser pulse was already left the interaction volume (the
voxel in terms of building block in polymerization). This ENZ-
state was transient when dielectric medium acquires metallic of
plasma-like state, hence, Die-Met.['%®] The strong absorption at
ENZ eventually could lead to the dielectric breakdown, which
was defined by Re[e] = 0, when all the focal volume was trans-
ferred to the ionized state. Only ultra-short laser pulses allow for
the required energy deposition control while keeping ENZ state
but not transferring to the dielectric breakdown.[1%7] At the typical
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~0.2 — 1 TW cm™2 per pulse average intensities, the avalanche
ionization was prevalent and easily cause the breakdown for
longer pulses since energy deposition was in a runaway mode
toward the breakdown.

The above described scenario of the energy deposition was
generic and was defined by the &. Since polymerization was
volumetric 3D process, account of energy density (per volume)
W, ] cm™ was the most relevant measure as typically used
in additive manufacturing, for example, sintering of metallic
powders by kW-lasers where energy deposition was defined by
temperature diffusion depth into the subsurface during 3D print-
ing. The volumetric energy density W,  was especially important
in the ENZ-state of matter since the axial extent of absorption,
the skin depth was I, = 1/a, where the absorption coefficient
a = 4xx /A = 2wk [c [cm~!] was dynamically changing during the
pulse as the electron density N, was increasing; ¢ was speed of
light and w its cyclic frequency. The description of light energy
deposition and light-matter interaction via € accounts for optical
nonlinearities, saturable absorption, photo-response of a solid-
state medium, and electronic excitation. The absorbed energy
density W, « %Fp,“] where F, = E, [ Area was fluence per focus

area and N, was the critical density at the wavelength of excita-
tion. For 3D polymerization, energy deposition into the voxel vol-
ume was important as it should amount to the required exposure
dose in order to retrieve 3D structure from wet-bath develop-
ment. The dose used in standard photolithography (negative and
positive tone resists) by cw-laser of UV-lamp exposures was 0.1 |
cm~? for high-contrast definition of patterns,['®®! while the high-
est sensitivity was at 20-80 m] cm~2 dose window. Similar doses
have to be accumulated for 3D fs-laser polymerization via a non-
linear energy deposition at the transparency window of photore-
sist matrix materials as well as photo-initiators doped at typical
mM concentrations (~0.1% by molecular number density). It was
previously shown,[®% that by use of high xTW ¢m™2 intensity fs-
laser pulses, a high sub-wavelength resolution 3D polymerization
could be achieved without photoinitiators since the avalanche
absorption of the matrix polymer (99.9% by number density)
becomes dominant in the free carrier generation rather than
0.1% of photoinitiator excited via a low probability multi-photon
process. Regardless of the 3D crosslinking mechanism, 3D poly-
merized structures undergo the next calcination step which has
different peculiarities and methods of control as is discussed
below.

It was noteworthy, that the energy deposition into skin depth
discussed here for the 3D laser polymerization manifests itself
in subtractive 3D processing by ablation. In the burst mode with
small pulse energy and high repetition rate of MHz-to-GHz (in
the burst),[!% the delivered energy could be optimized for the
most precise 3D removal of material. The removal rate was found
dependent on the pulse energy E, with characteristic second or-
der slope = 2,119 which was characteristic of the direct absorption
by photo-excitation of electrons according to W, « N%Fp « F;

since N, « F, as observed in the experiment.!'""]

3. Material Properties and Performance

The materials traditionally used for multi-photon lithography
are pure organic and hybrid materials; these classes of materi-
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als offer a lot of flexibility, however, they also have some limi-
tations: photopolymers have in general low refractive index (RI)
and are soft (low Young’s modulus). In addition, polymers are
more susceptible to thermal and chemical damage. The devel-
opment of calcination and pyrolysis as post-processing offers
the opportunity to address these issues and develop inorganic
structures with superior properties to organic or hybrid ones
(Figure 3).

In the following paragraphs, we will describe the materials
used in order to produce 3D micro- and nano-architectured struc-
tures for applications in micro-optics with properties beyond
what can be achieved using materials with organic functional-
ities. Hybrid materials are referred to as chemically stable sol-
gel synthesized pre-polymers, whereas composites indicate pre-
cursor consisting of organic precursors with doped inorganic
nanoparticles (typically of five to tenths of nanometers in dimen-
sions).

