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Chapter 7

Hybrid Polymers for Conventional
and Additive Manufacturing

of Microoptical Elements

Martin Herder, Jan Jasper Klein, Marko Vogler, Maria-Melanie Russew,
Arne Schleunitz, and Gabi Griitzner

Abstract Hybrid polymers constitute a class of optical materials combining prop-
erties of inorganic glass and organic polymers. The flexible synthesis and process-
ing allows for specific tailoring of their properties as required for the fabrication of
high-performance and reliable microoptical elements. While wafer-scale fabrica-
tion of microoptics using hybrid polymers is widely used in an industrial environ-
ment, they gain ever-increasing attention in additive manufacturing and 3D printing
technologies. This chapter introduces the chemical concepts behind hybrid poly-
mers, discusses their synthesis and processing, and gives a record on their applica-
tion for the fabrication of microoptical and photonic elements using established
wafer-scale as well as emerging additive manufacturing processes, in particular ink-
jet printing and two-photon polymerization direct laser writing.

Keywords Optical polymers - Microoptics - Hybrid polymers - ORMOCERs
Photolithography - UV molding - Nanoimprint lithography - Additive
manufacturing - Inkjet printing - 3D printing - Two-photon polymerization

7.1 Introduction

Microoptical elements constitute a key enabling technology for consumer electron-
ics, telecommunication, sensing, imaging, lighting, as well as virtual and augmented
reality applications [1-5]. Their sophisticated design, miniaturization, and integra-
tion are crucial for the realization of new devices with high functional complexity
and energy efficiency. Current wafer-scale production technology allows for mass
fabrication of microoptical elements such as microlens arrays, gratings, diffractive
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optical elements (DOEs), or waveguides, as well as their integration into complex
optoelectronic devices [6].

Modern 3D printing methods bring unprecedented opportunities to the fabrica-
tion of microoptics [7]: straightforward fabrication of freeform and true 3D
microoptical elements as well as rapid prototyping with turnover times from the
optical design to the fabricated part in the range of minutes to few hours will allow
for completely new concepts in design and optimization. Furthermore, fabrication
of integrated devices is simplified by direct printing onto sensors, emitters, or opti-
cal fibers.

Importantly, the rise of 3D printing as new fabrication technology goes hand in
hand with the development of innovative optical materials with superior perfor-
mance and processability. While a large number of conventional optical materials
such as inorganic glass or organic polymers exist, their applicability in 3D printing
requires adaptation or is very challenging as in the case of optical glass [8—10].
Furthermore, from a commercial viewpoint, materials must fulfill stringent quality
requirements regarding not only optical performance but also environmental and
long-term stability, processability, as well as cost-effectiveness.

In this respect, inorganic-organic hybrid polymers constitute a material platform
showing unique properties and superior performance [11-13]. They are established
commercial materials for the wafer-scale fabrication of microoptics and hold great
promise for applications realized with additive manufacturing. In this review, we
will point out the advantages of hybrid polymers in the context of optical materials.
An introduction into synthetic routes and properties of hybrid polymers is given,
and finally their application in the fabrication of microoptical components by wafer-
scale and additive manufacturing technologies will be discussed.

7.2 Optical Materials and Fabrication Processes

7.2.1 Glass and Polymers for Optical Applications

The most important material parameter for the fabrication of optical elements is the
ability to reflect, refract, or diffract light while being transparent at the wavelength
of interest. In addition, refractive index, dispersion, and birefringence are crucial for
the design and performance of optical elements. The transparency of any material is
determined by several factors: (1) For transparency in the near-UV (NUV) and vis-
ible range, the electronic band gap of the material, i.e., the energy required for the
excitation of electrons, must be higher than the light energy. (2) At infrared (IR)
wavelengths, transparency strongly depends on the frequency and type of atomic
and molecular vibrations. (3) The size of individual structural features of the mate-
rial, i.e., grain boundaries and defects, must be smaller than the wavelength of light
to avoid loss by scattering.
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Fig. 7.1 Architecture and properties of inorganic and organic units combined in optical materials

In this respect, historically inorganic glass is the material of choice for the fabri-
cation of optics. Its valence electrons have no energy level available that can be
reached by absorption of a visible photon, its transparency ranges to near-IR (NIR)
wavelengths, and its structure is highly amorphous showing no long-range order
(Fig. 7.1 left). Other inorganic ceramic and semiconducting materials applied in
optics, e.g., chalcogenide glasses, silicon, silicon carbide, GaAs, or InP, generally
have lower band gaps than silica glass. Thus, they are not necessarily transparent in
the visible range, but show other distinct properties, e.g., increased refractive index
or transparency in the IR range [3]. On the other hand, an ever-increasing number of
optical quality polymers exist, which possess highly amorphous (Fig. 7.1 right) or
semicrystalline structures and consist of molecular building blocks with high band
gap. Typical representatives are silicones (e.g., PDMS), poly(methyl methacrylate)
(PMMA), polystyrene (PS), polycarbonate (PC), acrylonitrile butadiene styrene
(ABS), or cyclic olefin (co)polymer (COC/COP).

Notably, inorganic glass and organic polymers are complementary in their prop-
erties (Fig. 7.1): most glasses show maximum transparency over a wide range of
wavelengths from the NUV over visible to NIR wavelengths. In addition, they are
available with a wide range of refractive indices and dispersion while generally
showing low birefringence [14]. In comparison, transparency of polymers is
reduced, in particular in the UV range, due to absorption of specific functional
groups in the backbone and increased scattering effects. The range of refractive
indices and dispersion properties is much smaller than that of glass [15]. While most
optical polymers are naturally isotropic, their processing often induces marked bire-
fringence due to orientation of the polymer chains [16].

Regarding mechanical properties, differences are even more pronounced. Glasses
are generally hard and brittle materials with superior chemical inertness and
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stability against thermal and light damage. In contrast, the mechanical properties of
polymers can be tuned over an extremely broad range from soft and flexible to hard
and tough by changing their molecular architecture. In addition, organic chemistry
allows for application-specific tailoring of bulk and surface properties such as gas
permeability and hydrophilicity. However, due to the organic nature of the building
blocks, the inertness and stability of polymers is lower compared to inorganic glass.

Importantly, these material properties dictate the choice of processes for the fab-
rication of optical components. Glass components in the macro- to microscale are
fabricated using subtractive methods, i.e., cutting, grinding, turning, and polishing
processes. Molding techniques—offering a highly parallel and cost-effective way
for mass production—are limited to specific glass types possessing low T, [14]. In
contrast, utilizing polymers allows for a large range of processing conditions and
thus much larger freedom in the design of optical components. They are mass fab-
ricated from thermoplastic polymers, i.e., polymers that can be melted by heating,
using hot embossing or injection molding [17]. Alternatively, UV curing, i.e., light-
induced polymerization and cross-linking of resins containing acrylate, epoxide, or
thiol-ene functions, is advantageously used for structuring polymer layers by spatial
UV exposure through a photomask (UV lithography) or pressing a stamp into the
material prior to UV flood exposure and separation (UV imprinting). In particular,
with thermal or UV nanoimprint lithography (NIL), optical components with micro-
and nanoscale resolution can be realized using wafer-scale and roll-to-roll fabrica-
tion [18, 19]. During these processes, either the structured polymer itself becomes
integral part of the optical component, or it is used as resist for transferring the
structure into the underlying glass or semiconductor substrate by an etching step.

