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Preface

In recent years, the development of additive manufacturing methods has progressed
rapidly. Much of the earlier work focused on realizing mechanical components. But
additive manufacturing technology also holds great potential in the field of optics
because it offers new degrees of design freedom, which allows completely new
approaches to be explored.

High-precision two-photon polymerization is one example of how optical com-
ponents can be manufactured additively. Among other things, this technique enables
the production of microlenses with complex shapes. These microlenses are charac-
terized by high optical quality and do not require post-processing after being manu-
factured. By contrast, realizing larger optical components or elements with very
different material properties has proven to be a challenge. Conventional 3D-printing
systems are used as an alternative. These systems can be used both to produce trans-
missive optics from glass or plastic and to realize reflective metallic objects. Such
printing systems can be used to develop macroscopic optical elements; however,
they typically achieve lower optical quality than two-photon polymerization.

The objective of this book is to present the current possibilities and characteristic
properties of the additive manufacturing of optical components, as well as the cur-
rent challenges and future prospects of this field. Additive manufacturing is shown
to enable completely new solutions in optics, solutions that can be expected to
become even more diverse in future.

Chapter 1 of this book introduces additive manufacturing, with a particular focus
on conventional 3D-printing processes. The key concepts, typical materials, and
various methods of additive manufacturing are described, and their potential appli-
cations are discussed.

The additive manufacturing of reflectors using the SLM process is presented in
Chap. 2. For each application, the lighting requirements are presented and used to
deduce the design parameters of the product. The light distribution produced by a
macroreflector is simulated and validated as an example. The entire additive manu-
facturing process chain is also examined.

Chapter 3 examines the potential of 3D-printed polymer optics. The key focus of
the chapter is a discussion of several completely different examples of additively

vii



viii Preface

manufactured optics to illustrate the potential and limitations of additive manufac-
turing in this area. The 3D printing of macroscopic optical elements such as light
guides, liquid lenses, luminescent optics, random lasers, and mirror elements is dis-
cussed, as well as the inkjet printing of microscopic lenses. This chapter also exam-
ines the development of new additive manufacturing technologies, such as
robot-based printing and the detuning of inkjet-printed lenses within an electric field.

Chapter 4 discusses the additive manufacturing of glass. Glass has shaped the
optics and photonics like no other material. Once silicate glasses became available
for 3D printing, two main approaches emerged: direct 3D printing of low-melting
glasses at high temperatures and indirect glass printing of glass precursors using
technologies borrowed from polymer 3D printing. This chapter discusses how pre-
cursors can be printed at room temperature then converted into transparent glass by
a heat treatment process.

The high-precision 3D-printing technique of 3D lithography by two-photon or
multi-photon absorption is discussed in Chap. 5. This area has developed signifi-
cantly over the past two decades and opens up new possibilities in a wide variety of
photonic applications. Chapter 5 describes the principles of this process, as well as
the materials that can be used for it. It discusses how this method is not only able to
realize refractive and diffractive optics, but also meta-optics extending from the
sub-micrometer range to the millimeter range. This is demonstrated with printed
optics intended for direct use as well as master models for replication.

Chapter 6 presents direct femtosecond laser writing for the manufacturing of
micro-optical components and systems. This chapter primarily focuses on the
design of such components. A selection of imaging and lighting optics are presented
and discussed to demonstrate the potential of this manufacturing technology.

The quality of additively manufactured optics depends on the properties of the
materials that are used. Accordingly, the final Chap. 7 discusses hybrid polymers.
Hybrid polymers are a class of optical materials that combine the properties of inor-
ganic glass and organic polymers. The properties of such polymers can be specifi-
cally adapted, which is desperately needed when printing micro-optical elements.
This chapter therefore considers the chemical concepts of hybrid polymers, as well
as their synthesis and processing. Applications of hybrid polymers to produce
micro-optical and photonic elements using established water scale processes, inkjet
methods, and direct laser writing with two-photon polymerization are also discussed.

The editor would like to thank all contributors to this book for their remarkable
chapters. Special thanks to Dr. Sam Harrison, Editor at Springer, for his assistance
with the creation of this book, and Mr. Murugesan Tamilsevan, Project Coordinator
at Springer, for his skillful management of the production process.

Aalen, Germany Andreas Heinrich
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Chapter 1
Introduction to Additive Manufacturing

Miranda Fateri and Andreas Gebhardt

Abstract Additive manufacturing (AM) works by creating objects layer by layer in
a manner similar to a 2D printer with the “printed” layers stacked on top of each
other. The layer-wise manufacturing nature of AM enables fabrication of freeform
geometries which cannot be fabricated using conventional manufacturing methods
as a one part. Depending on how each layer is created and bonded to the adjacent
layers, different AM methods have been developed. In this chapter, the basic terms,
common materials, and different methods of AM are described, and their potential
applications are discussed.

Keywords Additive manufacturing - 3D printing - Digital manufacturing - Rapid
prototyping - Rapid manufacturing - Rapid tooling - Freeform fabrication
Materials - Manufacturing - Industry 4.0

1.1 Characteristics of Additive Manufacturing Processes

Additive manufacturing (AM)! is generally used (even if there are local designa-
tions in some countries) for directly making (manufacturing, production) of three-
dimensional (3D) objects from digital data. The fabricated objects using AM
represent prototypes or (final) products or parts of it. Commonly the term “three-
dimensional printing” or “3D printing” is used, even as standardized term. In addi-
tion, there are many proprietary and industry-driven terms in use, some of which are
used even generically.

AM complements today’s dominating subtractive and formative manufacturing
methods and hence is called the third pillar of the entire manufacturing technology.

! According to ISO/ASTM52900.
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Subtractive methods use semifinished products such as prefabricated sheets,
straps, or tubes. They show defined properties that do not depend on the impact
direction, which is called isotropic behavior. The desired accuracy of the final parts
is achieved by removing material, e.g., turning, milling, or similar processes, using
machine tools and their embedded control. Subtractive manufacturing is suitable for
all kinds of production such as series production from high-volume manufacturing
down to “one-off fabrication.”

Formative methods apply heat to initially transform the raw material into a pasty
or fused state. Subsequently, solid molds are used to obtain the desired shape (e.g.,
casting). Formative methods usually require higher amount of liquid material than
the final part represents. The costly tool and the reusable material are the reasons
why formative methods are preferably used for high-volume production.

Additive methods generate the material as incremental volume elements and
arrange it according to the desired 3D contour. Subsequently, additively fabricated
parts are made by staggering incremental volume elements. This is done side by
side (following the contour of a part in the x-y area) and on top of another to verify
the 3D contour (z-level). This also is called sandwich method.?

Based on these, the build material and its 3D shape are created simultaneously
which implies that the properties of the material are defined within the manufactur-
ing (printing) process. AM methods do not require part-related tools.

Additive manufacturing process chain: Starting point for all manufacturing pro-
cesses is a complete 3D description of the product. It mainly comprises geometrical
information but increasingly additional information concerning part properties and
production details. It is mainly based on a 3D computer-aided design (CAD) system
and hence is done in the cyberspace. The final result is a 3D data set.

Further, and still in the virtual space, the part CAD models are sliced in the build-
up (z) direction into equidistant layers of which the final parts will be composed.
The layer thickness is determined mainly by final parts desired accuracy, the overall
dimension, and the build material.

Usually the layer thickness is order of tenth of a millimeter. The approximation
of the real and the virtual geometry fits better by choosing a smaller layer thickness.
On the other hand, the layer thickness is limited by the properties of the input mate-
rial such as surface tension of the liquid build material or powder particle size, if
sintering is used.

The contouring of each layer and the shape of the entire part in x-y direction,
respectively, is defined by triangulation using a so-called STL (Standard
Triangulation Language, sometimes also called stereolithography format) data set.
As a result, on its surface, the part shows stair stepping in z-direction and facets in
the x-y plane.

The transition from the virtual to the physical model takes place within the AM
machine, the 3D printer. As indicated before, manufacturing is done layer by layer

>Today layered manufacturing is the only industrially used AM method, but it is not the only imag-
inable one. (Compare to Gebhardt, fifth edition: Sonoluminescence, Elastoviscosity, Ballistic
Particle Imaging, Stratified Object Manufacturing).
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CAD model Slicer software: 3D printer Physical model
Mathematical (machine):
information of Generating the
each layer layers + bonding the

adjacent layers

Fig. 1.1 Additive manufacturing process chain including the executed steps

(see Fig. 1.1). This discussion leads to the definition of “Additive manufactur-
ing”: “Additive manufacturing” defines the automated layered manufacturing of
arbitrary contoured 3D parts from its defining 3D data. AM therefore is the key to
direct digital production in the sense of the “Industry 4.0 strategy.

In the beginning, when AM was called “rapid prototyping,” it solely was about
geometry. Therefore, the approximation of the continuous contour by simple trian-
gulation was sufficient.

Today and increasingly in the future, besides geometry other properties such as
color, elasticity, and transparency are designated to the incremental elements and
must be integrated into the data set accordingly. Therefore, new powerful data struc-
tures like AMF or 3MF are developed and integrated into the software suites.

The principle of AM (the layered technology) can be applied to various different
material classes such as plastics, metals, or ceramics. Therefore, the appropriate
working principle must be implemented by an automated machine (3D printer).
Usually, this includes two simultaneously executed process steps:

— Creating a contoured physical layer according to the sliced virtual one
— Bonding it to the top of the proceeding one

As pointed out, the quintessence of the AM technology is to find a material com-
bination and a fitting mechanism that simultaneously supports the local solidifica-
tion and the desired contouring according to a 3D data set of the part.

1.2 Additive Manufacturing Processes

The technical execution of AM processes is carried out by means of direct layer
manufacturing process. The developed technologies for AM in the market can be
categorized into five main processes. Each of these processes uses different
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methodologies in order to form a solid layer and fabricate the final part by connect-
ing adjacent layers. All five process families are introduced in this chapter.

1.2.1 Stereolithography (SLA)

Stereolithography (SLA) is the oldest and until today the most accurate AM process
within these five families. SLA was invented by Chuck Hull in 1984 and patented in
1986. It was commercialized by his company 3D Systems, Rock Hill, SC, USA. SLA
parts are generated by polymerization of a liquid monomer. With the help of
a Ultraviolet (UV) laser beam, the liquid resin is transferred into a solid state through
polymerization. Thus, corresponding to the part’s contour defined by the 3D CAD
file, scaled solid layers are formed in a layer-wise manner. According to the layer-
wise structure, the part shows stair steps on its outer contour.

A laser-based stereolithography machine consists of a build chamber, filled with
liquid resin (build material), and a laser scanner unit, arranged on top of it, which
generates the contour in x-y direction (build area). The build space contains a mov-
able build platform, which can be lowered in build direction (z-direction).

The part and the additional support structures (which are needed for the parts
fixation and to prevent distortion) are built on a platform which is connected to a
leveling system mounted in a resin bath. The laser beam generates the contour
simultaneously providing the curing of each layer and its connection to the previous
one. The movement of the laser beam is directed by a laser scanner according to the
contour data of each layer. As soon as the laser beam penetrates the surface of the
resin, an instantaneous solidification by polymerization is done. Depending on the
reactivity and transparency of the resin, the layer thickness can be adjusted by the
laser power and the traveling speed of the laser beam.

After solidification of each layer, the build platform, including the partially gen-
erated part, is lowered by the amount of one layer thickness. Subsequently, the next
layer of resin is applied (recoating). Due to the viscosity of the resin, recoating is
supported by a leveling system, e.g., viper of 3D Systems. It should be noted that
the build platform is constructed in a mesh format, in order to avoid a local vacuum
and ease the resin flow and layer deposition. The new layer is then solidified accord-
ing to its contour using a UV laser. The procedure is continued from bottom to top
until the part is completed. Subsequently, the part is cleaned and undergoes a post-
curing step in a UV oven. Post-curing parameters of the manufactured parts such as
curing time and energy vary based on the print material and print volume.

The fully cured parts can be sand blasted, polished, and/or varnished, if required.
SLA fabrication process steps and a SLA fabricated sample are shown in Figs. 1.2
and 1.3, respectively.

Using this methodology, completely closed hollow geometries cannot be built
directly; therefore, resin evacuation through a milled hole is needed as an extra step.
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Fig. 1.2 Laser stereolithography process steps

A recent developed technology by Formlabs builds the part upside down, in
which the build platform moves against gravity. Doing so, after emerging the build
part from the resin, the resin pours out of the part.

Besides the laser-based SLA, other AM techniques such as Digital Light
Processing (DLP) and Polymer Jetting (Poly-Jet Modeling (PJM)) use the polymer-
ization phenomenon by the help of a UV lamp.

In DLP, a projector is used in order to project the images of each sliced layer for
curing the resin by a UV lamp. In this case, whole layer is generated in one step with
no need for scanning components.

In Polymer Jetting, build and support materials are dispensed simultaneously
with a help of a 2D print head equipped with nozzles. Injected materials are cured
by the help of UV lamps which are attached on the sides of the print head. Depending
on the type of the nozzles, this technique enables manufacturing of multimaterials
in different colors.
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Fig. 1.3 Fabricated sample using stereolithography process (source: CP GmbH)
1.2.1.1 Pros and Cons

Polymerization results in very good surface quality and fine details. But it uses sup-
port structures that need to be removed, and the parts mostly need to undergo the
post-curing. The plastic material and its comparably low glass transition tempera-
ture must be regarded as cons if tooling applications are needed.

1.2.1.2 Machines and Manufacturers

Laser stereolithography machines (Viper SLA and iPro SLA Series) and polymer
printers (ProJet Series) are developed by 3D Systems. Polymer Jetting machines
(Eden- and Connex Series) are offered by Objet. Machines using DLP projectors
(Perfactory Series) come from EnvsionTec.

1.2.2 Selective Laser Sintering (SLS)/Selective Laser Melting
(SLM)/Laser Powder Bed Fusion (LPBF)

The terms selective laser sintering (SLS), selective laser melting (SLM), and laser
powder bed fusion (LPBF) use laser energy in order to partially or completely fuse
the powder particles together. SLS was initially developed at the University of Texas
in the mid-1980s.

The SLS/SLM/LPBF machines consist of a build space, filled with powder of a
grain size of approximately 20-50 pm. A laser scanner on top generates the x-y
contour in which each layer is outlined and particles are locally sintered or molten
by a Nd:YAG or CO, laser beam and subsequently solidified due to the heat loss.
Thus, a solid layer is generated. The bottom of the build space is designed as a
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movable piston, which can be adjusted to any z-elevation. After the solidification of
a layer, this piston is lowered by the amount of one layer thickness, which also
means that the complete powder bed and the growing part is lowered simultane-
ously. The free space above the powder bed is refilled with fresh powder which is
taken from the adjacent powder reservoir and flattened by means of a powder
recoater and/or a roller.

After the recoating the piston is lowered by the amount of one layer thickness,
and the build process starts again generating the next layer. The complete process is
continued layer by layer until the part is finalized (see Fig. 1.4). It should be noted
that metallic parts have to be manufactured under inert gas atmosphere.

After the fabrication process is completed, the complete part including the sur-
rounding powder is driven out of the build volume. The removal of the part from the
powder (the so-called break out) is done manually by using a vacuum cleaner and
brushing. In SLM/LPBF, metal parts are fixed with the help of support structures
mainly in order to avoid the part’s deformation. Removing the support structures is
part of the post-processing which is mostly a manual and time-consuming step. An
example of manufactured part with support structures, after support removal and
polishing, is shown in Fig. 1.5.

Due to the nature of this process, SLS/SLM/LPBF allows processing of a wide
range of materials such as metals (see Figs. 1.5 and 1.6), glasses (see Fig. 1.7), and
ceramics.

Plastics are usually limited to only SLS due to their high rate of shrinkage. SLS
of plastics do not require support structures as during sintering they are supported
by the surrounding powder.

The recoating systems are specially adapted to handle the different materials,
e.g., roller systems as well as hoppers for plastics processing and preferably wiper-
type devices for metal processing systems. The leftover powders can be reused for
SLS/SLM/LPBF application after going through the sieving process.

In contrast to SLM/LPBF fabricated metallic parts, SLS fabricated plastic parts
are porous and need to be infiltrated. Final parts can undergo surface treatments
such as manual polishing and varnishing or coloring. Fabricated samples using SLS
of plastic are shown in Fig. 1.8, respectively.

Laser-based cladding, using a single nozzle system and a powder feeder, is a
variation of sintering or melting in the powder bed. Herewith, the powder is applied
directly into the laser beam and molten simultaneously. This process is used rather
for repair than for manufacturing a whole part. The process is also suitable when
higher layer thicknesses are applied. Applications are functional layers, e.g., on
valve seats and local improvement or repair of brake disks and big tools.

1.2.2.1 Pros and Cons

Sintering processes can handle all materials that behave like thermoplastics which
means they melt and solidify if heated and cooled down. Additionally, they must be
available as powders. Sintering and melting enables making interior hollow
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Fig. 1.4 Selective laser sintering/melting process steps

geometries. This opens up the possibility to make hollow parts with internal ducts
to realize conformal cooling strategies.

The comparably rough surface structure is the biggest disadvantage of the pro-
cess. Especially, if metal parts are concerned, support structure removal is an addi-
tional step. Also, smoothening (polishing) the surface is laborious and additionally
may affect its accuracy.

1.2.2.2 Machines and Manufacturers

Laser sintering machines are offered by 3D Systems (Sinterstation sPro SLS Series,
Sinterstation HiQ SLS, Sinterstation Pro SLM Series) and EOS (EOSINT P, M, S).
Concept Laser (M1 cusing, M2 cusing, M3 linear) and MTT Group (MTT SLM
125, 250, 250 HL) name their products melting machines. Generating with a pow-
der nozzle is used by Optomec (LENS 705, 800R) and POM (DMD 105D, DMD



1 Introduction to Additive Manufacturing 9

Fig. 1.5 Fabricated parts using selective laser melting: metallic part with support structures (left);
part after removing the support structure (middle) and after polishing (right) (source: FH Aachen)

Fig. 1.6 Fabricated parts
using selective laser
melting of silver (source:
FH Aachen)

44R, 66R). Low-cost variants are offered by LMI GmbH, Desktop Metal,
und Trumpf.

1.2.3 Fused Layer Modeling (FLM), Commercially: Fused
Deposition Modeling (FDM)

Fused deposition modeling (FDM) is registered as the protected brand name for a
fused layer modeling (FLM) process, offered by Stratasys company, Eden Prairie,
MN, USA.
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Fig. 1.7 Fabricated parts using selective laser melting of soda-lime glass [1]. (source: FH Aachen)

Fig. 1.8 Fabricated parts using selective laser sintering (SLS) of plastic. (source: EOS GmbH)

An FDM machine consists of a sealed and heated build space, equipped with an
extrusion head and a build platform.

In FDM, the build material exists a prefabricated, thin plastic filament of gener-
ally 1.75 or 2.85 mm which is continuously fed into an extrusion head. The extru-
sion head (nozzle) heats up the feed material over its softening temperature by
means of an electrical heater. The softened material is then deposited atop a plat-
form and creates the profile in x- and y-directions.

The platform is subsequently lowered in z-direction by a predefined layer thick-
ness or layer height of typically 0.1-0.3 mm. Afterwards, the nozzle starts extruding
the next layer atop of the pre-deposited profile, and then the build platform is low-
ered again. This process continues until the part is finalized (see Fig. 1.9).

In order to fabricate specific freeform geometries, the build process needs sup-
port structures. These supports are generated by an additional nozzle, which simul-
taneously extrudes the support material that differs from the build material.
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Fig. 1.9 Fused layer modeling process principle

The support materials could be washed away using a corresponding solvent or
broken away manually. In order to dissolve the support material, parts are usually
left in an ultrasonic bath filled with the specific solvent. Some support structures
require to be left in a heated solvent. After supports removal step, parts could
undergo the post-processing which includes surface finishing. This step could to be
carried out by manual sanding and polishing, which is a time-consuming process.
Alternatively, parts could be also polished by being exposed to their corresponding
solvents which merges the print layer surface together. Parts polishing using their
solvents could be done by a liquid or vapor bath process. Common plastic materials
for FDM applications are acrylonitrile butadiene styrene (ABS), polylactide (PLA),
and polyvinyl alcohol (PVA). Their corresponding solvents are acetone, tetrahydro-
furan, and water, respectively.

In FDM, final products might show deflection and distortions. This is mostly
caused by the shrinkage due to the temperature gradients between the freshly depos-
ited softened material on top of already solidified layers. These deflections might
also lead to parts detachment from the build platform. Towards these issues, the
build platform is usually preheated. Ideally, the entire build chamber volume needs
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Fig. 1.10 Fabricated sample using fused layer manufacturing process (source: FH Aachen)

to be sealed and heated up in order to minimize the temperature gradients during the
print process. Available commercial machines in the market offer heated up cham-
bers up to 80 °C. The build platforms could be also coated by polyvinyl acetate
(PVA/PVAc) in order to provide a higher adhesion between the build material and
the build platform. Doing all this, the process can be handled properly and result in
usable parts.

Characteristic properties of FDM parts resemble those of injection molded parts.
They exhibit anisotropic behavior which can be reduced by adapted design and
adjustment of suitable build parameters. The manufactured parts are used as con-
cept models, functional prototypes, or (directly manufactured) products. A sample
of manufactured part using FLM/FDM process is shown in Fig. 1.10.

1.2.3.1 Pros and Cons

The process and the machines are easy to run even in an office environment. The
process is mostly limited to plastics. The parts can be used within the product devel-
opment process. The surface shows a texture due to the extruded strings that changes
according to the orientation of the part within the build space. If used as master
model for follow-up processes, the surface has to be post-processed intensively. The
process requires supports.
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1.2.3.2 Machines and Manufacturers

There are hundreds of inexpensive machines available even in hardware stores that
need a big amount or manual adjustment. Stratasys (USA) offers a wide range of
different professional machines following the FDM extrusion principle. It covers
build spaces with different capacities that allow to process different materials (3D
Production Systems, Fortus 360mc, 400mc, 900mc,). The Dimension series offers
moderately priced so-called 3D printers (1200es, Elite, uPrint).

1.2.4 Powder-Binder Bonding (3DP)

The layer-wise bonding of powders by selective injection of liquid binders into the
surface of the powder bed is called 3D printing (3DP). Sometimes it is named
“powder-binder process,” and referring to the entire process, it also is named “drop-
on-powder” process. The process was developed and protected in the early 1990s by
the Massachusetts Institute of Technology (MIT), Boston, USA, in the 1990s.
Licenses have been granted to Z Corporation (now 3D Systems) and others who
have marketed the process.

In the process, powder is spread atop of the build platform using a roller. The
lower part of the machine contains the build chamber and stores the powder, having
a movable piston for the adjustment of the layer. On top, a plotter-type device with
a commercial print head is arranged, which is similar to a 2D office printer. The
print head travels across the build area and injects the binder according to the actual
contour onto the powder. The layer-forming particles are bonded by the binder and
become one layer of the part. The loose powder supports the part. As opposed to
sintering, this process requires neither heating nor shielding gas.

After solidification of the layer, the piston including the complete powder cake
and the incomplete part is lowered by the amount of the layer thickness. The emerg-
ing space is refilled with fresh powder, taken from the adjacent powder storage by
using the roller (recoating). After finalization of the last layer, the build process is
completed (see Fig. 1.11). The loose powder is removed by vacuum cleaner, soft
brushing, and blowing with air at low pressure.

In a next step this so-called “green part” part needs to be infiltrated by wax or
epoxy resin to improve its strength. The result with respect to stability depends not
only on the material but also on the quality of the infiltration. Frequently, bubbles
are enclosed. Therefore, parts manufactured by 3D printing are not meaningful in
stress tests.

Today, various materials such as plastics, metals, or ceramics are available for
this process. In case of metal, binder is used and has to be removed by thermal treat-
ment and by subsequent sintering to achieve the final mechanical properties.

As suitable binders are to be found for each kind of powder, the range of materi-
als is nearly unlimited, including applications in the fields of food and pharmaceuti-
cal products—though only a small segment currently is commercialized.
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Fig. 1.11 Powder-binder bonding process steps

“Three-dimensional printing” or “3D printing” is becoming the synonymous
term for all AM processes. This is because 3D printing is easily understandable by
the general public familiar with conventional paper printers.

But, the use of two identical terms with different meaning sometimes causes
confusion. Therefore, especially beginners should avoid mixing the two meanings
of the term “3D printing.” A sample of manufactured part using powder-binder
bonding (3DP) process is shown in Fig. 1.12.

1.2.4.1 Pros and Cons

3D printing processes can handle all materials that are available as powders. No
supports are required. Metal processes are multistep procedures that require a sub-
sequent post-sintering process and an infiltration with bronze or another low melt-
ing point metal. The process works at room temperature, thus avoiding thermal
distortion. The comparably rough surface quality is a disadvantage of the process.
Especially metal processes require an intensive post-processing which additionally
affects the accuracy.
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Fig. 1.12 Fabricated
sample using powder-
binder bonding process
(source: FH Aachen)

1.2.4.2 Machines and Manufacturers

The majority of the AM manufacturers offer 3D printing machines for making plas-
tic parts, for example, Z Corp., USA (ZPrinter 310plus, 350, 450, 650), or voxeljet,
D (VX800, VX500).

Prometal developed a family of metal machines, called Direct Metal Printers
(R1 und R2). A so-called densification furnace to drive out the binder and to support
infiltration is available as an extra as well as a cleaning station.

1.2.5 Layer Laminate Manufacturing (LLM)/Selective
Deposition Lamination (SDL)

Cutting contours out of prefabricated foils or sheets of constant thickness according
to the 3D CAD data set and bonding it to the surface of the previous layer is known
as Layer Laminate Manufacturing (LLM) (see Fig. 1.13).

The foils or sheets may consist of paper, plastic, and metal materials. As cutting
tools, laser, knifes, or mills can be used. Bonding of consecutive layers is done by
gluing, ultrasound, soldering or diffusion welding. The majority of the processes
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Fig. 1.13 Layer laminate manufacturing process steps

only need one manufacturing step; a few require post-processing such as compact-
ing by sintering in an annealing furnace.

The LLM process was named laminated object manufacturing (LOM) when
introduced in 1991 and frequently still is. In LLM process, the surrounding areas of
the desired contours have to be cut layer-wise in order to enable the extraction of the
print geometries. Thus, in LLM, relatively high amount of waste material is pro-
duced as depicted in Fig. 1.14. As such, use of LLM for commercial purposes
became limited to use of cheap build materials such as paper. In this context, the
LLM process has been modified further for commercial purposes by MCOR.
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Fig. 1.14 Layer Laminate Manufacturing post-processing steps

Manufactured samples using Layer Laminate Manufacturing (LLM) process are
shown in Fig. 1.15.

The current process (by MCOR), called Selective Deposition Lamination (SDL)
(see Fig. 1.16), uses (standard A4) paper instead of special coated paper on rolls. It
is contoured by cutting plotter using a blade instead of a laser. The sheets are bonded
using standard glue (PVA) by a proprietary procedure of Mcor. Fully colored parts
can be built by an advanced printer with and integrated 2D color printer. A sample
of manufactured part using Selective Deposition Lamination (SDL) process is
shown in Fig. 1.17.



18 M. Fateri and A. Gebhardt

Fig. 1.15 Fabricated samples using Layer Laminate Manufacturing (source: CP GmbH)

Glue attached on
(mostly) contour and
supporting areas

New paper attached on
top and block pressed
First/ new sheet
attached \

Cutting by knife
along the contour

Fig. 1.16 Selective Deposition Lamination process steps
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Fig. 1.17 Fabricated
sample using Selective
Deposition Lamination
(source: MCor)

1.2.5.1 Pros and Cons

Layer laminate processes can process all types of materials that can be processed
thermally or mechanically. The big amount of waste compensates this favor at least
partly and forces the designer to optimize the part’s shape and orientation. The
advantage of LLM processes in general is fast manufacturing of massive parts.

1.2.5.2 Machines and Manufacturers

Cubic Technologies (LOM 1015plus, 2050H); MCOR Technologies, Kira (PLT A3,
A4, Katana); and 3D Systems (LD 3D Printer) offer machines for making parts
from paper or plastics.

Milling machines that process wood-like model materials are developed by
Zimmermann (LMP), while software solutions (and hardware recommendations if
wanted) are offered by Stratoconception/Charlyrobot (rp2i).

Solidica (MI; USA) introduced a hybrid milling and ultrasonic welding machine
that makes dense aluminum parts based on their so-called Ultrasonic Consolidation
process.

1.3 Processing Materials

Using AM a wide range of materials can be processed. Plastics may be unfilled or
filled with glass or aluminum spheres or egg-shaped geometries.

Unfilled plastics are mostly commodities like semicrystalline polyamides from
the PA11 or PA12 type or amorphous plastics such as polystyrene (PS). Further
engineering plastics such as PP, ABS, or PEEK have been introduced and are close
to industrial use. Flame retardant versions are available.
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Table 1.1 Suitable processing materials for different additive manufacturing methods

Material
AM Process Paper |Plastic |Formsand |Metal | Ceramic
Stereolithography (SLA) X X
Selective Laser Sintering (SLS) X (X) (X) (X)
Selective Laser Melting (SLM) X
Fused Layer Modeling (FLM) X (X)
Poly-Jet Modeling (PJM) X
Powder-binder bond (3D printing) X X X X
Layer Laminated Manufacturing (LLM) | X X X
Digital Light Processing (DLP) X X

X common material, (X) uncommon, but possible

New developments use nanoscale particles to improve properties such as durabil-
ity and thermal stability.

Ceramics of nearly any type can be processed. Parts or molds can be made from
ALOs, Si0,, ZrO,, and SiC. Completely sintered parts are made from SizNj,.
Controlled or graded microstructures, for example, zirconia toughened alumina
(ZTA), can be made by depositing a ZrO, slurry onto an Al,O; substrate.

Foundry sands can be sintered directly like plastics as they are prefabricated with
a polymer coating. For off-Earth manufacturing proposes, sintering of lunar and
Martian regolith (sand) has been investigated [2, 3].

For AM of glass components, quartz and soda-lime glass powders have been
studied [4, 5].

Different one- or multicomponent metal powders are available. Available pow-
ders are made from steel, mild steel, tool steel, CoCr steel, titanium, and aluminum.
The particle size varies from 20 to 50 pm. Small particles require a careful handling,
as they may be respirable and explosive.

Reactive powders such as aluminum and titanium require a completely sealed
build space and a closed material handling system flooded with shielding gas.
Suitable processing materials for each AM method are listed in Table 1.1.

1.4 Characteristics of Additive Manufactured Parts

One of the AM advantages is that parts can be arbitrarily complex. As such, under-
cuts or interior hollow structures can be manufactured. When AM is applied for
producing such parts, term of rapid tooling (RT) could be used.

RT was created in the early 1990s. At this time rapid prototyping (RP) was the
umbrella term (or generic name) for all processes. RP solely was used to make
samples or prototypes, both being positives. When the first negatives were made,
mainly by inverting the data, they were used as cavities, dies, and molds or mold
mserts.
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In RT, mostly undercuts are not the problem for tools because they must be
demoldable, but hollow interior structures are the prerequisite of new strategies to
shorten the cycle time such as conformal cooling.

The best suited processes for RT are laser sintering and laser melting which
avoid waste by using only a small amount of additional material than needed for the
intrinsic part. Prominent geometries such as isolated domes, which cause a lot of
waste chips if made by milling, can be made in a cost- and material-effective man-
ner using AM/RT (see Fig. 1.18). RT can be applied for a wide range of metallic
materials.

With regards to RT of transparent objects, LightFab company produces complex,
transparent glass components by using selective laser-induced etching (SLE) pro-
cess (see Fig. 1.19).

Fig. 1.18 Geometry
complexity demonstrated
by an interior hollow
structure (source:

FH Aachen)
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Fig. 1.19 3D nozzles in quartz glass (top); 3D microfluidics inside fused silica for cell sorting
(bottom) fabricated using laser-induced etching process (source: LightFab)
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Chapter 2
Selective Laser Melting of Reflective Optics
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Georg Leuteritz, Marcel Philipp Held, and Roland Lachmayer

Abstract Reflective optics are tremendously useful optical components due to
their negligible chromatic aberrations when guiding light or forming light distribu-
tions. Using Additive manufacturing to realize freeform reflectors with additional
functionality increases the potential of these components for highly efficient optical
systems. In order to maintain the optical function of such reflectors, the relation
between process parameters and part function needs to be accessible. This work
describes a method to identify such relations, and the resulting efficiency is simu-
lated and validated with additively manufactured samples.

Keywords Additive manufacturing - Selective laser melting - Laser polishing
Reflective optics - Total integrated scattering - RMS roughness - Reflectivity
Functional integration - Design parameters - Design limitations

2.1 Adjusting Optics Manufacturing

Optical technologies play a key role in the economy of the twenty-first century. Due
to their enormous field of application, for example, in medicine, data transmission,
metrology, or material processing, the production of optical components, such as
lenses or waveguides, and systems is also being technologically pushed forward.
Here, precision during production is particularly important. The standard shapes of
lenses are first pressed, and then the surface is reworked in such a way that average
surface roughness is achieved in the subnanometer range in order to achieve corre-
sponding imaging properties. However, this post-processing includes, among other
things, polishing steps which are often carried out manually and are therefore lim-
ited to the expertise of the respective processor. In addition, the standard shapes of
the optical components offer no further scope for geometric adjustments or free-
form geometries, which can be advantageous for many applications.

Therefore, miniaturized and function-integrated freeform optics are designed to
reduce the assembly and alignment of many individual components to a minimum
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while increasing the functionality of optical systems and drastically reducing their
size. However, no conventional manufacturing process can be used to realize these
individual components in particular, as the production is usually tied to tools and the
production of numerous freeform optics is therefore linked to an equally large num-
ber of forming tools and is not economically feasible.

In order to avoid the necessity of tools, the focus will be on Additive manufactur-
ing, as it stands out due to its freedom in design of components and is also not bound
to other tools. However, it is foreseeable that Additive manufacturing will not sup-
ply any components that do not require post-processing. The question therefore
arises as to how these two aspects of production can be used in a targeted manner
for reflective optics production.

At this point the legitimate question arises to what extent it may be necessary to
present reflectors as freeform geometry if they are mostly used for light guidance.
Individuality occurs in particular for lighting systems where individual light distri-
butions have to be generated and corresponding optics have to be manufactured.
With regard to scanning systems, which use a laser beam, for example, to scan a
surface to be measured, this freedom of geometry seems to be misplaced. For such
areas of application, potential for function integration on the reflector is sought
apart from the optically functional surface. Thus, the reflector should not only
assume the function of a light-guiding component, but can also be provided with
additional cooling structures to counteract absorption-related heat generation.
Internal structures can also be used to reduce weight or to avoid specific mechanical
vibration modes. Especially with regard to internal structures, additive manufactur-
ing becomes necessary, as undercuts or closed volumes are usually produced with-
out further efforts.

Against this background, the core aspects of optical quality and functional inte-
gration for additive manufactured reflectors are considered in the following chap-
ters. Which evaluation criteria have to be considered in order to evaluate the optical
quality, and which influencing variables are available in order to be able to adjust
them? Which functions can be implemented on a reflector, and which production-
related restrictions are imposed? These and other questions will be discussed in
more detail in the following sections.

2.2 Requirements for Reflective Optics

In this section a brief overview of different applications for reflective optics is given,
which are used to derive requirements for such optical components. These require-
ments are used to specify the optical function of the component that is correlated to
its design parameters. This relation will also be shown. Furthermore the possibility
for functional integration using Additive manufacturing is presented.
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2.2.1 Applications for Reflective Optics

In order to assess which value exists for reflective optics, studies by other research
teams are considered below. In addition, examples are considered in which the
reflectors were not manufactured additively in order to obtain a comparison with
conventional manufacturing processes.

Sweeney et al. examine different metals with regard to the Additive manufactur-
ing of reflectors. As an example geometry, a concave mirror is used, whose entire
geometry was weight-optimized and is thus characterized by internal grid structures
instead of solid material. It is found that the material A1Si10Mg, which is used for
Additive manufacturing, has similar component functions, both mechanically and
optically, compared to Al-6061-T6. Al-6061-T6 is used as standard for the conven-
tional production of optical reflectors. The samples manufactured by Sweeney et al.
have been reworked with precision milling and have an RMS roughness Rq of
7.5 nm [1].

In a work by Jiang et al., a reflector for a headlamp system is developed, the
geometry of which is based on an optical simulation of the desired light distribution.
The requirement for the reflector is to direct the light of the light source, here a HID
D2S xenon lamp, efficiently and with an adapted light distribution onto the road.
The surface of the reflector is facetted, i.e., the total surface of the reflector is divided
into several individual surfaces, which are spatially separated by edges. In this case,
the reflector is manufactured using exclusively conventional methods and has an
RMS roughness Rg of 94.1 nm after production. The geometric deviations are
approximately 500 nm. The light distribution produced by this method complies
with the regulations of the ECE (European standard) and the SAE (American stan-
dard) [2].

The group around Hilpert et al. deals with the design and Additive manufacturing
of reflectors for aerospace applications. The challenge here is to ensure not only the
preservation of the optical function but also the minimization of the mass of the
reflector while maintaining the same mechanical properties. The inner volume of
the reflector made of AlSil2 is replaced by a spongelike structure with the help of
Voronoi cell modeling. The same procedure is used by the group around Mici et al.
[3]. The mass of the reflector is reduced by up to 64.3%, while the requirements for
mechanical strength are still given. Using milling and coating processes, the optical
quality of the reflector is finalized. The RMS roughness Rgq in this case is 0.5—-1.5 nm,
and the form deviation is approximately 80 nm [4].

It is noticeable here that the optical design, i.e., the geometric design of the opti-
cally functional surfaces, is not limited by the manufacturing process and that
Additive manufacturing is only used in the sense of a mechanical adaptation of the
components. The guarantee of the optical function is further ensured by the use of
conventional manufacturing processes.

A central knowledge gap can be derived from the applications described in this
section. Only the design parameters of the reflector after passing through the entire
manufacturing chain are reported, but not the values of the design parameters of the
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reflectors directly after Additive manufacturing. An evaluation of the capacities of
Additive manufacturing with regard to the production of optical reflectors has there-
fore not been carried out. In addition, Additive manufacturing is mainly used for
mechanical modifications, whereby the optical surfaces are designed with respect to
conventional manufacturing processes.

2.2.2 Geometry

The geometry of reflective optics primarily depends on where they are installed in
an optical system, since their function always remains the same—to guide light and
form light distributions. If the reflector is located directly at the light source, it usu-
ally encloses the light source and guides the light collimated in the direction of the
optical axis. These standard optics have parabolic, hyperbolic, or spherical geome-
tries and thus have a three-dimensional optical functional surface. The light source
is usually located in the focus of the optics in order to achieve collimation [5].