3.1. Geometry Distortion and Feature Size

Critical material composition and characteristics, such as shape
changes, can be perceived as additional obstacles that must be
overcome. Material shrinkage due to organic fraction disintegra-
tion has been named as a leading limiting factor for the precise
manufacture of micro-optical elements.[''3] On the other hand,
these new features can be exploited to achieve higher efficiency
in structural fictionalization (surface smoothening, lattice peri-
odicity reduction, refractive index increase, etc.). Thus, shrinkage
can be seen as both either a positive or a negative aspect of heat
treatment. In order to minimize the shrinkage one way is to use
precursors with a high percentage of inorganic fraction. Hong
et al.l'®] demonstrated the structurization of high inorganic frac-
tion hybrid material named liquid silica resin (LSR). The authors
presented glass microlenses and grating structures with ultra-
high fidelity geometries and surface roughness R, values below
6 nm, while maintaining an non-deformed final structure shape
and shrinkage below 20% owing to the high inorganic content
in the precursor. Desponds et al.l”8] have proposed another ap-
proach - the use of ultra-small (5 nm) stabilized ZrO, nanoparti-
cles incorporated into the organics precursor. The latter inevitably
leads to a reduction in the weight and volume loss owing to the
heat treatment.

Observed ultra high fidelity and low surface roughness struc-
tures is a technologically promising characteristic of the HTA
processed materials. Low surface roughness comes as an added
benefit, whereas different micro-optic ultrashort laser direct write
fabrication techniques as Selective Laser Etching (SLE) or abla-
tion require additional steps as these techniques create surfaces
with roughness values typically being greater than 40 nm.[114115]
High control of surface roughness is vital in the production of
low loss optical components as micro-lenses or total internal re-
flection based systems as WGM resonators, as in the case of neg-
ligible material absorption, it typically accounts for a majority of
optical component losses.

Contrary to previously mentioned works, several research
groups have recently demonstrated that high temperature
purposely induced material shrinkage can be utilized as a
post-processing method for achieving reliable and controllable
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Figure 3. Beyond organic 3D structures. a) SEM micrograph of a photonic crystal periodic lines prior to and after pyrolysis. Reproduced under the terms
of the CC-BY license.[#3] Copyright 2017, MDPI. b) Resistance of ceramic/crystalline 3D nano/micro-derivatives to aggressive chemicals. From the author
G. Merkininkaitc with her permission to adapt it for this article.[8'] ) Mechanical Characterization of SIOC Micropillars. Reproduced with permission.[111]
Copyright 2019, Elsevier. d) DIC (colored triangles) and SEM (gray triangles) images of the laser-induced damage morphology of the photosensitized
$Z2080 thin film. Reproduced with permission.['12] Copyright 2015, Elsevier. e) Representative TiO, woodpile architectures after calcination at 750~
900 °C, scale bar is 2 um. Reproduced with permission.[®°] Copyright 2020, ACS Publications. f) SEM image of printed light splitter after heating to
1500 °C, the illustration describe the excitation of the structure by a laser at 808 nm wavelength from the bottom, and the emission from the structure

at a wavelength of 1064 nm. Reproduced with permission.l8’] Copyright 2020, John Wiley and Sons.

reduction in structural feature sizes. In fact, the use of ma-
terial shrinkage to achieve a higher resolution of the MPL
process has been attempted by other methods as well. For
example, team of Xie et al. used so-called nanoprinting-at-
expansion/employments-at-recovery strategy, which utilizes
pre-stretched elastomeric PDMS substrates that after MPL struc-
turing, are contracted. Thus, avoiding redundant polymerization
of adjacent exposures at a short distance, and achieving deep sub-
diffraction scale (up to 96 nm) packing of adjacent geometries.
Similarly several research groups have demonstrated implosion
fabrication techniques,!''®'"] using hydrogel materials as a
volumetric scaffolds. Dehydrated hydrogels can shrink in size by
the factor of 10-20 times, severely downscaling MPL structured
material within them and reaching high packing with resolution
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in nm-scale. Using HTA in conjugation with MPL, similar
effect can be achieved, however, in this case, the improvement
of the functionality of the structures is not accompanied by
the negative limitation of the choice of material. Its rather the
opposite - improving its technologically preferable properties
offered by ceramic/crystalline substances.