In general, due to their more facile and versatile processing, polymers are the
material of choice for most 3D printing processes [20]. On the one hand, thermo-
plastics are employed in fused deposition modeling (FDM) and selective laser sin-
tering (SLS), whereby these non-cross-linked polymers are heated above their glass
transition temperature 7, becoming liquid and being extruded or molten into the
desired architecture. On the other hand, light-based 3D printing methods such as
UV-assisted inkjet printing, stereolithography (SLA), or two-photon polymeriza-
tion direct laser writing (2PP-DLW) rely on photocurable thermosets. Using these,
maximum resolution, being of tremendous importance in the context of microop-
tics, is achieved due to localized curing with the high spatial and temporal resolu-
tion inherent to the application of light. In contrast to polymers, direct 3D structuring
or printing of glass materials requires much harsher conditions or can only be
achieved using sophisticated chemistry [8—10].

7.2.2 Hybrid Materials

Regarding the complementary properties of glass and polymers, it is tempting to
combine both into a unique material and profit from the advantages of both worlds.
This is achieved with so-called hybrid materials [21, 22], which can be divided into
class I hybrids, e.g., polymer nanocomposites, and class II hybrids, e.g., hybrid
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polymers (Fig. 7.1 middle). In polymer nanocomposites clusters or particles of an
inorganic material are dispersed in a polymeric matrix, and only weak interactions,
such as van der Waals interactions or hydrogen bonds, exist between the two
domains. In contrast, in hybrid polymers the inorganic and organic domains are
grafted together by strong covalent interactions. Thus, the inorganic domain forms
clusters or an extended network interpenetrating with the organic polymer. In order
to be suited for applications in optics, the length scale of the individual domains
should be smaller than the wavelength of light, i.e., usually in the range of few tens
of nanometers, to avoid scattering effects.

Hybrid materials do not only combine the properties of the individual compo-
nents, but new properties may emerge due to the nanometer length scale and result-
ing large interface between the inorganic and organic domain. Thus, they show an
extraordinarily high mechanical, thermal, and chemical resistance as compared to
bare organic polymers. At the same time, their mechanical properties are tunable
showing greater flexibility and toughness compared to inorganic glass. The combi-
nation of sol-gel synthesis (vide infra) and polymer chemistry in hybrid materials
open up new and versatile ways of material fabrication and processing. Most impor-
tantly, optical properties of hybrid materials such as refractive index and dispersion
can be tuned by varying the composition of inorganic and organic domains exceed-
ing the range offered by conventional polymers [23].

Consequently, it turns out that for applications in microoptics and photonics with
high demands for optical quality, stability, and processing, high-performing hybrid
materials are the optimal choice. However, for application in a commercial environ-
ment, further considerations have to be made: synthesis of a material should be
scalable and cost-effective, and it should possess a shelf life of several months to
years. In this respect, hybrid polymers clearly outperform polymer nanocomposites.
The latter often suffer from aging and aggregation phenomena during synthesis and
storage. Furthermore, stringent quality control during every stage of the production
process is essential, in particular for applications in optics, to gain full control over
material properties and guarantee reproducible specifications and reliable
performance.

In this realm, hybrid polymers based on the ORMOCER® (ORganically MOdified
CERamics) technology [24] being commercialized by micro resist technology
GmbH under the names OrmoComp®, OrmoClear®, OrmoClear®FX, and
OrmoStamp® [25] enjoy a tremendous popularity for the fabrication of microoptical
components and are used worldwide in industry and academia.

7.2.3 Production and Processing of Hybrid Polymers

The ORMOCER technology initially developed by the Fraunhofer Institute for
Silicate Research is based on the sol-gel processing of organically modified alkox-
ides as hybrid molecular precursors. These alkoxides are mainly based on silicon,
but also other metal alkoxides (e.g., Al, Ti, Zr) may be added. The resulting material
consists of domains of inorganic oxidic glass (silica network), organically modified
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polysiloxanes, and cross-linked organic polymers. As the covalent silicon—carbon
bond is stable against hydrolysis, a permanent and strong connection between the
inorganic and organic domains of the hybrid polymer is obtained. Starting from the
mid-1980s, the basic chemistry and processing of ORMOCER-based hybrid poly-
mers have been developed [26-35] leading to today’s numerous applications not
only in the field of optics but also as coatings, dental fillings, membranes, micro-
electronics, and energy conversion [21, 30].
The fabrication of hybrid polymers proceeds in three main steps (Fig. 7.2):

—_—

. Sol-gel synthesis of the inorganic domain resulting in a solvent-free base resin.

2. Formulation by addition of comonomers, photoinitiator, and functional
additives.

3. UV curing of the organic domain during processing. In the following brief

details on each of the three steps are given with emphasis on how distinct choice

of chemical entities or parameters influences the properties of the final hybrid

polymer.

7.2.3.1 Sol-Gel Synthesis of the Base Resin

Sol-gel synthesis [36, 37] relies on the subsequent hydrolysis and condensation of
silicon alkoxides R’,Si(OR),_, with R” being an optional organic residue and OR a
simple alcohol. In a first step, Si—OR bonds are hydrolyzed by the attack of water,
and in a second step, Si—O-Si bonds are formed by condensation of silanol groups
(Fig. 7.2). The condensation step is irreversible, thus with ongoing reaction time,
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Fig. 7.2 Synthesis and processing of hybrid polymers in three steps. Exemplary structures of
silane precursors as well as possible structural motifs of the inorganic domain are shown in the
insets
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small, soluble particles evolve (the sol), which start to interconnect and aggregate to
larger clusters finally forming an extended three-dimensional network inducing
gelation of the material. Notably, during the sol-gel synthesis, the reaction is pre-
cisely controlled in order to stop it just before gelation. Thus, liquid base resins with
tunable viscosities are obtained, which are easily processable by means of micro-
and nanofabrication in later steps (vide infra). Importantly, the type of silane precur-
sor and reaction conditions (solvent, catalysts, temperature, pH) determine the
relative rates of hydrolysis and condensation. This allows for control over the Si—
OH content of the resin and the size of inorganic particles, which are typically in the
range of 1-3 nm [35, 38] ensuring high optical quality of the material and allowing
for its structuring with nanometer resolution.