Reflectors, which are placed directly at the light source, not only have the effect
of collimation but also increase the efficiency. An example is an LED with a
Lambertian emission profile. If a collimating lens is used directly after the LED,
only a part of the light according to the NA is collimated by the lens. The rest propa-
gates past the lens. With additional reflective optics, light can be captured at large
beam angles and guided to the collimating lens, thereby increasing the optical
efficiency.

For reflective optics, which are arranged after the light source, flat surfaces usu-
ally result, since the light path is directed in the desired direction by reflection of the
light rays. Concave or convex optics can also be used to introduce additional colli-
mation or divergence effects.

2.2.3 Relation Between Design Parameters and Functionality

In order to be able to evaluate a component independently of its functionality and
thus render it comparable to other parts, design parameters are introduced. These
design parameters are [6]:

e Number

e Shape

» Tolerances

e Material

* Topology

e Surface roughness

On the basis of these parameters, first investigations can be carried out, which
can be connected in the next steps with the functionality of the component. The
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reflectivity of a component will be influenced by the roughness and the material of
the component. For optics, four different surface processes can be characterized
without considering nonlinear optical effects. These are transmission, absorption,
reflection, and scattering. For each of these quantities, the corresponding degree can
be determined, which indicates the percentage of light influenced by the respective
effect. For most reflective optics, transmission is not required, as these are not trans-
parent materials, but mostly metals or coated polymers. Ceramic optics can also be
used. For reflective optics, the target values of reflectivity (mirrors) and scattering
(Lambertian samples) remain. Absorption is thus declared as a disturbance variable.
The target quantities are to be adjusted according to their application, and the dis-
turbance quantities are to be minimized. Above all aluminum and silver are used as
reflectors for their high and relatively constant reflectivity of over 90% (when prop-
erly polished) in the visible range of electromagnetic radiation. The rest of the light
is converted into thermal energy by absorption. For reflective optics it is now neces-
sary to investigate the influence of the design parameters on its functionality.
Therefore the approach of total integrated scattering (TIS) is introduced. In this
case, the proportion of scattered light on a reflective surface is calculated. The equa-
tion for this is [7]

4ﬂcos(9)Rq ]Z

TIS=R, - 1—e7( ’ @.1)

TIS total integrated scattering, R, reference reflectivity, ® incident angle, Rq
RMS surface roughness, 4 wavelength of the incident light.In order to work with the
TIS model, a reference measurement must be available which describes the reflec-
tivity of a perfectly flat surface of the same material of which the component is to
be made. This reflectivity represents the maximum value of the material. In Fig. 2.1
the spectral reflection for a perfectly smooth aluminum surface is shown.

In this measurement, both reflectivity and absorption of the material are deter-
mined and further used for the model. From the above equation, the roughness and
its reference reflectivity can now be used to determine the proportion of scattering
for rougher surfaces. Using a hypothetical surface with an assumed reflectivity of
85% at a wavelength of 550 nm, the following relationships can be calculated at an
angle of incidence of 45° (Fig. 2.2).

The design parameters “material” (influences the reference reflectivity) and “sur-
face roughness” are therefore decisive for the reflectivity. In addition, it quickly
becomes clear that the surface roughness requirement for high reflectivity is very
demanding. In order to convert 50% of the light into scattering, an RMS roughness
of 50-100 nm is required, depending on the considered wavelength. This places
high demands on the production of reflective optics. The extent to which Additive
manufacturing is able to realize this will be examined in more detail in the following
sections.Furthermore, the optics may have to have an imaging character and gener-
ate predefined light distributions. Reflectivity continues to play an important role
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here, but manufacturing tolerances also need to be taken into account, as these affect
the light distribution. For conventional optics, tolerances of 0.1-0.2 mm are speci-
fied, which results in a second target value that must be met by Additive
manufacturing.

2.2.4 Reflector Design for Additive Manufacturing

Additive manufacturing is mainly used for the layer-by-layer generation of compo-
nents. Different processes are used depending on the material and aggregate state of
the starting materials. When using Additive manufacturing, however, the question
always arises as to the extent to which this technology is suitable for a particular
component with specified application. In order to weigh up the relevance of this
technology, the design objectives for which Additive manufacturing can be used are
listed below. These design objectives (Table 2.1) are listed below [9].

If one—or better several—of these design objectives are achieved by Additive
manufacturing, the component is particularly suitable for this process. For optical
reflectors, function integration and material savings should therefore be named as
main design objectives. If these are also imaging optics, the design of the reflector
can also receive a higher weighting.

Figure 2.3 shows a flashlight reflector that has been equipped with several func-
tions as a result of geometrical adaptations in order to show the potential of func-
tional integration.

For this reflector, interfaces (e.g., with the housing) were first defined and the
possible functions with which the reflector can be additionally equipped identified.
The several functions can be structured in a design catalogue and transferred to
other applications [10]. Whether the reflective surface of the component can be
affected by functional integration depends on the individual application.

2.3 Additive Manufacturing: Selective Laser Melting

In order to render the content of the following chapters more comprehensive, in this
section the process of selective laser melting (SLM) will be examined in more detail.

A powder with the previously defined layer thickness is applied via a re-coater.
A laser beam with appropriate scanner optics selectively melts the applied powder
and thus creates the first layer of solidified material. The building platform is low-
ered by one layer thickness, and the next layer of powder is applied. The process is
repeated until the component is finished. All weldable metals are suitable as materi-
als for this. Polymers can also be processed using this process, but in this case, the
material is sintered, which makes the term selective laser sintering more fitting.

In order to be able to adjust the melting process, various process parameters are
available. These include laser power, scanning speed, layer height, hatch distance,
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Table 2.1 General design objectives for additive manufacturing

Design objective Description

Material savings Reduction of processed resources based on geometrical adaptations and
material redistributions

Functional Increasing the number of functions for a single component

integration

Force flow Optimized material distribution according to the load applied on a

adaptation component

Thin walls Reduction of processed material by using inner structures

Mass customization | Customer-based individualization of a component

Design Realization of freeform components

Net shape Manufacturing of components based on simulation results

geometries

Integrated channels | Implementation of inner channels for different applications, e.g., cooling

protective element lens mount integrated housing

l

cooling structures thread

Fig. 2.3 Function-integrated flashlight reflector; the parabolic reflector surface is protected by an
additional transparent window. Additional mounting options for collimating lenses are added as
well as channels for passive air cooling. A thread serves to mount the reflector without additional
housing elements

and many more. These process parameters influence the design parameters of the
component and thus the functionality of the optical component. In this way, a chain
of effects can be established which must be investigated.

In order to examine the process parameters specifically for their influence on the
surface roughness, the process window must first be defined. By determining the
process window, the selection of settings for the process parameters can be drasti-
cally restricted.
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Care must be taken to ensure that such a process window changes not only with
the materials used but also with the respective production machines. A change in the
process gas, for example, also changes the process window. In order to determine
the process window despite the large selection of process parameters, certain pro-
cess variables can be combined to form a new variable. This variable is the energy
density ¥ and is described below (Eq. 2.2) [11]:

Y= 2.2)

P laser power in W, v scan velocity in mm/s, d hatch distance in mm, & layer
height in mm.

Using the energy density, it is now possible to set up a process window, which is
generally divided into three areas [12]:

1. Too high energy densities mean that the material is liquefied too much, and a
metal drop bulges due to its surface tension in such a way that it becomes higher
than the actual layer thickness (balling effect). During the next coating process,
the coater collides with this already solidified drop and thus destroys the printing
bed, possibly by tearing out the component.

2. Too low energy densities lead to only partially melted particles which are not
connected to each other, and therefore the component cannot be produced.

3. Sufficient energy density to melt the metal powder and process it into a mechani-
cally stable component.

An example process window is shown in Fig. 2.4.

In order to identify the influence of the parameters on the surface roughness of
the component, parameter studies are carried out, and the resulting components are
examined for the necessary design parameters. The geometry of the components to
be examined should be taken into account. These can be simple test specimens
whose results are projected onto the actual components.

In this case, a sample geometry is used which takes up the essential aspects of the
reflector geometry. This includes the assumption that reflectors do not take up more
than one hemisphere and thus only angles of up to 90° to the building platform are
required with appropriate alignment. In addition, it should be avoided that the opti-
cally functional surfaces have to be provided with support structures in order to
minimize the post-processing effort and to be able to quantify the evaluation of the
surface directly after additive manufacturing. In addition, the radius of curvature of
the reflectors is approximated by several discrete steps. Figure 2.5 shows a sample
geometry with seven differently sloped steps at 15° each, thus providing one plane
each for measuring the samples.

The measured roughness can be composed of several effects of different orders
of magnitude. Depending on the process, the surface has trenches that result from
the sequence of melted lines. This depth and width of the trenches thus depends to
a large extent on the layer height and the line spacing. The maximum depth that can
be reached by the trenches is the layer thickness itself, when individual lines are
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Fig. 2.4 Process window for the used SLM machine; areas of too high (> 60 J/mm?) and suitable
energy density can be identified with a constant laser power of 370 W and a constant layer height
of 30 pm
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Fig. 2.5 Geometry of the samples for the general investigation of the surface properties of additive
manufactured components

tangent to each other. Typical layer thicknesses for SLM are approximately 30 pm
and thus represent the upper limit of this roughness effect.

The only partial melting of the metal powder particles exerts a further influence
[13]. The particles form elevations on the surface and vary with their grain size and
degree of melting. The particle size is in the range of 1-20 pm. Therefore, the maxi-
mum contribution of partially melted powder to surface roughness is lower than that
of grid lines.
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With sloped surfaces, the staircase effect is present, which is geometrically
caused by the layered structure [14]. Since the component cannot be rotated in the
installation space using the SLM process, sloped surfaces must be approximated by
steps which have an immense influence on the surface roughness. The influence of
the steps depends on the layer thickness and the angle of the surface and can lead to
a deviation from the target geometry of more than 50 pm.

An example of results of the parameter studies can be seen in Fig. 2.6.

One quickly realizes that an enormous amount of measurement data is collected
to characterize the process and its effect on the component surface. As a result, it is
difficult to ensure that the process parameters can be set to produce a global mini-
mum for surface roughness. At the same time, there is the challenge of basically
meeting the requirements for the component, i.e., RMS roughness in this example.

For these reasons, a database is set up to serve as a process configurator. The
results of the parameter studies are fed in, and missing values are approximated
linearly. This rather course approximation is seen fit due to the high standard devia-
tions. Functional correlations cannot be identified without introducing high errors in
the fit parameters.

0 15 30 45 60 75 90
oo b b b e b e b
= ® Rgx tj -
4| ™ Rqy 3
40 L 40
4 ¥ L
30 L 30
g N -
= 4 L
= °
o— - it L
=20 20
& L
10 L 10
0 L L e e e e e e B e e B e LN B S B S B B B 0
0 15 30 45 60 75 90

surface slope in °

Fig. 2.6 Results of the parameter studies; the surface angle has an increased influence on the RMS
roughness Rq due to the staircase effect. In addition the anisotropy of the additive manufacturing
process leads to different roughness values for different directions
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The database allows process parameters to be set in such a way that any rough-
ness between the minimum and maximum measured roughness can be implemented.
In addition, the process can be inversed, so that the input is a given roughness and
the database calculates the best process parameters in order to configure the process
according to the requirements.

The roughness value can also be coupled with a reflectivity via calculation by
TIS. Since this reflectivity changes with each individual roughness value, the simu-
lation of the components is made more difficult because only standardized surfaces
are available for simulations. With the database, however, it is possible to addition-
ally create a file as a coating, which contains the predicted reflectivity value, and
thus the components can be simulated according to the manufacturing results. The
flowchart for the process configurator can be seen in Fig. 2.7.

With the help of the database, it is thus possible to map the production capacities
of SLM and to specifically adjust the process. The more parameter studies are car-
ried out, the more accurate the database becomes, as the linear approximations
become more accurate. It can also be extended by any target value. Thus it is pos-
sible to integrate form and position tolerances or even to introduce other production
plants in order to be able to carry out the production of other optical, mechanical,
and other components in a targeted manner. However, it quickly becomes apparent
that additively manufactured components do not correspond to the required rough-
ness values without further treatment, which are intended for reflective optics.
Therefore, additional process steps must be carried out to ensure the optical quality.

Especially the post-processing is of special importance for the Additive manu-
facturing of optics. In contrast to mechanically stressed components, reflective
optics mainly depend on the quality of the surface, which means that any

Parameter studies Data implementation Linear approximation Data base

P G ——
I
| User requirements I . ”
T Synthesis Process configuration
:Surface roughness, process parametersj

Transferring data as
virtual coating

Export to ZEMAX

Fig. 2.7 Flowchart for the implementation of a process configurator based on a database with the
capability of creating suitable files for further optical simulation
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post-treatment of the surface is in the foreground of this process step. If the Additive
manufacturing is considered alone, RMS roughness values of 20-25 pm result,
which lead to a reflectivity far below 1%. In order to remedy this deficiency, addi-
tional post-processing methods are considered, the influence of which on the sur-
face of the material will in turn be part of the process database.

The post-processing methods can essentially be divided into three different cat-
egories: subtractive/abrasive, additive/coating, or forming. Subtractive processes
are traditional mechanical finishing processes such as milling or polishing. Additive
processes provide for the application of additional materials, e.g., during coating.
Forming processes, such as laser polishing, use energy input to change the material
properties without removing material or applying new material.

Based on the requirements placed on the reflector, the post-processing methods
can now be selected and applied. However, this chain of argumentation is accompa-
nied by an enormous risk potential: Is the component geometry accessible for the
post-processing procedure? The extent to which this question affects the process
chain and the geometries of the reflectors is described in the following section.

2.4 Additive Manufacturing of a Reflector Array

In order to demonstrate the feasibility of the process configurator, the results gained
from the parameter studies shall be transferred to a reflector array that is applied on
an existing LED array.

2.4.1 Design of a Reflector Array

To validate the process chain, a paraboloid reflector array for front projection is
designed for a high-performance LED matrix. The light sources of the LED matrix
are 48 high-power Wicop-C LEDs from Seoul Semiconductor. These are arranged
in a 6 x 8 matrix with a pixel pitch of 4.6 mm, have a light emission area d x d of
1.12 x 1.12 mm?, and generate approx. 225 Im per LED. Assuming that the reflector
contacts the printed circuit board flat, the height of the LED can directly determine
the required focal length of the reflector to f = 0.8 mm (see Fig. 2.8). Each LED can
be controlled individually so that all reflector geometries can be measured
individually.

Apart from the LED array itself, which presents a given set of boundary condi-
tions for the design of the reflector array, it has also to be taken into account that the
post-processing method influences the design of the reflector array.

Figure 2.8 shows two different reflector array designs for the mentioned LED
array, which strongly differ in their geometry. The left design is suitable for a mill-
ing treatment after the SLM process. Here, the process restrictions are set by the
SLM process rather than by the finishing process, which means that there are
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Fig. 2.8 Comparison between two reflector array designs with inner cooling structures based on
the finishing method. Left: array suitable to be processed with further milling treatment. Right:
array suitable for further laser polishing treatment (cw mode)

minimal wall thicknesses of 0.3 mm and the cooling channels are designed in a way
to avoid support structures. In general the design restrictions for SLM apply to this
design, since the restrictions induced by the milling process are lower in their mag-
nitude regarding geometrical limitations. Using the given wall thicknesses, it is pos-
sible to create reflectors with a length of 0.58 mm for each LED that are cooled by
the inner structures. The cooling channels lead not only to an additional function of
the array but also to a reduced weight and the sheer necessity for Additive manufac-
turing, since they cannot be efficiently manufactured otherwise.

The right design shows an array that has been made suitable for laser polishing
with continuous wave (cw) radiation. Since laser polishing is based on the remelting
of the surface and the followed smoothing as a result of the surface tension, there are
other design restrictions to be considered. The penetration depth of the remelting
process is about 0.36 mm with the used set of parameters, but to ensure a sufficient
heat flow, the wall thickness should be set to an empirical value of 1 mm in order to
prevent heat accumulation. It should be kept in kind that this value does not
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represent the minimal value, but a value that ensures a smooth operation of the laser
polishing process. The minimal wall thickness depends not only on the process
parameters for laser polishing but also on the geometry and material of the
component.

However, with a minimum wall thickness of 1 mm, it is not possible to imple-
ment a reflector for every LED. Therefore only every second LED in every second
row is equipped with a reflector, which reduces the overall amount of reflectors to
one fourth of the original amount. The benefit of having less reflectors is the possi-
bility to increase the length of each reflector, here up to 5.28 mm, with regard to the
wall thicknesses. Additional cooling structures again increase the usefulness of
Additive manufacturing.

In order to exploit the design freedom of SLM, the possibility of functional inte-
gration is considered for the reflector array, using the design catalogue from [10].
Most of the listed functions cannot be implemented due to the low height of the
array (corresponds to the length of the reflector elements) of 1.25 mm and the high
density of reflector elements; otherwise the manufacturing restrictions for wall
thicknesses, as well as overhangs and associated support structures, cannot be main-
tained. Ignoring these restrictions can result in component defects, such as cracks,
holes, or other defects that endanger the function of the array.

Two functions of the design catalogue are used for the reflector array with 48
elements. Firstly, mounting aids such as drill holes can be provided to ensure the
connection between the LED and reflector array. On the other hand, cooling chan-
nels are integrated to reduce the power dissipation of the LEDs.

14 side openings and thus 14 cooling paths for the array are implemented, which
lead to 6 separate outputs inside. These outputs are each located at holes in the LED
array, which are used to feed coolant into the cooling channels. The cooling chan-
nels have a drop-shaped cross-section to be manufactured without support struc-
tures, provided that the array is built with the reflector surfaces in building direction.

The cooling channels are deliberately not laid in a meandering pattern around the
paraboloids in order to be able to free them from residual powder after production.
The integration of further functions for the reflector array is not planned due to the
small thickness of the array, since, for example, channels for fiber guides cannot be
integrated into the array due to their size. Electrical functions are not important due
to the already existing LED array, since all necessary electrical functions are already
covered by the LED array.

The functional integration on the variant of the array with 12 elements is adapted
so that the number of cooling channels is reduced to 4 and the holes for mounting
the previous array are retained.

The channels are dimensioned larger and are provided with a triangular cross-
section instead of a drop-like cross-section, since this fills the spaces between the
paraboloids more effectively in order to ensure cooling near the surface. Once again,
a meander-shaped course is avoided in order to be able to clean the channels better
after production.
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In addition, cut-outs are implemented which are used for the LEDs which cannot
be provided with a paraboloid to embed them. These 36 notches are located on the
bottom of the array in a matrix pattern.

2.4.2 Validation of a Process Configurator

The reflector geometries can be mounted directly on the board as shown in Fig. 2.9
to ensure an exact alignment. In the following, only 2 x 2 LEDs in the center of the
matrix (Fig. 2.9, framed in blue) are operated in order to keep simulation and mea-
surement times short.

The maximum reflected fraction of the luminous flux @, can be described similar
to the transmissivity fraction [15] with Eq. 2.3:

() 1
ER=1—®F:5(1+COSZSI) (2.3)

The angle ¢, defines the fraction of the light emission not deflected by the reflector
(see Fig. 2.10).

Using the angle ¢, the reflector diameter (Eq. 2.4) and the reflector length
(Eq. 2.5) can be determined according to

d= _4f (1+cose,) 2.4)
sing,
PR 2.5)
2tang,

Figure 2.11 shows the effective fraction of the reflected luminous flux @, for reflec-
tor length / and reflector diameter d. Both parameters have been normalized to the
focal length. In the present case, the maximum diameter d* is geometrically limited
by the pixel pitch of 4.6 mm and the focal length f= 0.8 mm to d* =5.75 mm, which
results in a maximum length for a parabolic reflector system of /* = 1.04 mm. The
maximum length for a parabolic reflector system is therefore the same as the maxi-
mum length for a parabolic reflector system. This corresponds to a useful share of
the luminous flux of @, = 11.7%. However, certain minimum wall thicknesses are
required for post-processing the reflectors, so that the maximum reflector diameter
must be reduced to d* = 5 mm. As a result, the maximum reflector length is now
only /* = 0.58 mm, so that the useful fraction of the luminous flux is reduced to a
maximum of @, = 5%.

In order to adjust the geometry of the array so that it is suitable for laser polishing
in cw mode, both the distances between the paraboloids and the wall and base thick-
ness within the array must be increased to at least 1 mm. As a result, the array no
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Fig. 2.9 Image of the measurement setup consisting of a 6 x 8 high-power LED matrix and
printed reflector array

Fig. 2.10 Geometric characterization of the paraboloid reflector. x = edge length of the LED,
&; = nonreflected angle of a beam, f'= focal length, d = reflector diameter, / = reflector length

longer has the original 48 reflector elements, but the number is reduced to 12 reflec-
tor elements.

By reducing the number of reflector elements, their size can now be increased in
order to redirect a larger portion of the luminous flux through the array. With the
condition that the minimum distance between the reflector elements should be 1
mm, a maximum diameter d* of 8.22 mm is thus achieved. The resulting length /*
of a reflector element is thus 4.28 mm, and the undetected angle range ¢, is reduced
from 77.32° to 43.84°. Thus the portion of the collected luminous flux is increased
from 5 to 52%.

By increasing the reflected part of the luminous flux, it is shown that this reflec-
tor geometry is better suited to increase the efficiency of the optical system.
However, it must be taken into account that only 25% of all LEDs can be operated
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Fig. 2.11 Reflector diameter and length as a function of the reflected fraction of the luminous flux

with this reflector array. Compared to the array with 48 elements, the proportion of
the detected luminous flux is thus increased by a factor of 10.8, and the number of
reflector elements is reduced by a factor of 0.25. In terms of power dissipation, the
12-element version is therefore to be preferred, but the function of the LED array is
significantly impaired, since only a quarter of all light sources can be used.

For the prediction of the reflection properties of new parameter studies, the
already recorded roughness values of previous studies are transferred to the optical
simulation program Zemax OpticStudio as a coating.

The previously described reflector geometry in Fig. 2.10 is imported into Zemax
in STL format. The LEDs of the matrix are represented by an ideal square emission
area with corresponding dimensions and ten million beams each. To simulate the
reflection properties, the reflector array is provided with a surface coating which
simulates the measured reflectivity. The resulting light image is projected on a
detector in a distance of 1 m.

For the following example, an unprocessed reflector array with a roughness value
of Rg =32 pm and a roughness value of approximately Rg = 1 pm is simulated. The
latter corresponds to a treatment using a ball milling tool.

The maximum possible reflected fraction of the luminous flux corresponds to
5%, which corresponds with the geometry shown in Fig. 2.10. Therefore, the fol-
lowing Egs. (2.6) and (2.7) can be used to determine the reflectivity of the reflectors:

dR = [w].loo% (2.6)

Reflective

R— dR
dR

max

-100% 2.7)
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Table 2.2 shows the simulation results for an ideally absorbing, an ideally reflecting,
and three manufactured reflectors. The resulting values of the reflectivity gained
from the parameter sets and the simulations coincide. The simulated reflectivity and
the values gained from the database mostly match. Only for the untreated reflector,
the values deviate from each other since the reflectivity is very low and the simula-
tion cannot reproduce such small values. All in all the data from the database can be
transferred to a simulation environment without significant errors.

In Table 2.3 the measured values of the luminance camera are compared with the
simulation values. It can be clearly seen that for the untreated reflector arrangement,
there is a deviation between simulated and measured luminous flux of 0.04%. The
agreement between the simulation and measurement results is high. It must be taken
into account that only a small proportion of the light can be deflected through the
array by this reflector array variant (48 elements), which means that measured val-
ues close to the minimum luminous flux can be expected and thus the functioning of
the process configurator cannot be clearly checked. Furthermore, the consideration
of the simulated reflectance negates the fact that the process configurator calculates
a value of 107'3% and this value cannot be validated due to the measurement inac-
curacy of the test setup.

The reflector array refined with a spherical milling cutter is very well represented
by the simulation, as the measurement deviates from the simulation results by only
1%. The dependence of the surface inclination is not applicable in this case, because
the milling process homogenizes the surface roughness over the reflector surface
and therefore there is no dependency on the surface slope. However, analogous to
the unmachined array, it should be noted that only very small portions of the lumi-
nous flux can be deflected by the array and thus the influence of the array is small.

The laser polished array with 12 elements is measured with a deviation of 55%
for simulation. Analogous to the spherically milled array, there is no surface slope
dependence of the roughness and thus of the reflectivity in this case. However, an
oxidation of the surface is caused by the polishing process. Even if this layer is
treated by laser cleaning, residues of this oxide layer on the surface can be identi-
fied. There is an increased absorption on the reflector surface due to this residual
layer, which leads to this deviation of the simulated and measured luminous flux by
55%. Due to the changed geometry of the paraboloid compared to the array with 48
elements, this array is also more affected by the simplification that the reflectivity is
only valid for a single angle of incidence according to the TIS model.

The simulation of the parameter sets can be performed very well with a deviation
of 1% and less in comparison to the measurement results. It is important that the
number of simulation beams is not too small, as otherwise the random generation of
the beams in combination with a small number of rays provides too large variance
in the results. This can cause untreated reflectors with single-digit reflectance to be
represented incorrectly. Alternatively, a measured ray file can be used. In the pre-
sented case, a reliable result could be achieved with a number of ten million beams
per LED.



42 G. Leuteritz et al.

Table 2.2 Simulation results for different reflector samples

Post-processing (# Reflected fraction Reflectivity | Parameter set reflectivity
reflectors) dR R Ru

Ideal absorbent 0% 0% -

Ideal reflective 5.05% 100% -

Untreated (48) 0.06% 0.01% 107%%

Ball-milled (48) 0.75% 17.7% 15.9%

Laser polished (12) 20.7% 8.5% 8.8%

Table 2.3 Measurement results

Post-processing (# reflectors) | Simulated luminous flux | Measured luminous flux | Deviation
Untreated (48) 852.3 Im 852 Im 0.04%
Ball-milled (48) 859.4 Im 851.2 Im 1%

Laser polished (12) 691.7 Im 380 Im 55%

2.5 Challenges for SLM of Reflective Optics

As described in the last few chapters, the usage of database process configurator
proves helpful in having precise predictions about the outcome of optical function-
ality of reflective optics. The configurator gets more accurate with each measure-
ment taken with manufactured samples, and the simulation of the optics creates
promising and reliable results. However, the requirements for reflective optics have
not yet been met without having an increased effort in post-processing. It is not yet
possible to produce reflective optics without having several separate process steps
that lead to demounting and remounting the components and the corresponding
additional effort in alignment. But there is still potential in improving the SLM
process in order to decrease surface roughness and therefore increase the optical
quality of the components.

Laser polishing is a very promising finishing method since it is not of a subtrac-
tive kind, but it transforms the surface by remelting. There is no loss in material and
no contamination by removed material, nor is there any need for additional materi-
als. But due to the process restrictions of cw-mode laser polishing, it is not possible
to manufacture miniaturized optics, since the material thickness at the optical sur-
face has to be too thick. Using pulsed laser radiation would solve this problem,
because the penetration depths for this kind of laser polishing are lower than the
penetration depths for the cw mode, and in addition, the surface roughness decreases
even more, since the polishing effect only occurs within the focal volume, which is
only a few microns. The pulsed laser radiation is only suitable for surfaces with an
Rq of approximately 1 pm, which is why it often follows the cw-mode treatment. If
this sequence is kept, the process restrictions of the cw mode still have to be
considered.

Having this in mind, it is only plausible that the SLM process has to be optimized
in a way that the surface roughness is reduced to an amount that allows a direct
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treatment with pulsed laser radiation. The three main causes for the high surface
roughness are partially melted particles, the staircase effect, and the structures origi-
nating from the spacing between the molten lines. The effect of partially melted
particles can be reduced by using powder compositions with decreased grain size
distribution, only allowing maximal grain sizes of about 10 pm. The staircase effect
can be limited, when the component is movable within the building space. The
radiation can always propagate perpendicular to the components surface and there-
fore reduce the approximation of tilted surfaces.

Considering these approaches, the building platform and the scanning system of
an SLM system can be improved by providing more kinematic degrees of freedom,
for example, by using hexapods as building platforms. However, the SLM process
still uses a powder bed, which is easily destroyed by moving parts in the building
room. A suitable concept for such an integrated SLM system is still missing, but
when found it promises to introduce us to a new level of optics manufacturing.

References

1. Sweeney, M., et al. (2015). Application and testing of Additive manufacturing for mirrors and
precision structures. In M. Krodel, J. L. Robichaud, & W. A. Goodman (Eds.), Material tech-
nologies and applications to optics, structures, components, and sub-systems II (p. 957406).
Bellingham: SPIE.

2. Jiang, J. B., etal. (2006). Design and fabrication of freeform reflector for automotive headlamp.
In 2nd international conference on power electronics systems and applications (pp. 220-224).
Piscataway: IEEE.

3. Mici, J., et al. (2015). Optomechanical performance of 3D-printed mirrors with embedded
cooling channels and substructures. In A. E. Hatheway, editor. Optomechanical engineering
SPIE. S. 957306 .

4. Hilpert, E., et al. (2018). Precision manufacturing of a lightweight mirror body made by selec-
tive laser melting. Precision Engineering, 53, 310-317.

5. Wolf, A.. (2016). Laserscheinwerfer fiir Kraftfahrzeuge. Garbsen: TEWISS—Technik und
Wissen GmbH Verlag. isbn: 978-3-95900-121-2.

6. Roth, K. (2000). “Konstruieren mit Konstruktionskatalogen”, Band I: Konstruktionslehre
(3.Aufl. ed.). Berlin: Springer-Verlag.

7. Elson, J. M., Rahn, J. P, & Bennett, J. M. (1983). Relationship of the total integrated scatter-
ing from multilayer-coated optics to angle of incidence, polarization, correlation length, and
roughness cross-correlation properties. Applied Optics, 22, 3207-3219.

8. Bass, M. (1995). Handbook of optics. New York: McGraw-Hill.

9. Lippert, R. B., Leuteritz, G., & Lachmayer, R. (2017). An approach to implement design
for Additive manufacturing in engineering studies. In Proceedings of the 21st international
conference on engineering design (ICED17), Vol. 5: Design for X, Design to X, Vancouver,
Canada, 21-25 August, 2017. issn: 2220-4342.

10. Leuteritz, G., Rohling, M., & Lachmayer, R. (2018). Functional integration for additively
manufactured reflectors. In DGaO proceedings.

11. Zghair, Y. A., & Leuteritz, G. (2017). Additive Repair von Multimaterialsystemen im
Selektiven Laserstrahlschmelzen. In R. Lachmayer & R. B. Lippert (Eds.), Additive
Manufacturing  Quantifiziert—Visiondre ~Anwendungen und Stand der Technik
(pp. 195-215). Springer Vieweg Verlag.



44

12.

13.

15.

G. Leuteritz et al.

Kruth, J.-P,, et al. (2005). Binding mechanisms in selective laser sintering and selective laser
melting. Rapid Prototyping Journal, 11, 26-36.

Liu, B., et al. (2011). Investigation the effect of particle size distribution on processing param-
eters optimisation in selective laser melting process. Additive Manufacturing Research Group
Loughborough, 227-238.

. Wang, W., et al. (2016). Improved surface quality in 3D printing by optimizing the printing

direction. Computer Graphics Forum, 35, 59-70.
Held, M. P, et al. (2020). Hochauflosende LED-Scheinwerfer fiir Kraftfahrzeuge. Garbsen:
TEWISS—Technik und Wissen GmbH Verlag. isbn:978-3-95900-439-8.



®

Check for
updates

Chapter 3
3D Printing of Optics Based
on Conventional Printing Technologies
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Abstract This chapter describes the potential of 3D-printed optics based on con-
ventional printers. The materials used in the Additive manufacturing of plastic
optics are first presented using the example of photopolymerization. The character-
ization of additively manufactured components is then discussed. For samples,
“post-processing” proves necessary, especially with regard to their surface struc-
ture. Another aspect is the resulting inhomogeneity in the refractive index, which is
presented in detail. The key focus of the chapter is a discussion of completely differ-
ent examples of additively manufactured optics to illustrate the potential and limita-
tions of additive manufacturing in this area. Starting with light-guiding elements,
the advantages and disadvantages of a range of 3D-printed imaging systems are
presented and discussed. The potential of 3D-printed liquid lenses, freeform lenses,
volumetric displays, and mirror elements is also described. The discussion of these
macroscopic optical elements is followed by a presentation of the 3D printing of
microlenses. Both spherical and aspherical microlenses can be realized additively
based on the inkjet process. The question of how this might allow a greater function-
alization of additively manufactured optics is explored by discussing the printing of
organic LEDs, as well as the additive manufacturing of random lasers and of photo-
luminescent optics.

The final focus of this chapter is the additive manufacturing technology itself. 3D
printing specifically optimized for optics production is discussed. Three different
concepts are presented: a robot-based additive manufacturing platform that achieves
resolutions in the subpixel range, an additive manufacturing method for microlenses
combined with electric fields, and the multimaterial printing approach based on
stereolithography.
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3.1 Introduction

Standard 3D printing systems are highly attractive for the additive manufacturing of
optics. One approach to classifying the existing methods is, for example, to group
them by the material that they use. Thus, a distinction can immediately be made
between metallic materials and plastics. For optical applications, this gives a dis-
tinction between reflective and transmissive optics. Aluminum can be used for
reflective optics, for example. Selective laser melting (SLM) is a method that allows
powdered metals to be processed. Common additive manufacturing methods for
plastics include fused deposition modeling (FDM), multijet modeling (MJM), and
stereolithography (SLA).

The FDM process involves melting one or more plastic threads with one or more
extrusion heads that can be moved through space. This allows 3D components to be
built up layer by layer. The layer thickness is typically around 100 pm (depending
on the print volume and the actuator system). For applications in the field of optics,
however, this process produces components that are too inhomogeneous, leading to
high levels of light scattering within the component. Furthermore, the surface qual-
ity achieved by this process is relatively low.

The MJM process is comparable to inkjet printing. A liquid UV-reactive syn-
thetic resin is applied directly by a print head in layers. After a layer is deposited in
droplets, the material is leveled with a roller and cured with UV light. The minimum
layer thickness possible with this process is a few dozen microns. To print over-
hanging structures, a second material (support material) is often printed in parallel
as a support alongside the build material. The support material is then removed from
the component, for example, with a water bath or solvent.

The SLA method primarily uses epoxy resins that are applied in layers and then
hardened with a laser or a mask image (e.g., using a DMD projector). In some cases,
this can achieve a minimum layer thickness of less than 10 pm. To realize overhang-
ing structures, the build material is also used as the support material. The support
structure is generated as a delicate structure that connects to the build area at “pre-
determined breaking points.” This leaves behind a rough component surface when
the support material is removed, requiring post-processing.

The general workflow of an additively manufactured optical element begins with
its design in an optical design software program to specify the desired optical func-
tionality. The element is then exported as an “STL file” that can be read directly by
the printer. This is where so-called slicing is performed, which involves breaking
down the model into individual layers that can be printed one by one. Post-processing
is then typically required for the surface of the printed component.
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Conventional 3D printing technologies are highly attractive for implementing
optical components, since they allow new degrees of design freedom, for example,
in terms of their shape or the combination of materials. However, these manufactur-
ing methods also have various disadvantages that directly affect the optical proper-
ties of the components. This means that both an understanding of the manufacturing
process and an intensive analysis of the printed components are essential prerequi-
sites to successfully developing a custom additively manufactured optical element.
Another benefit of adapting the manufacturing process is that it allows greater func-
tionalization of the 3D-printed samples. This enables further differentiation relative
to conventional manufacturing methods.

The next few pages present both the potential and the limitations of additively
manufactured optics based on standard 3D printers. Various approaches to more
advanced printing technologies that compensate for the inherent disadvantages of
printing optical components on conventional 3D printers are also introduced.

3.2 Materials Used for the Additive Manufacturing of Optics
Using Polymerization

3.2.1 Photopolymerization Categorized According
to the Reacting Species

The fundamental principle used by most 3D printers for additive manufacturing
with photoreactive resins is the polymerization of monomers, oligomers, or pre-
polymers, a process that is initiated in the presence of photons of a specific energy
range. Being able to control this chemical reaction, which starts with the fluid resin
composition and ends with a solid three-dimensional network of cross-linked poly-
mer chains, is of prime importance when implementing this technique to realize
rapid prototyping. In general, a photopolymerization route follows the three major
steps of initiation, propagation, and termination. The photopolymerization dynam-
ics can be optimized to achieve the desired control by varying the polymerization
route, the reactive species, and the resin composition. The two major kinds of pho-
topolymerization of interest in the field of additive manufacturing are explained in
this section.

3.2.1.1 Radical Photopolymerization

When photopolymerization proceeds through the resin medium with a radical reac-
tive species, it leads to free radical/radical photopolymerization [1]. The initiation
route of a free radical photoinitiator is described in Sect. 3.2.2. Since free radicals
are extremely reactive in nature, they benefit from high reaction rates. Using free
radicals as the polymerization propagators results in a faster reaction at the initiation
and termination stages. This is crucial when considering the swiftness with which
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the polymerization reaction can be “switched on and off” to form the constituent
photopolymer drops/films/layers that make up the component. The possibility of
continued radical formation is why acrylate-based resin compositions are used in
radical polymerization-based 3D printing. But the extremely reactive nature of the
radical species may also undermine the polymerization in some cases. One very
common situation with acrylate-based or acrylated oligomers that undergo free
radical polymerization is their passivation to photopolymerization in the presence
of oxygen. The passivation occurs because the reaction between the radical species
from the resin composition and oxygen forms unwanted reaction intermediates,
such as side products or very stable peroxide radicals, thereby ending the reaction.
Despite being an unwanted sidetrack when photopolymerization is desired, this pas-
sivation feature is utilized in some stereolithography 3D printers (see Sect. 3.7.4) to
facilitate continued layer-by-layer accumulation to create the components on the
print platform. A layer of a polymer network like polydimethylsiloxane (PDMS)
that contains diffused oxygen in its porous surface is kept in close contact with the
liquid resin layer in the resin container (vat). When the resin is irradiated through
this PDMS layer, the liquid resin in immediate contact with the oxygen-diffused
PDMS layer is inhibited from photopolymerizing due to the unavailability of a free
radical population. However, this oxygen passivation can only inactivate the liquid
resin up to a certain height. As a result, the liquid resin directly above this passivated
liquid layer of resin (called the oxygenated dead zone) polymerizes onto the print
platform.