Gailevitius et al. have demonstrated 3D woodpile structure
resolution reduction of 40% due to the calcination out of
SZ2080 material.®¥] In the case of pentaerythritol triacrylate
(PETA) based IP-Dip!*®] materials even higher shrinking fac-
tor of 78% have been achieved on non-individual geometries
through pyrolysis.!®”] In cases of hybrid and non-colloidal resins,
shrinkage is isotropic and repeatable, meaning no additional de-
formation compenzations methods have to utilized.
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This is extremely favorable for all types of phase modulation
optical devices as diffractive optical elements, kinoforms or re-
cently demonstrated birefringent optical retarders.['1*122] In the
case of discrete multi-level phase elements, isotropic shrink-
age reduces achievable pixel sizes, reducing scattering losses,
and increasing resolution of the devices, most notably reducing
the height of individual steps in longitudinal direction. In the
case of birefringent retarders or photonic devices, reduction in
size, allows to achieve sub-wavelength periodicity lattices, needed
for efficient single diffraction order operation throughout visi-
ble range.

As a method for feature reduction, thermal material anneal-
ing, in contrast to stimulated emission depletion (STED[!23124])
microscopy-based MPL techniques, can be easily incorporated
into currently used MPL systems. Thus, thermal post-processing
is not limiting the throughput as it is compatible with the use of
already existing rapid printing machinery utilizing galvanomet-
ric scanners and/or beam modulation systems, like spatial light
modulators or digital micro-mirror devices.[*>125-127]

3.2. Material Resilience

The elimination of organic fraction from the hybrid material
via the use of heat treatment as the route for the fabrication
of ceramic 3D structures has been already demonstrated as
offering several distinct benefits. It includes improved chemical
and thermal stability, higher laser-induced damage thresholds
(LIDT), and increased mechanical strength. A recently published
study by Merkininkaite et al. have explored post HTA structure
resistance to harsh environmental parameters. The fabricated
3D scaffold structures made from SZ2080 and annealed at up
to 1000 °C proved to be immune throughout the temperatures
ranging from —200 to 1000 °C. It exhibited no apparent ma-
terial shrinkage, swelling or structural defect formation (crack
formation, detachment from the substrate, or delamination).
Furthermore, the same structures were tested in the presence
of highly oxidising and aggressive chemical solvent-piranha
solution. Compared to polymeric counterparts, the calcinated
structures showed no structural difference after immersion and
shaking it in ultra-sonic bath. Such material resiliency to environ-
mental parameters in combination with MPL offered functions
via freely chosen geometry open a way to widely applicable and
durable optical elements, without any loss in design limitations.
This makes them ideal for use in optical sensing applications
which has been continuously advancing field frequently utilizing
MPL as a fast complex geometry prototyping tool.['?#! Currently
demonstrated metrology systems made using MPL, for example
Kim et al. novel surface-enhanced Raman spectroscopy micro
sized system!(!?] or integrated Mach-Zehnder interferometer de-
veloped by Qi et al.l'3] could be adapted for multi-element micro
scale metrology systems working in so far inaccessible high/low
temperature or aggressive chemical environments. Increase of
interest in ultrashort (pico/femto-second) pulse laser systems de-
mands for micro-optical components that can handle high peak
powers and fluences. To this date (end of 2022) direct comparison
of laser-induced damage threshold (LIDT) value change for HTA
ceramic micro-optics has not been performed, however, increase
in materials irradiation resiliency, compared to their polymer
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counterparts, I has been proposed!'*’] and experimentally
validated.[**] Furthermore, LIDT of polymeric structures re-
search results published so far, low material irreversible damage
threshold is commonly attributed to organic compounds within
the polymeric structures, with most significant being the use
photo-initiator range.['**! Organic compounds are associated
with increased absorption in shorter UV-vis spectral regions.
This can lead to a decrease in micro-optical component trans-
mittance and LIDT values!'? (Figure 3d). Similarly, effect of
decrease of fabricated structure LIDT values, caused by the use of
organic material, such as an epoxy-based SU-8, compared to the
hybrid material, like SZ2080 and Ormo Clear, has been demon-
strated by Zukauskas et al.l'*] Various optics and photonic areas
would benefit from more laser radiation resilient micro-optical
components. For instance, currently large interest is given to
MPL fabricated refractive, diffractive or kinoform optical de-
vices, such as binary phase Dammann diffractive optical element
produced by!¢! for laser beam splitting applications or beam
with desired angular orbital momentum (AOM) shape converter
demonstrated.['*”] Calcination/pyrolysis is expected to further
reduce limitations of MPL-based components and broaden
their use in conjugation with high laser power systems. Heat
treatment has also been shown to be a useful tool for manufac-
turing high-strength and structurally stable structures, making
them ideal for use in micro-sized force sensors('*®! or scanning
probe microscopes working in direct contact mode,['*! where
enhanced material strength could likely make components more
stable when acted with force and extend life of the components.
Additionally mechanically harder materials are preferred for
master structure fabrication for soft lithography techniques,
which also can be exploited via calcination/pyrolysis route.[*]