A huge variety of silane precursors R’,Si(OR),_, for the sol-gel reaction is avail-
able. Some examples are depicted in Fig. 7.2. Importantly, the number of organic
residues R” on the precursor dictates the structure of the resulting inorganic network
ranging from extended 3D structures over silsesquioxane clusters and linear chains
to short oligomers. Residues R’ either can be inert (e.g., alkyl or phenyl groups) or
possess polymerizable functions such as acrylate, methacrylate, epoxy, vinyl, thiol,
or amine groups. Size and number of organic groups again influence the network
density of the inorganic domain by steric interactions, while the amount and type of
polymerizable groups determine the structure of the organic network after curing.
Their main task is to counteract the brittle nature of the inorganic glass-like domain
and induce toughness or a certain degree of flexibility to the material after UV curing.

Usually at the end of the sol-gel reaction, base resins are dried, all solvents are
removed, and the material is fine-filtered to ensure reproducible quality and tight
specifications.

7.2.3.2 Formulation

After sol-gel synthesis of the base resin, its properties and processability are fine-
tuned by using different additives: organic comonomers as well as chain transfer
agents fine-tune the structure of the organic network and optimize the curing chem-
istry. Furthermore, comonomers are also used to tune viscosity of the uncured resin
as well as mechanical and surface properties of the cured hybrid polymer. Sol-gel
additives, i.e., unreacted organoalkoxysilanes, optimize processing, in particular as
adhesion promoter for coatings, thin films, and wafer-scale fabrication processes.

The choice of the photoinitiator is of particular importance for light-induced cur-
ing of the organic network. Depending on the polymerization chemistry utilized
(epoxy-, vinyl- or acrylate-based systems), a large variety of photoacid generators
or radical photoinitiators is available [39]. Critical parameters are optimal photosen-
sitivity at the curing wavelength, high reactivity, low sensitivity towards oxygen
inhibition, as well as nontoxicity of photoproducts. In addition, for the fabrication
of optical components, full bleaching of the initiator as well as minimization of
discoloration and luminescence caused by photoproducts is essential and requires
careful optimization of the initiation system. In this respect, phosphine oxides (e.g.,
TPO) and a-hydroxy ketones show superior performance.
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Further additives may include polymerization stabilizers to ensure high shelf life
of the uncured hybrid polymer resins, thermo- and UV stabilizers for improving
long-term stability of final products, dyes for modification of optical properties, as
well as surfactants to modify surface tension and coating behavior of the resins.

7.2.3.3 Processing and UV Curing

Uncured hybrid polymers being solvent-free viscous liquids can easily be processed
using standard wafer-scale fabrication techniques, such as UV lithography, UV
molding, nanoimprint lithography, and direct laser writing. Exemplary processing
for UV lithography and UV imprinting, typically employed for the fabrication of
microoptical components, is shown in Fig. 7.3 [11]. Generally, hybrid polymers
behave as a typical negative-tone resist. After spin coating or dispensing of the
resin, UV curing is induced under a mask in proximity exposure or while pressing a
structured stamp into the material. Post-exposure bake, development and hardbake
steps follow. Cross-linking of the organic domain is completed during UV curing,
while the optional thermal annealing steps increase adhesion to the substrate, stabi-
lize optical properties of the material, and further increase its thermal and environ-
mental stability due to relief of residual internal stress.

Critical parameters during processing are the irradiation setup, O, sensitivity,
and shrinkage of the hybrid polymer during curing. Hybrid polymers are designed

UV lithography UV imprint replication
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Fig. 7.3 Process schemes for the wafer-scale direct structuring of hybrid polymers using UV
lithography or pattern replication using UV imprinting
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to have a broad processing window in terms of wavelengths and intensity used, e.g.,
broadband UYV, i-line (365 nm), or h-line (405 nm) irradiation. However, specific
UV curing conditions prevailing, for example, during 3D printing, may require an
adaptation of the photoinitiator content or type (vide infra). Notably, UV curing of
commercial hybrid polymers [25] is based on free radical polymerization of acry-
late and methacrylate groups, thus showing very fast curing speeds in the range of
seconds to few minutes with low-intensity UV light. This is in contrast to epoxy-
based optical polymers, which need significantly longer processing times including
thermal steps. Efficient bleaching of the photoinitiator and high conversion of the
polymerizable groups leads to absence of yellowing and increased long-term stabil-
ity of the optical properties.

Inhibition effects by the presence of oxygen during UV curing are typical for free
radical polymerizations [40] and strongly depend on the chemistry of the base resin
and additives. Notably, formulations such as OrmoComp and OrmoClearFX readily
cure under ambient atmosphere and oxygen permeable stamps (e.g., PDMS stamps).

Volume shrinkage of the polymer during curing is of particular importance for
the creation of structures with high fidelity and resolution. In general, compared to
conventional acrylate polymers, often showing more than 20% volume shrinkage, it
is drastically reduced in hybrid polymers due to the preformed inorganic network
[29]. Commercial hybrid polymers exhibit shrinkage from 2% up to 7% [25], while
in academic work, it has been further reduced to practically zero by incorporation of
ZrO, into the inorganic domain [41].

7.2.4 Properties of Hybrid Polymers
7.2.4.1 Optical Transparency

Hybrid polymers for optical applications show full transparency (>99%) for visi-
ble wavelengths >400 nm up to the NIR range. Additionally, in the NUV range
(350-400 nm), only very little absorption is observed in transmission spectra
(Fig. 7.4). Importantly, the outstanding transparency is hardly affected in long-
term applications. Post-curing yellowing due to degradation of the polymer back-
bone by thermal and climate stress, as observed in most purely organic polymers,
is minimized by the hybrid structure (vide infra). Prerequisites for optimal trans-
parency and low yellowing are the selection of an efficiently bleaching photoini-
tiator, optimized curing conditions, and careful quality control during synthesis
and formulation of the resins concerning selection of raw materials and monitor-
ing of impurities.

With their high optical transparency, low haze and tunable refractive index hybrid
polymers are also suited for the application as waveguide materials. Therefore, spe-
cifically designed hybrid polymers can be operated with typical datacom wavelengths
in the NIR range. Low optical loss at these wavelengths is achieved by two factors:
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Fig. 7.4 Optical transmission of cured thin films (d = 20 pm) of hybrid polymers on quartz sub-
strates. Inset: optical attenuation of uncured hybrid polymers in the visible and NIR range

1. Reduction of the CH content in the organic domain by the choice of suited
monomers [35]

2. Reduction of the Si—~OH content in the inorganic domain by specific, nonaque-
ous sol-gel conditions [31]

The effect is shown in the inset of Fig. 7.4: the attenuation of uncured OrmoClear,
with its low Si—OH-containing base resin, is significantly lower compared to
OrmoComp, with its base resin obtained from aqueous sol-gel chemistry. After cur-
ing of OrmoClear, its optical attenuation is further reduced to values of
0.2-0.3 dB cm™" at 1310 nm and 0.5-0.6 dB cm™! at 1550 nm [33].