3.2.1.2 Cationic and Anionic Photopolymerization

When the reactive species that initiates and maintains the propagation of photopo-
lymerization is a cation or an anion, the process is called cationic or anionic pho-
topolymerization, respectively. Cationic photopolymerization is a common method
to photopolymerize epoxide and vinyl monomer compositions. Photoinitiators
capable of producing cationic reactives include species such as onium salts and
metal carbonyl compounds [1, 2]. The main restriction of cationic polymerization
in the context of rapid prototyping processes is the extended time required to cre-
ate and inhibit the reactive species needed for photopolymerization. In other
words, the delay before initiation derails the layer-by-layer procedure. The delay
in the inhibition of the reaction in the absence of photon energy leads to dark
polymerization and extends anywhere from seconds to several hours [1]. Diffused
oxygen has a negligible effect on the reaction rates of cationic photopolymeriza-
tion, but the presence of moisture still hinders the reaction rate. Anionic photopo-
lymerization is currently more or less in its infancy, owing to the absence of
corresponding resin compositions and fabrication techniques. The upside to
anionic photopolymerization routes is that the reaction is not inhibited by oxygen
or moisture in the reaction environment.
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3.2.2 Resin Composition

As the raw material of additive manufacturing, it is essential for the photoreactive
resin entity to be versatile with respect to the various stages of the photopolymeriza-
tion, including initiation, controlled propagation, and reaction termination. Spatial
or temporal variations in the resin behavior in any of these steps may result in fab-
rication artifacts like blooming, changes in the printed part’s dimensions due to
nonuniformity in layer stacking within the part, or even complete print failure. It is
therefore important to understand the basic constitution of the raw material, to test
a reasonable hypothesis in the event of variations, or to reverse engineer specific
artifacts in the raw material or its behavior. The basic ingredients required to synthe-
size a modest photoreactive resin mixture are outlined in Fig. 3.1.

3.2.2.1 Photoinitiators

The photoinitiator is the most prominent light absorber in a photoreactive resin
mixture. Depending on the molecular composition of the photoinitiator and the
chemical environment surrounding it, photoinitiators absorb energy and initiate a
chain of chemical reactions (polymerization reactions) that bond the prepolymer
strands into long polymer chains with cross-links, leading to their solidification,
which results in a three-dimensional network of cross-linked polymer chains. The
Jablonski diagram that depicts the transition of an electron in the photoinitiator
molecule after its photon absorption is shown in Fig. 3.2. Upon photon absorption,
photoinitiator molecule electrons move to an elevated singlet state, from where the

photo initiators

free radical
(neutral unpaired electrons)

prepolymer base
acrylate derivatives

photo acid generators silicate alkoxide derivatives

(cationic) epoxy, vinyl ether derivatives

photo base generators
(anionic) other additives
reactive diluents

vinyl ether maleimide
derivatives

optical uv
brighteners blockers

miscellaneous
solvents, pigments
photosensitizers etc.

Fig. 3.1 A schematic diagram indicating the most commonly found constituents in a prepolymer
liquid resin mixture reactive to photon initiation
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Fig. 3.2 A schematic drawing of the Jablonski diagram indicating the possible relaxation routes
that an excited electron may follow in response to photonic excitation in typical photoinitiators—
the relevance of an unpaired excited electron retained in the triplet state to initiate the radical
photopolymerization reaction
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Fig. 3.3 Schematic showing certain commonly used derivatives of acyl phosphine oxide that
absorb photons with specific wavelengths based on their molecular structure, thereby initiating
photopolymerization in acrylate-based resin compositions

electron may either relax into its ground state via radiative or non-radiative transi-
tions or take on a slightly lower-energy triplet state by reversing its spin (intersys-
tem crossing). In most photoinitiator molecules, this free electron in the triplet state
is the starting point for the polymerization reaction. Depending on the surrounding
chemical environment, either an energy transfer or an electron transfer occurs in this
longer lifetime triplet state, creating the reactive species that attacks the prepolymer
molecules and thereby initiating the 3D network formation.

It should also be noted that only photons absorbed by the molecules (and not all
irradiated photons) can cause a photochemical event (the first law of photochemis-
try) and that all photons absorbed by the molecules will cause a physical/chemical
event (Stark-Einstein Law). In other words, only a certain proportion of the photons
of the total irradiation on the photoreactive resin can be absorbed by it, and only a
certain proportion of this quantity can initiate the desired photochemical event of
photopolymerization initiation (the quantum yield of initiation).

A typical molecule capable of photon absorption and its derivatives used as pho-
toinitiators in photoreactive resin compositions are shown in Fig. 3.3. These deriva-
tives fall under the category of type I photoinitiators, where the initiation reaction is
a result of radical reactive species due to electron transfer from the photoinitiator
molecule. The absorption wavelength and the physical properties of the photoinitia-
tor molecule vary as a function of the chemical moieties present as side groups. For



3 3D Printing of Optics Based on Conventional Printing Technologies 51

Table 3.1 Collective representation of common industrial photoinitiators and their absorption
wavelengths

Peak of absorption wavelength usable

Photoinitiators (PI) and photosensitizers (PS) for rapid prototyping (nm)
Type I PI for radical TPO L 274 3]
polymerization TPO 382 [4]

BAPO (Irgacure 819) 371 [3]
Type 11 PI Camphorquinone 467 [5]
PS for cationic 2-Isopropylthioxanthone 383 [6]
photopolymerization Irgacure 784 460 [6]

instance, the derivative TPO-L (Fig. 3.3b) is liquid in form, which makes it easier to
integrate into the fluid resin composition, while TPO (Fig. 3.3a), which has a solid
form, has an absorption wavelength that is redshifted relative to TPO L. A summary
of the absorption wavelengths of different photoinitiators is shown in Table 3.1.

Type II photoinitiators with an energy transfer step before the radical formation
due to electron transfer are also used in the free radical polymerization route fol-
lowed by the acrylate resins used for additive manufacturing with photoreactive
resins. The main advantage with such systems is the longer wavelengths of absorp-
tion, which are attractive for applications like dental fillings on a live patient, where
blue light radiation to solidify the fillings is more desirable than subjecting the live
tissues to ultraviolet radiation.

With elevated research in the direction of increasing the efficiency of photoinitia-
tion and simplifying the process, certain interesting photoinitiating systems are also
in use. One concept being developed is that of an iniferter, where the same constitu-
ent in the resin composition works to initiate the polymerization process, induce
chain transfer during the process, and terminate the photopolymerization. Progress
is also underway for panchromatic photoinitiators for a wide range of prepolymer
bases (cationic polymerization of epoxides, radical polymerization of acrylates, and
thiol-ene polymerization) over a wide range of absorption wavelengths (405 nm,
470 nm, 520 nm, 594 nm, 636 nm) to yield various degree of curing (~44—-67% for
an epoxide and ~30-39% for an acrylate) [7].

3.2.2.2 Prepolymers

Prepolymers are the resin constituents that primarily undergo polymerization to
form the long polymer chains that cross-link and become physically entangled with
each other to form the 3D polymer network. In this respect, they could be thought
of as the backbone of the structural formation of the layers fabricated within the
3D-printed component. The choice of oligomer or prepolymer used in a particular
resin composition depends primarily upon the expected properties of the end prod-
uct, as well as compatibility with the rest of the mixture.
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The most popular choice of prepolymer in the context of additive manufacturing
based on layer-wise model fabrication comes from the branch of acrylate oligomers
or acrylated variations (e.g., epoxy acrylates). This is because the acrylate family of
oligomers exhibits much faster reaction times to photon excitation. This is a very
critical factor for the initiation and termination of photopolymerization when a spe-
cific dosage of photon energy is supplied to fabricate each layer of the component.
With the cationic photopolymerization mentioned in Sect. 3.2.1, which applies to
epoxy resins, dark polymerization (the prolongation of photopolymerization for a
small period of time after the removal of the photon energy) is prominent, which
obstructs rapid prototyping. Multifunctional urethane acrylate oligomers are com-
monly seen in commercial photoreactive resins used for stereolithography. Within
this class, the functionality of the oligomer (the number of other oligomer mole-
cules that one oligomer molecule can bond with) can change the properties of the
formed network and sometimes even the degree of curing of the photopolymerized
layer/film. For instance, the curing speed of tetrafunctional oligomers was measured
in one study to be faster than that of hexafunctional acrylate oligomers [8]. In other
words, the oligomers occupied different states within the curing cycle (gelation to
vitrification) for the same energy dosage. The physical properties like elongation,
tensile strength, yellowing, and degradation are also influenced by the choice of
oligomer. In most cases, multicomponent systems where similar proportions of dif-
ferent prepolymer acrylates are mixed together are used instead of a homogenized
monomer mix that undergoes bulk polymerization, as is the case with the methyl
methacrylate that forms PMMA. To summarize, the choice of the prepolymer base
follows a logistic thought process where the pros and cons for a customized product
need to be weighed to make the best choice.

3.2.2.3 Reactive Diluents

While the prepolymer base is the main component in the resin composition by
weight, it is often a very viscous mixture. This is an important parameter when con-
sidering a potential raw material for rapid prototyping, where the components need
to have enough mobility for the components to be within mutual vicinity to allow
the bonding reactions to continue. Reactive diluents are often acrylate monomers
that are mixed into the resin composition to bring down the viscosity of the mixture
to maintain fluidity between the components and to maintain the optimum fabrica-
tion conditions. It should also be noted that the proportion of reactive diluents in the
mixture directly influences the molecule mobility within the resin mixture and
therefore can be used to control the molecular weight distribution of the polymer
network that forms and hence the network density of the polymer film [9].
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3.2.2.4 Other Optional Additives

Optional components can be added to the resin composition, often in very small
quantities, to fine-tune the basic characteristics of the resulting photopolymer films.
One such important additive in a photoreactive resin composition used for additive
manufacturing is the UV absorber. These additives absorb the excess UV irradiated
onto the resin composition. The absorbed energy is converted into vibrational and
rotational energy for the molecular constituents, thereby inhibiting further radical
formations that could change the photopolymerization rates.

The presence and quantity of UV absorbers in the resin composition has an influ-
ence on the curing depth of the layer that forms from the photoreactive resin during
3D printing. In some cases, UV absorbers are used in combination with other stabi-
lizers like hindered amine light stabilizers (HALS) to protect the fabricated compo-
nents from light and oxygen triggers [10]. Fluorescent whitening agents are also
added in some cases to combat the common problem of yellowing of the photopo-
lymerized film due to extended exposure to ultraviolet-containing radiation in daily
life by absorbing the ultraviolet radiation and re-emitting the energy at a longer,
blue wavelength, giving the sample a bluish hue in appearance. Because of this
brightening effect, these fluorescent agents are also called optical brighteners.

Fillers are included in certain compositions to increase the tensile strength,
toughness, heat resistance, color, clarity, etc. Titanium dioxide is used as a filler in
certain compositions to reduce the yellowing. Other plasticizers are used as an alter-
native or in combination with reactive diluents to increase the free volume between
the polymer chains, thereby increasing the chain mobility, which in turn has a direct
influence on the flexibility of the polymerized structures that form. Adding certain
solvents to the resin compositions in very small quantities is preferable to control-
ling the reaction environment within the composition. For instance, BHT (butylated
hydroxytoluene) acts as a polymerization inhibitor when added to certain mono-
mers, to facilitate their safe storage [11].

Innovative optical components can also be fabricated using additive manufactur-
ing techniques by adding optional additives like nanoparticles into the resin compo-
sition to fine-tune optical properties like the refractive index (e.g., dioxides of
titanium, zirconium) or photoluminescence (e.g., quantum dot nanocrystals). One
such nanocomposite application is explained in Sect. 3.6.3.

3.3 Analysis of Additively Manufactured Optics

The previous section considered a wide variety of materials and material systems
for additive manufacturing. The following discussion is restricted to additive manu-
facturing based on radical photopolymerization.

Analysis is another factor that plays a key role in successfully realizing addi-
tively manufactured optics. Firstly, it is important to consider ways to characterize
the printing process itself. But the final printed sample also needs to be analyzed,
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especially in terms of certain optically relevant properties. Finally, the analysis
methods need to establish whether post-processing is necessary.

3.3.1 Analysis of the Printing Process

Prior to any analysis of the optical properties of an additively manufactured optical
element, there are various key parameters that are relevant to the printing process
itself. First and foremost, the curing wavelength must match the sensitivity curve of
the resin, or more precisely the photoinitiator [12]. If the resin is only sensitive to
wavelengths below 385 nm, an LED with a wavelength of 405 nm may not be able
to achieve the desired curing, or possibly even any curing at all. To identify suitable
exposure and layer thickness parameters for the process, the resins must be charac-
terized in terms of both their penetration depth D, and their critical energy density
E.. This energy density describes an energy dose per unit area. The dependence of
the curing depth C, on the penetration depth, the supplied energy density Ey, and the
critical energy density E. is described by Jacobs as follows [13]:

E,
C,=D, *ln(E—O] (3.3.1)

c

The model predicts a logarithmic dependence of the thickness of a cured layer on
the energy dose supplied per unit area. This is an empirical formula that does not
consider the influence of other actors such as the photoinitiator on the reaction [14].
Nevertheless, in practice, it often provides a sufficient description of the parameters
required to describe the process, as is shown below.

To obtain the measurement curves shown in Fig. 3.4, an area of 1 cm? was irradi-
ated. The energy density can be adjusted by changing the irradiance and/or exposure
time. The figure plots the curing characterizations of different resins. For each resin,
the thickness of the cured layer was determined at four different energy densities.
From the critical energy density E,, the values form a straight line of slope D, in log
scale, which is consistent with the model. The slope D, is defined as the penetration
depth. A steeper slope means that slightly increasing the energy density will allow a
significantly thicker layer to be cured, which is beneficial in the context of rapid
build processes. Resins with lower D, values and hence gentler slopes allow the
desired thickness to be adjusted more finely by varying the time control as usual
while maintaining a constant irradiance within the printer.

Different printing processes also have different requirements in terms of the rhe-
ological characteristics of the resin. Inkjet-based processes in particular require low
viscosities of less than 100 mPas, whereas some resins for stereolithography (SLA)
can exceed 1000 mPas at room temperature. Inkjet printers often include a heating
feature that allows the viscosity to be adjusted by increasing the temperature of the
resin. Figure 3.5 shows the viscosity of various resins as a function of temperature
in the range from 20 to 90 °C. Over this range of temperatures, the viscosity
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Fig. 3.5 Temperature dependence of the viscosity of different resins in the range from 20 to 90 °C

decreases significantly; accordingly, resins designed for the SLA process at room
temperature can also be used with inkjet printing when heated. The resins shown in
the illustration are all Newtonian fluids, so the viscosity does not depend on the
shear rate. It should also be noted that photopolymerization is an exothermic reac-
tion. The curing process of the material releases heat. For stereolithography, this
changes the temperature of the resin bath. Especially when additively manufactur-
ing structures in the pm range, this temperature increase can influence the kinetics
of the curing process.
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3.3.2 Analysis of the Shape and Surface of Additively
Manufactured Opfics

The functionality of an optical component is largely defined by its material, but also
depends on its volume, shape, and surface. One of the great advantages of additive
manufacturing is that it is capable of realizing complex geometries. Nevertheless,
the layered structure of the process needs to be considered. Figure 3.6 gives an
example. Figure 3.6a shows the optical shape measurement (point cloud) of an
inkjet-printed spherical lens. The distinctive layered structure is clearly visible.
Although each step is strongly rounded, the slicing process causes a plateau to form
near the center. In other words, due to the lack of curvature, this area does not pro-
duce any optical effect. Artifacts resulting from the resolution of the print head or
the printing process itself (e.g., the local application of individual droplets in the
case of inkjet printing) are also visible. The artifacts and the formation of steps as
described above mean that surface post-processing is required.

Figure 3.6b shows a flat plate (1 mm thick) that was printed vertically on the
build platform. This upright orientation resulted in clearly visible structure in the
component, consisting of many individual layers (each 30 pm thick). This creates
roughness in the final surface.

As described above, decomposing the component into layers leads to the forma-
tion of steps when printing inclined or curved surfaces. Some printers allow the
machine data to be viewed and analyzed after the component is decomposed into
layers. A simple example of such an analysis is visualized in Fig. 3.7a. If the indi-
vidual layers are reassembled into a 3D object (red step curve) and compared with
the target data (blue curve with even curvature), there are clear deviations. The dis-
cretization approximates the curvature as best as possible with horizontal steps sub-
ject to the layer thickness and the lateral resolution of the printer, but a residual error
remains. This residual error depends on the z-resolution of the printer, as well as the
shape and orientation of the component during printing. At the extreme ends of the
spectrum, the curvature is rendered as a flat surface at large radii, and the smallest

Fig. 3.6 The layer-by-layer build process of conventional Additive manufacturing can lead to (a)
shape deviations when approximating curved surfaces and (b) rough surfaces in areas that consist
of a large number of layers
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Fig. 3.7 (a) Visualization of the curvature approximated by a layered structure; (b) comparison of
target and measured values of printed concave and convex spherical surfaces; (¢) measured step
structure of an inclined printed surface with a line of best fit

possible sphere is represented as a cube. If these steps were implemented perfectly,
the stair-stepping effect would not result in any deflection for rays perpendicular to
the layers, since there is no curvature, simply a sequence of flat levels with different
heights. In practice, however, the edges are rounded, which has an unfavorable
effect on light propagation.

To establish a better classification of the deviations, it is advisable to perform
measurements on printed reference geometries. Figure 3.7b shows a comparison of
the target and measured values at different radii. The radii were calculated by fitting
circles to the topology profiles of real printed samples measured with a laser scan-
ning microscope. To simplify the visualization, the value of the radius is plotted for
concave and convex curvatures separately. The deviation between the measured
radius and the target radius can clearly be seen to increase as the value of the radius
increases. Concave curvatures deviate more strongly from the target than convex
surfaces. One possible explanation for this could relate to the wetting effect, a phe-
nomenon relevant in inkjet printing that determines the shape (or more specifically
the contact angle) that forms when a droplet is applied to a substrate, governed by
the surface tension and the surface energy. To prevent the applied material from
flowing away, the printing process may place the paths further apart when printing
concave geometries, which manifests locally as a smaller radius. The measuring
equipment can only detect a very limited section of the curvature. The relative error
in the discretized curvature becomes less important as the size of the printed
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spherical section increases. The paraxial area around the optical axis is therefore an
extreme case.

The effect described above is not limited to curved surfaces, but also occurs on
inclined surfaces, as shown in Fig. 3.7c. The red dashes show the line of best fit for
the blue measurements of an inkjet-printed component with a 5° slope relative to the
build platform. The ripples once again display the rounded-off stair-stepping effect
described above. Over the section of just under 1 millimeter shown in the figure, the
measured angle deviates from the target angle by about half a degree. In such a
context, it is helpful to consider the frequency spectrum as a power spectral density
or the simplified approach of a Fourier transform to conduct a detailed analysis.
This allows the spatial frequencies of the process to be identified.

The stepping effect mentioned earlier is shown in Fig. 3.8 from above. Figure 3.8a
shows how the slicer adds a small protrusion to the top of the highest flat surface to
minimize the error in the target radius (marked with an arrow). Figure 3.8b shows a
case where only a single step is generated due to a very large radius of curvature.
Figure 3.8c shows a complex freeform with clearly visible discretization artifacts.
As can be seen in the images of Fig. 3.8, there are rounded sections (black rings) at
the edges of each step, meaning that a plateau with reduced optical effect only forms
at extreme radii. However, since small bumps can act like independent microlenses,
these elements and the resulting edges can contribute to light scattering.

In addition to the shape, the surface and surface roughness must also be consid-
ered to characterize the additive manufacturing of optical components. The layered
build process creates surfaces whose roughness varies as a function of the angle,
curvature, and orientation. The lowest roughness values and hence the best surfaces
are obtained with surfaces that are flat parallel to the printing platform, since the
surface is formed by a single layer. With projector-based SLA printing systems,
even flat layers may exhibit ripples, since the curing unfolds locally with a projected
mask. Figure 3.9a shows the measured topology of a supposedly flat surface that
was cured with a DMG projector. The pixels of the projector, which have an edge
length of 50 pm, can be clearly distinguished. Figure 3.9c—e shows transmitted light
images of different surfaces of an inkjet-printed cube. As mentioned earlier, the top
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Fig. 3.8 Top view of surfaces with different curvatures: (a) spherical cap with a small radius with
a protrusion (arrow) on the plateau surface; (b) spherical cap with a large radius whose final layer
forms a plateau; (c¢) freeform with clearly visible step artifacts in all directions
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Fig. 3.9 Surface analysis for various additively manufactured samples; (a) projector-based curing
produces a pixel-like structure within the same printed layer; (b) support structure on the underside
of a plate; (c—e) transmitted light images of different surfaces of a printed cube. Different orienta-
tions result in different surfaces

side (e) is smooth, whereas the lateral sides have visible structure in some places.
The roughness value R, can reach up to 5-10 um with unfavorably oriented sur-
faces, meaning that post-processing is unavoidable.

Different printers and printing technologies differ not only in terms of the
achieved surface quality but also in terms of the support structures that they can
implement. Support structures are used to create elements with strongly overhang-
ing sections (e.g., >60°). They are in direct contact with the build material, so they
significantly affect the surface roughness. Printers that realize supports from the
same material as the build material usually leave behind small contact points on the
component. To prevent these contact points from causing scattering, the surface
requires post-processing. Alternatively, the orientation of the component within the
printing process can be arranged in such a way that the support structures connect
to areas that are not optically active. Figure 3.9b illustrates this problem. It shows a
top view of a 3D-printed plate that was built on support structures (see arrows)
because of its inclined orientation. The very flat but inclined surface is supported by
a large number of tips, which leave behind a large number of protrusions on the
underside of the component. These protrusions require post-processing.

As an alternative, some printing systems use a water-soluble support material.
Nevertheless, the quality of surfaces with supports remains significantly rougher
than unsupported surfaces. This example once again illustrates the importance of
design and orientation for the conventional 3D printing of optical components.
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There are various approaches for the post-processing of conventionally printed
optical elements. The classical method is mechanically abrasive polishing. However,
this restricts the degrees of freedom when designing complex geometries due to
accessibility. The fluid jet polishing method can be used as an alternative to abrasive
polishing that maintains the design freedom [15]. The material removal function of
this method has its own set of characteristics, meaning that not all spatial frequen-
cies can always be smoothed out equally. In general, these post-processing methods
can achieve surface roughness values of less than 10 nm R,. However, they are rela-
tively time-intensive to implement.

A simpler and faster method is to apply a spray-on clear lacquer that smooths out
the steps and surface structures. To ensure that the refractive indices of the lacquer
and the build material are consistent, the build material itself can be used, for exam-
ple, by dip coating. In both cases, the resulting shape deviations depend on the wet-
ting behavior of the material on the component. The advantage of these methods is
that they allow the coating and post-processing of inaccessible areas. The dip coat-
ing process is discussed in more detail in the next section.

3.3.3 Dip Coating to Improve the Surface of Additively
Manufactured Optical Elements

The surface quality of additively manufactured components does not meet the spec-
ifications of optical elements. Consequently, post-processing is required. However,
many objects have a high complexity that makes it difficult to access their surfaces.
This can be especially challenging for conventional polishing processes.

The dip coating process is an inexpensive and quick alternative. The process
involves coating rough surfaces of a sample with resin from the printing process in a
single dipping step. The surface tension of the resin produces a self-smoothing effect
in the liquid resin layer. The dipped part is then cured with ultraviolet radiation (e.g.,
405 nm) within an inert nitrogen atmosphere. Since the refractive indices of the
component and the coating are the same, the point of optical transition shifts from
the original rough surface of the component to the smooth surface of the coating.

The dip coating process is illustrated below with the example of small, flat plates
with an edge length of 10 mm and a thickness of 1.5 mm (see Fig. 3.10a). The
samples were realized with the multijet modeling process.

Robot kinematics were used to ensure that the process is repeatable and flexible.
The robot moves the sample between an ultrasonic bath (1), a container filled with
coating material (2), an analysis module (3), and a nitrogen chamber (4) for curing
(see Fig. 3.10b). The robot kinematics system allows both the angle and the speed
of immersion to be varied for process optimization.

Three analysis methods were used to qualify the process development steps: a
transmitted light camera setup to detect particles and air bubbles, a visual transmis-
sion test that observes a stripe pattern projected through the sample, and a measure-
ment of the surface roughness using a white light interferometer (WLI).
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Fig. 3.11 Sample with deposits (a), particles (b), coating with trapped particles (¢), support mate-
rial (d), cleaned (e), coated (f)

The samples must be cleaned before the coating process itself. This is especially
important if the printing process uses a water-soluble support material. Cloudy
deposits may remain on the sample on any horizontal surfaces that come into con-
tact with the support material during printing (see Fig. 3.11a). These deposits and
particles are then trapped by the subsequent coating, or form nucleation points for
air bubbles (see Fig. 3.11b and c). Thorough cleaning is therefore essential to
achieve homogeneous and consistent wetting.
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A wide variety of solvents or acids can be used for cleaning — depending on the build
material and the support material. In the present case (Keyence Agilista multijet printer),
the support material was removed in an ultrasonic immersion bath of 37% hydrochloric
acid. Unlike cleaning with water, the support material is completely dissolved, whereas
the build material is largely unaffected. The hydrochloric acid turns into a slightly red-
dish color, so it can be used as an indicator of dissolved support residues from the sample.

However, the cloudy deposits and particles on the sample do not dissolve in the
hydrochloric acid. The sample was therefore cleaned with four successive isopropyl
alcohol immersion baths. Since isopropyl alcohol has a degenerative effect on the
material, the cleaning is accelerated by the ultrasonic bath and limited to 60 seconds
per immersion bath. Figure 3.11d—f shows a sample before cleaning, after cleaning,
and after dip coating. Residual ripples can still be seen on the coated sample, but
there are no longer any particles or air bubbles.

There are two decisive parameters for the dipping process: the smoothing of the
sample and its shape retention. The most influential process parameter for these fac-
tors is the pull-out speed. A low pull-out speed (v, = 0.1 mm/s) applies less resin and
therefore achieves more favorable shape retention. This can be seen in the profile of
the sample, shown in Fig. 3.12a. However, this also produces a weaker smoothing
effect. By contrast, a thicker layer of resin (v, = 0.5 mm/s) provides better smoothing.
As a trade-off, the resin causes a deformation as it runs off the edges of the sample
(Fig. 3.12b). Drainage structures are a possible remedy for this problem. By adding
such a structure to the lower edge of the samples, excess resin can be collected on the
optically irrelevant lower edge to improve the shape retention (Fig. 3.12c¢).

Another approach is repeated dipping. Multiple very thin layers are applied in
sequence until sufficiently good smoothing is achieved. Since the coating material
will often struggle to wet favorably on layers that have already been cured, the inter-
mediate layers are cured within an oxygen atmosphere. This limits polymerization
on the surface (Fig. 3.12d) and improves the process as a whole.

Figure 3.13 shows the optical analysis of an uncoated plate (a) and a coated plate
(b). The transmission of a stripe pattern with 100 line pairs per centimeter is shown

Fig. 3.12 Samples in profile: v, = 0.1 mm/s (a), v, = 0.5 mm/s (b), v, = 0.5 mm/s + drainage struc-
ture (¢), 3x layers with v, = 0.1 mm/s (d)
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a) b)

Fig. 3.13 Representation of 100 LP/cm through an uncoated sample (a) and a coated sample (b)
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Fig. 3.15 Topology of the lens after dip coating

through the plates. Before the coating process, the line pairs cannot be resolved due
to the rough surface after printing. However, the dip coating makes them clearly
visible. The deformation in the lines at the bottom of the image is caused by the
accumulation of resin at the bottom of the sample.

The dip coating of a plano-convex lens with a radius of curvature of 100 mm and
a diameter of 10 mm is discussed below as another example. The surface of the
uncoated lens is shown in Fig. 3.14. The curved surface is discretized into five lay-
ers of 30 pm thickness each by the printing process.

Figure 3.15 shows the same lens after dip coating (v, = 0.5 mm/s). The individual
layers are no longer distinguishable after the coating is applied. However, there is
some shape deviation caused by resin runoff.
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There remain challenges when attempting to coat samples with very narrow and
deep grooves. In such samples, insufficient wetting can occur, leading to air pock-
ets. A possible solution is to reduce the viscosity of the coating material, for exam-
ple, by heating it or electrically activating the surface of the substrate.

To reduce shape deviations, the runoff behavior of the resin can be anticipated
when designing the designing the component geometry. After dividing the geome-
try into optically relevant and optically nonrelevant areas, the latter can be used to
collect excess material from any optically relevant areas. Another way to achieve
homogeneous coating is by controlling the path movement with robot kinematics,
which allows six degrees of freedom.

3.3.4 Analysis of the Optical Properties of Additively
Manufactured Elements

It only makes sense to discuss the shape and surface of a 3D-printed optical element
if the material is already known to be suitable for optical applications. This section
therefore discusses the optical properties of 3D printing materials, most importantly
the transmittance and the refractive index.

The spectral transmittance of a material describes how the material transmits
light at different wavelengths. As the classical material for optical components,
glass usually has a high transmittance across the entire visible spectrum. For
UV-curable 3D-printing resins, the transmitted spectrum is limited by the material’s
curing wavelength. In most cases, transmission starts at approx. 10 nm above the
curing wavelength. The transmittance curves of various widely used resins are
shown in Fig. 3.16. Five resins with a nominal curing wavelength of 405 nm are
shown, as well as one resin with a curing wavelength of 365 nm. As a general rule,
it can be observed that the transmittance first increases abruptly and then continues
to increase more gently up to the infrared domain after a certain transition region.
The measuring system introduces artifacts into the diagram at 650 nm that should
be ignored by the analysis. As the example shows, it is not true in general that mate-
rials with a lower curing wavelength have higher transmittance values in the visible
spectrum. The individual properties of each material are ultimately decisive.

The absolute power transmitted at specific wavelengths also depends on the
thickness of the material. Whereas good transmittance values are achieved by thin
layers of material over a wide spectral region, thicker samples or samples with lon-
ger light paths such as light guides exhibit greater differences between wavelengths.
With values of 0.01 dB/min, the attenuation is significantly higher than in glass.

The transmittance values can often be improved by post-curing—either with
another round of intensive UV radiation or with tempering.

It should also be noted that production factors can create light scattering within
the component. Figure 3.17 shows an example of this. In Fig. 3.17a, a light-guiding
element is shown immediately after the printing process (multijet modeling
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Fig. 3.16 Relative transmission for various 3D printing materials
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Fig. 3.17 (a) Additively manufactured light-guiding element immediately after the printing pro-
cess; (b) computed tomography image of the light-guiding element

printing), still embedded in its support material (light yellow). A computed tomog-
raphy image of the component is shown in Fig. 3.17b. This image shows that the
printing process left behind holes with a diameter of 50 pm, mostly between the
build material and the support material. These holes act as clear scattering centers.

The refractive index and the Abbe number are two other key characteristics of
optical components. The Abbe number describes the dispersion within the element.
Since glass is the default material for optical components, there is a large selection
of glasses with different refractive indices and Abbe numbers. Glass manufacturers
typically present their product portfolios in the form of a “glass chart,” as shown in
Fig. 3.18 [16]. The labeled areas separated by blue lines allow rough positioning
relative to standard reference glasses. The orange areas connected by an arrow show
the change in the refractive index between the liquid and cured states for a selection
of transparent 3D printing materials. As the diagram shows, the refractive index
increases during the curing process.
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Fig. 3.18 Classification of various 3D printing resins in liquid and cured states relative to standard
reference glasses

The standard 3D printing resins shown here, which are based on the polymeriza-
tion of monomer/oligomer mixtures without additives, have refractive indices rang-
ing from n = 1.5 to 1.53 and an Abbe number of approximately 50. This range can
be expanded to n = 1.35 to 1.7 by adding nanoparticles or adapting the material
composition. Typically, however, at particularly high refractive indices, the viscos-
ity also increases very strongly with the nanoparticle concentration. This often
makes inkjet printing systems difficult to use. Dispenser systems offer a way out
(see Sect. 3.7).

The increase in the refractive index that occurs during curing as mentioned above
plays a major role in local and layer-by-layer curing, as differences in the extent of
curing can produce inhomogeneities in the material. To measure the local distribu-
tion of the refractive index in a 3D-printed sample, the “scanning focused refractive-
index microscopy” or SFRIM method can be used [17]. With this method of
analysis, the sample is placed on the surface of an equilateral prism (see Fig. 3.19a).
A laser is focused on the interface between the prism and the sample (resin) with a
high numerical aperture at an angle of 60°, i.e., perpendicular to the entry surface of
the prism, and the totally reflected beam after the exit surface of the prism is evalu-
ated with a camera chip (arrow). The focused beam has a wide-angle spectrum, so,
depending on the refractive index of the sample at the focus/measuring point, rays
of certain angles are either totally reflected or coupled out to the sample. Figure 3.19b
shows a section of the camera image with a light-dark edge, as well as an evaluation
of a profile section. The profile section allows the refractive index to be determined
by fitting the curve describing the Fresnel reflection between the prism and the
sample. After attaching the prism and the sample to an XYZ translation table, the
sample can be scanned in two dimensions.



3 3D Printing of Optics Based on Conventional Printing Technologies 67

300 400 500 600 700 800 900

Fig. 3.19 Schematic representation of the SFRIM setup
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Fig. 3.20 (a) Locally resolved measurements of the refractive index for a structure cured with a
UV projector; (b) increase in the refractive index with pulses of UV exposure; (¢) long-term mea-
surements of the change in the refractive index with curing over a period of 30 min

An example SFRIM measurement is shown in Fig. 3.20a. The sample was
exposed to a 5x5 pixel grid from a DLP projector at 405 nm for curing. The pattern
alternates between five inactive pixel columns and five active pixel columns along
one direction, as shown in the overlay at the top of Fig. 3.20a. For the evaluation,
the light-dark edge needs to be identified in each image column, which can be iden-
tified and extracted by referencing and least-squares fitting (shown schematically in
Fig. 3.20a with an orange line). The higher the position of the curve, the higher the
refractive index. With the scanning resolution of 5 pm shown here, the periodicity
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of the curing is clearly reproduced by the refractive index curve. The jump in the
refractive index, i.e., the difference between the maximum and minimum values, is
An = 0.01 in this example. This is smaller than the difference between the cured and
uncured material states mentioned above (An = 0.03). The curing can therefore be
concluded to be partial in this example.

Incorporating a globally curing UV LED into the SFRIM setup also allows the
dynamics of the curing process to be investigated by visualizing the change in the
refractive index over time during the curing process. A corresponding result obtained
with a modified SFRIM setup is shown in Fig. 3.20b. The figure shows a sigmoid-
like increase in the refractive index over time. This global increase fits well with the
description of photopolymerization provided by kinematic models of chemical
reactions [18]. More specifically, the exposure was arranged by intervals, with UV
exposure for a duration of 0.5 s followed by a pause of 30 s. The yellow arrows in
the figure indicate the times of the first UV “flashes” and the sudden jumps associ-
ated with them. Each UV flash relaunches the decaying curing, but the curing speed
once again decreases as the maximum refractive index is approached. If a single UV
flash is considered individually, the change in the refractive index associated with
curing does not only occur during the period with active UV radiation; the curing
process also continues to a lesser extent after the flash itself.

When the curing is considered over a period of 30 min rather than just a few
seconds, as shown in Fig. 3.20c, the refractive index can once again be seen to con-
tinue to increase slowly and asymptotically after an initial phase of steep curing. To
illustrate the change in the refractive index, two arrows of the same length were
added to the figure.

To supplement the preceding quantitative characterization of materials for the
additive manufacturing of optical components in terms of the transmittance and the
refractive index, the topic of diffraction on 3D-printed samples is also discussed
qualitatively below. If a collimated laser is directed through a printed and polished
cube, different diffraction patterns may appear, depending on the printing process
that was used.

Figure 3.21a shows a typical diffraction pattern obtained from an inkjet-printed
sample. In this example, a red laser beam was coupled into the cube parallel to the
layered structure, and the resulting diffraction image was recorded. Accordingly,
diffraction maxima are visible perpendicular to the build direction. Starting from
the zeroth-order maximum, the intensity of the secondary maxima decreases with
the single-slit envelope, as is also observed in a diffraction simulation for this exam-
ple (Fig. 3.21b). Fitting the diffraction model to the measurement data allows the
underlying grating parameters to be deduced. The grating constant calculated in this
way is 30 pm, which matches the z-resolution of the printer.

Figure 3.21c shows the diffraction pattern of a layer cured with a DLP projector.
A white light laser aligned perpendicular to the layer was used as the source of illu-
mination. The spectral band of the laser generates a color gradient due to the spec-
tral dependence of the diffraction. The overlaid image in the figure shows the
exposure mask, which features alternating rows of active and inactive pixels. The
on-off pattern with a large grating constant (2 pixels) in the vertical direction leads
to vertical diffraction orders with small distances. In the horizontal direction, a
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Fig. 3.21 Diffraction effects produced by 3D-printed optical components; (a) images of diffrac-
tion patterns from the layered structure of inkjet samples; (b) simulation of the diffraction in (a)
with an envelope of the slit width; (¢) image of the diffraction pattern of a sample with structured

curing (see overlay)

double-frequency diffraction pattern is observed. This is caused by the dead area
with reduced curing in the illumination pattern between the pixels of each row,
which leads to a periodic reduction in the refractive index.

Some initial analyses of the impact of post-curing on diffraction effects have
demonstrated that the imprinted refractive index structure can be “overwritten” or
rehomogenized with homogeneous lighting if the curing process has not yet reached
an advanced stage. However, once the curing process passes a certain threshold of
cross-linking within the polymer, the mobility of the molecules becomes too limited

to reverse the imprinted pattern.

3.4 Additively Manufactured Macroscopic Optics
3.4.1 Light-Guiding Elements

Additive manufacturing opens up completely new possibilities in the field of light-
ing technology. Whereas conventional 3D printing methods are only moderately
suitable for imaging optics without post-processing, the realization of lighting
optics with these processes is most certainly viable.
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One way to realize lighting systems is with light-guiding elements. This takes
advantage of the difference in the refractive index between the transparent printing
material and the surrounding air. Since air has a lower refractive index than the
printing materials [19], total reflection occurs at the surface of the element above a
certain angle threshold. This couples the light beam into the light guide [20].

3.4.1.1 Complex Light-Guiding Structures

3D printing allows new light-guiding elements with complex shapes to be realized.
These elements can also be used as illumination units in applications involving sen-
sors. Many of the limitations of conventional manufacturing technologies no longer
apply. Angled and difficult-to-access structures are not a problem with 3D printing.
Furthermore, new degrees of design freedom can be implemented. For example,
mechanical fittings or blinding elements can be incorporated directly into the light-
ing optics.

Figure 3.22 shows two examples of complex light-guiding structures. In both
cases, the light-guiding elements are connected to surfaces. Illuminating these sur-
faces allows light to be coupled into the guide, for example, to spatially resolve the
illumination of a component using different wavelengths.

3.4.1.2 Additively Manufactured Scattered Light Sensor
for Quality Control

In this example, printed optics are used not only for the lighting itself but also to
detect any light that scatters on the part. The goal is to implement a sensor to per-
form quality testing of component topology. The general idea is to illuminate the
component homogeneously with the printed optics and locally detect any light scat-
tered on the surface of the component using printed light-guiding elements. If the
component has a defect on its surface, the signal response of the scattered light in
the light guides changes, which is then registered.