Albiez et al. used the proprietary IP-Dip (Nanoscribe GmbH)
resist and MPL process to make 3D pillars, and found that post-
pyrolysis structures had Young’s modulus as high as 47 GPa,['*!]
which is on order higher than values reported for non heat-
treated structures.['*?] Similarly, Bauer et al. were able to cre-
ate silicon oxycarbide (SiOC) structures with Young’s modulus
of 66 GPa and the ability to withstand stresses up to 7 GPa.l'!]
The ability to engineer material properties through techniques
like heat treatment is critical for the extension of MPL technol-
ogy into applications that require high structural resilience, such
as high-power laser systems or astro-photonics and space, espe-
cially, if in the vacuum environment.

3.3. High Refractive Index Materials

When printing micro-optics, a high refractive index is commonly
preferable, as in most cases it reduces the size of the refractive
optical elements. It also adds capability of miniaturization for
diffractive and free-form optical elements with a “faster” light
bending. This requirement has become stronger recently, with
the emergence of highly integrated optical systems, such as vir-
tual reality optics or remotely controlled lightweight drones, for
instance, as well as for space photonics. Where small size is
critical, due to the size and weight of the VR goggles or the
flying equipment. This has led to research activity into high-
RI photopolymers suitable for mass-production techniques such
as Nano-Imprint Lithography (NIL). The state of the art in NIL
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Figure 4. High precision pristine polymer structures for nanophotonics and microoptics which could have enhances performance if combined with HTA.
a,c) SEM, b) optical images of the achromatic meta-fiber. Calcination could downscale it and increase its refractive index. Reproduced under the terms
of the CC-BY license.['#3] Copyright 2022, Springer Nature. d) SEM image of an air-spaced doublet, which has been printed with one quarter cut out to
better illustrate the internal structure. Pyrolysis could help in reduction of artifacts caused by non-uniform exposure during direct writing. Reproduced

with permission.[14°] Copyright 2023, Optica Publishing Group.

photopolymers is n = 1.90 in visible range. This cannot
be achieved with purely organic materials, whose refractive
index in the visible range is in the order of 1.5.114314
This shortcoming can be overcome by doping the photo-
polymer with nanoparticles, with the increase of RI to a
maximum of 1.8 (for 400-700 nm wavelength), how-
ever in this case, obtained organic—inorganic hybrid materi-
als often suffer from high scattering and absorption losses
and hindered structural resolution, which ultimately leads
to insufficient quality micro-optical elements.'*] Another
notable micro-scale opto-element fabrication methods utilize
multi-step sacrificial templating processes which broaden mate-
rial selection but are complex and design-limiting.[}46:147]
Minimizing the listed offsetting factors and simplifying the
manufacturing process have been proved through organic con-
tent removal, using the post-polymerization heat-treatment. A
team led by Greer made high resolution TiO, photonic crystals
using this technique.l®! In this case, a Ti organic-inorganic hy-
brid was used, and an RI of 2.3 (for infrared wavelengths) was
achieved. A team from Lyon used a different approach, doping a
photopolymer with organically-ZrO, nanoparticles and then py-
rolyzing the organic part.”8) The RI achieved in this case was
around 2.1 (400-800 nm). As it is evident from optical glass cata-
logs, optical elements of different refractive indices are required
for compound optical setups and systems. Here, a new 3D minia-
turization technique is emerging which can provide solutions
via engineered pre-polymers for complex compound optical el-
ements with optimized performance in imaging, spectroscopy
and adaptable for integration with various established platforms.
Additionally, an access to high refractive index materials, can fur-
ther extend topic of meta-optics research offered by MPL offered
3D fabrication and integration options. As an example of which,
recent achievements by Ren et al. (shown in Figure 4a—c, where
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authors have demonstrated a wide bandwidth achromatic met-
alens working throughout the telecommunication range.'*¥ In
the case of metasurfaces, sufficient material’s RI value is crucial
to strongly confine light within structured geometries. In combi-
nation with controllable size reduction, HTA provides a way to in-
crease overall component efficiency,>°! while before inaccessible
RI values can help to achieve sufficient phase delay modulation
in shorter wavelength spectral range. Similarly high temperature
treated MPL structures have attracted attention for use in the pho-
tonics field. As demonstrated by Liu et al.,¥”! where authors have
achieved gyroid and woodpile photonic crystals with periods of
290 and 400 nm, respectively, isotropic material shrinkage and
increase in optical density can be used to access UV-vis range
while enhancing band-gap effects.