7.2.4.2 Autofluorescence

Autofluorescence of polymers is either intrinsic due to the backbone structure of the
polymer or is induced by impurities and degradation phenomena evolving during
curing or long-term operation [42]. Notably, the hybrid structure and corresponding
stability impose very low levels of autofluorescence to hybrid polymers, in particu-
lar OrmoComp and OrmoClearFX [43—46]. With the background signal being com-
parable to that of Borofloat glass and with its transparency in the NUV and Vis
range, these materials are therefore highly suited for the fabrication of cell sub-
strates, optofluidic chips, and imaging probes based on fluorescence detection.

7.2.4.3 Refractive Index and Dispersion

The refractive index of hybrid polymers can be tuned by:
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1. Alternation of precursors and conditions of the sol-gel process
2. Chemistry of the organic domain
3. Utilization of other metal alkoxides

In particular the variation of the sol-gel-derived base resin by co-reacting alk-
oxysilane precursors with Zr(OR), or Ti(OR), is broadly applied to increase the RI
of the resulting hybrid polymers. For commercially available materials and proto-
types, currently a range of refractive indices between 1.45 and 1.65 at 589 nm can
be realized [25, 30].

For the fabrication of microoptical components, the combination of high refrac-
tive index and low dispersion, i.e., high Abbe number, often is desired in order to
make structures as compact as possible while keeping acceptable levels of chro-
matic aberration [14]. However, there is a strict trade-off between the two parame-
ters for organic polymers [15]. As inorganic glass covers significantly wider regions
in the Abbe diagram, the combination of inorganic and organic domains [23] in
hybrid polymers broadens the achievable refractive index/Abbe number combina-
tions to some extent. Standard hybrid polymers possess Abbe numbers from 30 to
51, depending on the type of material [25].

Compared to conventional organic polymers, hybrid polymers show pronounced
negative thermooptical behavior with dn/dT ~ —2¢10~* K~!' and an outstandingly
low birefringence in the range of nyg — npy < 1 to 7¢107*. Together with low optical
loss (vide supra), this makes them good candidates for photonic applications such
as thermooptical waveguides or sensors based on microring resonators and Bragg
gratings [47-49].

7.2.4.4 Mechanical Properties

By varying the network densities of both the inorganic and organic domains, the
mechanical properties such as Young’s modulus and coefficient of thermal expan-
sion (CTE) can be tailored over a wide range [29]. Variation of network density is
achieved by changing relative amounts of mono-, di-, and trialkoxy silane precur-
sors, the amount of organic polymerizable groups, and the linker length in function-
alized organosilanes. With increasing inorganic content and network density, the
CTE of hybrid polymers decreases, with typical values being in the range
100-150 ppm K~! for commercial materials [25]. Hybrid polymers possessing
Young’s modulus from around 100 MPa up to several GPa can be synthesized [29,
32]. Typical values for commercial hybrid polymers for optical applications range
between 0.6 and 1.2 GPa [25]. The increased mechanical strength of hybrid poly-
mers in comparison to conventional organic polymers is also manifested in signifi-
cantly improved scratch and abrasion resistance [30, 50].
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7.2.4.5 Thermal and Climate Stability

Hybrid polymers show remarkable stability against physical stress, such as tem-
perature, humidity, and light. Thus, thermogravimetric analysis of hybrid polymers
OrmoComp and OrmoClear (Fig. 7.5a) shows beginning decomposition only at
temperatures above 360 °C and 300 °C, respectively, which is higher than conven-
tional cross-linkable acrylates. Consequently, these hybrid polymers tolerate long-
term heating to 270 °C and short-term heating to 300 °C [25]. Thus, soldering and
dicing during subsequent processing of the device can be performed without dete-
rioration of optical properties. Notably, during standardized climate stability tests,
in particular temperature cycling and aging under elevated temperature and humid-
ity, hybrid polymers do not show any significant change of their optical characteris-
tics (Fig. 7.5b). Furthermore, under high-intensity irradiation with visible light,
hybrid polymers show significantly longer lifetimes than conventional organic
UV-curable polymers [33].

7.2.4.6 Biocompatibility

Remarkably high biocompatibility of OrmoComp directly after fabrication of test
structures and without any additional surface treatment has been proven in several
studies using a number of different cell lines [51-54]. Cell viability on the hybrid
polymer is as good as on control substrates. Importantly, UV curing of the substrate
should be sufficiently long to reduce the presence of unreacted cytotoxic photoini-
tiator and acrylates [55]. Furthermore, performing a hardbake after UV curing
increases cell viability. In some cases a protein coating [56, 57] or specific function-
alization [45] of the OrmoComp surface may be applied to increase cell adherence
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ture cycling (100 cycles between 45 and 85 °C) and temperature humidity aging (85% RH, 85 °C,
1000 h) tests



7 Hybrid Polymers for Conventional and Additive Manufacturing of Microoptical... 275

and viability. Consequently, in addition to their applications as optical materials,
hybrid polymers are advantageously used for the fabrication of micro- and optoflu-
idic devices [43, 58—67], medical diagnostics [44, 66], as well as scaffolds for tissue
engineering (vide infra).

7.3 Fabrication of Microoptical Elements by UV
Lithography and Replication Using Hybrid Polymers

High-precision and large-scale production of microoptical and photonic compo-
nents in 2D using wafer-based processing highly profits from the past technological
developments in the semiconductor industries. Thus, optical components are manu-
factured with micro- and nanometer resolution using classic UV lithography and
subsequent etching of the structure into silicon or glass [6]. When using UV-curable
polymers as optical materials, most microoptical components are fabricated by
cost-effective UV imprinting and replication techniques, besides direct structuring
via UV lithography or direct laser writing. These standard techniques are advanta-
geously applied to structure hybrid polymers for the fabrication of microoptical
components [11, 12]. Notably, due to the wafer-based processing and restrictions
during replication steps, fabrication is limited to 2D and 2.5D structures.

7.3.1 UV Lithography and Direct Laser Writing

Employing hybrid polymers as negative-tone resists and their direct patterning
using UV lithography and direct laser writing in principle yields binary structures,
i.e., a film of the hybrid polymer is fully cured at certain positions and washed away
at others during the development step. Consequently, these techniques are mainly
utilized for binary photonic structures such as waveguides using OrmoCore and
OrmoClad—hybrid polymers specifically designed for waveguide applications [31,
67-70]. Stacks of waveguides were realized by layer-wise repetition of the coating
and structuring process [71, 72].

Also nonbinary structures can be realized using combined nanoimprint and UV
lithography: by applying a mask pre-structured with an aperture lens on a thick
layer of hybrid polymer, an array of high-aspect-ratio conic microlenses was fabri-
cated [34, 73]. By profiting from diffraction effects during proximity exposure, con-
cave microchannels acting as mirror elements were fabricated into OrmoComp,
enhancing fluorescent single-cell imaging [62].

Besides these optical and photonic applications, direct structuring of hybrid
polymers by UV lithography and direct laser writing is used for fabrication of
microfluidic chips [43, 58, 61, 74]. Hybrid polymers may also be used as sacrificial
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photoresist in UV lithography for pattern transfer in etching processes with high
etch selectivity [75].