20 mm

Fig. 3.22 Additively manufactured light pipe structures for lighting applications
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Fig. 3.23 Concept of an additively manufactured scattered light sensor. The test object is illumi-
nated with three laser diodes, and the light is subsequently detected with a CCD camera. The light
is guided to the object and camera through light pipes

50 mm

Thanks to additive manufacturing, this sensor can be adapted to measure compo-
nents with various surface shapes. The light-guiding structure ensures that the inter-
face between the optics and the light source and between the optics and the detection
unit (camera) is uniform across all variants of the component shape.

The concept of the sensor is shown in Fig. 3.23. The lighting is provided by sev-
eral laser diodes, which ensure that the object is uniformly illuminated using printed
optical elements. The scattered light is captured by detector light pipes that guide
the light back to the top of the sensor. The signal from each light pipe is then
recorded, for example, with a camera.

Figure 3.24a shows the simulation of the sensor lighting unit. The light is sup-
plied through flat, refractive, and totally reflective surfaces. An example of a real
object illuminated with this unit is shown in Fig. 3.24b. The light scattered on the
object’s surface and collected with the detector light pipes is then recorded with the
CCD camera at the top of the sensor (Fig. 3.24c¢). If there is a local change in the
topology of the test object, the intensities in the corresponding detector light pipe
also change. If the system is installed symmetrically as shown here, any relative
difference in the signal between two symmetrically arranged light guides is easy to
determine.

The sensor shown in Fig. 3.23 only performs a very rough scan of the compo-
nent. An improved version is shown in Fig. 3.25. This setup uses light-guiding ele-
ments with significantly smaller diameters. This allows a higher spatial resolution to
be achieved. The individual light pipes are also embedded in the support material of
the printer to reduce cross talk between adjacent light pipes caused by absorption in
the support material. This also increases the mechanical stability of each light-guid-
ing element. The sensor’s mechanical fittings are also integrated directly with
the optics.

In addition to sensor technology applications, light elements can also be used for
decorative purposes. An example of a complex light-guiding element is shown in
Fig. 3.26, together with each of the steps involved in its realization. The light is
guided from a single LED through several elements to the exit surface at the top.
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Fig. 3.24 Simulation of the lighting unit (a). [lluminated test object (b). Signal image from the
CCD camera (¢)

detector pipes

illumination pipes

50 mm

Fig. 3.25 Sensor variant with a finer detector light pipe resolution. The light pipes are embedded
in the support material to avoid cross talk

Figure 3.26a shows the target structure illuminated by the light-guiding element on
a screen, with the optical design shown in Fig. 3.26b. Each element of the light
guide is assigned to an area on a circular LED array, as shown in Fig. 3.26c, allow-
ing the different sections to be optimized relative to one another. Figure 3.26d shows
a simulation of the irradiance in false colors on a screen immediately after the light-
guiding structure. The lion’s head shines more brightly than the other elements,
whereas the foot is too dim. Figure 3.26e and f shows the illuminated light-guiding
element from different perspectives after printing and further optimization. The
unprocessed rough surface structure allows light to escape from the sides, but this is
not a limitation in this particular application. The additional optimization allowed
the printed complex light-guiding element to achieve a homogeneous illumination
of the target structure.
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Fig. 3.26 Workflow for a complex light-guiding structure; (a) target; (b) optical design; (c) divi-
sion of the LED into different light-guiding elements; (d) simulated irradiance distribution on a
screen; (e) side view of the printed light guide; (f) front view of a screen illuminated by the printed
light guide

This example shows that there are almost no limitations in the complexity of the
component shape and, most importantly, that individual solutions with a batch size
of one are easy to implement.

For shapes with simple rectangular cross-sections, the use of FDM printers is
also conceivable to realize light-guiding elements. In the FDM process, filaments,
i.e., plastic strands, are melted and applied by a nozzle in layers. The typical nozzle
diameter and hence the smallest possible structure width is 0.4 mm, with a typical
layer thickness of 0.1-0.3 mm. Transparent filaments can be used to reliably print
planar light guides, i.e., light guides whose cross-section is always perpendicular to
the build platform. Since the layer resolution is often coarse at more than 100 pm,
the lateral surfaces of any light guides whose path runs diagonally relative to the
build platform form into steps. The suitability of FDM for printing such compo-
nents tends to be limited. Figure 3.27a shows an FDM-printed light guide with a
simple radius, illuminated from the left side with a green laser. The light guide ends
in an integrating sphere to collect all of the transmitted light. The light guide is vis-
ibly giving off light at the entrance and exit surfaces, as well as in the middle of the
circular arc. The microscope image in Fig. 3.27b shows a polished cross-section of
an FDM light guide. The zoomed-in overlay shows lines drawn on top of the mea-
surement camera to bound the thickness of a melted filament strand. The measured
result of 420 pm matches the melting nozzle, which has a diameter of 0.4 mm. Even
after melting the material and attempting to find suitable parameters for the amount
of extrusion, the individual sheets (circle) and layers are still recognizable. The
cavities and inhomogeneities present in the sample are one of the causes of the
increased scattering.

Typically, light guides convey light within the body of the material into the sur-
rounding medium, in this case the air, by total reflection at the boundary layer of the
light guide. This requires special settings for the printing parameters, since with
FDM printing typically only the outer path is printed solidly, and the remaining
volume is filled with a type of hatching, e.g., only to about 10% (infill). The slicer
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Fig. 3.27 Analysis of FDM light guides; (a) light guide with a laser; (b) microsection with visible
filament strands; (c) preview of slicing data with hatching (top) and paths (bottom); (d) compari-
son of the transmission of FDM and inkjet as a function of length

settings must also take light propagation into account, as shown in Fig. 3.27c. The
top section of the slicing preview shows a solid hatching pattern that is oblique rela-
tive to the desired direction of light propagation along the tube. This type of diago-
nal hatching would cause increased scattering due to the constant presence of
boundary layers. Parallel tracks in the body of the material, as shown in the bottom
part of Fig. 3.27¢, instead act much like a light-guiding matrix that carries the light.
However, at the end of the light guides, the paths once again cross the desired direc-
tion of light propagation. The ends were therefore cut off so that only parallel paths
are used.

Another observation is that the unprocessed filament often appears “crystal
clear” at first, but then becomes significantly cloudier after extrusion. This is pre-
sumably caused by air trapped in microinclusions during the melting process, lead-
ing to cloudiness and scattering.

Figure 3.27d shows the transmission of straight light guides of different lengths.
A curve with an exponential decay is also fitted to the measured values. The graph
compares FDM-printed light guides and inkjet-printed light guides. Whereas the
FDM light guides achieve a higher transmission at short lengths of below 20 mm,
their losses are otherwise significantly higher than those of the corresponding inkjet-
printed solid light guides. The attenuation is therefore significantly higher in fila-
ment light pipes than in photopolymer components.
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3.4.2 Lens Systems

It does not appear to make much sense to print single lenses, since the disadvantages
of additive manufacturing with regard to the optical properties outweigh the disad-
vantages of conventionally manufactured lenses. Nevertheless, it is interesting to
ask what possibilities additive manufacturing might offer for macroscopic imag-
ing optics.

3.4.2.1 Additively Manufactured Doublet

Figure 3.28 shows the example of an additively manufactured doublet. Figure 3.28a
shows a cross-section of the optical component. As can be seen in the figure, the
doublet has a monolithic structure. The four optically active surfaces are labeled as
lens surfaces 1-4. An aperture was also integrated into the doublet. This is imple-
mented as a cavity in the design that is filled with nontransparent support material
during the printing process (inkjet printing). Since the optical surfaces require post-
processing, a way to access the inner lens surfaces 3 and 4 from the outside was also
added to the design. This allowed the surface quality to be significantly improved
using the dip coating process (see Sect. 3.3.3). Figure 3.28b shows the results. A
resolution of approx. /0 Ip/mm was achieved.

3.4.2.2 Refractive Panoramic Lens

Two different approaches to refractive panoramic lenses are discussed below as
further examples.

As a first example, a fisheye lens was designed as a retrofocus lens that inverts
the telephoto design. Thus, the focal length of the system is smaller than its back
focal length [21]. The fisheye lens consists of a group of converging lenses on the

a) encapsulated cavity access
(filled w/ support mat.) for coating

lens surface 1
lens surface 4

lens surface 2/3

Fig. 3.28 Additively manufactured doublet. (a) Basic structure; (b) 3D-printed optical component
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Table 3.2 System parameters Field angle 126°
for the designed fisheye lens

System length | 73.9 mm

Focal length | 5.5 mm
F-number 2.54

front side followed by a group of diverging lenses on the rear side to focus the beam
into the detector.

To realize a lens system with a large field angle, two strongly curved negative
lenses are used at the front side. The properties of the fisheye lens are shown in
Table 3.2.

In addition to the optical components, the system contains mechanical compo-
nents to mount the lenses (see Fig. 3.29). These components are attached to each
lens. They make the lenses stackable without any other mechanical components.
This makes it possible to work with or polish each lens separately. An aperture
(black part in Fig. 3.29) was also introduced to reduce unwanted scattering effects.

The components were realized using the multijet modeling method (layer thick-
ness, 15 microns). To reduce the total manufacturing time and to achieve the best
surface quality, it is helpful to optimize the orientation of the lenses, as the surface
characteristics may vary according to whether or not the model and support material
are in contact. The yellow-marked areas in Fig. 3.30 indicate where the printed part
has to be supported for two different orientations: horizontal and vertical. The verti-
cal orientation is preferable, as then the surface on the top side does not need sup-
port material, which makes it shinier and less rough.

Figure 3.31 shows one of the lenses directly after the printing process (top side
and bottom side). The surface of the bottom side is rougher than the surface of the
top side.

To obtain sufficient optical quality in the lens surfaces, post-processing was nec-
essary for each surface. The lenses were polished using the negative polishing tech-
nique on a standard polishing machine. Accordingly, for each lens, a corresponding
polishing head was constructed with the opposite negative radius of the lens curva-
ture. After polishing the surfaces with sandpaper (grit size 2500), the polishing pro-
cess was continued by applying polyurethane polishing pads with different
suspension agents for each polishing step. Initially, aluminum oxide was used with
different grain sizes (20—6 microns), followed by cerium oxide with a grain size of
1 micron. The stacked lens system with the polished lenses is shown in Fig. 3.32.
Reworking the printed optics with this polishing method leads to a surface rough-
ness RMS of about 12 nm.

The experiments conducted to verify the optical performance of the fisheye lens
were based on spatial frequency measurements. For this, a sine pattern with differ-
ent frequencies and different contrasts, the Sine M-6 pattern (Fig. 3.33a), was used.

Figure 3.33b shows the appearance of line pairs with a spatial frequency of six
line pairs per mm (red-marked part of the pattern) when viewed through one of the
lenses. With the other lenses, a different number of line pairs per mm, from 6 to 32,
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Fig. 3.31 Surface quality of one lens directly after the printing process
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Fig. 3.32 Stacked fisheye
lens with polished lens
surfaces

Fig. 3.33 Sine M-6 pattern with different frequencies and an image of six line pairs per mm
viewed through lens no. 3

can be observed. The imaging quality is certainly lower than conventionally real-
ized lenses. This is mainly due to the layered structure of the components and the
post-polishing process.

The example of a catadioptric panoramic objective is also discussed below. The
corresponding optical design is shown in Fig. 3.34a (based on [22]). The system
consists of an additively manufactured panoramic lens (diameter 70 mm, f/# = 5)
combined with a commercial achromatic relay lens. The objective collects the light
from surface 1 in Fig. 3.34a refractively, reflects it via the reflective surfaces 2 and
3, and then conveys it through surface 4 (= circular nonreflective area in the center
of surface 2) into the achromatic lens (surfaces 5-7).

The system was optimized so that the rays captured by the objective are mapped
to as large a surface as possible on the sensor (2464 x 2056 pixels, 8.8 mm x 6.6 mm,
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Fig. 3.34 (a) Design of the objective; (b) view of the image on the sensor surface; (c) aberrations
in the design; (d) resulting MTF

pixel size 3.45 pm x 3.45 pum). The catadioptric system produces an image in the
form of a ring on the sensor at a distance of 7 mm from the relay lens (see Fig. 3.34b).
To optimize the utilization of the sensor surface, the design was optimized to ensure
that the outermost ray, incident at 100°, hits the edge of the sensor surface. The rays
incident at 20° form the inner boundary.

Surfaces 1, 2, 3, and 4 were released for optimization in the optical design, with
surfaces 2 and 4 having the same radius. One particularity of surface 3 is that it was
designed aspherically rather than spherically, as this allowed the spot sizes to be
reduced and the aberrations to be improved. The system aperture is realized as a
recess in the reflective surface 2 (circular recess in the center).

The resulting third-order aberrations and the MTF from the simulation are shown
in Fig. 3.34c and d. The tangential coma and the axial chromatic aberration are key
factors of the aberration of the system. The MTF shows the expected decrease in the
system’s resolution as the angle of incidence increases.

The simulated panoramic objective was then manufactured with the multijet
modeling process and polished by mechanical abrasion with individual tools until
the surfaces achieved optical quality. Surfaces 3 and 4 were then treated with silver
by physical vapor deposition to make them reflective. The mount that attaches the
panoramic lens and the achromatic lens to the camera was manufactured additively
by fused deposition modeling. The housing was threaded to make the distances
between the panoramic lens, the achromatic lens, and the camera chip continuously
adjustable.
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Fig. 3.35 (a) Objective after post-processing; (b) assembled system; (¢) resulting image; (d) fluo-
rescence when a green laser (532 nm) is shone through the system

Figure 3.35a shows the panoramic lens after polishing and reflective coating, and
Fig. 3.35b shows the panoramic lens and the achromatic lens mounted on the cam-
era. A picture taken with this system is shown in Fig. 3.35c. It depicts the laboratory,
taken after attaching the camera fitted with the lens to the ceiling. An elongated
table is visible in the middle of the picture, and the laboratory walls can be seen
around the outside. As expected, the image quality of the additively manufactured
panoramic lens is not comparable to the usual image quality achieved by commer-
cial optics. The primary reasons are light scattering and light absorption within the
body of the material. Fluorescence effects can also be observed, for example, when
a green laser beam is transmitted through the sample (Fig. 3.35d). This also reveals
the ray path within the catadioptric system.

A better image quality can be expected to be achievable with optimized materials.

3.4.3 Liquid Lenses

Another promising application for the conventional additive manufacturing of opti-
cal components is given by adaptive membrane lenses, also known as liquid lenses.
Liquid lenses with adaptive focal length control are already used by some sensors
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@ 25 mm

Fig. 3.36 (a) Sketch of the principle of a 3D-printed liquid lens; (b) cross-section of the CAD
model of a 3D-printed liquid lens

with autofocusing features. The shape of the boundary layer and hence the optical
effect is adjusted using either an electric field or piezoelements [107].

Lenses can also be realized using conventional techniques for the 3D printing of
optics. Figure 3.36a shows the basic principle of a liquid lens system consisting of
a lens chamber, a liquid reservoir, and a compression unit. The system uses oil as a
liquid. Ideally, the refractive index of the oil should be equal to the refractive index
of the membrane. The volume of the lens chamber is adjusted by moving the piston.
The membrane changes shape accordingly, which modulates the optical effect.

A diagram of the cross-section of an additively manufactured liquid lens is
shown in Fig. 3.36b. Water-soluble support material can be used to create a cavity
to ensure that the liquid lens is monolithic. The design already incorporates mechan-
ical fittings. The thickness of the membrane can also be resolved locally to allow
predefined aspherical membrane curvatures to be realized in practice.

Other mechanical structures can also be realized together with the membranes.
Figure 3.37a shows a few examples. The structures can only be in contact with one
side of the membrane (star structure and circular structure), or they must span from
the top membrane to the bottom membrane (cylinder in the middle of the liquid
lens, on the left in Fig. 3.37a). The structures influence the deformation of the
surface.

After the components are printed (see Fig. 3.37b), the surface requires polishing,
and the support material must be removed from the cavities. In the examples, the
polishing was performed conventionally by mechanical abrasion. Measurements of
the surface roughness found values of around R, = 35 nm.

Figure 3.37c shows the three designs from (a) immediately after the support
material was removed and the tubes were connected. The lenses have not yet been
filled with oil. Note that, thanks to the oil, post-processing is not necessary for the
inner surfaces of the membrane. The oil has the same refractive index as the 3D
printing material, so there an immersion effect that compensates for any roughness
due to 3D printing.

Figure 3.38 compares the measured shape of the star-shaped lens to the target
values in the CAD design. The membrane surface bulges slightly inwards (circular
blue area). The bulging is reduced around the star.

Figure 3.39 shows the functionality of the third additively manufactured liquid
lens (which has a connection between the top and bottom membranes). The image
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Fig. 3.37 (a) CAD models (without back) with various structures on the membrane; (b) liquid
lens, still filled with support material, before (left) and after (right) the polishing of the membrane
surface; (¢) liquid lenses after cleaning and connecting the tubes

Fig. 3.38 CAD
comparison of the
liquid lens

of a checkerboard pattern is shown, projected through the liquid lens in its relaxed
state (Fig. 3.39a) and when the pressure is increased (Fig. 3.39b). The distortion in
the central area in the relaxed state is caused by a slight overpressure in the system.
The aberrations decrease towards the edges, where an undistorted checkerboard pat-
tern is reproduced. The optical effect clearly changes when the lens pressure is
increased to 1 bar of overpressure (Fig. 3.39b). As expected, there is no change in
the optical effect near the mechanical connections between the two membranes. In
the other areas, the checkerboard pattern is massively distorted.

This example demonstrates the possibilities of the custom refractivity configura-
tions that can be achieved with additively manufactured liquid lenses. Shining a
widened laser beam through this liquid lens in its initial state produces a
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Fig. 3.39 Checkerboard pattern viewed through a liquid lens in its default state (a) and with 1 bar
of overpressure (b)

homogeneously illuminated spot. When the pressure is increased and the curvature
of the membrane increases accordingly, a bright ring forms around the central point
of the laser. The focus of the ring varies with the pressure and can be adjusted to
different distances.

As a general rule, when designing lens systems such as these, it is desirable to
digitally map out the entire process. This means that a closed digital process chain
must be established, consisting of the following steps: optical design-mechanical
design-additive manufacturing-systematic experimental investigation of functional-
ity. Appropriate interfaces are needed between fields.

The procedure is as follows. The desired optical effects are defined for each
deformation state, and the required shape is calculated in the optical design software
program. The target shapes of the membrane are themselves the input variables of
an FEM mechanical simulation that optimizes the topology and membrane structure
so that the target shapes are achieved at predefined pressure values. The CAD model
that will be additively manufactured is then deduced. The analysis data collected
when qualification is performed for the component is then fed directly back into the
optical design to allow the system to be improved iteratively.

Figure 3.40 shows an example of this process. Figure 3.40a illustrates the optical
design step for an undeformed lens, and Fig. 3.40b shows the process of designing
a lens deformation. The membrane was modified to create a tilted beam. This design
was entered into a mechanical simulation program, and a suitable membrane struc-
ture was determined by running an optimization loop between an FEM simulation
of the elasticity and curvature and the structural deformation of the membrane.
After the optimization phase, the design is printed and evaluated experimentally,
and the results are fed back into the design.
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a) ||l

Fig. 3.40 (a) Default shape of the liquid lens in its undeformed state with a parallel beam; (b)
deformation of the membrane of the liquid lens to produce a partially tilted beam

3.4.4 Freeform Lenses
3.4.4.1 Definition of Freeform Optics

The degrees of manufacturing freedom provided by additive manufacturing tech-
nologies make them especially suitable for producing components with high geo-
metrical requirements. Freeform optics are especially relevant to the additive
manufacturing of optical elements, since realizing these types of surface geometries
tends to be challenging for classical optical manufacturing processes.

To differentiate freeform optics from conventional optics, a definition of the con-
cept is required. The concept of freeform optics has previously been defined in
several ways [23-25]. One reasonable definition of a freeform can be stated in terms
of invariance about the axes of rotation [23]. Aspherical lenses are a special case of
freeform optics with an invariant axis of rotation due to their rotational symmetry.

Due to the sheer variety of possible surface geometries, it is difficult to represent
the surfaces of freeform optics with any single type of function. Aspherical lenses
can be represented with the aspheric equation and a conic constant that describes
their conic geometry. For surfaces that deviate from conic geometries, linear com-
binations of basis functions such as Zernike polynomials [26, 27] can be used to
represent freeform surfaces. Even more complex continuous surfaces can be
described using piecewise polynomials based on B-splines or NURBS [28]. In addi-
tion to continuous freeforms, freeform optics can also be designed to be discontinu-
ous, like Fresnel lenses. In this case, each facet is defined on a restricted domain of
definition.

In addition to a description in terms of functions, freeforms can also be repre-
sented discretely using a triangular mesh. To do this, the surface is first represented
as a point cloud in a three-dimensional coordinate system. Adjacent points are then
identified within the point cloud, and triples of adjacent points form a triangle on the
surface. Most points are the vertices of more than one triangle. Since they dis-
cretized into flat surface elements, freeform surfaces usually have to be modeled at
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a higher resolution than when using the control points of B-splines or NURBS, for
example. The large number of points and triangles therefore needs to be sorted effi-
ciently and saved in a standardized file format. The Standard Triangulation Language
(STL) format is currently the standard used by most 3D printers on the market.

3.4.4.2 Applications of Freeform Optics

The large variety of surface geometries allowed by freeform optics can be used to
increase the optical performance. For example, adjusting the optics can allow aber-
rations to be corrected while simultaneously expanding the image field. Simplifying
an optical system from a system of multiple lenses to a single optical component
reduces the manufacturing costs, the size, and losses from scattered light. Combining
multiple functional optical surfaces into a single component also reduces the costs
associated with system integration and assembly.

An example of an additively manufactured freeform optical component that
demonstrates all of these advantages was discussed earlier in Sect. 3.4.2 [29, 30]. In
this system, a 360° panorama was mapped onto a ring shape on the image plane.
The optical system was designed as a single optical element with multiple reflective
and transmitting surfaces.

When designing optical systems consisting of multiple spherical lenses, it is
common practice to replace one or several surfaces with an aspherical lens.
Aberrations can be corrected by choosing the conic constant accordingly. In addi-
tion to spherical aberration, all other types of Seidel aberration can usually be
reduced. In the panoramic objective discussed above, one of the surfaces was
dimensioned as an aspherical lens to minimize a large part of the imaging errors.

Freeform optics also support applications in the fields of imaging and lighting.
They are, for example, used in imaging to increase the resolution of telescopes (e.g.,
so-called Schmidt plates in Schmidt-Cassegrain telescopes) or to maximize the per-
formance of head-up displays in terms of size, resolution, depth of field, and effi-
ciency [31].

In lighting, optical elements are adapted to have specific ray characteristics.
Catadioptric lenses allow LED rays to be collimated. Light pipes are used to guide
light to certain target points by total internal reflections [32].

In the automotive sector, freeform optics are particularly advantageous for head-
lights. High beams and low beams each need to illuminate certain parts of the street.
Accordingly, headlights are fitted with freeform optics to achieve the desired illumi-
nation. Freeform optics can also be used to project patterns. The possible applica-
tions include lighting effects on streets and wall surfaces by cars and streetlamps,
but also projected patterns for metrology applications.
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3.4.4.3 Computation of Freeform Lenses

Optical systems with aspherical lenses can be designed by parameter optimization
in ray optics simulations. The optimization parameters are typically limited to the
lens radii, the lens positions, and the conic constants.

To dimension a freeform optical element in accordance with its definition in
terms of invariance about the axes of rotation, suitable algorithms are required to
compute the freeform surface. The possible methods include multiparameter opti-
mization of control points on the surface of the freeform, or alternatively direct
computation approaches. These direct computational methods usually yield a pre-
cise solution but require certain framework conditions in order to be able to com-
pute the freeform. An overview of computational methods for freeform optics is
given in Sect. 3.4.6.

Software solutions often describe the freeform with partial differential equations
that can then be solved numerically [33]. However, this method of computation is
only suitable for punctiform or collimated light sources. The spatial dimensions of
real sources produce aberrations that manifest as blurring.

The freeform is computed by mapping the ray characteristics of the source onto
a corresponding target intensity distribution in the imaging plane as a function of
the angle. The freeform surface is represented by control points on a surface inter-
polated by B-splines. Ray optics simulations additionally allow an idealized point
source to be replaced by an LED that extends over space. This allows the effects of
the nontrivial spatial dimensions of the source to be recorded and the setup to be
optimized accordingly.

This method was used to calculate lens attachments for laser collimators, which
are presented below as an example. The beam quality of a laser collimator elimi-
nates any effects caused by assuming that the sources are punctiform, as well as any
aberration in the collimation. Starting with the collimated rays, an optical element
with a refractive effect (see Fig. 3.41) was used to generate an image in a target
plane. Refraction at the freeform surface of the approximately flat optical element
allowed the ray characteristics to be manipulated in such a way as to generate target
figures in the image plane.

A target intensity distribution was defined in the target plane at a distance of 2
meters using the software. The intensity distribution was specified in the software
using binary-encoded image files as shown in Fig. 3.42. In this example, a 3x3
checkerboard pattern and a ring structure were tested for the projected patterns.

The surface of the initially flat lens attachment was deformed by the software
until the desired projected pattern was achieved. The deformation was observed by
tracking the position of the control points in the freeform surface and the progres-
sion of the splines in the surface (see Fig. 3.43, example of a checkerboard pattern).
Note that the spline density does not show the 3D shape of the surface but makes a
statement about the local curvature. A color-coded 3D topology of the freeform is
therefore also shown as an illustration. The control points in the freeform surface
correspond to intersections of the splines shown in the image.
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Fig. 3.41 Simulation (LightTools) of a pattern projected by a laser collimator. Starting with a col-
limated source, an intensity distribution is reproduced in the target plane using a transmissive
optical element with a refractive effect. The intensity distribution is color-coded in the target plane
in the simulation. The red and blue areas correspond to high and zero irradiance, respectively

a) b)

Fig. 3.42 Binary image files defining the intensity distribution in the target plane within an optical
simulation of an optical attachment for a laser collimator. The specified binary pattern redistributes
optical power to the brighter areas. Intensity distributions were defined for a checkerboard pattern
(a) and an inverted ring (b)

The refractive effect of the lens attachment was investigated by a ray optics simu-
lation. The Monte Carlo ray tracing software was used for the simulation. Figure 3.44
shows the simulated irradiance in the image plane as a 3D topology. For compari-
son, Fig. 3.47 shows the intensity distributions that were determined experimentally
after the lens was additively manufactured.

Since the calculation method used by Freeform Designer is ultimately based on
a numerical solution, residual background noise is also visible with this method.
The quality of the projected pattern depends on the number of control points on the
surface of the freeform. Modeling the surface with too few control points can result
in blurred images.
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Fig. 3.43 Simulation model of a lens attachment (LightTools Freeform Designer) for a laser col-
limator to produce a refractive projected pattern. The spline density in (a) shows the value of the
surface curvature. The height topology can be visualized by color-coding the height relative to a
reference plane (b). The lens shown here was designed to reproduce the intensity distribution from
Fig. 3.42a

a) b)

Fig. 3.44 Simulated intensity distribution of projected patterns created by lens attachments for a
laser collimator. The lens attachments used for the simulation results shown here were designed to
produce the patterns defined in Fig. 3.42. Here, the height topology is shown for intensity distribu-
tions corresponding to a checkerboard pattern (a) and an inverted ring structure (b)

3.4.4.4 Additive Manufacturing of Transmissive Freeform Elements

Since producing freeform optics is particularly challenging with classical manufac-
turing processes, additive manufacturing technologies offer a reasonable alternative
for such optical components [32, 34, 35]. As discussed in Sect. 3.3.2, the surfaces
are discretized into a layered structure. This creates a wave-shaped surface structure
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Fig. 3.45 Representation of the surface of a sample printed using the Keyence Agilista 3100
printer. (a) Surface of the sample under reflected light; (b) Height topology recorded by a white
light interferometer. The color-coding reveals the wave structure caused by the printed layers, as
well as longer-wavelength structures caused by a beat effect from superimposed spatial frequen-
cies. The recorded image corresponds to an area of 3 mm by 3 mm. The surface was inclined at an
angle of 22.5° relative to the print bed

(Fig. 3.45) with amplitudes in the micron range. The wave structure causes statisti-
cal scattering of rays at the surface of printed optical components, which prevents
the originally intended optical functionality of the components from being achieved.
Accordingly, printed optical components require post-processing.

Possible post-processing methods include polishing and coating. With coating,
the surface is smoothed by surface tension. Epoxy resins or clear lacquers can be
used as the material, applied by dip, spin, or spray coating (see also Sect. 3.3.3).
Epoxy resins usually have a high viscosity that affects the dimensional accuracy.
Furthermore, they need to be subsequently cured in another manufacturing step.
One advantage of epoxy resins is that they allow the same material to be used for
both 3D printing and coating. This avoids any layer boundaries between materials
with different refractive indices. Clear lacquers can usually be applied in thinner
layers. The solvents in the lacquer may however attack and erode the surface of
printed optical objects, which can once again expose the layered structure if an
overly thin layer is applied, as can, for example, occur with the spin coating proce-
dure (see Fig. 3.56).

Figure 3.46 shows examples of printed optical components that were subse-
quently coated with an epoxy resin. The objects are lighting elements designed to
homogeneously illuminate paintings [36, 37]. After printing, they were wetted with
epoxy resin by being dipped into the printing material, which was then cured with
UV radiation.

The example shows that the transmission through the surface was significantly
improved. However, after applying material to the surface, high dimensional accu-
racy can no longer be guaranteed. This method is therefore most suitable for light-
ing optics that have lower requirements in terms of dimensional accuracy.
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Fig. 3.46 Photographs of additively manufactured transmissive freeform optics. (a) Freeform
optical element manufactured using the multijet modeling process (Keyence Agilista 3100 printer).
A slight yellowing is visible. (b) Optical element manufactured by stereolithography (Autodesk
Ember printer) with the Autodesk PR48 material. Both optics were coated with printing material
using a dip coating process and UV-cured after printing

Fig. 3.47 Intensity distributions in the target plane generated by refractive lens attachments for a
laser collimator. The dimensions of each pattern are 20 cm by 20 cm. A checkerboard pattern is
shown in (a) and an inverted ring structure is shown in (b). Periodic defects can be observed,
caused by residual surface structures from the Additive manufacturing process

Polishing is an alternative approach to coating. Automatic robot polishing is one
possible method. However, generating the paths for this process is more complex
than the additive manufacturing process itself. The benefits of additive manufactur-
ing, namely, short cycle times and the low cost of adapting the machine to new
components, are lost. Accordingly, hand polishing after printing is more viable.
With manual processes, fluctuations in the surface quality cannot be excluded.
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However, unlike the coating processes, the dimensional accuracy tends to be
preserved.

The MJM process was also used to print the lens attachments simulated in
Fig. 3.44 for a laser collimator. These optical components have high requirements
in terms of dimensional accuracy. The surfaces of the printed lenses were therefore
polished to optical quality by hand. The process used a wet polish with sandpaper
with a grit size starting at 1000 and increasing up to 6000. Finally, the surface was
further refined with an abrasive polishing agent. This polishing regime can achieve
a roughness whose arithmetic mean lies in the two-to-three-digit nanometer range.
The polished optical elements allowed the simulated intensity distributions shown
in Fig. 3.47 to be achieved with the laser collimator.

The intensity distributions reproduce the simulated patterns. However, there are
periodic defects that can be reliably reproduced across different samples. These
defects are presumably attributable to residual surface structure from the layered
character of the additive manufacturing process. In areas that are difficult to reach,
manual polishing was not able to remove sufficient material to mitigate the ripples
left behind by additive manufacturing without changing the shape of the freeform
element. This limits the optical quality.

3.4.5 Volumetric Displays Using Additive
Manufacturing Processes

3.4.5.1 Technologies for 3D Visualization

High-resolution digital displays are now part of our everyday lives. However, such
displays can only represent images as two-dimensional arrays, typically on a flat
surface. To render digital data sets in three dimensions, femtosecond lasers can, for
example, be used to generate luminous voxels by locally ionizing the ambient air
[38]. But this technology requires an elaborate setup and is currently limited to
volumes of a cubic millimeter. Another strategy is to introduce targeted scattering
centers into a transparent medium that can then be selectively illuminated by a pro-
jector unit [39]. These passive scattering centers can be generated as a matrix by
frequency-doubled Nd: YAG lasers within a glass substrate.

3.4.5.2 Embedding of Scattering Centers in Transparent Substrates

With additive manufacturing, an alternative concept is possible. 3D printers based
on the multijet modeling process often use different materials for the build material
and the support material. If the build material is chosen to be transparent, for exam-
ple, and the support material is chosen to be diffusely scattering, scattering voxels
can be specifically embedded into a geometry by simultaneously printing the trans-
parent and diffusely remitting media together.
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Fig. 3.48 Representation of voxels formed by embedded scattering centers in transparent sub-
strates. Two spherical scattering centers defined discretely in a printing model using triangular
meshes are shown in (a). An additively manufactured substrate (MJM process, Keyence Agilista
3100 printer) is shown in (b), indicating the values of the radii

Potential structure sizes for scattering centers must first be determined before
embedding a voxel into a substrate. In general, a high volume resolution with small
voxel sizes is desirable. However, if the scattering centers are embedded by means
of an additive manufacturing process, the voxel size is limited by the printing reso-
lution of the 3D printer. This is demonstrated below. Scattering centers were ini-
tially defined spherically and then discretized with a triangular mesh (Fig. 3.48a).
Triangular meshes are advantageous because the models are typically transferred to
the 3D printer in the STL format, which is defined in terms of sorted triangles. The
printing system used for this example (inkjet) was capable of printing spherical
scattering centers with a minimum radius of 150 pm (Fig. 3.48b). At smaller radii,
no material was embedded in the substrate.

3.4.5.3 Design of a Volumetric Display

First, 3D data records are required for the object that will be displayed. These can,
for example, be generated with 3D scanners (e.g., strip projection). The scan data
are then converted into a geometry based on passive scattering centers and embed-
ded into a cube.

Figure 3.49a—c shows an example of three-dimensional representation within a
volumetric display. The scanned object (an automobile/Fig. 3.49a) was captured
three-dimensionally by a pico projector (Celluon PicoBit) using the binary code
method (for the scanning process, see Fig. 3.49b) and then printed as a point cloud
within a cube-shaped solid (volumetric display). The distribution of the scattering
centers was adapted to match the shape of the scan template.

The printed volumetric display was integrated into a setup consisting of a projec-
tor to illuminate the display and a mechanical bracket. When the lighting is switched
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a)

Fig. 3.49 (a) Model of an automobile with a length of 6 cm; (b) scanning process according to the
binary code method with a Celluon PicoBit pico projector; (¢) volumetric display with passive
scattering centers in the shape of the scan template

refractive
optics

mechanical
part

Fig. 3.50 (a) Model of a volumetric display with optomechanical elements; (b) additively manu-
factured object for demonstration (Keyence Agilista 3100 printer) combined with the Celluon
PicoBit pico projector; (¢) projection of a rotating globe using the Celluon PicoBit pico projector
with diffuse scattering at scattering centers within the volumetric display

on, light enters the volumetric display and is scattered at the scattering centers
within it, allowing the shape of the original object to be recognized (see Fig. 3.49¢).

This setup also allows volumetric displays characterized by a homogeneous
point distribution and selective illumination to be realized. These displays can show
different objects with the same shape but different appearances. The planets of the
solar system are presented as an example below (see Fig. 3.50). In the example, a
volumetric display with a spherical point distribution was realized. The points were
distributed equidistantly over a hemisphere. The volumetric display containing the
hemisphere was then combined with a focus-free pico projector (Celluon PicoBit),
so that the volumetric display serves as a three-dimensional screen. To optimally
illuminate the hemisphere, a curved substrate surface with a diverging optical effect
was integrated into the display, as well as a wedge that breaks any remaining trans-
mitted ray components away from the viewer to guarantee safety when viewing
with the naked eye.

In addition to the substrate of the volumetric display, the mechanical elements of
setup were also incorporated into the model. Thus, the entire setup, consisting of the
display substrate, the optical elements, and the mechanical elements, was manufac-
tured in a single production step.

The complete setup was printed in a single run (Fig. 3.50a). The system thus
realized is shown in Fig. 3.50b. In this case, the display was illuminated with
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textured lighting instead of homogeneous white light. To visualize the effect, a
rotating earth was projected onto the volumetric display (Fig. 3.50c). Cubes with a
side length of 400 pm served as scattering centers to represent the globe.

3.4.5.4 Evaluation of Additively Manufactured Volumetric Displays

Figure 3.50 shows that 3D printing using the MJM process enables diffuse remis-
sion at scattering centers embedded within the object. The scattering coefficient of
the material chosen to print the scattering centers allows the display to be viewed
from a 360° field.

In the displays realized to date, however, the scattering elements within the vol-
ume have only been arranged over a surface. The full potential of volumetric dis-
plays would be unlocked by combining a three-dimensional distribution of scattering
centers in the volume with a selective illumination mechanism [39, 40]. The pixels
of the projector should be mapped to the voxels that they illuminate. The challenge
is to arrange the voxels within the substrate in such a way that none of them are in
the shadow of the others. The scattering center must be distributed in such a way
that the entire volume is filled with unobscured voxels. To do this, the voxels can be
systematically arranged into suitable arrays.

3.4.5.5 Alternative Manufacturing Technologies for Volumetric Displays

An alternative to the 3D printing of scattering centers is given by 3D glass engrav-
ing. With this method, the sample is illuminated with two frequency-doubled
Nd:YAG lasers. At the intersection of the rays, the material evaporates locally, and
a scattering defect occurs within the material. Unlike the additive manufacturing of
volumetric displays based on scattering centers, this type of display element cannot
be realized as a monolithic optomechanical element (mechanical adapter for a pro-
jection unit connected to a refractive optical element). Furthermore, the advantages
of 3D printing, such as immediate production of modified variants, cannot be
exploited by the 3D engraving process.

3.4.6 Additively Manufactured Mirror Elements
3.4.6.1 Applications of Freeform Mirrors

Freeform mirrors are often used in the field of lighting optics. One of their advan-
tages is that, unlike freeform lenses, freeform mirrors only have a single surface to
consider. Furthermore, dispersion is not observed in mirrors, meaning that chro-
matic aberration does not need to be corrected. Parabolic mirror designs can be used
to collimate the rays emitted from an approximately punctiform source.
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One application of mirrors and freeform mirrors is in the area of so-called street
lighting. The goal is to illuminate part of a street with a lighting system. Vehicle
headlights or stationary systems such as information-transmitting streetlamps or
architectonic lighting are also among the conceivable applications [41]. A parabolic
reflector shape is sufficient to achieve homogeneous illumination. However, special
ray characteristics or projected patterns are often required.