Another important aspect of HTA, regarding optical density
of the material, is the observable RI value homogenization!!")
during annealing treatment. Refractive index of the material
strongly depends on MPL process parameters, such as laser
fluence, pulse repetition rate and wavelength values, including
formed voxel overlapping during polymerization process.!!>!] Be-
sides that, RI can vary depending on the development procedure,
accumulated internal stress or simply from aging.'>?] This effect,
can ultimately may result in poor sample-to-sample repeatability
as well as stability, and in the case of MPL fabrication processes
utilizing grayscale/varying laser exposure parameters for voxel
dimensions control,'>*! can lead to unaccounted RI modulation
throughout the formed element. In the case of imaging systems
formed though grayscale MPL, as the one demonstrated by Siegle
et al.'*] (Figure 4d), uncertainty of index of refraction of the
material may introduce additional optical aberrations, that are
extremely hard to correct, due to the lack of volumetric RI metrol-
ogy systems for micro-/nano-scale objects. Thus as an added
benefit, the HTA initiated thermal polymer cross-linking acts as a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD A11e81D 3edldde aup Aq peusenob ae ssppiie YO ‘8sn Jo se|ni oy Ariqi8uljuO 8|1 UO (SUOTpUoD-pUe-sLelLI0D A8 | 1M el 1 jeul|UO//:SANY) SUOTIPUOD pue SWie | 81 88S *[£20z/0T/0] Uo ARiqiTauliuo A(IM ‘AiseAlun sniUIA AQ 0E25TZZ0Z WiPe/Z00T 0T/I0p/L0o" A8 1M Afeiq1jpuljuo//sdny woiy papeo|umoq ‘6€ ‘€202 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

post-bake procedure,['>?! alleviating the uncertainty of material
properties (“exposure memory” caused by specific direct write strat-
egy) and increase repeatability of functional micro-optical sys-
tems.

3.4. Optically Active Compounds

The use of MPL has gathered significant attention in the modi-
fication of photo-active materials due to its ability to create intri-
cate 3D devices in the micrometre size range. These structures
have potential use cases in a variety of fields, including chip-scale
photonic communication systems, bioimaging, and microlasers.
The incorporation of photo-activators allows for the tunability of
not only mechanical and chemical characteristics, but also optical
material properties.

However, traditional resists often contain mixtures of organic
compounds with complex molecular compositions that limit
the use of MPL-structured materials as photonic devices. The
organic resist fraction can lead to increased absorption and
poor chemical and thermal stability, as well as a relatively low
LIDT that prohibits the use of the material with high-power
light excitation.[®! Nevertheless, use of organic dyes as dopants
in MPL-formed structures has been reported numerous times,
for active micro-photonic devices. However, these materials
can have large absorption cross-sections and broad emissions,
leading to high lasing thresholds and low thermal and chemical
stability,[***] also suffering from rapid photo-bleaching of organic
molecules in ambient conditions.!!>

Glass host material is more desirable, and is routinely doped
with active ions such as Neodymium, Erbium, Ytterbium, and
Europium, to make the active material for solid-state lasers.[1¢!
Inorganic materials have high lattice-binding energy, making
them useful for decreasing non-radiative relaxation processes
and increasing stability. A similar result can be achieved by the
pyrolysis/calcination of an organic-inorganic hybrid materials
doped with such active ions. There have been several publica-
tions on heat-treated MPL-formed photo-active structures, with a
common focus on lanthanide-doped materials due to their strong
emission in the visible and near-infrared range and their ability
to retain their optical properties, like emission spectrum band-
width regardless of the surrounding host material, thanks to
the shielding of the 4f orbitals by the 5s? and 5p°® shells. Active
3D structures fabricated by this method were first demonstrated
by Wen et al.,[®] where they fabricated micro-toroid optical res-
onators can reach quality factors Q of over 10*. Additionally, un-
precedentedly high resistance to laser-induced damage has been
reached. Cooperstein et al. reported laser fluence values of excita-
tion source as high as 1.87 ] cm~2 without any noticeable damage
to the manufactured light splitter structures made from yttrium
aluminum garnet ceramics doped with neodymium.’]