7.3.2 UV Imprint and Replication

More complex 2.5D microoptical structures can be fabricated with hybrid polymers
using replication from a master stamp by NIL. In particular, structures with high
resolution down to few nanometers, combining elements on completely different
length scales from nano to micro, or designed as freeform optical elements can be
realized, given a properly structured master original is available. The latter may be
fabricated by conventional UV lithography, direct laser writing, electron-beam
lithography, or focused ion beam milling with high resolution and large freedom in
design. However, as master fabrication is very laborious and cost-intensive, it is
advantageous to replicate it into a working stamp, which in turn is used to perform
multiple imprints into the optical polymer.

In this respect, hybrid polymers offer superior properties not only for the fabrica-
tion of microoptical components itself but also for the fabrication of working stamps
for their replication. A dedicated commercial material—OrmoStamp—is widely
used as hard stamp material suited for thermal and UV-NIL with low oxygen perme-
ability, superior resolution and structure fidelity, as well as high durability during
repetitive imprinting processes [76-80].

Microlens arrays constitute one of the most important microoptical elements and
are indispensable for imaging and illumination applications in today’s scientific and
medical instruments and most importantly consumer products [81]. The masters for
microlens arrays can be obtained by photolithographic structuring of a photoresist
and subsequent thermal reflow to obtain spherical or cylindrical lenses [82, 83].
These structures can be etched into the substrate or transferred by molding into a
working stamp. By imprinting into the optical polymer such as OrmoComp, micro-
lens arrays are fabricated directly on CMOS detectors [83] or VCSELs [84] and are
implemented into stacks of functional elements within wafer-scale production pro-
cesses. Low shrinkage and high thermal stability of hybrid polymers (vide supra)
are advantageous for high structural precision and stability during further handling
of functional dies including soldering and dicing at elevated temperatures. Recently
microlens arrays were realized by UV imprinting of OrmoComp on flexible fluori-
nated polymer substrates being suited for roll-to-roll fabrication processes
(Fig. 7.6a). Structured foils could be bent to low radii without deterioration of the
optical properties of the lenses [85].

NIL fabrication is similarly suited to replicate structures containing features with
very different length scales. Thus, macroscopic millimeter-sized lenses containing a
nanostructured surface as intrinsic moth-eye antireflective layer could be replicated
with excellent structural fidelity into the hybrid polymer OrmoClear (Fig. 7.6b)
[11]. The master for the replication process was obtained by combining thermo-
formed lenses with a nanostructured foil [86]. Similar hierarchically structured
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optical elements such as a microlens array with an antireflective layer [87] and a
diffusor element with a diffractive nanostructure on top [88] were fabricated by
replication into OrmoComp.

Freeform refractive lens arrays utilized as multi-aperture objective for ultra-slim
cameras were fabricated using OrmoComp as the optical material (Fig. 7.6¢) [89,
90]. As photoresist reflow cannot be applied for master fabrication due to the free-
form structure of the lens array, a step-and-repeat process starting from an ultra-
precision machined single lens array master was applied to replicate the structure on
wafer-scale. For superior quality of the optical surface, the stamp tool was moved in
z-direction during curing to compensate for shrinkage of the material.

A number of photonic components such as waveguides for datacom applications
[91-96] and microring resonators for sensing [47, 97] have been fabricated into
low-optical-loss hybrid polymers OrmoClear, OrmoCore, and OrmoClad using
UV-NIL. Figure 7.6d shows a microring resonator functioning with high Q-factor

Fig.7.6 Examples of replicated microoptical structures by UV imprinting of hybrid polymers: (a)
SEM micrograph of OrmoComp microlens array on flexible fluorinated ethylene propylene (FEP)
substrate [85]. (b) OrmoClear macro lenses with nanostructured surface [11]. (¢) Multi-aperture
objective for ultrathin camera modules containing two refractive freeform microlens arrays fabri-
cated using OrmoComp. Inset: 3D model of one quarter of the lens array [90]. (d) SEM micro-
graph of a microring resonator with designed gap width of 250 nm fabricated using OrmoCore
[47]. (e) SEM micrograph of a campanile probe at the facet of an optical fiber imprinted into
OrmoComp [102]
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which was fabricated on wafer scale with nanometer resolution. Further examples
of NIL replicated photonic structures consist of photonic fences [98], Bragg grat-
ings [48, 49], and metasurfaces [99].

Of particular interest is the generation of photonic nanostructures on the facet of
an optical fiber to modify and improve its beam shaping and collecting properties.
Thus, a 3D beam splitter, Fresnel lens, and campanile probe were realized by direct
nanoimprinting on the facet of a fiber [100-102]. The process includes several
molding steps using the hybrid polymer OrmoComp as mold and imprint material.
Alignment of the mold and the fiber is guided by red light being coupled into the
fiber, while final curing of the structure on the tip is achieved by sending blue light
through it. By realizing a nanometer-sized gap on the campanile probe, sub-
diffraction imaging was demonstrated (Fig. 7.6e).

7.4 Hybrid Polymers in Additive Manufacturing

In contrast to structuring by UV lithography and UV imprinting, which are basically
limited to 2.5D structures, additive manufacturing allows for fabrication with full
freedom in the three-dimensional space, paving the way for new designs and func-
tions of microoptical components. In addition to wafer-based processing, other sub-
strates, including pre-patterned and 3D-shaped components, can be directly
functionalized with microoptical elements. The technological development in fabri-
cation goes hand in hand with development of improved and new materials, which
are specifically adapted to the requirements of the numerous 3D printing processes.

Due to the variability of the synthesis of hybrid polymers, they can be easily
adapted to multiple 3D printing processes for the fabrication of optics. Thus,
extrusion-based methods, such as nozzle extrusion [103] and inkjet printing (see
Sect. 7.4.1), as well as vat polymerization methods, such as stereolithography [104—
106] and in particular 2PP-DLW (see Sect. 7.4.2), have been employed for the fab-
rication of microoptical components using hybrid polymers. Notably, the material
OrmoComp is very popular in additive manufacturing due to its fast curing kinetics,
oxygen insensitivity, acceptable shrinkage, high biocompatibility, as well as excel-
lent optical and mechanical properties.

7.4.1 Inkjet Printing and Dispensing

Inkjet printing and dispensing may be advantageously applied for the fabrication of
microlenses and microlens arrays with enhanced performance due to higher struc-
tural variability. The processes are easy to implement and can be applied on wafer
scale directly on functional dies. Due to the additive nature of the processes, the
printing material can be deposited in a highly controlled manner, thus giving precise
control over the position, size, and shape of microlenses. Thus, in particular for the
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fabrication of individualized lenses, they are cost-effective and fast alternatives to
laborious master fabrication using, e.g., diamond machining or UV lithography and
thermal reflow.