In particular, for automobile headlights, very precise ray characteristics are
needed to produce high and low beams. Projected patterns that can convey informa-
tion to the driver, e.g., for purposes of collision control, are also becoming increas-
ingly relevant. For this purpose, selectively activated LED arrays or DMDs (digital
micromirror devices) can be incorporated into the headlights [42]. Diffractive optics
and holographic systems are other alternative approaches [43, 44]. These approaches
take advantage of adaptive optical systems. But static optical elements can also be
used to define the illumination of high-beam and low-beam headlights, among
other things.

Concentrators are another application. This case corresponds to the inverse of
lighting applications. The mirror of a concentrator is used to project parallel rays
from the sun onto an absorber in order to generate energy. The spatial dimensions of
the absorber and the requirement that the rays must be homogeneous when they
enter the absorber means that the parabolic contour needs to be adapted into a free-
form shape [45].

Freeform mirrors are also used for beam shaping. The intensity distribution of a
laser beam cross-section is usually Gaussian. Some industrial and metrological
applications may however require something different. Accordingly, mirror systems
consisting of one or two freeform mirrors can be used to modify the intensity distri-
bution of the beam cross-section, for example, into a round or rectangular shape.

3.4.6.2 Algorithms for Computing Freeform Mirrors

When dimensioning freeform optics, the objective is to map the source onto a target
intensity distribution in the image plane. Possible methods for computing freeform
optics include multiparameter optimization of control points on the surface of the
freeform, or alternatively direct computational approaches. The direct computa-
tional methods typically construct a more precise solution. However, certain frame-
work conditions must be satisfied in order to calculate the freeform.
Multiparameter optimization begins by describing the freeform in terms of
piecewise polynomials using B-splines [46]. Manipulating the control points of the
splines allows the shape of the surface to be manipulated. Between these control
points, the surface is interpolated as a continuously differentiable polynomial. The
initialization model of the mirror and a model of the source are then integrated into
a ray optics simulation. A quality function is defined for the mirror image. Finally,
the simulation is combined with an optimization algorithm, and the 3D positions of
the control points of splines are released as optimization parameters. To deform the
mirror, several hundred or even thousand control points are required on its surface.
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Consequently, a rapidly converging optimization algorithm and a runtime-optimized
ray tracer are required.

An alternative optimization method is to sort the facets of a mirror that is initially
assumed to be discontinuous [47]. With this method, the projected pattern is
described in terms of pixels in the image plane. For each pixel of the image, the
normal vector corresponding to reflection in the direction of the pixel is calculated
at the relevant position of the mirror. This defines a small, flat mirror element for
each illuminated pixel. These elements are arranged into an array as the facets of a
mirror, forming a discontinuous surface. Finally, the mirror facets are sorted with an
optimization algorithm to make the mirror as continuous as possible.

In addition to optimization approaches, there are also mathematical computa-
tional approaches to generating freeforms. For less complex freeforms, a direct
computational approach can be used to calculate a pointwise mapping, as shown in
Fig. 3.51. This method approximates the source as a point source and maps it onto
the image plane using surface elements. The slope or surface normal of each ele-
ment is calculated in such a way that the reflected ray arrives at the corresponding
target pixel. The intensity distribution is assembled from these specifically posi-
tioned images of the source. The surface elements are then continuously joined
together. Thus, in principle, this approach is an inverse ray tracing method [45] that
determines the normal vectors of the surface elements at the reflector surface instead
of the direction of the reflected ray. The disadvantage of this method is that an exact
solution can initially only be determined for a single cross-section. In the three-
dimensional case, the number of degrees of freedom is too small to consistently
assemble a reflector surface.

To compute a continuous freeform surface in three dimensions, the freeform is
described with partial differential equations. The design of the optical lighting ele-
ment can be computed exactly by numerically solving a differential equation [23,
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48-50]. However, some idealized framework assumptions are required. For exam-
ple, the source is assumed to be much smaller than the distance from the reflector
surface. Furthermore, only small sources guarantee a clear reflection on the free-
form. The angle of the freeform surface relative to the local surface normal deter-
mines where the ray hits the target surface, and the curvature of the freeform
determines the irradiance. These assumptions are used to establish the differential
equation and find a numerical solution.

The so-called method of supporting ellipsoids offers an alternative to formulat-
ing a description in terms of differential equations [51-55]. This method begins by
describing the freeform surface of the reflector piece by piece in terms of ellipsoids.
Each ellipsoid maps the point source to a corresponding point in the target plane.
The source and the target point both lie at the focal points of the ellipsoid (see
Fig. 3.52). Initially, this produces a faceted reflector where each facet is represented
by a section of the surface of an ellipsoid.

To generate a continuous freeform surface using the method of supporting ellip-
soids, a numerical algorithm [56] is required to calculate the arrangement of the
ellipsoids.

3.4.6.3 Additive Manufacturing of Freeform Mirrors
with Metallic Substrates

In the context of the additive manufacturing of mirrors, for example, when realizing
vehicle headlights [57-59], additive metal manufacturing processes such as selec-
tive laser melting (SLM) and selective laser sintering (SLS) can be used. These
methods first apply the material layer by layer in powder form and then locally melt

Fig. 3.52 Concept of a
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or sinter the powder with a laser. Another method for additively processing metals
is binder jetting, where the material is first locally extruded and then globally sin-
tered at a later stage [60].

All of the manufacturing processes for additively processing metals mentioned
above result in rough surfaces with roughness values in the micron range (approx.
15 pm with the SLM process [61]). For applications involving mirrors, post-
processing steps are required. The possibilities include sandblasting and polishing
[58]. Laser polishing and electropolishing can also be performed as an alternative to
classical polishing.

Laser polishing involves remelting the surface of the optical component by
locally exposing it to a laser after the additive manufacturing process is complete.
The melting process allows the surface tension of the material to smooth out any
unevenness while the material is in a liquid aggregation state [61]. The principal
disadvantage of laser polishing is that it leaves behind traces of oxidation on the
surface.

Electropolishing is another option. This method involves galvanically removing
the surface of the additively manufactured optical element with an electrolyte,
which produces a visible smoothing effect. As an example, this process was tested
on a reflector element that was additively manufactured by the SLM process. The
material AISi10Mg was used, a standard material for additive manufacturing with
the SLM process. The experiment demonstrated that the electrolysis removes metal-
lic material. However, silicon residues remain on the surface, which significantly
limit the reflectivity of the component. Instead of the standard material cited above,
there are also silicon-free alloys that can be processed additively. Testing showed
that electropolishing was able to achieve a pronounced improvement in the reflec-
tivity of surfaces made from such silicon-free alloys.

3.4.6.4 Coating of Additively Manufactured Plastic Substrates

Another approach to the additive manufacturing of reflectors that does not require
metal processing is to additively manufacture a plastic substrate and then apply a
coating. The coating adds a series of very thin metallic layers to polished surfaces
to achieve the desired reflectivity.

Before a polished substrate can be coated, the component must be cleaned, as
coating processes are highly sensitive to contamination and the coated surface might
otherwise appear dull or discolored. However, organic solvents have a corrosive
effect on printed epoxy resins. This increases the roughness of the polished surfaces
and reduces the directional reflectivity. The surface appears duller after the coating
is applied.

Besides polishing, it is therefore advisable to apply a lacquer to plastic sub-
strates. This involves polishing the additively manufactured substrate by hand in
order to break the layered shape of the surface. A lacquer coating is then applied to
the substrate. Spray coating is one example of a coating method. With this method,
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the surface tension of the layer of liquid lacquer smooths out the surface. The lac-
quered surface does not require cleaning.

After the lacquer process, the optical element is coated with a metallic material
such as silver or aluminum. Physical vapor deposition (PVD) is one way to do this.
With this technique, the metal is evaporated, forming a precipitate on the substrate.
The process works in largely the same way with a wide range of different metals,
such as aluminum, copper, and gold. With silver, chemical deposition processes are
an alternative.

When silver is chemically deposited, it is applied to the optical surface as a solid.
This forms a thin layer that is sometimes only a few atoms thick. The process uses
silver nitrate to precipitate silver from a redox reaction with an ammonia solution.
The exact chemical composition is critical for adhesion to the optical surface; with
the wrong composition, the silver will precipitate within the liquid. Chemical kits
known as “spray-on chrome” have been developed to optimize the adhesion of sil-
ver to surfaces. This method was tested with additively manufactured parabolic mir-
rors designed to collimate the rays of an LED, as shown in Fig. 3.53.

To achieve optimum adhesion of the silver to the surface, the surface tension of
the mirror surface is first reduced by applying a suitable solution (known as a wet-
ting agent) to improve the wetting. The silver nitrate solution and the ammonia
solution are then applied simultaneously by spray coating. These coatings are how-
ever sensitive to mechanical loads, which cause the silver-coated surfaces to oxidize
and discolor. Accordingly, it makes sense to apply another protective lacquer
coating.

When applying the protective lacquer, it is important to remember that the reflec-
tive metallic coating is only a few atoms thick and is not chemically insulating.
Consequently, acrylic lacquers will dissolve the undercoat under the metal layer and
corrode the metal coating. To preserve the reflectivity, it is therefore essential to use
a coating such as a urethane-based clear lacquer that cannot reliquefy when a sol-
vent is used after curing.

Fig. 3.53 (a) Two parabolically shaped reflectors designed to collimate the rays of an LED, cur-
rently surrounded by yellow support material after printing with the MJM process; (b) one of the
reflectors from (a) after removing the support material, cleaning, and subsequent silver coating
with the chemical deposition process
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If the undercoat is a solvent-based lacquer, it has been observed that corrosive
solvents may reexpose the layered structure. This happens because different degrees
of curing are reached during the additive manufacturing process, which implies that
the chemical resistance of the material may vary within the same layer. If the lay-
ered structure is exposed, ripples may form on the surface of the component. These
ripples cause deviating surface normals that influence the ray characteristics and
target light distribution. An example is shown in Fig. 3.54. A droplet of primer was
deposited on a polished additively manufactured substrate. The droplet was then
distributed over the sample by spinning (2000 rpm) while still in a liquid aggrega-
tion state. This created a very thin layer of lacquer through which a corroded surface
exposing the additively manufactured layer structure could be observed. Ripples
with a PV value of 1 micron are visible.

To prevent the formation of ripples, it makes sense to avoid applying any under-
coat too thinly. This is why the spray or dip coating processes are preferable to spin
coating. However, a thick lacquer coating reduces the dimensional accuracy. The
spin coating method therefore tends to be more suitable for lighting optics than for
imaging optics.

Fig. 3.54 A droplet of urethane-based lacquer on a polished additively manufactured substrate
(AR-M2 material, Keyence). The droplet was distributed over the sample by a spinning process
(2000 rpm) while still in a liquid aggregation state. This reexposed the corroded layer structure left
behind by the Additive manufacturing process
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3.4.6.5 Examples of Applications of Additively Manufactured
Freeform Reflectors

The simplest approach to computing projected patterns with a freeform mirror is to
consider a faceted reflector. First, the intensity distribution is discretized into pixels
in the target plane. Then, for each pixel, the corresponding facet of the reflector is
defined. Starting from a point light source, the inclination of the facet is adjusted by
varying the surface normal as shown in Fig. 3.55 until the reflection is directed
towards the corresponding pixel. The facets are arranged as an array, and the reflec-
tor is defined as a volumetric model using a triangular mesh. This reflector model
can then be printed with very little effort using an additive manufacturing process.
The model from Fig. 3.55 was manufactured as a plastic substrate using the MJM
process and then lacquered and chemically coated with silver (Fig. 3.56). In this
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Fig. 3.55 Schematic representation of a faceted freeform reflector with 110 flat facets. (a)
Representation of the facets in terms of the vector field of surface normals; (b) representation of
the reflector in a ray optics simulation showing the simulated intensity distribution in the tar-
get plane

Fig. 3.56 (a) Photograph of a reflector with 110 flat facets that projects a pattern onto the target
plane; (b) image obtained with illumination from an approximately punctiform source. The reflec-
tor has a size of 5 cm x 4 cm and is made from an additively manufactured plastic substrate
(Keyence AR-M2) with a silver-coated surface
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process, the resolution and contrast of the projected pattern are limited by the
dimensional accuracy of the additive manufacturing process and the rounded edges
that it leaves behind. In addition to the printing accuracy, the size of the reflector can
also be adjusted. Making the reflector bigger while also increasing its distance from
the source reduces the requirements of the reflector in terms of dimensional accu-
racy and the size of the point source.

The method shown here only uses flat facets that are arbitrarily arranged into an
array. This limits the quality of the projected pattern. The arbitrary arrangement cre-
ates a strongly discontinuous surface that is susceptible to edge rounding from the
manufacturing process. The flat facets generate trapezoidal images in the tar-
get plane.

To improve the quality of the projected pattern, the surface of each facet can be
first be generated as a freeform. Figure 3.57 shows an example of one such faceted
reflector. The image produced by each facet appears as a square in the target plane
after the shape of the facet is adapted.

Adapting the shape of the facets already improves the resolution and contrast of
the projected pattern. For further improvements, the reflectors need to be designed
continuously. There are various calculation methods (see above) that allow such
freeform surfaces to be computed (e.g., LightTools Freeform Designer module:
method based on numerical solutions of partial differential equations). For a punc-
tiform light source, the software allows the shape of a parabolic reflector to be
modified to produce a projected pattern, as shown in Fig. 3.58. In this example, a
shape is projected onto the target plane by a freeform reflector and a point source.
Possible applications include the field of so-called street lighting.

The reflector design shown in Fig. 3.58 was manufactured as a prototype using
the MJM process. First, the freeform was created as a plastic substrate, and then its
surface was chemically coated with silver (see Fig. 3.59). The resolution and

Fig. 3.57 Simulation of a faceted reflector (LightTools, Macro Focal module). (a) Representation
of the reflector model in the ray optics simulation; (b) intensity distribution in the target plane. The
adapted shapes of the facets produce square pixels in the target plane
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Fig. 3.58 (a) Parabolic mirror whose shape has been modified to produce a projected pattern in
the ray optics simulation; (b) representation of the freeform mirror as a color-coded shape com-
parison relative to a pure parabola; (c) color-coded intensity distribution in the target plane calcu-
lated by the simulation

a)

Fig. 3.59 (a) Photograph of an additively manufactured freeform reflector. The reflector was
manufactured as a plastic substrate using the MJM process (Keyence Agilista 3100 printer) and
then chemically coated with silver. (b) Intensity distribution generated by the reflector from a
point source

contrast of the pattern projected by this prototype were limited by the dimensional
accuracy of the additive manufacturing process. To achieve a sufficient resolu-
tion, a relatively large reflector with an edge length of 11 cm was manufactured.
This improves the tolerance of the freeform surface to shape deviations.

The additive manufacturing and coating processes limit the resolution of the pro-
jected pattern achieved by this method. As an alternative to plastic substrates, reflec-
tors can be additively manufactured from metal. In this case, the freeform is, for
example, manufactured from aluminum or cobalt-chrome using the SLM process
and then polished to optical quality.
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optical element

Fig. 3.60 Photographs of freeform reflectors designed to illuminate lines within a cavity; (a) the
incident rays are focused into lines by adjusting their intensity. Only slight intensity fluctuations
are visible along each laser line; (b) comparison: reflector with focusing function but without
adjusting the intensity. In (b), significant fluctuations remain visible in the intensity

Figure 3.60 shows an example of a reflector that was additively manufactured
using the SLM process. The application is an approximately conic reflector that
projects collimated rays onto the surface of a triangular cavity. The additively manu-
factured freeform projects the rays onto the surface as lines while simultaneously
budgeting the optical power. The power budgeting ensures that the irradiance
remains constant throughout the laser lines. This optical component was used in a
metrological application to record the interior of cavities in three dimensions by
laser triangulation.

The reflector design was initially calculated with a numerical algorithm based on
the faceted approach, as shown in Fig. 3.51. The facets were arranged continuously,
and the reflector surface was discretized at a sufficiently high resolution that each
facet was smaller than the resolution threshold of the 3D printer. The reflector model
was then additively manufactured, and the initially rough surface was polished man-
ually to optical quality. The evaluation demonstrated that the adapted freeform suc-
ceeded in reducing the intensity fluctuations to a fraction of their original values. A
rotationally symmetric model with line focusing but without intensity budgeting
resulted in intensity fluctuations with an amplitude of 60% of the mean signal power
(see Fig. 3.60b). Adapting the freeform reduced the amplitude of the fluctuations to
5% of the mean signal power.

3.5 Additively Manufactured Microlenses

Microlenses have a wide range of applications in optics. For example, they can be
used to collimate light beams [62]. Other fields of application include optimized
light collection, e.g., in solar cells or cameras [63]. They are also used in optical
sensors like Shack-Hartmann sensors: an array of microlenses integrated into the
sensor allows the optical wavefront to be measured [64]. Further examples are
found in microscopy and lithography. For these applications, realizing microlenses
with a freeform or nonspherical surface is desirable to reduce optical aberration.
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Technologies based on lithographic or printing and embossing processes have
been examined as candidates for the realization of freeform-based microoptics [65—
68]. However, these methods are generally not suitable for small series production,
which is an obstacle, especially for individualization. The method of laser-induced
forward transfer is one possible way of producing microlenses in small series [64].

But additive manufacturing also holds great potential for realizing microlenses.
A major disadvantage of the additively manufactured macroscopic optical elements
discussed above is that they experience strong light scattering as a result of both the
reduced surface quality and the layered structure (see Sect. 3.3). This is not a prob-
lem with additively manufactured microlenses.

The additive manufacturing of spherical lenses is discussed below. A method that
enables aspherical microlenses to be additively manufactured is also presented.

3.5.1 Additive Manufacturing of Spherical Microlenses

For the additive manufacturing of microlenses, dispenser or inkjet systems are a
suitable choice [69, 70]. As shown in Fig. 3.61a, the advantage of these types of
system is that individually defined droplets of printing material can be applied to a
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Fig. 3.61 Additive manufacturing of microlenses using an inkjet system. (a) Emission of material
droplets from an inkjet print head; (b) spherical microlens surface measured with a white light
interferometer; (c¢) increase in volume as the number of droplets increases; (d) printing of a micro-
lens array
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specific location. Each printing nozzle can also be controlled individually, allowing
droplets with volumes in the pL range to be deposited locally. The droplet forms a
spherical cap on the surface, which produces a spherical microlens. The liquid drop-
let can then be cured using UV radiation. Figure 3.61b shows the measured shape
(white light interferometer) of one such microlens; a spherical lens whose shape is
determined by the original surface tension of the droplet can be seen in the figure.
Unlike macroscopic 3D-printed lenses, there is no layered structure. Furthermore,
thanks to the surface tension, the surfaces of microlenses do not require post-
processing. The final radius of curvature and volume are determined by the wetting
behavior of the droplet, i.e., the interaction between the droplet, the substrate, and
the surrounding medium (air) [71].

To modify the radius of curvature and hence the focal length of the lens, multiple
droplets of printing material can be deposited at the same location. This increases
the volume and modifies the radius of curvature accordingly (see Fig. 3.61c). This
type of spherical lens element can also be manufactured into lens arrays, as is, for
example, shown in Fig. 3.61d. In the example, droplets (10 pL) were deposited
100 pm apart and then cured. The diameter of each droplet was approx. 60 pm. The
positioning accuracy of the printing system and the purity of the substrate surface
are the decisive factors in the quality of such microlens arrays.

Instead of coating flat substrates, a coating can, for example, also be applied to
optical fiber ends. Figure 3.62a shows the deposition of an out-coupling optical ele-
ment directly onto an optical fiber. A total of 40 droplets were deposited onto the
125 pm optical fiber.

glass fiber

Fig. 3.62 Additive manufacturing of microlenses as out-coupling optical elements for an optical
fiber. (a) Optical fiber before and after the deposition of the microlens; (b) model describing the
droplet volume and radius of curvature
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As before, the radius of curvature depends on the number of droplets deposited.
This is described by a model. First, consider the volume of a spherical cap (see
Fig. 3.62b):

V:%%@f+ﬁ) (3.5.1)
This formula can be rewritten as a cubic equation:

@+%%Q—EV:O (3.5.2)
T

The real solution of this equation describes the height of a microlens as a function
of its volume V and contact radius r,:

. {/\/nzrf +9V? +3V B Vnr?
' %/; {/\/ﬂzrf +9V? 43V

(3.5.3)

When printing onto an optical fiber, the contact radius can be taken to be constant.
The volume of the microlens may be deduced from the number of printed droplets
and the volume of each droplet. Finally, the radius of curvature may be expressed as
follows by substituting the constant contact radius and the calculated height:

2 2
R:ﬂii- (3.5.4)

The radius of curvature of the microlens now only depends on the number of printed
droplets and can be modified as required.

When measuring the geometry of a printed microlens, the volume is calculated
directly from the geometric data as follows:

V:%ﬁjﬁR—@) (35.5)
or
v="n (32 -1) (3.5.6)
6 s e 5

The measured relationship between the volume of a microlens on a 125 pm optical
fiber and the number of droplets is shown in Fig. 3.63. The volume of a single drop-
let may be determined from the line of best fit. In this case, the droplet volume is 8.3
pL. This result is close to the volume of 8 pL measured on a glass slide once the
droplets were fully cured.
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Fig. 3.63 Determining the volume of a single droplet printed onto a 125 pm optical fiber
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Fig. 3.64 Measured and simulated radius of curvature of a microlens as a function of the number
of droplets printed onto a 125 pm optical fiber

The radius of curvature can now be simulated for any number of droplets by
assuming a volume per droplet of 8.3 pL and a contact radius of 62.5 pm. The mea-
sured results and the simulated results derived from the above equations are shown
in Fig. 3.64. There is good agreement between the model and the experimentally
determined values.
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Fig. 3.65 Simulated radius of curvature of microlenses on a 125 pm optical fiber

The radius of curvature can therefore be predicted for a large range of volumes
or droplets. Figure 3.65 shows the results up to a droplet count of 300. The smallest
radius of curvature that the lens can achieve is 62.5 pm. This value is the radius of
the optical fiber and is reached after printing approximately 60 droplets. At this
point, the microlens is hemispherical in shape. The radius of curvature then increases
again if the number of droplets is further increased.

3.5.2 Individualized Microlenses

To correct optical errors such as spherical aberration, nonspherical microlens shapes
may be desirable. Since the polymers used to additively manufacture microlenses
are dielectric, this can be achieved with electric fields. This principle is illustrated in
Fig. 3.66. In Fig. 3.66a, a droplet of liquid (polymer) is shown on a substrate. The
dipoles in the liquid are arranged disorderly within the spherical cap. As described
above, the droplet forms a spherical shape. But if an electric field is now applied to
the droplet, the dipoles align themselves parallel to the field lines of the electric
field, i.e., the lines of action of the electric force. This induces a deformation in the
original spherical cap. This effect can be used to deform any printed polymer drop-
lets that have not yet been cured to achieve a predefined freeform surface that can
then be cured with UV light.

The experimental setup is shown in Fig. 3.67. A metal tip (2), which serves as an
anode, is placed inside an evacuable glass cylinder (1). This tip can be used to apply
a voltage of up to 2.5 kV from a high-voltage source. The microlens, still in a liquid
state, is on top of a substrate placed on the cathode (3). Once the sample is in posi-
tion, the glass cylinder is evacuated and flooded with SF6 to avoid the risk of
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Fig. 3.66 Deformation of a liquid microlens in an electrical field. (a) Schematic representation of
the printed droplet, which consists of dipoles on top of the substrate; (b) alignment of the dipoles
under an electrical field and the resulting change in the shape of the droplet
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Fig. 3.67 Experimental setup to induce a deformation of a liquid microlens within an electric
field. (a) Side view; (b) top view of the central area of the experimental setup; (¢) deformation of
a droplet that has not yet been cured under an electric field of 0 and 1.9 kV

flashover between the anode and the cathode. The exact positioning of the microlens
below the anode is adjusted with an x-y-z kinematics mechanism (not shown in the
image) that is connected to the setup by a flexible joint (4). To allow precise posi-
tioning (accuracy ~5 um), the microlens silhouette is observed from two directions
with two cameras (5) in collimated lighting (not shown) (see top view of setup in
Fig. 3.67b). The setup also contains UV LEDs to cure the deformed lens (not shown).

A typical result is shown in Fig. 3.67c (silhouette of the microlens taken using a
camera). The anode/metal tip can be seen in the upper part of the image. The liquid
microlens is approx. 320 pm below it (diameter of the lens, approx. 200 pm). When
no voltage is applied, the lens has a spherical shape as expected. If a voltage such as
1.9kV is now applied, the lens surface experiences a drastic aspherical deformation.
The magnitude and the nature of this deformation depends on the droplet size, the
field strength, the anode shape, and the position of the anode relative to the lens.
This allows individually adapted lens shapes with adapted and optimized optical
functionality to be realized.

The general mathematical description of lenses can be stated in terms of Zernike
polynomials. These polynomials allow the shape of the lens or the wavefront that it
generates to be described. Zernike polynomials are decomposed into an azimuthal
component and a radial component p.

The Zernike polynomial series expansion can be stated in terms of the following
rotationally symmetric equations:
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cos(m¢) :m>0

Z, (p,¢) =Z" (p,¢) =R" (p){sin(m¢) :m<0 (3.5.7)
1:m=0

The radial component satisfies

!
(_1) (n—l)! n-21 (3.5.8)
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Equation (3.5.10) defines the Zernike polynomial of n-th radial and m-th azimuthal
order. The term / denotes the starting point of the Zernike expansion.

Based on this representation, the general Zernike polynomial of n-th order is now
given a weighting factor. The weight is called the n-th order Zernike coefficient c,.
A description of the wavefront is obtained by summing over all Zernike components:

R (p)=

k=1
W(p.9)= ZaZyp) (3.5.9)

In general, including a greater number of Zernike polynomials yields a better
approximation of the wavefront or lens geometry.

A description of the surface of the deformed microlens can now be established in
terms of these Zernike polynomials. This can then be imported into an optical design
software program to simulate the effect of the microlens, for example.

The systematic procedure followed to establish this description is shown in
Fig. 3.68 for an anode positioned directly above the vertex of the droplet. The arrows
indicate the sequence of process steps. First, the camera records an image of the
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Fig. 3.68 Systematic representation of the process chain to express the surface shape of the
deformed droplet in terms of Zernike polynomials
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silhouette of the deformed droplet at a specific voltage (not shown in the figure/
equivalent to Fig. 3.67c). The contour of the droplet (= cross-section through the
vertex) can be extracted from this image using image processing algorithms. This is
shown for different voltages by the many blue lines in the top left of Fig. 3.68. In the
next step, the radial components of the first 36 Zernike polynomials are generated
(see bottom left of Fig. 3.68) and fitted to the contour lines deduced from the droplet
based on a least-squares approach that takes into account a weighting of each poly-
nomial. Thus, the fit curves shown in red are computed for the measured contour
lines shown in blue. Since the deformation of the droplet is assumed to be sym-
metrical, the fit curves are then rotated to model the “3D shape” of the deformed
droplet. The first 36 complete Zernike polynomials are then generated and fitted to
the 3D model thus obtained by varying the Zernike coefficients accordingly. For
each voltage, this yields a set of Z1-Z36 Zernike coefficients that describe the sur-
face of the droplet under this voltage.

With the symmetrical anode positioning described above, changing the voltage
induces a symmetrical change in the curvature of the lens and hence produces opti-
cal defocusing. This is, for example, described by the Zernike polynomial Z4. The
dependency of the Z4 coefficient on the voltage is shown in Fig. 3.69. Finally, a
function is fitted to these measurement points using least-squares fitting based on
the Levenberg-Marquardt method. This is performed not only for the Z4 coefficient
but for every relevant Zernike polynomial, which allows a definitive model of the
surface deformation to be established in terms of the Zernike polynomials Z1-Z36.

The surface shape of the droplets can now, for example, be transferred to an opti-
cal simulation software program based on the Zernike polynomial model, and the
expected light distribution can be simulated as a function of the deformation/
voltage.
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Fig. 3.69 Dependence of the Zernike coefficient Z4 (defocusing) on the applied voltage
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3.6 Additively Manufactured Light Sources

The benefits of additively manufactured optical elements extend further than simply
realizing complex geometries. They also enable very different materials to be com-
bined. In this way, additional functionality can be incorporated into the optical com-
ponents or realized alongside the printed optics.

One attractive approach to achieving a greater functionalization of additively
manufactured optics is the integration of light-emitting materials. This topic is dis-
cussed below.

3.6.1 Organic LEDs

Integrating light sources into the additive manufacturing process is another way to
functionalize 3D-printed optics. Organic light-emitting diodes (OLEDs) are a prom-
ising alternative to conventional light sources based on semiconductors. OLEDs
open up new possibilities, especially during manufacturing. Inkjet printing can be
used to realize individually shaped polymer-based light sources with low material
consumption thanks to the drop-on-demand technique. Organic solar cells can
already be produced in this way from layers manufactured exclusively by inkjet
printing [72]. Furthermore, the inkjet process is not limited to flat surfaces (see Sect.
3.7). By the end of the process chain, a complete lighting element with housings and
brackets but also optics and light sources can be manufactured entirely additively.

Using jettable materials with low solids content to additively manufacture semi-
conductors poses several challenges relating to the accuracy of the printing system,
the surface roughness of the substrate, and the layer design. A layer stack consisting
of inks with dissolved semiconducting polymers was therefore tested to investigate
functionality and compatibility on conventional substrates (ITO anode).

However, the approach described here used transparent 3D printing materials as
the basis of the substrate on which the OLED was built. To compensate for the
absence of the conventionally used glass substrates with an indium tin oxide (ITO)
electrode, a dissolved semiconducting polymer was also used as an ITO replace-
ment [73].

For the additively manufactured OLED, a four-layer OLED on a polymer anode
and a 3D printing substrate were used. Figure 3.70 shows a relative band diagram
highlighting the functionality of each layer with its lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO). If a positive volt-
age is applied from the anode to the cathode, charge carriers are injected from each
electrode into the layer stack, recombining within the emissive layer (EL) while
emitting visible light. The hole injection layer (HIL) transports positive charge car-
riers (holes, white points) from the anode to the EL. Similarly, the negative charge
carriers (electrons, black points) enter the layer stack through the electron transport
layer (ETL). An optional hole blocking layer (HBL) prevents positive charge
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Fig. 3.70 (a) Schematic energy diagram of the four-layer OLED presented here; (b) cross-section
sketch of the OLED design for Additive manufacturing by inkjet (excluding Galinstan). Layer
thickness not to scale

carriers from drifting to the electron transport layer instead of recombining within
the EL to emit light [74]. The structure of an additively manufactured OLED is
shown schematically on the right-hand side of Fig. 3.70. In practice, the thickness
of each layer can sometimes be as low as 100 nm. In the design shown in the figure,
the polymer anode, the HIL, and the EL (EML) span a large area on an additively
manufactured substrate (AMS). A mask is then applied to divide the large area into
smaller active areas where the HBL (not shown) and the ETL are locally printed.
The rear contact is established by locally dispensing a liquid metal alloy that is then
encapsulated in the same material as the substrate. The copper plates used for the
electrical connection of both the anode and the cathode are not shown.

A commercial inkjet system (Fujifilm DMP-2850) was used to realize the inkjet
OLEDs by integrating them onto additively manufactured optical components. This
system allows the various inks to be filled and the parameters to be configured in
such a way that the print head releases droplets of approx. 10 pL. The inkjet printer
was used to produce the substrate and the mask, for sealing, and to print the organic
layers themselves. The materials can easily be exchanged thanks to a cartridge sys-
tem. The strongly solvent-based inks also require intensive drying to produce homo-
geneous layers. For an optimized process, multiple layers of printing must therefore
be combined with drying cycles.

Figure 3.71a shows an inhomogeneous layer after a printing-drying cycle.
Although the layer initially covered the entire surface in its liquid state, patches
formed during intensive vacuum drying, meaning that planar conductivity was not
achieved for the polymer anode or the HIL. Nevertheless, since water-soluble layers
are sometimes used but other layers may be degraded by the presence of even the
slightest amounts of water in their environment, drying is a greatly important part of
achieving a functional layer stack. Figure 3.71b shows multiple layers of the poly-
mer anode (arrows) printed with an offset, as well as the HIL on the right. Although
low-viscosity inks were used and a fully covering layer was created during printing,
the printed surfaces exhibit a characteristic line structure caused by the sequential
line writing process, as can be seen in Fig. 3.71b and c. Up to the line artifacts vis-
ible at the edge, the layer is fully covering in this example. In Fig. 3.71c, the mask-
ing of the EL can also be seen as a thick bulge to the top and to the left. The mask is
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Fig. 3.71 (a) Inhomogeneity in a single layer after vacuum drying; (b) multilayered printing of
the anode and the HIL; (¢) EL with the edge of the mask; (d) PSD analysis of different printed layers

greatly important, since any contact between the HBL and the ETL or the cathode
and the HIL would create a short circuit, and the leakage currents would signifi-
cantly impair the efficiency of the system [75].

The mask severely limits the usable area of the EL. However, it prevents a poten-
tial defect at the edge of a layer from causing the entire OLED to fail. Since the
mask is made from the same material as the substrate material, the UV dose is a
critical aspect of curing, since the EL is exposed and unprotected at this stage and
will degrade if subjected to excessive radiation [76]. The same material is also used
to encapsulate the OLED. The encapsulation on one side and the substrate on the
other protect the semiconductor stack from contact with atmospheric oxygen, which
would also cause the OLED to degrade [77].

The small layer thicknesses mentioned above can lead to problems, especially
when a layer is applied to a rough substrate surface or on top of rough sublayers. A
topology measurement obtained with a white light interferometer after each pro-
cessing step shows that the surface roughness of each layer is approx. S, = 1 pm but
can reach values (S,) of more than 10 pm wherever contaminants are present. These
roughness values are the greatest challenge to integrating OLEDs into 3D-printed
optics. Figure 3.71d shows a more in-depth analysis of the surfaces in terms of the
power spectral density (PSD). Although the material fully covered the surface when
it was applied, the line spacing of the printer can still be identified once the layer has
dried. The indicated measurement shows an increase in the amplitude at 33.45 1/
mm for the HIL, which matches the line spacing of 30 pm of the printing process.
However, this spatial frequency is smoothed out when the EL is subsequently
applied [78].
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Since the emitted light is coupled out through the HIL, the anode, and the sub-
strate, the efficiency of the overall stack depends on the transmission of these layers.
As the number of layers increases, the surface resistance decreases the transmission.
According to measurements, the OLED emits light in the spectral range from 525 to
640 nm (FWHM). Transmission analysis of the anode using a spectrometer based
on the printed substrate as a reference found average values of 99% for the anode
layer, 97% for two layers, and 92% for four layers. Since the refractive index of the
substrate and the PEDOT:PSS used as a replacement for ITO are almost identical,
the losses due to Fresnel reflection are negligible. A compromise must therefore be
found between conductivity and transmission. Since a single conductive layer is
susceptible to failure, two layers were used for the anodes of the additively manu-
factured OLEDs presented here.

The electrical characteristics were determined using a constant current source
producing currents of a few nanoamps. The voltage drop across the OLED and the
forward current were recorded in parallel. The results achieved by the realized
OLEDs correspond to the expected behavior of a typical semiconductor [78].
Figure 3.72 shows a completely additively manufactured OLED combined with a
3D-printed substrate as an example. The view through the anode in Fig. 3.72a shows
four OLEDs with grid-like contact surfaces around the edges. The yellowish EL is
visible through the dark blue HIL. The top and bottom copper plates are in contact
with the planar anode. Figure 3.72b shows the rear side of the OLED, where the
liquid metal contacts with the left and right copper plates can be seen as separated
cathodes. Figure 3.72c shows one of the four OLED:s in its active state.

3.6.2 Additively Manufactured Optical Converter
and Random Laser

This section investigates whether an optical converter or laser can be realized addi-
tively. For this purpose, a design similar to a fiber laser and another design based on
the principle of random lasers are discussed.

Fig. 3.72 Additively manufactured OLED on a 3D-printed substrate; (a) view of anode with
active surfaces; (b) view of cathodes with liquid metal contacts; (¢) illumination from the OLED
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3.6.2.1 Optical Converter

This idea is based on the concept of a fiber laser. Fiber lasers have a fiber core that
contains laser-active dopants that are excited to produce laser activity using an
external pump light source. The laser resonator is, for example, realized with fiber
Bragg gratings in the core. The total reflection induced by the difference in the
refractive index between the core and the cladding allows the light propagation to
be directed within the core.

Based on this principle, the concept shown in Fig. 3.73a was created for a con-
verter. A 3D-printed rod doped with Nd: YAG nanoparticles is placed between two
mirrors. When this rod is pumped from an external source, the Nd:YAG nanoparti-
cles are excited, causing them to emit light at 1064 nm. Ideally, the light should be
guided in a preferential direction, like in an optical fiber. To achieve this, like in an
optical fiber, the refractive index must vary along the direction perpendicular to the
rod. This can be accomplished with additive manufacturing. If the rod shown in
Fig. 3.73a s printed by stereolithography and a DLP projector is used for curing, the
pixel structure of the projector will induce a column-shaped curing pattern on the
material. This is shown in Fig. 3.73b. A 3D-printed rod is shown from the side. Each
pixel or DLP micromirror of the projector represents a column. The formation of
these columns is caused by the “dead area” between two pixels (DLP mirrors). In
these areas, the material is cured less when the pixels are projected onto the resin.
Since the refractive index of the resin used in this application depends on the curing
of the material, the refractive index is typically 0.01 lower in these transition areas
(see Sect. 3.3.4). Each 3D-printed column therefore acts like a separate optical fiber.
This is also illustrated by an image of the surface topology taken by white light
interferometer (top view/see Fig. 3.73c). This figure also shows typical measure-
ments of the refractive index.

This principle was used to 3D print an optical converter. For this purpose, cuboids
of 5 x5 x 12 mm?® (see Fig. 3.74a) were realized with a standard SLA/DLP printer.
However, the printer was modified to support multimaterial printing (see Sect.
3.7.3). This allowed the printer to alternate between layers with doped and undoped
resin. Nd: YAG particles (diameter 40 nm) were added to the doped resin. The layer
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Fig. 3.73 (a) Principle of a 3D-printed converter; (b) side view of the 3D-printed rod: column
structures are visible. Each column represents a pixel of the DLP projector; (¢) top view (white
light interferometer) of the rod. At the transition between columns, the refractive index is lower, as
the curing occurred less completely
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thicknesses were between 50 and 150 pm. As described in Sect. 3.3.4, the refractive
index was also reduced at the interface between two layers, meaning that each layer
helped to facilitate the preferential horizontal light transmission. After the rod was
printed as described above, it was installed into an experimental setup like the one
depicted schematically in Fig. 3.74b. The pump sources were four laser diodes
(808 nm, optical power per diode, 1.2 W). The emission signal was recorded with a
spectrometer. An added filter at 808 nm ensured that none of the signal from the
pump light source entered the spectrometer.