In the case of resonator structures, MPL is already proven to be
competitive and routinely used alternative to other manufactur-
ing methods , due to its rapid prototyping capabilities, geometri-
cal flexibility and ease of processing.[*’] For instance, Zhang et al.
demonstrated the feasibility of highly complex integrated opti-
cal sensing systems using MPL.>*] Additionally, the expanded
choice of transparent inorganic materials that can be doped with
active ions without compromising the possible geometry com-

Adv. Funct. Mater. 2023, 33, 2215230 2215230 (10 of 16)

www.afm-journal.de

plexity is expected to further strengthen the role of MPL in the
formation of optical resonators and the development of complex
systems. In the field of optical measurement systems, the use
of new optically active materials can help to reduce the signal-
to-noise ratio,[’®) eliminate oxygen quenching effects affecting
organic compounds, the excellent thermal and chemical stabil-
ity of these materials can expand the application areas of such
sensors, leading to further improvements in the achievements
demonstrated so far.

With the emergence of new efforts on heat treated optically ac-
tive structures, several common issues have been observed, such
as porosity (due to polycristalline structure) caused scattering
losses and emission quenching due to activator clustering. How-
ever, these issues can be minimized through the use of matrix
composition substitution, as demonstrated by Winczewski et al.
with 3D luminescent silicon-free ZrO,:Eu’* nanostructures.[®!
These recent developments provide a new platform for the future
development of 3D luminescent and active devices.

3.5. Complex Systems

Current widely used methods for glass phase micro-optics, for
example, precision press glass moulding, grinding or polishing,
lack flexibility for one-off prototypes or more complex multi-
element optic assemblies. Whereas the importance of the results
achieved by thermal treatment, brought freedom of choice of ma-
terial properties and MPL, nano-scale precision combination are
visible in the examples of the complex micro-scale multi-element
optical systems.[?] Additive MPL method’s strength of fabricating
complex systems, without the need of component alignment,®! is
maintained, due to the isotropic material shrinkage during heat
treatment process, as long as structure is not limited mechan-
ically. Common exception and geometrical deformation source
being material that is adhered to the substrate. In order to de-
crease deformation due to the adhesion forces between substrate
and structured material, a common choice is to create an addi-
tional supporting structures.®”! These elements act as an inter-
mediate link between the primary structure and a substrate re-
ducing structural defects arising from the coupling between the
two. With the example of pre-designed structures, most of the
material anisotropic deformation can be pre-compensated by in-
troducing shrinkage-guides at specific angles.['3]

Interestingly, the material shrinkage can be exploited advan-
tageously by utilizing the material’'s adhesion to the substrate
points and applying designed pre-compenzation sacrificial sup-
port structures. For instance, incorporation of hinge systems,
similarly to the already discussed micro-sized force sensors devel-
oped by Power et al.'38] (Figure 5b), a pre-designed non-isotropic
material deformation may be achieved. Such a tool could be
used for evanescent wave coupling/decoupling cases, where a
nanometer gap between separate optical elements are needed
and are currently very hard to obtain directly via MPL due to
the cross-linked material proximity effects!'*11] and dark re-
action polymerization.'®2] Ability to create extremely fine and
accurate (<200 nm) structures in a highly reproducible man-
ner is currently inaccessible to traditional MPL. Yet it is highly
desired in applications for micro-lasers!'®*] and coherent quan-
tum photonics, >4 an example given in Figure 5c. Another
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Figure 5. Intricate design capabilities realized with MPL technology. a) SEM image of the Scanning-probe microscopy engine. Reproduced under the
terms of the CC-BY-NC-ND license.[°3] Copyright 2019, WILEY-VCH. b) SEM image of the gripper-tipped optical fiber. Reproduced with permission.[133]
Copyright 2018, John Wiley and Sons. c) SEM image of 3D quantum optical assembly of micro-resonators, waveguides and couplers. Reproduced under
the terms of the CC-BY-NC license.['*°] Copyright 2013, Nature Publishing. d) Morphologies of the as-prepared logarithmic, top images are overall and
magnified SEM images, and the bottom results are relative cross-section profiles. Reproduced under the terms of the CC-BY license.[*] Copyright 2022,
Springer Nature. All of the structures would benefit by HTA due to increased optical transparency and mechanical rigidity (a), stability and durability (b),

precise arrangement (c) , material homogenization (d), respectively.