Inkjet printing of arrays of microlenses using hybrid polymers was demonstrated
on glass substrates [107-110]. An inkjet printing compatible formulation of
OrmoComp (InkOrmo) was developed by dilution with suited solvents. This ink
was deposited in form of individual droplets onto the surface, prebaked to remove
the solvent, and finally UV-cured to give spherical microlenses. It was shown that
their size and shape, depending on the free energy balance between the droplet for-
mulation, substrate, and surrounding atmosphere, could be tuned by adjusting the
surface’s hydrophobicity and the number of droplets per microlens.

To widen the structural variety of inkjet-printed microlenses, a process was
developed using a surface pre-patterned with pedestals [111, 112]. The size of the
pedestal as well as the amount of ink deposited on top defines the shape of the
microlens, allowing for precise control over its focal length and numerical aperture.

An improved optical performance was obtained using hybrid polymer materials
for both the patterned surface and the microlenses [113]. For this purpose, nanoim-
print lithography for the generation of pedestals was combined with inkjet printing
of the microlenses (Fig. 7.7a). With three different pedestal sizes, precise and pre-
dictable numerical apertures from 0.45 to 0.9 as well as focal lengths between 10
and 100 pm were obtained by simply adjusting the number of droplets on individual
pedestals (Fig. 7.7b). Notably, microlenses with varying focal lengths can easily be
combined into multifocal microlens arrays (Fig. 7.7c). Single arrays with up to nine
different microlenses were demonstrated.

Recently, sophisticated hybrid microoptical components were fabricated on a
wafer scale using a combination of UV-NIL, UV lithography, and inkjet printing
[114, 115]. By dispensing a hybrid polymer ink on a micro- and nanostructured
template, a combination of refractive and diffractive elements in a single microlens
was achieved (Fig. 7.8a). First, a nanostructure consisting of a laminar grating with
lines and spaces of 500 nm width and 500 nm depth was replicated using an organic
NIL resist. Then, a layer of SU-8 with a thickness of 150 pm was deposited on top
of the nanoimprinted grating and photolithographically structured. This gave circu-
lar confining structures with a diameter of 1000 pm. The resulting resist master was
replicated twice to obtain an exact copy using different soft and hard material com-
binations as mold and substrate (materials A and B; for details see [115]). Thus,
replicas, e.g., in hard OrmoComp on silicon wafer or more flexible OrmoClearFX
on PC foil, were generated. The hybrid polymer ink was dispensed into the cavities
of the replica and soft-baked to release the solvent. Several repetitions of the dis-
pensing and soft-baking steps might be necessary to achieve the final lens shape.
The total amount of dispensed hybrid polymer defines the focal length of the refrac-
tive part of the microlens. Finally, UV curing, hard-baking, and demolding yield the
hybrid refractive-diffractive microlens (Fig. 7.8b). The structural fidelity during the
replication processes is very high with shrinkage of the step height below 5% over
the whole process chain. Optical testing using a collimated expanded laser beam
gave the expected image of three partial beams due to diffraction of the laminar
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Fig. 7.7 Inkjet printing of microlenses on preformed pedestals: (a) Illustration of the printing
process. (b) Dependence of numerical aperture and focal length of the lens on amount of dispensed
ink in case of 100 pm diameter pedestals. (¢) Artificially colored SEM micrograph of an array of
microlenses with two different focal lengths (scale bar = 100 pm) [113]

grating well-focused by the refractive part of the microlens (Fig. 7.8c). This work
demonstrates the power of combining conventional UV lithography and replication
techniques for the generation of functional elements, i.e., a diffractive pattern, with
inkjet printing as an additive manufacturing process defining the size and shape of
the entire microoptical component.

While the abovementioned inkjet printing processes rely on solvent-based hybrid
polymer formulations with low viscosities (<25 mPa s), it would be desirable to
utilize solvent-free inks, thereby avoiding time-consuming heating and solvent
evaporation steps. In one approach [116] the low-viscosity requirement was met by
dilution of OrmoComp resin with an acrylate-based reactive diluent at volume con-
tents up to 70%. Thus, large-area microlens arrays could be inkjet printed with
minimum deviations of the individual lens geometries and a largely reduced overall
processing time compared to solvent-based inks.

By developing a new picoliter dispensing technique, which is capable of dispens-
ing liquids with a wide range of viscosities (200—10,000 mPa s), the fabrication of
microlens arrays and single individualized microlenses was demonstrated using
undiluted OrmoComp and OrmoClearFX [117]. A small stamp is used to transfer
single polymer droplets in picoliter volumes from a reservoir onto a surface or into
a preformed cavity. The shape of the resulting microlens is defined by the amount of
transferred material, the diameter of the stamp, viscosity of the polymer resin, and
hydrophobicity of the substrate. Being able to dispense viscous, undiluted hybrid
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Fig. 7.8 Refractive-diffractive microlens by combined UV-NIL replication and inkjet printing of
hybrid polymers [114, 115]. (a) Process chain. (b) SEM micrograph of two InkOrmo refractive-
diffractive microlenses with a laminar grating as diffractive pattern. (¢) Screen photograph of the
Oth and +/— 1st diffraction orders generated by the diffraction grating and focused by the refractive
part of the microlens

polymer resins allows for fast process times and unaltered material properties and
thus performance of the fabricated microoptical component.

7.4.2 Two-Photon Polymerization Direct Laser Writing
(2PP-DLW)

In recent years 2PP-DLW-based 3D printing developed into an exciting technology
for the fabrication of optical components with micro- and nanometer resolution way
beyond the diffraction limit of light [118]. 2PP-DLW allows for highest resolutions
among today’s 3D printing methods, complete architectural freedom in the design
of components, fabrication of monolithic materials with smooth surfaces, and the
direct printing onto various (functionalized) substrates. A large variety of UV-curable
optical materials is utilized for 2PP-DLW [119], among them epoxy-based organic
polymers such as SU-8, or more recently mr-DWL, as well as acrylate-based mate-
rials such as IP resins (resin formulations optimized to 2PP-DLW proprietary to
Nanoscribe GmbH). While these all-organic polymers are optimized for distinct
2PP-DLW processes, their applicability for the fabrication of optical components is
limited due to their optical and mechanical properties or stability. Thus, for the fab-
rication of optical components, using 2PP-DLW direct structuring of hybrid poly-
mers enjoys a tremendous popularity. In particular, the commercially available
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OrmoComp and the academia-originated zirconia containing material SZ2080 are
widely used and implemented into various 2PP-DLW platforms [120-123].

7.4.2.1 Material Adaptation

Though standard hybrid polymers such as OrmoComp are well suited for 2PP-DLW,
specific adaptation of the material to the distinct irradiation conditions can signifi-
cantly improve the performance [13, 124]. Particularly, the shape accuracy and sur-
face roughness of the printed structures, shrinkage during polymerization, and the
usable dynamic range of laser power and scanning speed are important parameters.