Figure 3.75 shows a typical result: there is a clear signal indicating spontaneous
emission by the Nd: YAG particles at 1064 nm induced by the excitation at 808 nm.

These 3D-printed samples demonstrate that additive manufacturing can be used
to successfully implement an optical amplifier or converter. Thanks to the degrees
of freedom allowed by 3D printing, these components can be made in any desired
shape (e.g., even curved shapes). 3D printing can also print directly onto existing
optical components and thus directly couple the emitted light into another optical
element.

To realize a laser on the basis of the above, a resonator is required. A series of
ongoing studies are therefore seeking to apply reflective layers to the end surfaces
by inkjet printing in order to develop a fully 3D-printed laser. However, this is a
challenging problem due to the high quality required by the mirrors. Consequently,
a second approach is being investigated in parallel, as described below.
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3.6.2.2 Random Lasers

A conventional laser consists of a medium that allows optical amplification through
stimulated emission. The optical medium is contained within an optical cavity that
partially traps the light. The system starts to lase if the total gain is larger than the
total losses.

Random lasers work differently. Instead, nanoparticles are, for example, mixed
into a gain medium (see Fig. 3.76). The gain medium is pumped by an external
source, emitting light by spontaneous emission. This light scatters elastically on the
nanoparticles, forming modes. Thus, a random laser is a material where light is
multiply scattered by the randomness of the scattering partners incorporated into the
material (e.g., nanoparticles) and then amplified by stimulated emission. As in con-
ventional lasers, there is a threshold value above which the total gain is higher than
the total loss [79].

This section reports a study of whether a random laser can be realized using addi-
tive manufacturing. First, rhodamine 6G was dissolved in ethanol as the optically
active material, and Nd: YAG nanoparticles (40 nm diameter) were dissolved in iso-
propyl alcohol. The 3D printing material (Luxaprint) was heated to 120 °C, and
both the dissolved rhodamine and the nanoparticles were added to it and agitated
with a magnetic stirrer. Samples with a wide range of geometries were then printed
by stereolithography, and their laser activity was investigated. The experimental
setup is shown in Fig. 3.77. A pulsed Nd:YAG laser system (532 nm, 10 Hz, 10 ns)
was used as the pump light source. The light from the pump laser was first passed
through a bandpass filter (532 nm). Part of the laser light (4%) was then coupled out
to determine its energy or directed onto the sample via a beam expander. At the
position of the sample, the pump laser produced a spot of approx. 2 mm in diameter.
The spectrum emitted by the sample was recorded using a spectrometer.

Figure 3.78 shows a few typical measurement results. Figure 3.78a shows a spec-
trum measured when the sample was excited below the laser threshold. The signal
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Fig. 3.77 Experimental setup to investigate the random laser activity of 3D-printed samples

from the pump light source is visible at 532 nm. In the range from 540 to 650 nm,
the spontaneous emission of the rhodamine excited by the pump light is visible.
Once a specific energy density is exceeded at the position of the sample, another
prominent peak appears at 575 nm (Fig. 3.78b). This demonstrates that the
3D-printed sample exhibits the properties of a random laser.

Figure 3.79 illustrates the same results again. Here, the spectrometer signal mea-
sured at 575 nm is plotted as a function of the pump energy input. Above a value of
1.2 mJ (approx. 10 mJ/cm?), the laser threshold is exceeded, and the total loss in the
random laser is smaller than the total gain. As the energy density of the pump laser
increases, the random laser activity of the 3D-printed laser also increases. It there-
fore exhibits comparable behavior to conventional lasers.

Since the random laser effect is based on a multiple scattering process, the con-
centration of the scattering particles (nanoparticles) must also influence the modes
that are created. To verify this hypothesis, samples were printed with different con-
centrations of Nd:YAG particles. Figure 3.80 shows the dependence of the wave-
length of the emitted laser light on the Nd:YAG concentration. When the
concentration of nanoparticles is increased by a factor of 15, the emission wave-
length decreases by 4 nm from 575 to 571 nm.

Finally, Fig. 3.81 shows a possible application for a 3D-printed random laser.
They could be used as light sources for integrated photonics. The laser would be 3D
printed onto a silicon chip in combination with printed waveguides, optical isola-
tors, and so forth.
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Fig. 3.78 Emission spectrum measured (a) below and (b) above the laser threshold

3.6.3 Additive Manufacturing of Photoluminescent Optics
3.6.3.1 Functionality in Optical Elements

The use of 3D printers in the fabrication industry is on its way to becoming an indis-
pensable fabrication tool. This is indicated by the variety of materials and process
methodologies being invented and modified to enhance and rectify the commonly
used systems. The amount of freedom in developing and modifying the designs
onsite and immediately implementing changes into the production line provided by
additive manufacturing is exceptional when compared to conventional fabrication
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Fig. 3.80 Dependence of the emitted laser line on the nanoparticle concentration

processes. In addition to variations in the geometrical aspects of the product, addi-
tive manufacturing preserves the ability to introduce specific traits into fabricated
parts by manipulating the raw material. One way to do this is to experiment with the
composition of the existing palette of materials to vary existing properties. Certain
new additives could also be added to the resin composition to implant the properties
of the additive into the printed component. In this section, one such experiment is
discussed where the desired property is the photoluminescence of quantum dots.
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Fig. 3.81 Possible application for 3D-printed random lasers

3.6.3.2 Introducing Functionality by Altering the Raw Materials
in Additive Manufacturing

Quantum dots (QDs) can be defined as organized clusters of molecules that are
physically sized anywhere from 1 to 100 nm. Conventionally, this mesoscopic size
restriction of quantum dots leads to the phenomenon of photoluminescence with an
exceptionally narrow emission spectrum. This is explained by the theory of quan-
tum confinement, according to which the size restriction confines the free electrons
within the molecules of the quantum dot to very specific energy levels of excitation,
as compared to their bulk counterparts, where the abundance of such molecules
within a three-dimensional volume widens the energy band of excitation and emis-
sion. In terms of reactivity to the environment, the sensitivity of quantum dots to the
presence or absence of certain chemical molecules is much higher than their bulk
counterparts. This is due to the exceptional surface-to-volume ratio of the molecular
arrangement in the quantum dot nanoparticles [80].

Conventional production of quantum dots involves reactants that react under a
controlled environment to form product molecules that accumulate and grow into
small clusters in an organized manner under a continuously monitored reaction
environment [81]. This growth is stopped when these molecule clusters reach the
nanometer size range, thereby yielding the quantum dots. Such individual nanomet-
ric clusters are engineered to alter the material band gap with precision by compari-
son with the material’s bulk counterparts. As a rule of thumb, conventional quantum
dots with an identical composition show a strong correlation between the dot size
and the emission wavelength, in accordance with quantum confinement [80].

In the current scenario, a multitude of fabrication methods for conventional
quantum dots (CdSe/ZnS; core-shell quantum dots) were established in order to
integrate quantum dots into additive manufacturing materials. Additionally, an array
of alloyed quantum dots (ZnCdSeS; low-cadmium quantum dots) was used. The
molecule composition of such alloyed quantum dots is modified to fine-tune the
emission wavelength of the alloyed quantum dots. In other words, the emission
wavelength of alloyed quantum dots has a stronger dependence on the chemical
composition, rather than just the quantum size effect [82]. The quantum dot size of
the alloyed quantum dots used in the experiments outlined in this section was in the
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range of 6 nm in dot diameter. The reasoning behind the choice to use alloyed quan-
tum dots instead of conventional quantum dots was the superior surface modifica-
tion of the alloyed QDs, being coated with ligands and therefore better suited for
stable interaction in a chemical environment like a conventional 3D printing
polymer.

3.6.3.3 Preparation of 3D Printing Materials Enriched with QDs

The first step towards creating photoluminescent optical components is to synthe-
size the material required for 3D printing. The preparation step of this QD-enriched
raw material is shown in Fig. 3.82. First, the quantum dots in their customized
ligand-protected format (for instance, L-type ligands like 1-Hexadecylamine) were
blended into a suitable colloidal solvent (e.g., THF). The presence of colloidal sol-
vents when preparing the printing material leads to a better homogenized spread of
the quantum dots across the resin matrix compared to incorporating quantum dots
in their powdered form. The choice of the colloidal solvent depended upon its com-
patibility with the quantum dot ligands and the photoreactive resin chosen as the
base matrix. Commercially available photoreactive resins used for earmold fabrica-
tions, as well as resins based on organically modified ceramics, were tested as base
matrices for preparing the QD-doped resin mixtures.

After mixing the dissolved QD colloid with the resin, vaporization of the col-
loidal solvent from the mixture was actively encouraged during the mixing process
to minimize the traces of the solvent in the nanocomposite, for several reasons. One
reason is that, with this printer setup, a PDMS window is needed for the printing

resin - mixture  for
additive manufacturing
of  photoluminescent
optics

quantum dot enriched photoreactive
resin

e S
transparent resin composition that can
be photopolymerized

Fig. 3.82 Pictorial flow diagram depicting the stepwise procedure for obtaining the QD-enriched
printing material from the ligand-protected quantum dots, the colloidal solvent (tetrahydrofuran in
this case) and the photoreactive resin transparent to visible light
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process (see Sect. 3.7.3). Solvents that can be used for quantum dot colloids swell
the PDMS layer [83], thereby causing clouding and a decrease in transparency. A
decrease in transparency causes erroneous variations in the energy dosage that
reaches and polymerizes the printing material liquid layer. Also, while traces of
solvents are often incorporated into certain resin compositions, presence of the sol-
vent in large proportions within the printing material can decrease the polymer net-
work density of the printed component and hence adversely affect product properties
like brittleness.

The quantum dots are very sensitive to their surrounding chemical environment,
leading to the development of quantum dot clusters inside the printing material.
Such localization of the QD clusters can cause statistical variations in the photolu-
minescence intensity depending upon the spatial point of measurement within the
sample. The mixed materials are hence consumed for additive manufacturing as
soon as possible to avoid an increase in cluster formation within the composite.

3.6.3.4 Fabrication of Photoluminescent Optics Via
Multimaterial Printing

The synthesis of the liquid QD-enriched printing material is followed by the fabri-
cation of components with the mixture. In the experiments discussed in this section,
a stereolithography printer (Ember from Autodesk) was used for additive manufac-
turing with nanocomposites. It is mandatory to have separate resin vats for different
mixtures in order to account for the possibility that the nanoparticles may diffuse
into the PDMS layer of the printing setup as a result of continued print jobs with
nanocomposites. Experiments to investigate the idea of using multiple quantum dot
mixtures to create a single component were performed on the same printing appara-
tus by making certain modifications to the printer, as explained in Sect. 3.7.3.
Printing with multiple nanocomposites in this context should be interpreted as syn-
thesizing printing materials with quantum dots of identical chemical composition
and a similar absorption wavelength range but which emit at different wavelengths
in the visible spectrum.

3.6.3.5 Results and Discussion

Detection of Fluorescence from Printing Materials Other than
the Quantum Dots

Photoreactive resins were incorporated with quantum dot nanoparticles with traces
of colloidal solvent to investigate the idea of imparting the optical property of pho-
toluminescence to components fabricated with these mixtures. Attention must
therefore be paid to any autofluorescence of the polymers used as the 3D printing
material and the solvents used to dissolve the QDs; this autofluorescence is mainly
present in the deep blue region [84]. Weak peaks were detected in the region of
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Fig. 3.83 Emission spectra of the two least autofluorescent photoreactive resins that are commer-
cially available and variation in the resin autofluorescence observed when the resin is diluted with
a solvent (toluene in this case) in different proportions

expected quantum dot emission. In some cases, these unexpected fluorescent peaks
were so strong that the QD peaks were barely detected or completely absent. This
initiated a search for alternative photoreactive resins and colloidal solvents that nul-
lify or minimize the autofluorescence from the raw material. A range of commercial
resins including the open source resin with the strong blue fluorescent peak (PR48)
were tested and compared for autofluorescence. It was found that all commercial
resins showed inherent fluorescence to varying degrees in the deep blue region. Out
of the various choices investigated, two of the least fluorescent resins were tested
along with the solvent toluene, as shown in Fig. 3.83.

Polymers with aromatic or heterocyclic units are known to be capable of photon
absorption in 300-500 nm range for n—r* transitions. These chromophore excitons
can either non-radiatively relax to the ground state or choose the radiative decay
path resulting in photoluminescence [85]. Since the compositions of commercial
resins are mostly secret, it is difficult to pinpoint the cause of this resin fluorescence
to a precise origin for most commercial resins. On the other hand, examination of an
open source resin formulation like PR48 found that the formulation consisted of a
thiophene-based UV blocker component used to control the curing depth of the
photoreactive resin (see Sect. 3.2). Thiophene chemical groups are known to be blue
light-emitting fluorophores and can, for example, be used in polymer LED fabrica-
tion [85]. This may account for the bright fluorescence of PR48 when exposed to
ultraviolet radiation. The literature mentions the effect of polymerization on the
structural arrangement of certain polymer chains that lead to chromophore stacking.
This results in excimer emission and the development of fluorescent peaks. Such a
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possibility also cannot be ruled out with the polymer networks created from the
photoreactive resin compositions.

Apart from the origin of the inherent fluorescence from the resins, another inter-
esting observation is the effect of the solvent and its proportion in the resin-solvent
mixture, which affects the intensity of autofluorescence from the resin. As can be
observed in Fig. 3.83, the two resins show different responses to the same colloidal
solvent toluene. The autofluorescence peak is strengthened in intensity by the pres-
ence of toluene in the resin A-toluene mixture and shows a threefold increase when
the resin composition is 50% diluted in the solvent. The autofluorescence peak is
weakened in intensity by the presence of toluene in resin B-toluene mixture and is
reduced to one third of its strength when the solvent concentration in the mixture
increases to 50% by volume. Although the literature mentions the capability of a
polar solvent to cause bathochromic shifts in the emission wavelength of fluores-
cence from polymers due to stabilization of the excited or ground states of the chro-
mophores, almost no wavelength shift was seen in the spectra of both mixtures
being discussed here [86]. This could be linked to the nonpolar nature of the solvent
toluene, but there still is no precise explanation for the mechanism of interaction
between the toluene molecules and the resin composition or possible routes to emis-
sion due to internal charge transfer states [86] that could lead to the strong changes
in the intensity of photoluminescence. But the theory of emission due to internal
charge transfer, among other criteria, would require the presence of electron-
donating and electron-accepting properties of groups within or attached to the fluo-
rophore, which brings back the conundrum of an ambiguous unknown
composition.

Both resin A and resin B compositions were considered for photoluminescent 3D
printing material preparations. The first trials were done with resin B, since the pres-
ence of toluene seemed to weaken the autofluorescence, thereby giving an edge to
the photoluminescent signals from the quantum dots embedded in the polymer
matrix. But this decision was met with challenges in the fabrication step, as the
solvent corroded the transmission window in the printing setup much faster than
expected. The presence of the solvent in the printed components could also alter the
mechanical properties of the 3D-printed component. This reinforced the idea that
the presence of the solvent in the final nanocomposite raw material should be lim-
ited as much as possible. In this situation, resin A provided an edge with lower
autofluorescence and a lesser concentration of the solvent.

Dependence of the Photoluminescence on the QD Concentration

The effect of increasing the concentration of the QDs in nanocomposites was
observed in single quantum dot [108]. Figure 3.84 shows one such effect, where PL
can be observed visually from samples fabricated from 0.6% concentration by
weight (Fig. 3.84a, right, top without UV light illumination; bottom, under UV light
illumination) as compared to 0.03% by weight in QD nanocomposite samples
(Fig. 3.84a, left), where the PL signals are too weak to be detected without
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Fig. 3.84 (a) Increase in concentration, increasing the photoluminescence from the quantum dots,
illustrated over four different emission wavelengths. The sample to the left was fabricated with
0.03% QD nanocomposite, whereas the sample to the right was fabricated with 0.06% QD nano-
composites; (b, ¢) an LSM image comparison from QD nanocomposites of different QD concen-
trations: 0.01% (b) and 0.08% (c)
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Fig. 3.85 (a) The PL spectra measured from a 3D-printed “chip” capable of emitting multiple-
wavelength PL from different spatial locations; (b) the spatial locations of measurement are shown

fluorescence spectroscopy. The sample shown in Fig. 3.84a demonstrates the use of
multiple material printing techniques to print a single “chip” that is capable of emit-
ting different wavelengths from different spatial locations within the chip. The PL
spectra of similarly printed chips are demonstrated in Figs. 3.85 and 3.86.

Samples with two different QD concentrations were also observed with light
sheet microscopy. Light sheet microscopy is a microscopic technique with true
potential for imaging fluorescent biological samples. In light sheet microscopy, a
light sheet of micrometer thickness is generated in the sample, thereby illuminating
and hence exciting a thin slice within the sample thickness [87]. A section of the
thick sample is accurately imaged in the form of a stack of images, where each
image in the stack is generated by moving the “light sheet” up or down within the
sample. When quantum dot-mixed 3D-printed samples were observed under light
sheet microscopy, a difference in QD cluster patterns could be seen. To demonstrate
this, the resin mixtures with two different quantum dot concentrations were used to
fabricate two 3D-printed samples. These samples were mounted onto a light sheet
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Fig. 3.86 (a) Barrier diffusion-induced variation in the photoluminescence seen in the green spec-
trum, indicated by a dip in the expected PL peak intensity (at 550 nm) as well as the appearance of
a new shoulder at 576 nm, which is around the PL peak for the adjacently printed quantum dot rod
in the yellow spectrum; (b) top, the measured sample printed with multiple quantum dots capable
of photoluminescence in different wavelengths; bottom, the green rod shows an inflex of yellow
QD material in the PL spectra

microscopy setup, and a stack of images was taken. A thin illuminated slice from
the sample with lower QD concentration (Fig. 3.84b) reveals bigger clusters that are
more localized, forming voids in between, as compared to the high concentration
sample (Fig. 3.84c), where the clusters are smaller in size and spread out over the
40 pm sheet of the sample. Lower concentrations of QD in the mixed material made
it difficult to detect the weak photoluminescent signals from the 3D-printed samples
made from this mixture (for instance, see the 0.03% concentration sample in
Fig. 3.84a, left). Samples fabricated from a higher QD concentration (e.g., 0.06%
concentration) registered strong photoluminescent signals. One such example is
shown in Fig. 3.85.

The sample shown in Fig. 3.85 was 3D printed using the multiple material tech-
nique, where five variations of the base resin were printed in a single print job. The
resulting sample exhibits photoluminescence from different wavelengths in the vis-
ible region, depending on the spatial location of measurement. The base measure-
ment was performed in the middle of the chip and therefore only captures the
response of the undoped printed resin. It can be observed that the PL intensities of
the different wavelength-emitting sections are not similar, even though all the resin
mixtures used for the fabrication were of similar QD concentrations. Another
fabrication-oriented variation in the photoluminescence emitted by the additively
manufactured samples is shown in Fig. 3.86. The spectrum measurement of the
530 nm emission QD nanocomposite displayed a strong shoulder around 570 nm,
contributed by the neighboring 570 nm QD composite rod, indicating barrier diffu-
sion between the green and yellow QD composites. In other words, the liquid resin
mixtures pose a risk of mixing between the materials during the print, and this dif-
fusion is visible in the PL spectra measured from the green rod.
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Dependence of the Photoluminescence on Prolonged UV Irradiation

Apart from the quantum dot concentration in the nanocomposites, the input excita-
tion also had a profound effect on the variation of the photoluminescence from the
3D-printed samples. The extent of variation depended upon the energy dosage in the
excitation. In other words, the longer the sample was subjected to ultraviolet radia-
tion, the stronger the intensity of the photoluminescence from the sample. An exam-
ple is shown in Fig. 3.87. A 2-mm-thick cuboidal sample was printed from an
alloyed quantum dot nanocomposite with a colloidal emission wavelength of
630 nm. From the measurements, it is safe to assume that the photoluminescence
emission from the quantum dots increases as the sample is subjected to longer peri-
ods of excitation. Over the span of 2 h of continuous ultraviolet irradiation on the
sample at 398 nm, the photoluminescence intensity from the quantum dots increased
by four times the value of a fresh 3D-printed sample. No significant shifts in the
emission wavelength were detected. The inherent fluorescence from the resin was
also strengthened by the continuous UV irradiation, increasing in intensity by a fac-
tor of 3 by the end of 3 h. It is interesting to note that the peak wavelength of this
autofluorescence is blueshifted by 5 nm. An analogous example for the inherent
photoluminescence from the resins can be derived from the light-emitting polymers,
as explained above. There exist measurement records of alternating copolymers
exhibiting photoluminescence at 422 nm for 360 nm excitation that undergoes blue
shift when the solvent is switched from THF to hexane [85], or when certain side

=0 min
0.9 60 min

=120 min
0.8

o o
(=2 -1

normalized intensity
(=]
wn

0.4
0.3
0.2
0.1
0 H s
350 400 450 500 550 600 650 700
wavelength (nm)

Fig. 3.87 Steady increase in photoluminescence observed as the exposure of the sample to ultra-
violet radiation is increased over time (indicated in the legend). The sample being inspected was
printed with a 0.6% QD nanocomposite, colloidal emission wavelength 630 nm
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groups are exchanged on the polymer backbone [85]. The process of polymerization
and cross-linking may also contribute to the observed intensity of the autofluores-
cence from the resin. For instance, cross-linking between PVA and PPV polymers
increases the polymer’s photoluminescence intensity [85].

There are several hypotheses to explain the variation in the emission of the quan-
tum dots. One possibility is Forster resonance energy transfer, according to which
there exists a route of non-radiative energy transfer from the fluorophores of a wider
emission band gap (here, the autofluorescence) to a narrower emission band gap
fluorophore (the quantum dots), thereby intensifying the PL peak from the quantum
dots. The occurrence of this possibility however is slim in this scenario, as the auto-
fluorescence of the resin increases under continuous ultraviolet radiation. This is
contradictory to the reasoning that the non-radiative energy transfer would weaken
the autofluorescence from the resin. Another possibility is reduced quenching of the
excitons that form as a result of quantum dot excitation. The reason for this may be
the isolation of the excitons within the polymer network (trapping of the formed
excitons within the polymer network), thereby reducing the chances for the excitons
to migrate into quenching sites that could result in photoluminescence quenching. It
is known that 100% conversion of the acrylic resin to polymer network cannot be
expected from a fresh 3D-printed sample under atmospheric conditions. This is one
of the reasons why post-processing is such an important step in additive manufac-
turing. Exposing a 3D-printed sample to prolonged ultraviolet excitation immedi-
ately after the print may be increasing the degree of cure within the polymer
network, thereby increasing the chances of the “exciton trapping” mentioned above.
References in the literature report that a light-emitting polymer may show enhanced
photoluminescence in the polymer blend when diluted in an inert polymer like
PMMA [85].

3.7 New Approaches to the Additive Manufacturing
of Optics

3.7.1 Robot-Based Additive Manufacturing

As presented in earlier sections, the additive manufacturing of optical elements
presents various challenges relating to the choice of materials and the printing pro-
cess itself. To avoid the disadvantages of conventional processes, new technological
approaches are needed.

The layered structure is one of the key causes of reduced optical quality in mac-
roscopic components. This structure produces two negative effects: a stepping
structure forms on the surface of curved objects, and the refractive index can vary
across layers (see Sect. 3.3). In addition to issues associated with the layered struc-
ture, many conventional processes encounter problems when realizing overhanging
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b)

Fig. 3.88 Schematic representation of light transmission through a curved light guide (a) with
unadapted layer orientations and (b) with adapted layer orientations

structures. The support structures or materials required for overhanging parts often
significantly reduce the surface quality of the component.

With most conventional printing processes, the primary problem of the layered
structure cannot be eliminated. The orientation of the layers relative to the direction
of light propagation plays a critical role. Therefore scattering increases significantly
when the light propagates through bended structures (see Fig. 3.88a) due to the step-
like structure. However, if the layers are oriented perpendicular to the light propaga-
tion, it can potentially be guided, like in an optical fiber, thanks to the variation in
the refractive index. Accordingly, the problem of light scattering can be signifi-
cantly reduced (see Fig. 3.88b).

To adapt the layer orientations to the light propagation, the number of degrees of
freedom of the printing process needs to be increased from three to six. The goal is
to allow the printing unit or build platform to rotate about three axes in addition to
translational motion (X, y, z). If the new layer orientation can be achieved by rotat-
ing the build platform, there will also no longer be any need for support structures.
The layer orientation can then be used to specifically guide the rays as desired.

The concept of one such additive manufacturing platform is shown in Fig. 3.89.
The printing unit is attached to a 6-axis robot. This allows the rough positioning to
be flexibly adjusted. The build platform is represented as a hexapod with a repeat
accuracy of 100 nm. This allows the component to be precisely handled to match the
desired layer orientation at any given point. A second robot is also used, equipped
with various contactless analysis tools for in situ analysis during the printing pro-
cess. The various printing and analysis units can be exchanged as needed thanks to
the standardized interface. Each unit of this platform is presented in more
detail below.
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Fig. 3.89 Overview of the components of an Additive manufacturing platform designed to allow
printing with six degrees of freedom

3.7.1.1 Printing Unit

The material can be applied either by inkjet printing or with a dispenser. Both tech-
nologies have different advantages and areas of applications that are described in
more detail over the following sections.

Inkjet

Inkjet technology is a flexible and very versatile printing technique. The earliest
functional systems were manufactured by IBM as early as the 1970s [88]. Since
then, applications have been further developed in the private sector, most notably
industrial applications. Inkjet technology can be used as a noncontact printing tech-
nique on a wide variety of substrates. Examples of typical industrial applications
include printing onto textiles, ceramic tiles, or wood veneers [88].

UV-curable materials also allow inkjet technology to be used in additive manu-
facturing. The decisive factor is the development of suitable materials with the right
viscosity range for inkjet technology. The viscosity can be further reduced by using
solvents or increasing the temperature of the material to make it jettable. When
doing this, the process parameters need to be precisely adapted to the print head and
the material. Developing a suitable waveform to control the print head plays a key
role. One way to develop these waveforms is presented below.
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Strictly speaking, the concept of inkjet encompasses multiple different technolo-
gies. A distinction can be made between thermal, continuous, and piezoelectric ink-
jet techniques [88, 89]. However, the most common variant is the piezoelectric
inkjet technique, which is the approach considered below. The technique involves
carefully controlling the deposition of a droplet of liquid and its positioning on the
substrate. This is often described as “drop on demand.”

A piezoelectric inkjet print head usually consists of several nozzles that can eject
droplets independently from one another. Studies and simulations of the droplet
generation process have been performed since the very beginning of inkjet technol-
ogy [90]. The wide range of effects exerted by the fluid and the pressure chamber
have been described in extensive detail. As manufacturers developed their own print
heads, many different variants of the droplet generation process were introduced.
However, the underlying principle remains the same (see Fig. 3.90). The print head
consists of a chamber with an inlet for the liquid. It is often also equipped with a
filter. The other end of the chamber is closed except for a small opening—the noz-
zle. Depending on the print head, the diameter of the nozzle can be as small as a few
microns. The droplet volumes are typically in the range of 5-50 pL. A diaphragm
with a piezoactuator is fitted to the side of the chamber.

Before the printing process, the chamber is filled with material. It must be
ensured that no air bubbles remain within the chamber. Air bubbles have a damping
effect that may negatively impact the jetting behavior. Since the nozzle diameter is
typically around a few microns, the material must also be filtered to prevent the
nozzles from becoming obstructed. A slight negative pressure is also applied to the
pump chamber to prevent the material from dripping out of the nozzle. This results
in a slight negative meniscus on the surface of the liquid at the nozzle.

To generate a droplet, the first step is to squeeze the diaphragm by applying a
voltage within the pump chamber. This forces material out of the nozzle. The dia-
phragm is then relaxed again, which causes part of the material that has already
been ejected to be drawn back into the chamber. If the diaphragm stroke is large
enough, and hence a sufficient amount of material has passed through the nozzle,
this breaks the material thread outside of the nozzle, forming a droplet. If the dia-
phragm stroke is too small, all of the material will be pulled back through the noz-
zle. The relaxing motion of the diaphragm not only pulls back material through the
nozzle; it also draws in new material through the liquid inlet to compensate for the

Fig. 3.90 Schematic
drawing of an inkjet nozzle
with a piezoelement
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material lost to the newly formed droplet. This prepares the chamber for the next
droplet.

The voltage curve applied to the piezoactuator to control the behavior of the
diaphragm is called the waveform. This waveform determines the jetting behavior
and must be adjusted as a function of both the print head and the material. Figure 3.91
a shows a simple waveform that produces the diaphragm behavior described above.
The waveform is divided into different sections, each consisting of a voltage change
followed by a hold time during which the new voltage is maintained. The waveform
shown here contains the minimum number of segments necessary to create a drop-
let: apply a voltage to deform the diaphragm (pressure increase within the cham-
ber), maintain the voltage (constant pressure within the chamber while the droplet
forms), and reduce the voltage (pressure decrease within the chamber). Since the
timing of the voltage applied by the piezoactuators can be specified very precisely,
piezoelectric inkjet printing is significantly more precisely configurable than ther-
mal techniques [91, 92]. The rise and fall times of the voltage represent optimizable
waveform parameters, as well as the voltage hold time. The total duration of the
waveform to create a droplet is approximately 20 microseconds. Droplet formation
can be optimized by inserting additional segments such as the echo waveform
shown in Fig. 3.91b. The follow-up negative pulse damps the vibration in the mate-
rial induced by the diaphragm, which minimizes any influence on the next droplet.
In principle, there are no limitations on the complexity of the waveform.

Analyzing the droplet formation with a dropwatcher allows multiple phases to be
observed. An example of droplet formation is shown in Fig. 3.92a. First, the droplet
is pushed out of the nozzle, pulling a thread of material known as the ligament
behind it. If the droplet breaks off, the ligament initially remains intact before com-
bining with the main droplet due to surface tension, forming a complete droplet.
The length of the ligament depends on the waveform, as well as the viscosity and
surface tension of the material. Under some conditions, the ligament may not recon-
nect with the main droplet, instead forming so-called satellite droplets (see
Fig. 3.92b. The satellite droplets hit the substrate after a delay, which blurs the
printed image. Their formation must therefore be avoided by configuring the wave-
form or material parameters accordingly.

The choice of materials is primarily limited by the viscosity. The optimal viscos-
ity range is usually 1-10 mPas [91, 93]. At lower viscosities, the droplet formation

a) b)

voltage
voltage

time time

Fig. 3.91 Simple waveform for controlling the piezoelement of an inkjet nozzle (a). Waveform
with an echo pulse to damp vibrations within the nozzle (b)
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Fig. 3.92 (a) Formation of a droplet in an inkjet process. Initially, the droplet pulls a thread of
material (ligament) behind it, until the ligament ultimately separates from the nozzle. Surface ten-
sion causes the ligament to recombine with the droplet after separating from the nozzle; (b) forma-
tion of satellite droplets

can be adjusted using the waveform. At higher viscosities, the material becomes too
viscous to flow through the printing system. The diaphragm cannot generate enough
force to create a droplet. In this case, the viscosity can be reduced by adding sol-
vents or heating. If the material cannot be adapted accordingly, an alternative print-
ing system is required. Microdispensers are an example of a system that can be used
at high viscosities, as described in the following section.

Dispenser

Individual droplets of fluid can also be produced by a so-called microdispensing
system. This is referred to as a dispenser below. There are various approaches to
implementing such a system. For example, some dispensers operate in a manner
similar to a syringe [94], and some dispensers eject material using ultrasound [95].
Here, a dispenser that works by delivering fluid with a piezoactuator is discussed
[96]. The key advantage of this system is that it supports highly viscous materials
with a viscosity of up to 2000 Pas [97].

Figure 3.93 shows the basic design of the dispenser. The valve body (1) contains
the control electronics and the piezoactuator. The tappet (2) protrudes from the bot-
tom of the valve body. The tappet is moved up and down by an actuator. The tappet
seal (3) guides the tappet and seals off the chamber, which is filled with fluid. The
pressurized medium container (7) supplies fluid through the chamber to the nozzle
insert (4). The tappet is accelerated by the actuator and pressed into the nozzle
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1y

Fig. 3.93 Basic design of a dispenser

insert. This pushes the medium through the nozzle opening. The nozzle fixing nut
(5) holds the nozzle insert in place within the fluid system. An additional heating
element (6) is integrated into the fluid system and thermally decoupled from the
actuator [98].

The dispensing process deposits a droplet of the dosed medium onto a substrate.
This is triggered either by manually actuating the control unit or via an external
signal such as a programmable logic controller or serial interface. A step-by-step
diagram that explains the process is shown in Fig. 3.94a. The needle lift (NL) is
shown in Fig. 3.94b as a function of time. In the initial state, the tappet is pressed
into the conic nozzle opening of the nozzle insert, which seals off the opening. This
prevents liquid from escaping from the nozzle opening. If the dosing process is now
triggered, a variable response time 7,4,y €lapses before the tappet moves up by an
amount corresponding to the NL over a duration corresponding to the rising time
(RI). The response time is determined by the computing time needed by the control
unit to process the command. The tappet now remains at this NL in this position for
a period corresponding to the open time (OT). During this interval, medium can
flow into the chamber from the reservoir (2). Once the OT has elapsed, the tappet
moves downwards by an amount corresponding to the NL over a duration corre-
sponding to the falling time (FA). During this interval, the tappet displaces the
medium before ultimately hitting the nozzle. The medium in the mouth of the
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Fig. 3.94 (a) Dispensing procedure; (b) needle lift as a function of time during the dispens-
ing process

nozzle is pushed out of the nozzle opening (3). The dispenser has now returned to
its starting position. The droplet that forms at the opening falls away from the nozzle
(4). After the droplet has fallen for a short interval, it constricts and breaks off (5).
To dispense more than one droplet, a new dispensing process is initiated after a fixed
delay time (DL) [98].

The process is influenced by various factors that can be manipulated either
directly or indirectly (see Fig. 3.95). The output parameters are the droplet volume
or the resulting droplet size on the substrate. In addition to the control parameters
cited above, the number of dispensing pulses (NP) emitted after each dispensing
signal is another direct factor of influence. This corresponds to the number of drop-
lets dispensed.

The indirect influencing factor of the supply pressure regulates the pressure dif-
ference between the overpressure in the supply container and the printing chamber.
It should be possible to adjust this pressure difference to within an accuracy of
0.1 bar. The fluid temperature and the related viscosity of the material also have a
major influence on the process [99]. The temperature typically ranges from 30 to
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70 °C. It is essential to ensure that the temperature and supply pressure remain con-
stant throughout the entire printing process. The shape of the tappet and the nozzle
insert also affect the dispensing behavior. The way that the resin is dispensed from
the nozzle (speed profile within the nozzle insert) depends on how the tip of the tap-
pet is shaped. Differences between nozzle inserts primarily concern the length of
the nozzle outlet. This affects the flow rate during dispensing. The dispensing dis-
tance is the distance between the bottom edge of the nozzle and the substrate. The
minimum distance is typically around 0.5 mm but can range up to several
millimeters.

Like for the inkjet process, the biggest challenge is to find the right process
parameters for each resin. These parameters can be determined using a so-called
dropwatcher as discussed below.

3.7.1.2 Dropwatcher

A technique known as dropwatching is an important analysis tool for both inkjet
and dispenser printing. A dropwatcher is a device for visualizing and analyzing
small droplets of material as they travel through the air. This type of analysis is
necessary to find the optimal process parameters for the printing unit when using a
specific printing material. In the context of inkjet printing, these parameters specify
the waveform. For dispenser printing, they are the control parameters. Key criteria
include, for example, the behavior of the droplet ligament and the formation of
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satellite droplets. However, the droplet speed and size are also relevant. In addition
to the wetting behavior and droplet density on the substrate, the droplet size plays a
role in determining the thickness of the printed layer and must therefore be con-
trolled precisely. Dropwatchers are also an important tool when printing with six
degrees of freedom. For example, the flight behavior of droplets of material changes
when the printing unit is tilted. The path computed for the printing unit needs to be
corrected accordingly.

The key challenge to observing droplets of material is their high speed. In inkjet
printing, droplets can leave the print head at a speed of up to 15 m/s (typical values
range from 4 to 6 m/s) [100]. A high-speed camera would therefore be necessary for
a precise analysis of droplet formation. However, for the two printing processes
discussed above, an alternative approach can be adopted. The droplet generation
process is very stable over time. The shape and speed of consecutively created drop-
lets only differ marginally. Instead of considering the formation of a single droplet
over time, multiple identical droplets can be analyzed in succession at different
times. The observation period is shifted slightly for each new image, which allows
the entire creation process to be visualized by considering multiple droplets over
time. This does however require short exposure times. To achieve this with conven-
tional industrial cameras, stroboscopic lighting is used. The measurement setup is
based on recording the silhouettes. The printing unit is placed in the beam path of a
collimated stroboscopic LED lighting system to allow the silhouette of the droplets
to be captured by a camera with a telecentric objective.

The dropwatching system is synchronized with the printing unit using a control
board. The control board sends a TTL signal whenever a droplet is about to be gen-
erated. This trigger signal is processed by the flash controller to further fine-tune the
synchronization of the camera and the lighting. The flash controller performs mul-
tiple functions. Firstly, it allows the LED to be activated for very short times (approx.
0.5-10 ps). This means that the LED can be operated in an “overstrobing” mode
with up to ten times more current. This produces nominally higher illumination and
therefore a better signal-to-noise ratio in the image. A camera with an exposure time
of 10 ms can therefore be used, since only the duration of the flash matters for image
acquisition. Accordingly, inexpensive conventional industrial cameras can be used.
The camera exposure is also activated by a trigger from the control board and is only
deactivated once the flash has ended.

Another important function of the flash controller is setting a delay before the
trigger signal. This delay is needed to observe how the droplet develops over time.
The longer the delay, the more the droplet will have developed. An example is
shown in Fig. 3.96. To visualize the entire droplet creation process, the delay is
increased after taking each image. The camera exposure time, however, remains
the same.
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delay time camera exposure
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Fig. 3.96 Controlling the camera and LED in the dropwatcher. The delay time between droplet
generation and the LED flash determines the position at which the droplet is captured and can be
analyzed

3.7.1.3 Kinematics

The kinematics of conventional 3D printers generally consist of three linear axes for
the X, Y, and Z directions. This is relatively convenient and straightforward to con-
trol. By contrast, robots have six degrees of freedom. This allows individual layers
to be freely oriented, which provides significant benefits when printing components
and realizing parts that span a certain volume.

The six degrees of freedom of the robot may be divided into three degrees of
freedom for translation through space in the X, Y, and Z directions and three degrees
of freedom for the orientation of the robot head about these same three axes. As a
general rule, each joint of the robot gives it another degree of freedom.