significant factor linked to multi-element optical systems are ac-
cumulative losses due to the multiple Fresnel reflections. With
increasing number of optical interfaces, losses can quickly ac-
cumulate and reach non-negligible levels. For instance, in the
case of three lens objective system, six interfaces correspond 20%
transmission losses, for material with refractive index value of
1.5.111] Recently, Ristok et al.('] has demonstrated a viable op-
tion of significantly reducing reflection losses. Authors demon-
strated that structures formed through MPL can be further be
processed using Atomic Layer Deposition (ALD) coating method
for high efficiency anti-reflective coatings, minimizing reflection
losses down to 1 % levels. However, in the published study, au-
thors have observed coated micro-optical component degrada-
tion and formation of defects attributed to the coating process.
Even in the case of low processing temperature (150 °C[1%°l) ALD
systems coated samples are exposed to the rise of ambient tem-
perature and low pressures, as well as internal force accumu-
lation due to the the mismatch of sample and coating material
thermal expansion coefficients. All of which can cause sample
swelling, fractures and film delamination. Heat treated ceramic
structures, have been proven to be more stable in the case of high
or low temperature,®! furthermore, presence of internal stresses
between coated material and the structure is expected to be de-
creased due to the better thermal expansion matching between
the inorganic materials.['®®] Thus, HTA can act as an additional
step for further technological improvement for compound micro-
optical components.

Additionally, calcination helps in broadening the selection
of resulting structurable materials, which can further improve
compound optical micro systems. Up till now the selection
for highly absorbing polymerizable materials has been prac-
tically non existent, with the notable exception of recently
demonstrated Prototype IP-Black (Nanoscribe GmbH Co. KG)
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photoresist.!'®”] Opaque micro elements had to be created via ad-
ditional and complex steps as highly absorbing ink incorporation
into printed structures!’®! or using non-transparent film coating
techniques.['®] Efficient absorber materials like SiOC-based ce-
ramics have been proven to posses high absorption in visible and
longer wavelength ranges!!’%) and could be used for directly print-
able aperture elements, needed to achieve imaging systems of the
highest quality by reducing aberrations, as vignetting and atten-
uation of background stray light. SIOC ceramics are also ensur-
ing the superb mechanical properties exceeding all the other 3D
printed substances.!1*]

The versatility of heat-treated materials makes them suitable
for opto-mechanical systems, as the ones demonstrated by Diet-
rich et al.l5®! (Figure 5a). Specifically, for in direct contact mode
operating atomic force microscopy systems, which require mate-
rials that are mechanically robust to withstand harsh conditions
and repeated use, as well as transparent to enable the use of opti-
cal sensing. Calcination improves both of these aspects, making
it beneficial for such systems.

Combination of MPL and thermal treatment becomes a
powerful tool for creating complex, high durability and stabil-
ity with fully 3D freedom of form, micro-optical components
and nanostructures. However, in order to attract any signif-
icant relevance in industry, reliable methods scaling up of
manufacture throughput have to be realized. This problem
is particularly important in the case of HTA, due to the ad-
ditional geometry shrinkage and mass loss during annealing
post-process. Conventional parallelization techniques, as usage
of multiple laser beams through using micro lens arrays, DOEs
or simple beam splitter setups are not prohibited and can
be used. Possibility of using process sequencing by breaking
down the manufacturing process into a series of optimized
and most appropriate technology steps has been demonstrated
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by Schmidt et al. in their proof of concept study.'”!l Authors
have successfully achieved combination of two different scale
lithography technologies, DLP- structuring of material in the
typical scale of tenths of microns to centimeters in dimension,
and MPL. Demonstration of substrate-free mm range woodpile
structures with additionally structured lattices with individual
feature sizes of approximately 1 pm with no observed deforma-
tion of both scale objects after HTA at 1000 °C is a promising
result for complex optical system. Hybridization of several
technologies allows the production of large scale compound
systems while maintaining sub-wavelength precision in the
fictionalized structures, such as biochip systems with integrated
polymeric filtering structures demonstrated by Wu et al.l'7?]
Meanwhile Hu et al.’] showcased compound lens systems, illus-
trated in Figure 5d. The second example provides an excellent
demonstration of the potential benefits of hybridization diverse
lithography techniques, where the most part of the bulk compo-
nents can be produced using larger scale additive manufacturing
methods like UV irradiation based SLA or DLP. Whereas, the
micro-lens structures that require higher precision can be man-
ufactured through MPL employing ultrafast laser. By combining
both of these methods, it becomes feasible to create integrated
multi-scale systems of various dimensions. We foresee the cal-
cination to give advantage by merging these two-exposure steps
made structures homogenizing into a monolith object without
leaving boundary traces if the same or similar materials are used.