It was reported that in a slight modification of the organic curing chemistry, i.e.,
introducing styrene moieties by the sol-gel process, the resolution of a hybrid poly-
mer resin was significantly improved to the sub-100 nm range [125]. Furthermore,
by co-condensation of an organosilane with 20 mol% of zirconium alkoxides
Zr(OR),, a hybrid polymer labeled as SZ2080 was created enjoying much attention
in 2PP-DLW 3D printing [41]. Due to its zirconia content, SZ2080 shows negligible
shrinkage during polymerization allowing for the fabrication of structures with
highest fidelity [126]. Furthermore, damage of the material by high-intensity laser
light is significantly reduced broadening the processing window [127, 128].
However, compared to conventional solvent-free hybrid polymers, SZ2080 is a
solvent-based formulation; thus spin coating and pre-baking steps to evaporate the
solvent are mandatory.

The performance of standard OrmoComp in 2PP-DLW could be further improved
by variations in type and content of the photoinitiator as well as content of the sta-
bilizer, generally utilized to prevent premature polymerization in the dark [124]. For
nine different formulations, the dynamic range, i.e., the range between the threshold
laser power under which no polymerization occurs and overexposure leading to
deteriorated shapes and laser damage, was compared (Fig. 7.9a). It turned out that
using a photoinitiator with higher two-photon absorption (TPA) cross-section (for-
mulations 1-3) led to lowering of the polymerization threshold but also to reduced
resolution and structure fidelity due to the high amount of initiator radicals pro-
duced. Increasing the concentration of the standard phosphine oxide photoinitiator
(examples 4-6) led to lower threshold values, higher dynamic range, and better
structure fidelity (Fig. 7.9b, c). Finally, increasing the concentration of the stabilizer
(examples 7-9) led to further improvement of structure fidelity though an increased
polymerization threshold was observed. With optimized formulation 9, a complex
prism array was realized by 2PP-DLW (Fig. 7.9d), which served as template for the
fabrication of a mold and multiple replicas thereof using injection molding [129].

This and other examples [13, 125, 130, 131] show that the performance of a resin
in 2PP-DLW is a complex interplay between exposure dose, TPA cross-section of
the initiator, radical initiation, and inhibition efficiency as well as polymerization
chemistry. Recently it was found that 2PP-DLW with SZ2080 without any added
photoinitiator gives structures with improved resolution, surface quality, and stabil-
ity against laser damage [128]. On the other side, current developments into
sophisticated photoinitiators with high TPA cross-section [132] as well as chemical
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Fig. 7.9 3D printing by 2PP-DLW in OrmoComp: (a) dynamic range of the usable laser power for
standard OrmoComp and nine adapted formulations with tuned photoinitiator and inhibitor con-
tent (for details see [124]). (b, ¢) SEM micrographs of printed test structures showing the effect of
photoinitiator content (0.5% vs. 1.25%) on structure fidelity. (d) SEM micrograph of the fabricated
prism array with individual inclination and tilt angles of each prism [124]

and instrumental inhibition strategies [133—135] are promising for boosting fabrica-
tion speed and attainable resolution of 2PP-DLW.

7.4.2.2 Fabrication of Optical Components with 2PP-DLW

Using 2PP-DLW with hybrid polymers, a broad range of optical and photonic com-
ponents reaching from the nano- to the macroscale have been realized [118, 136]:
spherical, axicon, and freeform lenses [66, 137-145], phase plates [146, 147],
Fresnel lenses [13, 140], gratings [148], DOEs [140, 149], waveguides [13, 140,
150], photonic fences [98], microcavities [151, 152], photonic crystals [41, 153—
155], and metasurfaces [156]. These examples demonstrate that with 2PP-DLW,
almost no limitation in shape or size of the architecture exists. An exemplary selec-
tion of structures with differing length scales is given in Fig. 7.10.

Particularly remarkable is the fabrication of optics with high resolution and
smooth surfaces directly on functional elements: OrmoComp was used to print
spherical collimation lenses of different sizes directly onto the facet of an optical
fiber (Fig. 7.10a) [141]. Though a layer-wise printing process was utilized, the sur-
face of the lens is smooth, and excellent light output was achieved with the material.
The same groups demonstrated printing of a variety of fully freeform structures and
compound lenses onto optical fibers and sensor chips using OrmoComp and IP-S
resins [141, 157, 158]. Recently, a microlens cascade fabricated from IP-S and
OrmoComp using 2PP-DLW was integrated into a functional microendoscopic
probe for high-resolution deep tissue imaging [66].
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10 pm

Fig. 7.10 Microoptical components fabricated by 2PP-DLW using hybrid polymers: (a) spherical
collimation lens made of OrmoComp on facet of single-mode optical fiber [141]. (b) Freeform
light-directing nanophotonic lens printed form OrmoComp on top of GaAs nanowire [144]. (¢)
Optical microscope image of six waveguide cores embedded in a cladding matrix of an adapted
ORMOCER-based hybrid polymer [13]. (d) Millimeter-sized freeform lens fabricated by contour
structuring of OrmoComp [145]. (e) Photonic crystal structure made of SZ2080 before (left) and
after (right) pyrolysis [159]

A remarkable resolution was achieved using standard OrmoComp for fabrication
of a nanophotonic lens on emitting GaAs nanowire (Fig. 7.10b) [144]. An evolu-
tionary algorithm was utilized to design the lens structure with nanometer-sized
features. By interference effects the isotropic photoluminescence of the GaAs
nanowire was turned into highly directional emission over a broad spectral range.
The designed structure could be fabricated with high fidelity by 2PP-DLW. The
excellent transparency and low autofluorescence of OrmoComp allowed the experi-
mental demonstration of the dramatic angular redistribution of emitted light.

For beam shaping and light distribution applications, instead of sculpturing the
surface of a material with a homogeneous refractive index, an alternative approach
would be to have a uniform structure and vary the refractive index within. Such a
GRIN (gradient refractive index) element was realized using SZ2080 [160]. Within
the broad dynamic range of this polymer, the double-bond conversion and similarly
the refractive index increases with the laser exposure dose. Thus, by varying scan-
ning speed during 2PP-DLW fabrication, the refractive index was dynamically
modulated with a maximum change of An = 0.01 within a single structure.

The dependence of refractive index on exposure dose was further exploited to
demonstrate straightforward coupling of optoelectronic components by 2PP-DLW
fabrication of waveguides in a cladding matrix. For this purpose, a uniform film of
a hybrid polymer resin is coated onto the optoelectronic components, the whole film
is cured by UV flash illumination, and finally waveguides are written within the
cured material by 2PP-DLW, locally promoting further polymerization and an
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increase in refractive index. The principle was demonstrated by fabrication of wave-
guides between two glass slides in a film of an OrmoComp formulation adapted to
2PP-DLW having a large processing window (Fig. 7.10c) [13]. As the voxel diam-
eter of the writing laser is smaller than the waveguide profile, different sizes (single
vs. multimode) and shapes (circular, square, and elliptical) were realized by hatch-
ing of the waveguide’s cross-section [140]. Importantly, such hybrid polymer wave-
guides integrated into functional chips are sufficiently stable to survive further
lamination, bonding, and dicing steps [161]. Similar to refractive index, the mechan-
ical properties of hybrid polymers change with increasing curing time. Thus,
domains with differing elasticity and stiffness may be imparted to a single structure
by varying exposure dose [13]. However, close to the polymerization threshold,
structures become weak, show much higher shrinkage, and tend to collapse [126,
128, 155].