The tool center point (TCP) is a key concept in this context. This is the point with
respect to which the tool coordinate system is defined. The TCP and all other points
can be described in terms of so-called quaternions. Quaternions allow a mathemati-
cally elegant description of three-dimensional Euclidean space and other spaces,
especially those encountered in contexts involving rotations [101]. An alternative
description can be established in terms of Euler angles. Euler angles define each
position as a chain of three successive rotations about the axes of the reference sys-
tem. The orientation is described by the angles of these three rotations. Accordingly,
the TCP can be represented as the following vector [102, 103]:
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where X, Y, and Z describe the position within Cartesian space and R,, R, and R, are
the three angles of rotation. The TCP is defined with respect to a basis coordi-
nate system.

The TCP must be chosen to coincide with the working point of the tool attached
to the robot. In the example of the dispenser, this means that the TCP should be
defined at the exact tip of the nozzle outlet. It is recommended to use a “zero-point
clamping system” to attach the print heads to the robot. This makes it easier to
replace print heads without needing to remeasure them after they are fitted.

Importantly, the kinematics must be integrated within a comprehensive software
program that controls the printing process, the motion of the build platform (hexa-
pod), and the motion of the robot. The path programming of the robot is especially
important and is presented below.

In general, path generation is understood as a procedure that generates a path
followed by the kinematics mechanism, in this case the robot, from a template such
as a 3D model. The path can, for example, consist of a series of individual points to
which the robot must travel in order. As with conventional 3D printing, a slicer that
converts a given 3D model into a layered model can be used to generate paths for
each layer. This produces a file written in so-called G-code. Since G-code is system-
atically built up from commands, it can be converted into a cloud of points with
Cartesian coordinates relatively easily. These coordinates are then assigned a
G-mode, which determines whether or not material should be dispensed. A tool
number can also be specified for each point to identify which of the print heads
should be used. Figure 3.97 shows the information flow from a CAD file to the dis-
penser software.

However, pure path generation is not sufficient for dispenser printing. To build
up a predefined geometry with individual droplets, certain calculations must first be
performed. These calculations are presented below.

The goal is to compute the correct parameters for the dispenser and the robot
from the coordinates, the G-mode, and the tool number. As multiple dispenser print

Cartersian

Coordinates,

Conversion Dispenser

Tool Number,
G-Mode

Fig. 3.97 Information flow from the CAD file to the dispenser
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Fig. 3.98 G-code path to dispensed geometry

heads can be used in parallel in the context of multimaterial printing, the tool num-
ber specifies the correct print head.

The calculations seek to “translate” the input variables for the dispenser and the
robot in such a way that the desired geometries can be printed. This is illustrated in
Fig. 3.98. The left side shows the contour of a hexagon realized in standard slicing
software. The slicer generates six points from the CAD file of a hollow hexagon and
defines paths between these points. Along these paths, the G-mode would, for
example, simply be set to extrude for conventional FDM printing. However, for
robot-based dispenser printing, the G-code must perform another calculation to con-
vert the original hexagon into the hexagon shown on the right of Fig. 3.98. The new
hexagon consists of individual droplets that are dispensed with a certain spacing.

This calculation takes the coordinates, the G-mode, and the tool number as basic
inputs. However, to obtain the geometry shown on the right of Fig. 3.98, other input
parameters are required to describe the robot and the dispenser. These parameters
are, namely, the robot acceleration ., the robot speed v, the preferred droplet
spacing d,,. for the given dispenser, and the dispenser parameters discussed above.
The droplet spacing represents the preferred distance between two droplets in the
translated code. This is shown in Fig. 3.99. Another parameter shown in the figure
is the path d,,,,;, from point 1 to point 2. This path corresponds to the distance between
P, and P,.

Like the TCP, these two points are robot coordinates with six components:

X X
b Y,
g 2,
P = R, 3P, = R, (3.7.2)
R, R,
R R

The x-, y-, and z-coordinates are the Cartesian coordinates extracted from the
G-code. The R-coordinates describe the orientation of the TCP of the robot, as
described earlier. For the printing process described here, these coordinates are
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constant across all points. To calculate the distance d,, between the two points, two
assumptions can therefore be made. Firstly, the R-coordinates can be ignored, since
the orientation of the TCP never changes during the printing process. Secondly,
since the G-code generated by the slicer consists of layers, and each layer has a
fixed z-value, this z-value can also be ignored. This means that the x and y-coordinates
are sufficient to define the two points. The same is true for all subsequent points in
this calculation. The points can therefore be simplified to

X, X
P, :[ 1j;P2 =[ ZJ (3.7.3)
N Y2

To calculate the distance between two points in space, it suffices to calculate the
magnitude or length of the vector PP, [104]:

dpath = ‘TPZ. = \/(‘xl X, )2 +(y1 - )2 (374)

The number of droplets n,,, between P, and P, given a preferred droplet spacing of
dypace can now be calculated from di,, and dpee:

d
= b (3.7.5)

ndmps d
space

This formula needs to be extended by +1 for the droplet pattern to reproduce the one
shown in Fig. 3.99. This ensures that there is both a first droplet and a last droplet:

d
S LU (3.7.6)

space

ndrops

The number of droplets can only be an integer value. This means that 7., needs to
be rounded depending on its value after the decimal point [105]:

dpatn

Fig. 3.99 Path from G-code and droplets
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, ndropsf ur ndrops - n;lrops < 05
My = ] (3.7.7)
ndropsf ur ndrops - n;lmps < 05
This gives a new length d:
, l4mm furd,,, =3.5mm
dpalh = ndrops *dspace = n (378)
l6mm furd,,, =4mm

Thus, the length of the distance between points P, and P, depends on the number of
droplets. This would change the dimensions of the target geometry, which must be
avoided. Since dj,,, is a constant value that depends on the points and 714, Was con-
figured to specify the properties of the dispenser, only dy,,.. can be modified without
changing the overall geometry or producing an invalid value for the number of
droplets. This gives

, d_,
d_=—p (3.7.9)

space 4
ndrops - 1

where d___ is the actual droplet spacing. This leads to an inaccuracy between two

droplets:p;;ence the actual droplet spacing d___ and the preferred droplet spacing

space

dpace do not coincide. The inaccuracy is given by

Ad e = |Aipace = Dipuce (3.7.10)
where Adj,. is the deviation from the preferred droplet spacing. This inaccuracy is
only relevant if it is larger than the repeat accuracy of the robot (e.g., 0.1 mm).

Another problem is the synchronization between the robot and the dispenser.
There are several challenges. The most obvious is that the robot has a certain speed
profile, as shown in Fig. 3.100a. The robot requires some time to reach full speed.
For the example with droplets discussed above, this creates the problem that the first
and last droplets are not deposited in the correct positions. This is visible in
Fig. 3.100b as an offset in the droplets. The printed path becomes shorter as a result.
The spacing between the first and second droplet is reduced to d,, and the spacing
between the last droplet and the last-but-one droplet is reduced to dy,. This effect is
caused by the acceleration and a,y,, Of the robot, which requires an acceleration
time 7 cceleration DEfOrE reaching v, Figure 3.100c gives another visual summary of
the situation.

To correct this error, delays must be introduced during the acceleration phase to
ensure that the droplet spacings are identical.

A robot-based printing approach comparable to FDM printing is possible based
on the techniques described above. A typical result is shown in Fig. 3.101.
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Fig. 3.100 (a) Droplet distribution; (b) velocity profile when the robot moves; (¢) distance over
time with droplets

Figure 3.101a shows a pyramid before printing, and Fig. 3.101b shows the realized
component placed on a slide. Some shape deviations are visible, especially around
the edges of the pyramid. This is attributable to the surface tension of the resin.
Small bubbles can also be seen within the pyramid. These bubbles arise when the
process control is too fast. Figure 3.101c shows printed letters. Problems relating to
the wetting of the substrate by the resin can be seen around the edges.

In some applications such as gradient-index optics, the printing of multiple mate-
rials is desirable. The material or corresponding print head is selected using the
“tool number” parameter. An example of the parallel printing of two materials is
shown in Fig. 3.102. The different hatching patterns of the sliced model in
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Fig. 3.101 (a) Schematic representation of the pyramid after the slice process; (b) printed pyra-
mid on a slide; (c) printed text

Fig. 3.102 (a) Schematic representation of two materials after the slice process; (b) structure real-
ized on a slide

Fig. 3.102a correspond to different materials. Figure 3.102b shows the printed
result. The material of the inner circle has significantly higher viscosity, which
causes strong bubble formation in some parts of the material. In practice, this is
undesirable; however, in this case, it allows the two materials to be distinguished
more easily.
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The path generation procedures considered so far are not yet capable of orienting
the robot with six degrees of freedom. To do this, a robot path must be generated
along the surface of the object while also defining a local coordinate system that
uniquely specifies the orientation of the robot for each point on the surface.

The basic procedure is illustrated below using the pyramid shown in Fig. 3.103a
as an example. First, the coordinates of the surface are extracted from the data gen-
erated by the slicer. For the object shown in the figure, only the corner points of the
surface are defined in the STL file (import coordinates). To ensure that there are
sufficiently many points for later processing, the next step is to interpolate between
the points (interpolate points). Next, in a manner equivalent to FDM printing, the
number of lines that need to be printed adjacent to one another on the component
(number of lines) is calculated from the specified line width. Based on this and a
tolerance value, a plane is extracted from the points, e.g., in the x-direction with a
fixed y-value (assign points). Of these points, only the points that describe the sur-
face are retained (clean slice). These points are linearly interpolated so that the

: . 2 Calculate number of
Import Coordinates Interpolate points : S -
lines with line width

sign all points of Interpolate points

the same X or Clean up ,Slice” along X/Y axis to get

uniform distribution

Fig. 3.103 (a) Basic procedure for generating paths with six degrees of freedom; (b) resulting
point cloud for the generated paths; (¢) local coordinate systems assigned to each point to specify
the perpendicular orientation of the print head
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spacing between the points is always constant (interpolate points). This is performed
for each line, with meandering connections between the lines. The resulting point
cloud is shown in Fig. 3.103b. Finally, the orientation of the robot is determined for
each point. The guiding principle is that it should be oriented parallel to the local
surface normal. The local coordinate system needed for this can be constructed
using vector calculus from each point and its relation to its closest neighbors. The
final point cloud and the corresponding local coordinate systems are shown in
Fig. 3.102c. This specifies both the path of the robot and the orientation of the robot
or print head.

3.7.1.4 Metrology Unit

As shown in Fig. 3.89, the build platform is a hexapod. A key aspect of the control
system is that both the position of the robot or print head and the position of the
hexapod must be known within the same coordinate system. This means that the
position and orientation of both objects must be captured by a measurement system.
A diagram of such an optical measurement system is shown in Fig. 3.104. Measuring
plates with three ceramic spheres each are mounted on both the robot head and the
hexapod (spheres A and spheres B). The positions of the ceramic spheres relative to
one another are precisely determined using a coordinate measuring system. The
positions of the spheres themselves with respect to TCPgopo and TCPyyexapoq are also
known, described by the matrices ;M and ;M . Furthermore, the radius of sphere

Structured Light Scanning

-

'

Fig. 3.104 Schematic representation of the optical measurement procedure to determine the posi-
tion and orientation of the robot and the hexapod



150 M. Rank et al.

A differs slightly from the radius of sphere B and is also precisely known. This is
necessary to ensure that the spheres can be distinguished and correctly assigned
during the optical measurement process.

A fringe projection system was used for optical measurement. This system proj-
ects a striped pattern onto the ceramic spheres. The deformation of the projected
lines induced by the ceramic spheres is recorded by a camera system and converted
into a point cloud (strip projection method). These spheres are identified within the
point cloud, and, after calibrating the system, the position of the spheres relative to
one another can be calculated to obtain the transformation matrix ,M . At this point,
all required transformations ;M , M ,and /M are known, and the transformation
matrix IZM establishing the relation between TCPrgpy and TCPyyexapoa can be calcu-
lated by matrix multiplication.

Figure 3.105 shows an example. Figure 3.105a shows each tool plate with the
ceramic spheres. To demonstrate the positioning, tips are mounted on each of the
robot and the hexapod and positioned relative to one another. The figure also shows
the striped pattern generated by the projector and captured by the camera. Once the
positions of the spheres have been determined in space, the rough positioning is
adjusted by moving the robot. A second measurement process is now performed.
This adjusts the fine positioning by precisely moving the hexapod. The end result is
shown in Fig. 3.105b. This method can achieve a positioning accuracy in the range
of 10 um. To the first order of approximation, the accuracy depends on the field of
view of the camera, the camera resolution, and the width of the narrowest pro-
jected strip.

Fig. 3.105 Example of a positioning process: position and orientation of the robot and hexapod
(a) before alignment and (b) after alignment based on the position determined for both objects
in space
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3.7.1.5 Curing Unit

Like the printing unit, multiple possible variants are possible for the curing unit.
Curing units are also mounted on a second robot with a zero-point clamping system.
One variant is a laser scanning system that guides a 405 nm UV laser beam over the
resin using two galvo scanners to cure it. Another variant is a DMD-based process.
In this variant, a UV LED is used to illuminate a DMD in such a way that curing is
achieved by two-dimensional projection. This allows new processes to be integrated
into the printing process. One example of this is a process based on the double pat-
terning method. This process is described in more detail in the next section.

3.7.2 DMD-Based Additive Manufacturing
of Optical Components

DMD projectors are ideal for curing an entire layer of a component with a single
exposure. The minimum lateral structure size is determined by the size of the
imaged pixel. However, especially in the context of optical applications, it is desir-
able to further reduce this structure size. One way to achieve this is with a subpixel-
ing process called the double patterning process. This method allows large areas to
be cured with a DLP projector while simultaneously producing small structures on
these areas.

3.7.2.1 Curing at Subpixel Resolutions by Multiple Exposure

In standard DLP projectors, the edge length of the imaged pixels is around 40 pm.
A circular area would therefore be discretized into steps of size 40 pm. Similarly,
the smallest lateral structure size is 40 pm wide. To achieve a finer discretization and
smaller structures with the same projector, the double patterning method known
from lithography can be modified to work with a DLP-based process. To do this, the
energy of the exposure mask is divided into two pulses. Before the second portion
of energy is applied, the substrate is moved so that the two exposure masks overlap
slightly, as shown in Fig. 3.106a. The energy of each pulse is configured to be

a)

AR .-
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Fig. 3.106 Principle of double patterning. (a) Schematic representation of the superposition of
pixel columns; (b) image of an overlapping pixel column. The overlapping area is approx. 10 pm
(bright areas in the right-hand image)
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sufficiently low that the material is not fully cured by a single exposure. The mate-
rial is only cured in the overlapping areas that receive energy from both pulses.
Thus, a row of pixels with a width of 40 pm can, for example, be used to expose a
bar that is 10 pm wide (Fig. 3.106b). The minimum structure size is no longer lim-
ited by the pixel size but by the positioning accuracy of the translation unit and the
minimum curable structure size of the resin. In the example discussed here, a hexa-
pod with a positioning accuracy better than 100 nm is used (see Fig. 3.89).

The polymerization reaction can be divided into multiple parts. At the beginning
of the process, the resin consists of mobile monomers and photoinitiators. UV radi-
ation radicalizes the photoinitiators, which triggers a chain reaction. As the length
of the resulting oligomers increases, the viscosity of the material increases, until the
material is fully cured. Before the material transforms into a solid, it is in a gel-like
state where it is dimensionally stable but can easily be deformed by mechanical
action. This gel phase can be reverted, for example, using solvents. By contrast,
solvents only affect the cured material to a very limited extent. Figure 3.107 shows
a diagram of this process. The energy of the first exposure mask cures the material
up to the gel phase. The substrate is then moved to the second position and subjected
to another exposure. In the overlapping area, the material is fully cured. This cured
area is surrounded by a layer containing gel-like material. The liquid and gel-like
material is then removed with a solvent bath.

To prevent the material from being fully cured by the energy from the first expo-
sure mask, the critical energy of the transition between the gel-like state and the
cured state needs to be known. Determining these material properties is therefore
essential, as discussed in Sect. 3.3.1.

There is a logarithmic relationship between the surface energy input and the cur-
ing thickness (see Formula 3.3.1). This relation can be used to determine the E, and
D, values of the material. A standard procedure for doing this is to measure the cur-
ing thickness as a function of different surface energy inputs and plot it semiloga-
rithmically as shown in Fig. 3.108a. The slope of the plotted line is the curing depth
(D,). The intersection with the x-axis is the critical surface energy.

When configuring the parameters of the double patterning process, only the area
very close to the critical surface energy is important. This is shown in more detail in
Fig. 3.108b. An approximately linear relationship can be seen between the curing
thickness and the energy input around the intersection with the x-axis. Before deter-
mining the exact value of E, the value is first determined roughly using the method

a) b) c)

liquid liquid

gel B S gel

i| :I-cured :cuved

Fig. 3.107 Schematic representation of the double patterning method. (a) Exposure of the liquid
resin droplet with the first exposure mask; (b) displacement of the substrate and exposure with the
second exposure mask; (¢) any material still in a liquid or gel-like state is removed. Cured struc-
tures only remain in the areas where the two exposure masks overlapped
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Fig. 3.108 (a) Logarithmic representation of the curing depth as a function of the energy input;
(b) linear approximation of the curing depth close to the critical surface energy

described above. Several values of C, (in this case, nine) are then determined near
this energy. These nine values form an approximately straight line whose intersec-
tion with the x-axis specifies a new, more precise value of E,.

The resin used in the example is based on acrylates whose curing process unfolds
by radical polymerization. One known problem with this reaction is that polymer-
ization can be inhibited by oxygen present within the surrounding atmosphere. This
occurs when oxygen molecules bind to the free radicals of the polymer chains or
photoinitiators, thereby stopping the formation of chains. Maximum conversion of
monomers is therefore not achieved at the surface of the cured layer, resulting in the
formation of a gel-like film.

To develop a curing technique based on the double patterning method for a given
resin system, a series of basic studies of the behavior of the polymerization reaction
as a function of the exposure parameters are required. Inhibition by oxygen is an
undesirable effect that needs to be avoided. This can be achieved by performing the
tests within an atmosphere of nitrogen or carbon dioxide.

To guarantee stable and known experimental conditions for a parameter study,
the resin can also be placed on a slide. The resin is cured from behind through the
glass slide (see Fig. 3.109). The excess layer of resin over the structure offers suf-
ficient protection against the oxygen present in the environment.

After curing, the liquid and gel-like resins need to be removed from the cured
structure to be examined. To do this, the substrate is immersed in a bath of isopropyl
alcohol for 4 minutes and dried with a gentle stream of nitrogen. The cured structure
is measured with a white light interferometer. The thickness of the sample is then
determined from the measured topography.

3.7.2.2 Parameter Study

First, the dependence of the D, and E, values of the resin on the process parameters
is investigated. The configured irradiance of the DLP projector, the size of the irra-
diated area, and the pause time between the two exposure pulses are taken into
consideration.
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Fig. 3.110 Curing depth as a function of the irradiance

Figure 3.110 shows the thickness of several layers cured with the same energy
input but different levels of irradiance. A linear relationship is visible. If the curing
is performed at a lower irradiance, the curing thickness is higher, provided that the
surface energy input is kept the same. Thus, if the photons are supplied over a longer
period of time, the polymerization reaction unfolds more effectively. This also shifts
the value of the critical surface energy. Accordingly, the D, and E, values need to be
determined as a function of the irradiance.

When large areas are exposed (several mm?), the surface area does not have a
significant influence on the D, and E. values. However, since double patterning
involves the exposure of very small areas, this factor still needs to be considered in
more detail. To do this, the D, and E, values are determined using three different
exposure masks. Figure 3.111 shows the cured thickness for exposure masks con-
sisting of 4 x 4 pixels, 3 x 3 pixels, and 2 x 2 pixels, respectively. It can clearly be
seen that both the intersection with the x-axis and the slope of the curve vary
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Fig. 3.111 Curing depth as a function of the exposed area

significantly. This means that the energy of the exposure pulses must be precisely
adapted to the size and overlapping area of the exposure mask.

Figure 3.112 shows the E, value as a function of the area of the exposure mask.
The area is specified in units of pixels. Each imaged projector pixel corresponds to
an edge length of 40 pm. The change in the E. decreases as the size of the exposed
area increases. The target structure sizes of just a few microns are consequently
located in a strongly nonlinear range.

Since the substrate needs to be translated mechanically, the two exposure pulses
cannot occur in immediate succession. Consequently, the supply of energy to the
polymerization reaction is interrupted for a certain time. Figure 3.113 shows the
dependence of the cured thickness on the pause time between two exposure pulses.
As the pause time increases, the curing thickness decreases, even though the same
energy is supplied in each case. This is related to the kinetics of the polymerization
reaction.

Finally, two examples are presented to illustrate the curing of structures in the
subpixel range (see Fig. 3.114). In this case, a single row of pixels is used as the
exposure mask. The imaged pixels once again have an edge length of 40 pm. The
substrate is shifted by 30 pm between exposures to create an overlapping area of
10 pm. Figure 3.114a shows the topology of the cured structure. The measured strip
has a width of approx. 10 pm and a height of 1.3 pm.

For the second example, an absorption grid was cured. This was done with a
period strip mask. Each stripe consists of a row of pixels. The stripes themselves are
spaced by two rows of pixels. The mask was shifted by 25 pm between exposures to
create an overlapping area of 15 pm. Measurements of the cured grating taken by
white light interferometer are shown in Fig. 3.114b. The width of the strip corre-
sponds to the target of 15 pm, and its height is 1.8 pm. The spacing between the strip
is 80 pum. The optical behavior of the grating when transmitting a 632 nm laser is
shown in Fig. 3.114c. The resulting diffraction pattern is as expected for this type of
grating.
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Fig. 3.112 Critical surface energy as a function of the exposed area. For exposed areas larger than
3 x 3 imaged projector pixels, the critical surface energy is approximately constant. The imaged
pixel size is 40 pm in this example
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Fig. 3.113 Curing depth as a function of the pause time between mask exposures. The total energy
input is 8 mJ/cm? for every cured sample
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Fig. 3.114 (a) Strip with a width of 10 pm cured using the double patterning method; (b) optical
absorption grating; (c) diffraction pattern generated by (b)

3.7.3 3D Printing of Multiple Materials

The final section considers multimaterial printing with a conventional STL printer.
The goal is to use different materials in both the lateral and axial directions within a
single printing process (see Sect. 3.6.3).

3.7.3.1 3D Printing with a Single Material

An indication of the extent of research done into additive manufacturing is seen
through the abundance of materials and the corresponding manufacturing processes
being developed. Depending on the application of the fabricated part and its geo-
metrical complexity (precision required for its macro and micro features, for
instance), a wide range of polymers, ceramics, and metals are available for fabrica-
tion with additive manufacturing [106]. The use of several materials within the same
fabrication step is often required to enhance the performance of the manufactured
part. In the context of stereolithography, where thin layers of the material are accu-
mulated on top of each other according to the component’s design, using multiple
materials can either mean printing with different materials within the same layer or
printing with different materials per set of layers. An experiment on the printing of
multiple materials is discussed in this section after making minor changes to the
fabrication process used by the Ember printer from Autodesk. Under normal cir-
cumstances, the printer works according to the principle of photopolymerization by
irradiating single slices of a select photoreactive resin in liquid form with ultraviolet
light. The UV dosage, which is predefined for a specific layer thickness, initiates
polymerization of the liquid layer, solidifying it on the printing platform, as shown
in Fig. 3.115.

Under normal printing conditions, one material is used to build a solid version of
the computer-aided design (CAD) of the part. The resin vat is filled with 75 ml of
photoreactive resin. One layer is printed on the printing platform with each com-
pleted printing cycle. Each printing cycle consists of four steps, as shown in
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a)

44cm

Fig. 3.115 (a) 3D printing machine used for multiple material printing; (b) normal operation of
the printer, yielding single-material prints—a print job is shown during the exposure step of the
print cycle. Each printing cycle accumulates a layer on the printing platform, thereby additively
manufacturing the sample

Fig. 3.115a. The platform moves down and is immersed in the resin vat in the first
step. At this position, only a thin layer of liquid resin remains in between the plat-
form and the transparent window. Subsequently, this thin layer of the liquid photo-
reactive resin is exposed to a precalculated dosage of ultraviolet radiation in the
shape of the slice of the part according to the design, as shown in Fig. 3.115b. Each
slice corresponds to the cross-section of one layer of a specific thickness, created by
slicing software from the CAD design of the part. Within the thin layer that is
exposed to the radiation, there is a dead zone consisting of the resin directly in con-
tact with the oxygen diffused into the PDMS layer in the transmission window that
does not respond to the excitation (see Sect. 3.2). The liquid layer segment above
this dead zone polymerizes onto the print platform. In the second step, the printed
layer on the platform is separated from the transmission window via a sliding
motion as the resin vat rotates, in order to compensate for the strong adhesion forces
between the layer formed on the print build head (platform) and the liquid dead zone
segment beneath it. In the third step, the platform moves up from the vat. Finally, in
the last step, the resin vat rotates back to its initial position. With each cycle, the
platform moves up by one layer thickness when it immerses into the resin to accom-
modate the next layer cured onto the platform.
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3.7.3.2 3D Printing Multiple Materials with a Conventional STL Printer
Modification of the Fundamental Fabrication Process

When using multiple materials to 3D print a component using a printer designed for
one material, the first task is to accommodate all the raw materials while maintain-
ing the capability to polymerize each material onto the platform as per the design.
This step was realized using a metal barrier that partitioned the transparent window
into different sections so that one material is held in each section. The printing plat-
form was built with projections that could be fully immersed into these sections to
print the material from each section onto the corresponding projection of the print
platform according to the design. It should be noted that the metal barrier/rim is held
in position solely by the adhesion forces between the PDMS layer on the transmis-
sion window and the barrier. Therefore, steps 2 and 4 of the normal printing cycle,
where the resin vat rotates, were removed to avoid the possibility of mechanical
disturbances that might displace the barrier placement altogether. A shortcoming of
this sectioning method is that the materials are at the risk of mixing after long prints
(see Fig. 3.86).

Possible Methods of Multiple Material Printing

With the printing setup presented in the previous section, multiple materials can
potentially be incorporated into the printed sample in two ways: by printing with
different materials sequentially, as shown in Fig. 3.116, and/or by printing different
materials simultaneously, as shown in Fig. 3.117 [108].

Printing with multiple materials sequentially involves printing with one material
for a specific number of layers and then switching to another material. In this way,
up to five variations of the same base resin could be tested, as shown in Fig. 3.116.
The inherent property of photoluminescence is preserved in the 3D samples that
were printed from the quantum dot nanocomposite, as can be seen in the printed
example. Manual intervention is needed to clean the surface of the printed sample
on the print platform to avoid the possibility of uncured material mixing at the
boundaries between two materials at the first layer printed after the material
exchange.

Multiple materials can also be printed simultaneously within one slice, as shown
by the schematic in Fig. 3.117. For this simultaneous material curing, it is intuitive
to fill all the materials in the sections created by a metal barrier or rim in such a way
that the projections can print each material simultaneously. An example of the com-
bined usage of both these methods is demonstrated by the 3D-printed photolumi-
nescent sample shown in Fig. 3.117. In this case, the quantum dot composites were
all printed simultaneously, and then the common base cover was printed sequen-
tially onto these QD rods using the base resin only.
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Fig. 3.116 Schematic diagram showing the sequential steps of a multiple material printing pro-
cess where different materials are introduced into a single print job in the direction of the print axis,
i.e., a set of layers of one material is cured on top of a set of layers of another material, sequentially.
In the printed sample shown here, quantum dot nanocomposites of different emission wavelengths
were printed in a single print job

Using the available commercial 3D printing setup and introducing minor tweaks
into the printing process allowed multiple material printing to be implemented for
quantum dot nanocomposites. The challenge of barrier diffusion (see Fig. 3.86)
arises because the metal barriers used to section the material compartments are not
sturdy, since they are only temporarily placed in the resin vat and are removed after
the prints are complete. This temporary placement was an alternative to reusing the
resin vats for more than one configuration of multiple material prints (for instance,
changing the metal barriers depending on the number of materials and hence the
number of sections). To achieve stable prints, continued efforts are needed to fabri-
cate customized resin vats that can accommodate multiple materials within the
same resin vat with minimal risk of material mixing.
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Fig. 3.117 A schematic diagram showing the possibility of printing multiple materials within the
same layer, spatially separated from one another. This technique was used to print quantum dot
composites of different emission wavelengths and then sequentially print a pure resin base at the
bottom to obtain a sample printed with five different variations (four nanocomposites and the pure
resin) of the same photopolymer resin

3.8 Summary

This chapter examined the additive manufacturing of active and passive optical
components using conventional 3D printing technologies. In general, it established
that surface roughness, layered printing, and the associated inhomogeneity during
the curing process are at the root of reduced optical properties in macroscopic ele-
ments. Nevertheless, there are many possible applications for additively manufac-
tured optical components, especially in the field of lighting. The complex component
geometries allowed by additive manufacturing are particularly advantageous.

The 3D printing of microlenses also opens up the possibility to use additive
manufacturing for imaging systems, since microlenses have a significantly lower
surface roughness and also do not exhibit a layered structure. Furthermore, to
achieve greater levels of shape complexity, microlenses can be deformed in their
liquid state within an electric field before curing. This provides an additional degree
of design freedom.

In addition to passive optical components, active optical components also appear
very promising. New functionality can, for example, be integrated into printed
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optics by incorporating quantum dots, and liquid lenses with an adaptively modifi-
able freeform surface can be developed.

To further improve the quality of 3D-printed optics in the future, or to integrate
additional functionality into optical elements, the manufacturing process needs to
be adapted to the requirements of optical elements. A key step is the transition to
additive manufacturing with six degrees of freedom, which is made possible by
robots. Another key goal in this context is to reduce the lateral structure resolution,
which requires new approaches, such as double patterning.
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Chapter 4 )
3D Printing of Transparent Glasses

Check for
updates

Frederik Kotz, Dorothea Helmer, and Bastian E. Rapp

Abstract Glasses have shaped the field of optics and photonics like no other mate-
rial—enabling numerous sensing and imaging systems, optical data transfer, and
laser systems. Transparent silicate glasses are the material of choice for high-
performance optical components as they combine high optical transparency with
high thermal, chemical, and mechanical stability. However, precision shaping of
glasses is notoriously difficult and mainly limited to grinding and polishing pro-
cesses for macroscopic objects and hazardous etching processes for the fabrication
of microstructures. In recent years, considerable efforts have been made to making
glasses accessible to the 3D printing revolution of the twenty-first century. When
silicate glasses entered the field of 3D printing, two major directions came up—
direct 3D printing of low melting glasses at high temperatures and indirect glass
printing of glass precursors using technologies borrowed from the techniques of
polymer 3D printing. These precursors can be printed at room temperature and
turned into transparent glass in a subsequent heat treatment. In this chapter, we out-
line the latest developments of 3D printing of transparent silicate glasses.

Keywords Additive manufacturing - 3D printing - Fused silica glass
Multicomponent glass - Nanocomposites - Sol-gel - Glassomer - Stereolithography
- Direct ink writing - Advanced manufacturing

4.1 Introduction

Glasses are one of mankind’s oldest materials and nowadays still one of the most
important materials in optical applications, e.g., for lenses, prisms, mirrors, and
windows. Glass is the key material for a number of applications, ranging from imag-
ing systems for photography, television, high-resolution microscopy, to telescopes
[1]. For all applications which require high transparency and stability, glasses are
the first choice. Modern data technology would not be possible without glass fiber
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technology, and only 11 years ago, Charles K. Kao received the Nobel Prize in
Physics for his work on optical data transfer. Even though glasses have been known
for centuries, their technological significance has increased over the centuries.

Glasses are a special class of materials, a fact that is reflected by the ongoing
debate about the correct definition of the glassy state—several thousand years after
its discovery [2]. Glasses are characterized by a missing long-range order, i.e., they
show an amorphous structure and a glass transition temperature. This definition
extends beyond the classical pure oxide glasses known from everyday life to, e.g.,
metallic and polymeric glasses. Of all types of glasses, however, silicate glasses are
still the most widely used type in the field of optics. Silicate glasses consist of sili-
con dioxide (SiO,) as the network former. A silicate glass consisting of pure SiO, is
called fused silica glass. These glasses are characterized by a high thermal and
chemical stability combined with a high optical transparency in the ultraviolet, vis-
ible, and infrared wavelength regime [3]. Therefore fused silica glass is widely used
for fibers for optical telecommunication, lenses and photomasks for microlithogra-
phy [4]. Most silicate glass types further contain network modifiers introduced in
the form of, e.g., soda (sodium carbonates) or lime (mostly calcium carbonates).
The network modifiers are bound in the ionic state, compensating for the negative
charges of the oxygen atoms of the broken Si-O bonds of the silica tetrahedron. This
modification can significantly reduce the melting temperature of glass. Whereas
fused silica is usually processed above 2000 °C, soda-lime glasses containing addi-
tionally sodium and calcium ions can be melted and processed at temperatures of
around 1200 °C depending on the mixture. For complex optical imaging systems,
optical components with varying refractive index and dispersion are highly sought-
after. While some additives are known to influence the optical parameters of glasses,
e.g., titanium oxide which can be used to modify the refractive index of the glasses
and the thermal expansion coefficient [5], modifications to the glass composition
are difficult, with the additives often leading to crystallization and phase separation.
Thus, novel ways to achieve glass doping in combination with novel 3D shaping
methods could significantly advance the field of glass science.

4.2 Conventional Glass Structuring

On the macroscopic scale, glasses are nowadays mainly structured using high-
temperature molding or grinding and polishing processes. For the fabrication of
microstructures, wet chemical or dry etching processes are used [6]. However, some
alternative technologies have evolved for structuring and microstructuring of glass.
Precision glass molding (PGM) has been used for structuring low melting glasses
like borosilicate glasses on the macro- and microscale [7, 8]. Here, the glass is
heated above the glass transition temperature but below the softening point of the
glass before shaping the material by using a high-temperature mold. Structuring of
high-purity glasses like fused silica glass using PGM however still remains chal-
lenging as it requires temperature-resistant molds made from glassy carbon, which
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have low wear resistances and are difficult to produce [9]. Laser structuring has
become a powerful technology for microstructuring of glasses. Direct ablation and
laser-assisted etching technologies have been used for this purpose. In direct laser
ablation, the absorption of the laser radiation leads to evaporation of the glass. CO,
lasers, vacuum UV, and ultrashort pulse lasers have been used to directly fabricate
2D microstructures in glass [6, 10, 11]. However, after evaporation, the material can
condensate on adjacent structures. This often results in structures too rough for opti-
cal applications [6]. Laser-assisted etching technologies have also been used to
structure 2D as well as 3D microstructures [12]. Here, an ultrashort pulse laser is
scanned through the bulk of a glass and induces nanocracks along the focal point of
the laser [13]. The damaged parts show a higher solubility in etchants and can be
selectively removed in hydrofluoric acid. Even though the solubility is increased,
this process is still controlled by diffusion and thus slows, especially in confined
spaces such as suspended structures. In long channels this can lead to tapered chan-
nel geometries [14, 15]. Femtosecond laser direct writing has been used to fabricate
three-dimensional objects such as whispering gallery mode optical microcavities or
microfluidic channels [12, 16]. However, the relatively high surface roughness (R,
around 100-200 nm) prevents optical applications and necessitates subsequent
post-processing [17].

Apart from generating glass structures from molten glass, glasses can also be
produced and structured using the sol-gel process [18, 19]. Here, the glass network
is formed by hydrolyzing inorganic silicate alkoxide precursors. In a typical sol-gel
process, a silicon containing precursor (mostly tetraethyl orthosilicate (TEOS)) is
hydrolyzed and condensates to form a gel which is then turned into a transparent
glass via drying and sintering. Sol-gel technology has been used to fabricate micro-
structures like waveguides and thin porous membranes using soft replication pro-
cesses [18]. However, the drying of the sol-gel components remains a major
challenge in these processes, because large amounts of condensation products (e.g.,
ethanol) produced by the hydrolyzation of the alkoxides must be evaporated from
the components resulting in cracks and often destruction of the components [19].
The process is therefore mainly used for thin coatings or replication of microoptical
components.

4.3 Evolving Applications in Optics and Photonics

In the past decades, countless novel applications have evolved in the field of optics
and photonics as well as in sensing and bioanalysis, most of which require high-
precision three-dimensional structuring of optical materials [20, 21]. Three-
dimensional photonic crystals, metamaterials, microstructured coupling elements,
complex microlens systems, and photonic chip-scale interconnects are just a few
examples [22-25]. An exemplary multi-lens objective and a chip-to-chip intercon-
nect fabricated using two-photon direct laser writing (DLW) can be seen in Fig. 4.1.
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Fig. 4.1 Microoptical components 3D printed in polymeric photoresins: (a) multi-lens objective
3D printed using DLW (scale bar, 20 pm). (Reproduced from Gissibl et al. [23]). (b) Photonic
chip-to-chip interconnect fabricated using DLW. (Reproduced from Lindenmann et al. [22])

Until now, similar structures are inaccessible by conventional glass structuring
and are usually fabricated using polymers although, in many cases, glasses would
be preferable to their superior material properties. With the advent of high-resolution
Additive manufacturing and 3D printing, research and industry has employed poly-
mers to quickly and conveniently design, prototype, optimize, and manufacture
intricate structures with resolutions in the single-digit micrometer regime.
Technologies like high-resolution stereolithography (SL), inkjet printing, or DLW
have emerged [21, 26]. All of these processes have been developed for polymer
structuring. In addition to the ease of shaping polymers using these processes, poly-
mers offer great potential for optical applications as they allow convenient tuning of
optical properties such as index of refraction or transmission giving optical design
significant degrees of freedom. However, polymers suffer from a wide range of
disadvantages such as material aging, limited biocompatibility, as well as limited
physical, chemical, and thermal robustness. Glasses and especially high-purity
glasses like fused silica are also superior to polymers in terms of their optical trans-
parency especially in the UV and the infrared. Three-dimensional shaping of glasses
with high-resolution (few micrometers) has therefore become a very active field of
research.

In 2014 the first successful attempts to 3D printing of glasses have been demon-
strated in the literature [27]. The attempts made since this first breakthrough then
can be categorized into two major approaches: direct 3D printing of glass at elevated
temperatures and indirect 3D printing using glass precursors such as sol-gel mix-
tures or nanocomposites. These precursors can usually be printed using 3D printing
techniques, e.g., stereolithography, which were originally developed for polymer
processing. The precursors are then turned into glass in a subsequent heat treatment
process. As such, these processes use shaping methods originally used for structur-
ing polymers and only yield glass after a high-temperature treatment. These are thus
often referred to as indirect glass printing. In this chapter, we will highlight recent
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developments in the field of direct and indirect 3D printing of transparent glasses
starting from the early approaches to glass printing.