3.6. Challenges

Despite numerous advantages are being brought by calcination
combining it with MPL technique, yet some challenges are
raising concern of being met in the development way. One of
the key challenges in using MPL-fabricated and heat-treated
structures as micro-optical components is the precise control of
the calcination process itself. As explained, the heat treatment at
elevated temperatures exceeding 1000 °C is necessary to convert
the organic material into a pure inorganic structure, but it can
also hypothetically lead to structural changes, such as shrinkage
and cracking, that can degrade the optical properties of the
micro-optics. The control of these effects is essential to maintain
the desired optical performance, such as low scattering and
high transmission, and requires careful selection of calcination
parameters such as temperature, heating rate, duration, and
atmosphere or even the applied substrate. One of frequently
encountered difficulties arising from heating the material at
high temperatures is the formation of free carbon, but there can
be more which are not met yet.

The most expected obstacles for a versatile calcination route
are:

® Free carbon formation - which can darken the substance and
reduce its transparency;

® Cracks (fissure) - larger volume or scale work-pieces can start
cracking reaching some dimensions or being attached to the
substrate of different expansion;

® Porosity - evaporation of organic matter and application of
gases can cause pore formation in the surfaces or also in the
volume;
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® Polycristallic domain evolution. Arising from HTA material
phase conversion, polycrystalic domain induced light scatter-
ing.

® Deformation - loss of defined structural integrity;

® Lack of simulation tools for structural changes, caused by HTA
at micro-/nano-scales;

® Limited volumetric metrology tools with nano-scale precision
for a proper characterization.

However, the mentioned concerns have not yet prohibited the
emergence of successful MPL-HTA combination for 3D micro-
optics. They are still not seen as hard obstacles due to their non-
fundamental, yet rather technological type, which in turn can be
solved using various techniques perfected in advanced material
processing, nano-lithography, self-assembly, and other industri-
ally mature fields.

4. Summary and Trends for the Future

Here, we summarize and foresee important near future aspects
emerging as a new branch of additive manufacturing by combin-
ing ultrafast laser lithography with high-temperature annealing.
It empowers 3D printing of glass/ceramics with uncompromis-
ing spatial resolution, production throughput, and flexibility.

® Heat treatment as a post-process for MPL manufactured
structures broadens selection of key material parameters,
such as RI, chemical/thermal stability and LIDT. Adaption
of newly reachable capabilities and expansion of use cases
in micro-optics and photonics is expected to follow. With
further experimental approaches either through post pro-
cessing solutions or chemical engineering, it is likely that
advances in these areas will continue to drive the development
of improved micro-optics structures with a wider range of
functionalities in photo-active sensors, telecommunications,
micro-chip devices and high power laser micro-optics.
Calcination and pyrolysis are useful tools in certain circum-
stances, but their reliance on high temperatures imposes strict
restrictions on material selection. This contrasts with the gen-
eral assertion that micro-patterning lithography (MPL) is a key
link between various manufacturing technologies. Additional
attention to manufactured micro-scale structure handling and
transportation will be needed, but can be solved via technolog-
ical means.

® The challenge is foreseen for production of larger-scale
complex-shaped optical elements and multi-material compo-
nents, though not restricted by fundamental limits, rather
technological solutions. One can anticipate incorporation of
MPL+ calcination in macro optic components and robust
metrology techniques.

® MPL combined with calcination empowers additive manu-
facturing of high-resolution inorganic 3D micro-/nano-optical
structures employing established and commercially available
laser lithography setups without the need of their cumbersome
rearrangement (as for STED) or significant upgrading (as for
laser direct sintering).

Apart of relevance to photonics, lasers and broader scope
of light technologies described above, the volumetric hot-pot
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glass making is becoming a large surface-to-volume technique
conducive to efficient chemical reactions occurring across the
interface during the pyrolysis/calcination/sintering step. Glass
transition governed by thermodynamics and kinetics can use
the emerging 3D printing and high temperature treatments as a
test bed for glass formation research, which never had access to
small volumes, fast chemical reactions, high doping gradients,
and thermal quenching. Glasses are unlimited to the types
of chemical bonding and can continue to pave technological
progress in this century of Light.
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