A common bottleneck in 2PP-DLW fabrication is the limitation in size of the
fabricated objects as well as production time. However, recent improvements of
instrument manufacturers and the application of sophisticated laser focusing and
scanning strategies allowed for significant improvements of both parameters [145].
As an example, the macroscopic (d = 1 mm) freeform lens shown in Fig. 7.10e was
rapidly manufactured from OrmoComp using contouring exposure, i.e., the outer
shape of the lens was polymerized with the laser, and only after the development
step, the inner volume was cured using UV flood illumination. Importantly, for
high-throughput 2PP-DLW printing, the materials have to show high reactivity to
keep up with the fast laser trajectories. More information on recent developments in
2PP-DLW hardware and processes can be found in Chap. 5 of this book.

The unique combination of inorganic and organic domains in hybrid polymers
offers an additional processing step after fabrication of the 3D-printed structure: by
pyrolysis and sintering at temperatures above 1000 °C, the organic domain decom-
poses leaving behind an amorphous inorganic glass or ceramic structure [162, 163].
Therefore, the structure undergoes considerable isotropic shrinkage lowering the
minimum structural feature size. Applied to a photonic crystal fabricated with
S72080, pyrolysis at 1000 °C for 2 h gave shrinkage of ca 40%, while the material
stayed amorphous with good structural fidelity (Fig. 7.10d) [128, 159]. Pyrolysis at
higher temperatures gave transition into crystalline phases accompanied by deterio-
ration of the structure. Much milder thermal annealing of a hybrid polymer photonic
crystal at 300 °C resulted in only partly decomposition of the organic groups further
densifying the material. Thus, precise control over shrinkage was achieved resulting
in a shift of the photonic band gap from the NIR into the visible range [154].

7.4.2.3 Fabrication of Cell Scaffolds and Microfluidic Devices by
2PP-DLW

Besides optical components, 2PP-DLW of hybrid polymers is widely used for the
fabrication of microfluidic structures as well as scaffolds for cell adhesion and tis-
sue engineering. Again OrmoComp plays a remarkable role as a material with
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excellent structuring capability being at the same time highly biocompatible, gener-
ally without any additional coating step (see Sect. 7.2.4). Additionally, its negligible
autofluorescence makes it superior over other 3D printing materials concerning
imaging of fluorescently labeled biological structures.

Consequently, 2PP-DLW-derived scaffolds made of OrmoComp are utilized for
studying cell adhesion, growth, migration, and differentiation. To this purpose a
large variety of patterned surfaces and complex 3D architectures have been realized
[54-56, 164—167]. As an example a tubular microtower for the cultivation of neuro-
nal cells is shown in Fig. 7.11a. Precisely controlled surface properties such as wet-
ting behavior, mechanical stiffness of the structure, as well as structural confinements
strongly influence cell behavior.

Interestingly, 3D scaffolds made of two or three different materials with distinct
binding properties were realized using consecutive printing steps [57, 168, 169].
OrmoComp, showing high tendency to bind proteins, was combined with a photo-
activatable and a protein-repellent acrylate resist. Thus, the spatial functionalization
of the scaffold with different proteins and subsequent controlled and type-specific
adhesion of cells was realized (Fig. 7.11b) [57].

While micrometer-scaled fluidic devices generally are fabricated using molding,
imprinting, or one-photon 3D printing, specific fluidic elements requiring nanome-
ter resolution can be created using 2PP-DLW. As such sophisticated elements
actively generating microfluidic currents [170-172] as well as arrays of micronee-
dles with different shapes and high aspect ratios used for drug delivery (Fig. 7.11c)
[51, 52, 63, 173] were realized using OrmoComp. These applications profit from
exceptionally high inertness, biocompatibility, and mechanical strength of the
material.

Fig. 7.11 SEM micrographs of 2PP-DL-printed structures for tissue engineering and medical
applications. (a) Tubular microtower (2 = 150 pm) fabricated form OrmoComp as 3D platform for
the cultivation of neuronal cells [166]. (b) Multimaterial 3D cell scaffold selectively functionalized
with two distinct adhesive proteins (highlighted in red and pink color) for the guidance of cell
attachment [57]. (¢) Array of microneedles fabricated with OrmoComp. Printing of microneedles
directly on top of microfluidic channels fabricated in PMMA was demonstrated for the realization
of point-of-care systems [63]
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7.5 Conclusions

Hybrid polymers were demonstrated to be a superior material platform for the man-
ufacturing of reliable and high-performance microoptical components. With their
unique structure, derived from the combination of inorganic glass-like with organic
polymeric domains in one material, hybrid polymers unify excellent optical proper-
ties, environmental stability, and versatility in processing. Importantly, by adapta-
tion of chemical synthesis, formulation, and processing conditions, the properties of
hybrid polymers can be tuned over a broad range and tailored to specific applications.

By wafer-scale processing of hybrid polymers using UV lithography and nano-
imprint lithography, sophisticated microoptical components are routinely manufac-
tured with high precision, high throughput, and low costs. Synthesis of hybrid
polymers and their processing employing these technologies are established in
industrial environments serving markets, for example, in consumer electronics, tele-
communication, and lighting and sensing applications.

Additive manufacturing and 3D printing of microoptics brings new perspectives
for the design of optical elements as well as their fabrication, such as exploitation of
all three dimensions and rapid prototyping. The ever-increasing number of additive
manufacturing processes and their technological advance require specific adapta-
tions of materials to be printed in order to gain best performance in terms of quality
and throughput. Besides their commercial applications in wafer-level optics, hybrid
polymers are perfectly suited for additive manufacturing of optical and other com-
ponents, in particular using inkjet printing and 2PP-DLW. Therefore, we foresee the
utility of hybrid polymers in the direct fabrication of individualized microoptical
components with high demands on optical and mechanical properties as well as
environmental and long-term stability.

A current challenge in the development of hybrid polymers as optical materials
consists of extending the range of achievable refractive indices and dispersion
without deteriorating the optical performance and reliability. Specific challenges
related to additive manufacturing are the adaptation of hybrid polymer resins to
low-viscosity requirements, as set by, e.g., inkjet printing, as well as the precise
tailoring of optical density, curing speed, shrinkage, and oxygen sensitivity, as
required by laser-assisted 3D printing methods. Fine-tuning of these parameters by
resin synthesis and formulation utilizing sophisticated chemical concepts enables
large improvements in writing speed and resolution [174-176]. In addition, the
simultaneous additive processing of multiple materials with different mechanical
and optical properties [177] and implementation of special material functions
becoming active after fabrication [178—180] hold great promise for future
developments.

We actively pursue the development of hybrid polymers towards these directions
in order to improve established applications and help to create exciting innova-
tions in microoptics and related fields.
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