4.4 First Trials for 3D Printing of Glass

Although transparent glasses are one of the most important materials for optics, this
class of materials has until recently been an idle bystander in the 3D printing revolu-
tion. However many different attempts have been proposed in the past to 3D print-
ing transparent glasses. Different 3D printing techniques such as selective laser
sintering (SLS) or selective laser melting (SLM) as well as inkjet printing of glass
particle suspensions have been proposed. Klocke et al. were among the first to sinter
borosilicate glass powders using SLS in 2004 [28], while Luo et al. studied SLM of
soda-lime glass powders in 2014 [29]. However, both processes used micron-sized
glass particles which did not allow full densification of the glass powders and thus
only yielded porous white and non-transparent glass components (see Fig. 4.2a).
The same problem occurred with sintered parts printed from suspensions of micron-
sized glass particles using inkjet printing (see Fig. 4.2b) [30]. The reason for the loss
in transparency is the incomplete densification of the glass powders, which results
in a porous component with increased light scattering at the pore/material interfaces.

4.5 Direct 3D Printing of Transparent Glass

The first successful direct approach to 3D printing of transparent glass was pre-
sented by Klein et al. [27] using a modified fused deposition modeling (FDM)
printer. A low-temperature melting soda-lime glass powder was heated to a tem-
perature of around 1040 °C, and the melt was extruded through a nozzle (see

Fig. 4.2 First attempts to 3D printing of glasses: (a) selective laser melting of borosilicate glass
powders. (Reproduced from Luo et al. [29]). (b) Inkjet printing of micron-sized glass particles in
a binder matrix and subsequent thermal debinding and sintering. The process results in a porous
nontransparent glass part. (Reproduced from Bourell et al. [30])
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Fig. 4.3 Direct fused deposition modeling (FDM) printing of transparent glass: (a) a low melting
soda-lime glass powder is melted at a temperature of around 1040 °C and the melt extruded
through a nozzle (scale bar, 5 mm). (b) Object printed using fused deposition modeling at high-
temperatures. (Reproduced from Klein et al. [27])
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Fig. 4.4 Direct printing of transparent glass using fibers: (a) Principle of glass printing via glass
fiber melting. (Reproduced from Luo et al. [32]). (b) Simple photonic glass fiber waveguide depos-
ited on a glass slide by locally melting the fiber with a CO, laser. (Reproduced from Johnson et al.
[33]). (¢) A cube printed using glass fiber melting. The strong geometric deviations during the
printing process limit the dimensional accuracy. (Reproduced from Luo et al. [32])

T

Fig. 4.3a) [27]. This process has been commercialized by the company micron3Dp
which modified the process to achieve layer thicknesses of a few 100 pm [31].
However, the process still fabricates parts with resolutions insufficient for optical
applications. Due to their high melting points, this direct 3D printing process has
only been used for the fabrication of soda-lime glasses. High-purity glasses like
fused silica glass cannot be processed using this method due to their high melting
temperature of around 2000 °C.

Another direct 3D printing approach has been described by Luo et al. where a
glass fiber with a minimum diameter of 100 pm was manually fed into the printing
area and melted using a CO, laser beam [29, 32, 33]. The process can be seen in
Fig. 4.4a. Using this process simple parts have been fabricated in borosilicate or
fused silica glass such as a single optical fiber attached on top of a glass substrate
(see Fig. 4.4b) [33]. However due to strong thermal variations as a consequence of
the uncontrolled heat distribution, the dimensional accuracy suffers. Figure 4.4c
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shows an exemplary object designed to be a cube, which resulted in an object with
only little geometric fidelity.

Until 2017, all direct 3D printing processes resulted in components with resolu-
tions below the requirements for most technical and optical applications. In addi-
tion, all processes demonstrated are performed at elevated temperatures requiring
special printing equipment.

4.6 Indirect 3D Printing of Transparent Glass

We have recently developed the first indirect high-resolution 3D printing approach
to fabricating and structuring high-quality transparent fused silica glass. The pro-
cess is shown in Fig. 4.5. We have developed liquid nanocomposites (called
Glassomers) which contain silica nanoparticles (up to 60 vol%) in a photocurable
binder matrix [35-37]. These nanocomposites can be printed in benchtop stereo-
lithography printers in a layer-by-layer fashion. The printing process results in a
polymeric nanocomposite, the so-called green part. The green part is thermally
debound at a temperature of 600 °C, whereby the polymeric binder is completely
removed, leaving the so-called brown part. During the final sintering process, the
powder is densified at a temperature of 1300 °C to a fully dense and highly transpar-
ent fused silica glass. During the sintering process, the part shrinks isotropic in
dependence of the solid loading. The sintered glass parts show the same chemical
and physical properties like commercial fused silica glass. They show the same high
optical transparency in the UV, visible and infrared wavelength region combined
with the same high Vickers hardness, bending strength, wetting properties, as well
as thermal and chemical stability [34, 36, 37]. These nanocomposites have recently
been commercialized by the company Glassomer GmbH.

Using a commercially available benchtop 3D printer, structures like the pretzel
shown in Fig. 4.6a can be printed. To achieve even higher resolution, microstereo-
lithography (pSL) printers can be used, which allow structuring the Glassomer
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Fig. 4.5 3D printing of transparent fused silica glass using the Glassomer nanocomposites: the
nanocomposites consist of fused silica glass nanoparticles in a photocurable binder matrix. These
nanocomposites can be printed using high-resolution (micro-)stereolithography printers resulting
in polymeric nanocomposites (so-called green part). The binder is removed during a subsequent
thermal debinding process at 600 °C and sintered to a transparent fused silica glass at
1300 °C. (Reproduced from Kotz et al. [34])
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Fig. 4.6 Indirect 3D printing of transparent fused silica glass using Glassomer: (a) Glassomer can
be printed using benchtop stereolithography printers. A printed and sintered fused silica glass
pretzel (scale bar, 5 mm). (b) Glassomer nanocomposites can be printed with tens of micron reso-
lution using microstereolithography (uSL). A sintered castle gate printed using pSL (scale bar,
270 pm). (¢) Optical lenses can be fabricated using grayscale lithography (scale bar, 100 pm). (d)
Sintered binary diffractive optical element fabricated using direct lithography (scale bar, 100 pm)
shown with the optical diffraction pattern (illuminated with a green laser). (Reproduced from Kotz
et al. [34])

nanocomposites with lateral resolutions of tens of micrometers. Figure 4.6b shows
an exemplary castle gate with pinnacles of 80 pm in width.

Due to its layer-by-layer nature, (1)SL always results in parts with the so-called
staircase defects, showing the individual layers of the print. Although these layers
only have a height of a few 10 pm, this is a major problem for many optical applica-
tions since the layers reduce the optical transparency along the printing direction.
One advantage of the Glassomer nanocomposites is that they can also be used as
so-called grayscale resins [34]. Grayscale lithography is a fabrication method
whereby a photoactive material is exposed to a light pattern with a gradient in light
intensity. Since the cure depth depends on the exposure dose (the product of light
intensity and exposure duration), a variation in the exposure dose can be used to
generate surface reliefs such as microoptical lenses or microfluidic channel struc-
tures [38, 39]. Figure 4.6c shows a fused silica glass microoptical lens array which
has been fabricated using grayscale lithography of Glassomer nanocomposites and
subsequent thermal debinding and sintering. As can be seen, the lenses show a very
smooth surface and do not possess the staircase defects known from stereolithogra-
phy printing. Besides high-resolution printing, Glassomer nanocomposites can be
used as a binary negative photoresist. In this method one layer of the resist is
exposed to a binary light pattern resulting in a localized polymerization. An exem-
plary microoptical diffractive structure with a lateral feature size of 50 pm and a
height of 1.5 pm fabricated using direct lithography can be seen in Fig. 4.6d. It
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further shows the diffractive projection pattern that appears when the structure is
illuminated with a green laser. The parts fabricated via direct lithography as well as
the top surfaces of the parts printed using pSL showed a surface roughness R, of
around 2 nm, suitable for applications in optics and photonics [34].

Stereolithography printing of Glassomer nanocomposites has been recently used
to fabricate optical fiber step-index core preforms [40]. The printed preform was
thermally debinded and drawn as the brown part on a commercial drawing tower at
a temperature of 1855 °C resulting in an optical fiber with a length of 2.3 km (see
Fig. 4.7). UV casting of Glassomer nanocomposites has been recently further used
for the reduction of losses in solar modules [41]. Micro-cone textures were used to
reduce the front-side reflection losses by ~80% compared to a planar reference.
Furthermore embedded freeform surface cloaks which redirect the light from the
metallic contact to the solar cell could achieve a cloaking efficiency of up to
~88% [41].

Besides arbitrary three-dimensional freestanding structures, the fabrication of
complex hollow microstructures inside fused silica glass is of high interest for the
miniaturization of chemical synthesis reactors as well as for the fabrication of, e.g.,
hollow waveguides in optics and photonics [17, 42]. However the fabrication of hol-
low microstructures via conventional SL printing is challenging since uncured
material remains inside the small channel structures and is partially cured during the
printing process [43]. The risk for rough channel walls and even blocked channels
is significantly increased when channel dimensions are reduced to a few tens
of micrometers. A combination of the Glassomer process and high-resolution 3D
printing using DLW of polymeric templates allowed, for the first time, generating
truly arbitrary hollow microstructures of centimeter length in bulk fused silica glass
[44]. In this process, termed sacrificial template replication (STR), the polymeric
template is embedded in the liquid Glassomer nanocomposite, which is consecu-
tively polymerized. The embedded template results in the inverse glass microcavity
after thermal debinding and sintering. Figure 4.7a shows a polymeric template
which has been fabricated using DLW and the resulting glass microchannels after
the thermal heat treatment process. The roughness of the embedded microchannel
depends on the roughness of the template. Using templates fabricated by DLW,

100 pm

Fig. 4.7 3D printing of optical preforms using the Glassomer process: (a) cross-section of a
3D-printed and drawn multimodal fiber. (b) Image of the transmission setup of the printed and
drawn optical fiber. (Reproduced with permission from Chu et al. [40])
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Fig. 4.8 Sacrificial template replication: (a) 3D-printed polymeric template structure fabricated
using DLW (scale bar, 900 pm) is embedded in Glassomer. (b) Resulting inverse intertwined
microfluidic glass structure after thermal debinding and sintering. The channels were filled with a
red and a blue dye (scale bar, 280 pm). (Reproduced from Kotz et al. [44])

Fig. 4.9 Alternative indirect glass 3D printing approaches: (a) a silica-containing ink is extruded
through a nozzle (scale bar, 500 pm). (b) A microfluidic cross-section with a channel width of
400 pm (scale bar, 4 mm). The channel was filled with dyed water. (a/b reproduced from Nguyen
et al. [45]). (c) Erlenmeyer flask printed via SL in using photocurable sol-gel precursors. The flask
was filled with dyed water. (Reproduced from Cooperstein et al. [46])

microchannels with a surface roughness of R, ~ 20 nm have been fabricated
(Fig. 4.8).

As an alternative technology for indirect 3D printing of transparent silica glasses,
direct ink writing of colloidal silica sols and sol-gel based approaches have been
described [45, 46]. In direct ink writing, objects are prepared by a filament-by-
filament assembly of shear thinning inks which are extruded through a nozzle (see
Fig. 4.9a). For the fabrication of fused silica glass, silica nanoparticles have been
dispersed in a liquid consisting of tetraethylene glycol dimethyl ether [45]. An alter-
native approach to 3D print fused silica glass via stereolithography printing was
described by Cooperstein et al. [46]. The authors developed a photocurable ink
based on sol-gel solutions containing TEOS and a photocurable acryloxypropyl tri-
methoxysilane which was printed using SL. Both direct ink writing of colloidal sols
and the SL printing of sol-gel precursors are converted into fused silica glass by a
subsequent heat treatment.
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4.7 3D Printing of Multicomponent Silicate Glasses

The addition of metal ions to the glass structure can alter the optical and thermal
properties of glasses. For indirect printing of glass based on nanocomposites, the
optical properties of printed Glassomer glass can be adjusted by doping the brown
part with alcoholic solutions of metal salts. Chromium(III) nitrate and vanadium(III)
chloride resulted in a green or blue ionic colored glass. Doping with gold(III) chlo-
ride was used to generate gold nanoparticles inside the glass resulting in a colloidal
red coloring (see Fig. 4.10a) [34]. Using this approach the absorption properties of
the glasses can be tuned as is confirmed by the UV/Vis spectra of the doped glasses
shown in Fig. 4.10a. Such doped glasses can be used, e.g., for the fabrication of
tailored optical filter components. This doping concept has been further extended to
photoluminescent glasses, by doping the brown part with alcoholic solutions con-
taining rare-earth elements Eu**, Tb**, and Ce** (see Fig. 4.10b) [47]. These glass
dopants are of interest for optical temperature sensors or laser applications [48, 49].
Examples of such SL printed, doped, and sintered photoluminescent glasses are
shown in Fig. 4.10b.

For indirect printing of glass using sol-gel precursors, direct ink writing has been
extended to printing of SiO,-TiO, glasses by using adjusted sol-gel feedstocks [50].
Si0,-TiO, glasses have been used in the field of optics and photonics, e.g., for the
fabrication of waveguides or gradient index optics [51-53]. These glasses are espe-
cially interesting since TiO, increases the refractive index and can be further used to
reduce the thermal expansion. The printed glasses showed an increase in refractive
index similar to commercial TiO,-SiO, glasses. The reduction of the thermal expan-
sion has so far not been demonstrated. Direct ink writing has been furthermore used
to fabricate SiO,-GeO, glasses resulting in an increase of the refractive index com-
pared to pure fused silica glass [54].

Moore et al. have presented a modified sol-gel route for the fabrication of porous
as well as dense multicomponent glasses in the SiO,-B,0;-P,0s system. Phase sepa-
rating resins were developed by dispersing sol-gel precursors in an acrylic binder
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Fig. 4.10 3D printing of colored glasses: (a) doping of Glassomer parts with alcoholic solutions
of metal salts can be used to fabricate colored glasses. Gold(IlI) chloride results in a colloidal red
color. Vanadium(III) chloride and Chromium(III) nitride results in an ionic blue and green color,
respectively. (Reproduced from Kotz et al. [34]). (b) Doping of Glassomer with Eu*, Tb*, and
Ce** jons to fabricate photoluminescent glasses. The structure under natural light (left) and under
illumination by a 254 nm UV lamp (scale bars, 5 mm). (Reproduced from Liu et al. [47])
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Fig. 4.11 3D printing of multicomponent SiO,-B,05-P,0;5 glasses using phase separating resins:
(a) phase diagram of the SiO,-B,0;-P,0s system. (b) 3D printing of phase separating sol-gel pre-
cursors after sintering to a multicomponent glass. The compositions are shown in the phase dia-
gram in a. (Reproduced with permission from Moore et al. [55])

matrix. Using this process porous glass with an adjustable porosity between a few
100 nm and 1 pm could be printed. Furthermore, the nanoporous objects could be
sintered to nearly full density of around 98% resulting in a transparent multicompo-
nent glass with variable composition (see Fig. 4.11).

4.8 Comparison of Indirect Glass 3D Printing Methods

In the following, a comparison of the existing indirect 3D printing methods for the
fabrication of glasses in terms of their suitability for optics will be given. One major
concern for optical parts lies in the achievable in-plane and out-of-plane resolution
of the underlying printing process as well as the resulting roughness. Direct ink
writing is capable of printing filaments with a size of a few hundred micrometers.
As can be seen from the fluidic chip in Fig. 4.9b, the single filaments can be clearly
seen in the final component and significantly reduce the optical transparency.
Photocurable sol-gel precursors have so far been printed using SL with a resolution
of around 600 pm. The highest lateral resolutions of around 50 pm and a layer thick-
ness of 10 pm have so far been demonstrated using the Glassomer nanocomposites
in combination with pSL. Minimum feature sizes of around 7 pm were achieved by
the STR approach in combination with DLW. For optical applications, another
major issue of the 3D printing process is the visibility of the layers along the z-axis.
In order to prevent this, photocurable nanocomposites as well as photocurable sol-
gel precursors are promising materials since they have the potential to be used in
high-resolution printers such as continuous liquid interface production (CLIP) or
DLW. Herein the layers can be reduced into the submicron regime resulting in
smooth surfaces [56-58].

A further important aspect when comparing indirect 3D printing processes lies in
the subsequent thermal heat treatment. All indirect 3D printing methods involve
thermal debinding or drying steps as well as a subsequent sintering process. One
significant aspect when comparing these processes is the linear shrinkage which the
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parts exhibit during this heat treatment process. The shrinkage during the heat treat-
ment depends on the amount of silica, the so-called solid loading in the resins. If the
shrinkage is isotropic, the linear shrinkage Y can be calculated in dependence of the
solid loading @, the theoretical density p,, and the final density p using the following
equation:

1/3

y=1-| & 4.7.1)
P,

A high solid loading of the precursor materials is especially important for the fabri-
cation of monolithic bulk glass components. A reduction of the amount of binder
will reduce the risk of part damage during the thermal debinding or drying process.
A high solid loading and low shrinkage is further advantageous to reduce the risk of
part bending during the sintering process [59].

A comparison of the achievable solid loadings and the times required for the heat
treatment of the different indirect 3D printing techniques can be found in Table 4.1.
The solid loading of the colloidal sols used in direct ink writing has been reported
to be between 10 and 20 vol% resulting in a high linear shrinkage of up to 50% [45].
The shrinkage of the photocurable sol-gel precursor has been reported to be 40-56%
in the x-y plane and 33-48% in the z-direction [46]. This nonlinear shrinkage

Table 4.1 Comparison of relevant methods for high-resolution 3D printing of glass. (Reproduced
from Kotz et al. [42])

Solid
loading Linear Processing time

Method Resolution | [vol%] shrinkage post treatment | Literature
Direct glass 3D printing
Fused deposition >1 mm - - - [60, 61]
modeling
Laser melting of glass >1 mm - - - [29]
fibers
Indirect glass 3D printing
Stereolithography with 60 pm 40— Isotropic ~46 h [34, 37]
nanocomposites 60 vol% 16-26%
Stereolithography with ~600 pm | n.a. Non- >7 days [46]
sol-gel precursor isotropic

XY ~40%—

56%

Z ~ 33%-—

48%
Stereolithography with ~1 mm n.a. ~60% ~75h [55]
phase-separating resins
Direct ink writing with ~200 pm | 10- Isotropic 112h [45]
colloidal sol 20 vol% 41-53%
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further complicates the designing of the components. The phase-separating sol-gel
resins showed a linear shrinkage of even 60% [55]. The Glassomer nanocomposites
on the other hand have been demonstrated to achieve solid loadings of up to 60 vol%
resulting in a linear shrinkage of only 16% [37].

4.9 Outlook

The convergence of glass material formulation and novel printing methodologies
will enable next-generation applications in optics and photonics. Tuning optical
properties, e.g., index of refraction, color, or dispersion, will allow developing novel
glass compositions in nearly arbitrary shapes. The manufacturing of tailored glass
formulations with adjustable optical properties will lead to a paradigm shift in the
field of optics and photonics, which until now is mainly limited to a handful of com-
mercially available glass types.

On the other hand, manufacturing techniques evolve further, and the possibility
to combine techniques developed predominantly for polymer processing will
become available for the generation of high-resolution glass components. This
amalgamation of techniques will thus boost the application scope of precision glass
components as the manufacturing techniques of glasses and polymers will converge
towards the same technology platform. Enhancements which, until recently, were
exclusive to polymer processing, e.g., CLIP or DLW, could thus become available
for glass processing [56]. Applications, which will directly profit from this next-
generation process scope, are, among others, integrated optics, solar cells, optical
data science, light conversion, as well as medical gear and biotechnology.
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Chapter 5

Industrial-Scale Fabrication of Optical
Components Using High-Precision 3D
Printing: Aspects-Applications-Perspectives

B. Stender, W. Mantei, J. Wiedenmann, Y. Dupuis, F. Hilbert, R. Houbertz,
M. von Edlinger, C. Kistner, and J. Koeth

Abstract 3D lithography by means of two- or multiphoton absorption (TPA/MPA)
as a special case for direct laser writing has gained considerable attention, particu-
larly in the last two decades. It offers additive, subtractive, and special glass pro-
cesses. Especially in academics, the possibility to create 3D objects has resulted in
many different studies for applications from photonics and microoptics to life sci-
ence. A special structuring mode in 3D lithography is high-precision 3D printing
which is intensely researched all over the world. The combination of high-
performance materials with sophisticated fabrication strategies results in a signifi-
cant reduction of the process time. This leads to a pronounced acceptance of
high-precision 3D printing beyond the field of pure research and nowadays into
production.

This chapter describes the principles of high-precision 3D printing, with the
wide range of materials that can be processed being introduced. It is shown how the
subwavelength resolution of the fabrication process enables the manufacturing of
not only refractive and diffractive optics but also metaoptics. Individual elements
from the sub-pm range to the millimeter range are feasible, and the versatile manu-
facturing strategies enabled by high-precision 3D printing are discussed. Possibilities
to significantly scale up the production are highlighted, among them contouring,
beam splitting, and others. Examples are given for the direct use of printed optics in
applications, but also for using the printed parts as master for replication.

Keywords High-precision 3D printing - 3D lithography - Microtechnology
Hybrid polymers - Microoptics - Hybrid processing - Gas sensors - NIR lasers
Nanometer precision - Low cost - Green photonics - Resource-saving
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5.1 Introduction

3D lithography by means of two- or multiphoton absorption (TPA/MPA) has gained
considerable attention, particularly in the last two decades. Since its invention and
first experimental proof by Maruo et al. [1] and Sun et al. [2], respectively, 3D
lithography as a special case of direct laser writing (DLW) or high-precision 3D
printing (HP3DP) has been used by many groups all over the world [3, 4]. Especially
in academics, the possibility to create 3D objects has resulted in many different
studies for applications in photonics [5-8], microoptics [9—16], microfluidics [13,
17], and life science [13, 18-21]. Pioneering works were reported in literature on
the development of specially designed materials which were implemented in pho-
tonic crystal structures [22], microoptical elements [23], fabrication of optical
waveguides for academic [24] purposes and on an industrial scale [6, 25-27], scaf-
folds for tissue engineering [18], and drug delivery structures [18, 21, 28, 29]. These
works also have comprised parallel fabrication of individual structures [30-35] to
increase the fabrication speed and to allow even more applications in various indus-
trial sectors.

Aside from individual structure generation, 3D lithography with its integral part
of high-precision 3D printing has been proven as a tool for the fabrication of master
tools for replication purposes. These structures can be replicated either individually
or in a step-and-repeat process, i.e., an array of the desired structures is replicated
step-by-step by moving the master tool across the substrate’s surface. Its inherent
3D capability enables the fabrication of components with unique designs and inte-
gration of different functions, particularly if multifunctional materials are involved.
This enables mass manufacturing of sophisticated components which, for example,
allow to create ultra-flat optics to a miniaturization level which has not been dem-
onstrated before.

This distinguishes HP3DP from conventional polymer 3D printing or additive
manufacturing technologies such as stereolithography (SLA) [36-38], Digital Light
Processing [39-41] (DLP) which is an advanced version of SLA, inkjet printing
[42, 43], or fused deposition modeling (FDM) [44, 45]. What all these technologies
have in common is that they are working on a layer-by-layer basis, meaning that a
two-dimensional workflow is subsequently repeated over and over again to create a
three-dimensional structure. Accordingly, this results in certain limitations with
respect to freedom in design as free-standing elements cannot be realized or need
implementation of special supporting structures to prevent a sinking due to low
stability with follow-up processes to create smooth surface finish. However, most of
the demonstrations reported so far in high-precision 3D printing rely on the same
procedure: structures are formed layer by layer, not using the tremendous advantage
of the intrinsic 3D capability of this special fabrication process. In this chapter, we
will particularly validate the use of real 3D fabrication, i.e., no layer stacking, but
orchestrating the writing laser beam in any direction to form the 3D structures, thus
creating an extraordinary user experience for designers and engineers, driving the
developments much farther than ever thought of.



5 Industrial-Scale Fabrication of Optical Components Using High-Precision 3D... 187

Aside from this intrinsic advantage of HP3DP, it has unique advantages over any
other 3D printing technology. High-precision 3D printing is particularly suited for
directly printing optics on any object or shape with an excellent surface quality. The
precision can be simply tuned, enabling optical elements or components which can
work from the IR down to the blue wavelength regime. Additionally, the process of
HP3DP as it will be demonstrated in this book chapter is independent on the sub-
strate, i.e., HP3DP can be applied to any surface, assembly, or conventionally
printed structures, even for very thick or large-scale substrates. It thus can be inte-
grated into any already existing workflow and allows 3D hybrid manufacturing in
many different ways with tunable precision. One feature of 3D hybrid manufactur-
ing is the integration of other technologies and processes into the workflow of struc-
ture or part formation. Conventional processes on wafer scale such as e-beam
writing, UV and grayscale lithography, replication, or processes such as injection
molding and inkjet printing can be combined with high-precision 3D printing and
conventional 3D printing technologies. Since HP3DP provides scalability from the
sub-micrometer to the centimeter range, it thus closes the gap between nano- and
microfabrication and large-scale conventional lithography and printing
technologies.

This chapter is organized as follows. The possibilities of hybrid manufacturing
are briefly explained in Sect. 5.2 and demonstrated by selected examples for differ-
ent material classes in Sect. 5.3. In Sect. 5.3, selected materials are introduced
which are used in HP3DP. Most of these materials have multiple functions inte-
grated on a molecular level and are referred to as “n in 1~ materials, allowing the
orchestration of the light-induced fabrication process. Orchestration of the laser
beam means a real 3D writing process, where 3D structures are fabricated by move-
ments of the laser beam in any direction to form the 3D structures and not just by
layer-to-layer stacking.

Section 5.4 introduces general aspects of high-precision 3D printing and differ-
ent manufacturing strategies, and examples of the high resolution of high-precision
3D printing will be given for selected materials. The production environment will be
introduced for 3D hybrid manufacturing which provided significant advantages in
processing. Finally, scaling to industrial-scale throughput will be described, supply-
ing a deeper insight into the manufacturing strategies. The transition from micro- to
macro optics will be shown with selected examples. HP3DP provides scalability
from the sub-micrometer to the centimeter range and thus closes the gap between
nano- and microfabrication, standard manufacturing methods for optics, and large-
scale conventional 3D printing technologies.

In Sect. 5.5, beam shaping for sensor elements using HP3DP for laser die pack-
aging is presented, where the laser dies are introduced. HP3DP allows a significant
miniaturization and cost reduction via direct fabrication of microoptics on the laser
dies’ facets. Optical and life cycle characterization demonstrate extremely stable
performance. All data presented in the following were performed in the
LithoProf3D®-GS equipment of Multiphoton Optics GmbH.
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5.2 Hybrid Manufacturing

Hybrid manufacturing comprises materials which allow that several processes can
be combined in one machine with simple adaptation of the process parameters for
the different materials and processes. Basically, any material can be employed in 3D
hybrid manufacturing, as individual material or in combination with other materi-
als. In hybrid manufacturing, structures can be additively and subtractively formed,
ranging from 1D via 2D to 3D structures. In the following, selected examples will
be given for additive and subtractive fabrication using completely different material
classes which is a unique feature of the used equipment.

In two-photon absorption (TPA) as a special processing technology for additive
manufacturing, structures are created via a light-induced cross-linking of organic
moieties of polymer or polymer-like negative-tone materials. This results in solidi-
fied structures with a lower solubility compared to its not cross-linked surroundings.
The nonexposed material is washed away (also known as development process step)
using a suitable solvent, leaving the structures behind (Fig. 5.1). This is exactly the
same process as for any conventional negative-tone resist material in laser direct
writing or lithography.

3D structures can be additively formed via high-precision 3D printing using
polymers or multifunctional inorganic-organic hybrid polymers (see Sect. 5.3.2),
allowing also the formation of very complex structures like a complete clockwork
of Rolf Lang Dresden [46] or lens stacks without the need of assembling the indi-
vidual parts in only one writing process [47]. An insight into the clockwork is given
in Fig. 5.2. Two gear wheels were selected to demonstrate the high fabrication accu-
racy (Fig. 5.2a). The size of an individual cog is about 5.1 pm in length and about

(3 (b)

(c) (d)
Fig. 5.1 Schematics of structure formation in a negative-tone resist material. (a) After exposure
and (b) after development. The nonexposed areas have a higher solubility than the exposed areas
where the resist is cross-linked upon light absorption, and they are washed out in the development
step. Structure formation in a positive-tone resist material (¢) after exposure and (d) after develop-

ment. The exposed areas of the resist have a higher solubility than the nonexposed parts and are
washed out in the development step
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Fig. 5.2 (a) Scanning electron microscopy image of gear wheels, as taken from a clockwork (The
design file of the clockwork was supplied by Rolf Lang Dresden (2016)), fabricated by HP3DP in
an inorganic-organic hybrid polymer. (b) Optical microscopy of directly printed Au strip lines

2.55 pm in width. The distance between the cogs of the two gear wheels which are
51 pm and 102 pm in diameter is <1 pm.

Aside from using polymer materials in additive manufacturing, high-precision
3D printing also can be used for direct metal structure printing. An example of
recently printed gold strip lines is shown in Fig. 5.2b. The typical line width is
around 1.35 pm, demonstrating the high potential of the presented processes for
many applications such as printed electronics among others.

Subtractive fabrication can be done in positive-tone resist materials using two-
photon absorption (TPA) or via conventional metal ablation. For the resist materials,
light exposure results in bond breaking, i.e., the solubility is higher for the exposed
areas with the nonexposed surrounding material being less soluble (Fig. 5.1). The
material in exposed areas is removed in the development step. In most cases,
positive-tone resist materials are sacrificial materials, i.e., the structures represent
an intermediate state for further processing such as lift-off processing to create
metallic 2D and 3D structures on substrate surfaces.

Figure 5.3a shows a parameter search array of subtractively formed contact pads
with strip lines in an AZ resist material which was applied on a silicon substrate by
spin coating. The parameter search was carried out by means of TPA, varying the
average laser power and the laser beam’s scan speed. This directly provides suitable
parameters for the structure formation in the respective material. The structures
were developed with a suited solvent and were subsequently metallized by sputter
deposition of Au, followed by a lift-off of the residual resist material. The strip lines
have a width of about 2 pm (Fig. 5.3c).

Aside from subtractive processing of positive-tone resist materials via TPA, the
tightly focused ultrashort pulsed laser light can be used to structure thin metal films
via conventional ablation in the equipment. The metal surface is irradiated by the
pulsed laser light which is absorbed by the metal. Dependent on the laser flux,
evaporation, sublimation, or plasma formation can occur [48]. Intensity and fluence
can be simply adjusted.
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11

Fig. 5.3 Lift-off processing of contact pads and strip lines on Si(100). (a) Parameter search array
in AZ resist material; (b) metal structures after lift-off. (¢) Zoom into a structured area (dark areas:
AZ lines, light areas: substrate)

Fig. 5.4 Optical microscopy image of a fiducial fabricated in Ag on a glass substrate via direct
laser write (DLW) ablation. (a) Overview with different sets of alignment marks arranged on an
area of 1 cm?. (b) Zoom into the center alignment mark (Siemens star, 90 spokes)

As an example for an ablated metal structure, Fig. 5.4a shows part of a fiducial
of 1 cm? in size which was fabricated in an Ag film on a glass substrate. This fiducial
is used in the equipment to determine the absolute positions of the XY stages in the
implemented alignment system which is used in photonics packaging to identify I/
Os (inputs/outputs) of passive and active components. The structure was fabricated
by direct laser writing ablation (DLWA) with ablated feature sizes between 1.3 and
1000 pm. Smaller features than 1 pm were not designed; however, it is very likely
that smaller ablated features can be achieved once the design is adapted. In Fig. 5.4b,
the zoom into the center area of the fiducial shows the well-known Siemens star
which was fabricated with 90 spokes. Siemens stars are usually used to determine
the resolution of optical instruments, printers, and displays [49]. In conventional
lithography, it is used to determine the achievable resolution of resist materials.
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Annealing Wet Chemical
(Development) Etching

TPA Writing

Fig. 5.5 (a) Schematics of the structuring process of FOTURAN® glass. (b) Direct laser writing
on a 6” FOTURAN® wafer (exposed area, 4”) and (c) developed glass wafer after HF etching. The
works were carried out in cooperation with Schott AG

A very specialized case of subtractive manufacturing is the structuring of photo-
sensitive glass ceramics such as FOTURAN®.! The structuring process is depicted
in Fig. 5.5. For demonstration, a 6” FOTURAN® wafer was exposed to ultrashort
pulsed laser light. The structuring process cannot be in situ observed, since no mod-
ification of the glass can be detected during the fs light exposure. Light exposure
and subsequent annealing process at elevated temperatures initiate a crystallization
process in the glass. Upon thermal treatment, the crystallized areas become visible
by a color change from transparent to a brownish color. These crystallized areas
have a higher solubility in fluoride containing solutions which are used to develop
the glass, i.e., to remove the exposed areas, resulting in 2D and 3D structures
in glass.

5.3 Materials

5.3.1 Multifunctional Materials

Multifunctional materials are particularly useful for packaging, since they allow to
combine multiple functions in one material and thus to reduce the number of materi-
als in a package. This finally has positive impact on the yield, i.e., the less materials
are used in multilayer structures, the lower is the probability of failure, and the
easier sources of failure can be detected. Inorganic-organic hybrid materials have

'"FOTURAN® is a brand name for a photosensitive glass ceramics of Schott AG.
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Fig. 5.6 Schematics of the material class of inorganic-organic hybrid polymers, visualizing the
infinite amount of possible materials with different properties. Dependent on the synthesis condi-
tions, the materials can be more glass-like, polymer-like, or silicone-like

gained considerable attention during the last two decades, since they synergistically
combine properties of glasses, silicones, and polymers (Fig. 5.6).

These hybrids are formed either by physically blending inorganic particles into
polymer host matrices [S0-52] or by one- or multistep syntheses to form inorganic-
organic hybrid polymers [53, 54]. The material class of inorganic-organic hybrid
polymers has gained considerable attention during the last two decades due to their
wide range of adaptable chemical and physical properties, synergistically resulting
from their hybrid structure. There are many different names for inorganic-organic
hybrid polymers, for example, ORMOSIL [55, 56] and ORMOCER®.? Particularly
the latter is excellently suited for industrial purposes, since it combines the material
properties of organic polymers with low temperature processing and functionaliza-
tion with the material properties of glass-like materials such as hardness, chemical
and thermal stability, and transparency [57].

Compared to other approaches to synthesize inorganic-organic hybrid polymers,
ORMOCERS®s are class II hybrids, i.e., the inorganic and organic parts are cova-
lently bonded to each other [58, 59]. This makes these materials superior to other
materials such purely organic polymers or particle-polymer composites. Optical
and dielectric properties can be simply modified by variation of alkoxysilane pre-
cursors and the synthesis conditions in their catalytically controlled syntheses. This
allows a precise tailoring of their material properties as required by the application:
ORMOCER®s are used for many different applications such as optics [23, 25, 58,
60], microelectronics [61, 62], or biomedical applications [13, 18, 29]. Especially
for optics and photonics, the requirements on the materials are more challenging:

2ORMOCER®: ORganically MOdified CERamics, registered brand of the Fraunhofer Gesellschaft
fiir Angewandte Forschung e.V.
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nm size precision and surface finishes are a prerequisite for functional optical ele-
ments. Functionalization via selected moieties is used to create suitable binding
sites, particularly for biomolecules and cells for enabling micro- and biomedical
applications.

As mentioned above, the synthesis of ORMOCER®s is performed using catalyti-
cally controlled hydrolysis and (poly)condensation reactions. Alkoxysilanes are
used as precursors. The synthesis reactions can be controlled via adjustment of envi-
ronmental conditions such as pH value, temperature, or adding of water or other
solvents. This results in an organically modified inorganic-oxidic network with the
individual parts covalently bonded on a molecular level [63]. Heteroelements, for
example zirconium, aluminum, or titanium, can be introduced into the network to
further tune the material properties [53, 64], particularly the material’s refractive
index can be extremely increased [65]. The resulting materials exhibit negative-tone
resist behavior, i.e., they are organically polymerized (solidified) initiated by UV
light or thermal exposure.

Aside from the precursors used for syntheses, the synthesis conditions have sig-
nificant influence on the resulting material properties. By varying the kind and/or
the amount of alkoxysilane precursors and, in addition, the synthesis conditions
such as the type and the amount of the catalyst, the reaction temperature, and the
kind and amount of solvent, the materials can be custom-designed with a well-
defined parameter profile. This enables their implementation in many different
applications. Inorganic-organic hybrid polymers such as ORMOCER®s are well-
established on the market and are used, for example, as optical interconnects or
waveguides [23, 25, 60, 66, 67], in microoptics [23, 68], in electro-optical applica-
tions [25, 69], as dielectric layers [61], and as passivation materials for the encapsu-
lation of microelectronic devices and components [58, 70, 71]. Aside from their use
as is, i.e., without fillers, they can be filled with nano- or microparticles for specific
applications in electronics or optics [50, 51], even providing more possibilities to
create novel designs and products. It has to be mentioned, however, that a change in
the synthesis conditions towards a specific material parameter profile in one physi-
cal or chemical parameter might influence also other material properties, and a com-
prehensive know-how is necessary to control this in a well-defined manner.

The organic groups fulfill several functions: they act as network modifiers, as
connecting groups, and as polymerizable moieties, resulting in materials with a very
broad range of physical and chemical properties. For example, the mechanical and
thermomechanical properties of inorganic-organic hybrid materials can be also var-
ied over a broad range, and the Young’s modulus and the material’s mechanical and
thermal stability can be increased by increasing the inorganic content in the hybrid
network. Typical Young’s moduli are between 10 MPa and 20 GPa [72].
Consequently, this simultaneously leads to a reduction of the coefficient of thermal
expansion (CTE). The large variety of employable organic groups allows one to
adjust each material exactly to the requirements of an application.

For a controlled fabrication and reliable processing in UV or fs laser lithography
such as high-precision 3D printing, a precise control of the organic cross-linking
reaction is necessary which is achieved by comprehensive understanding of the
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light-matter interaction processes. Typically, (oligo-)methacrylate, acrylate, or
styryl moieties are used for optical applications. Epoxides usually exhibit parasitic
polymerization which has to be avoided in optical applications. They are, however,
preferred in electronics as underfill or encapsulation, where parasitic reactions can
be tolerated [73]. Alkyl or aryl groups can be connected to the —[Si—O—], — network
as nonreactive groups. These also might significantly influence the resulting mate-
rial’s properties. For example, increasing their amount in the hybrid polymer can
reduce the degree of polymerization due to steric reasons. This then consequently
results in a reduction of the material’s density which directly impacts the optical or
dielectric properties such as the refractive index or the dielectric permittivity.

Particularly with respect to photonics, inorganic-organic hybrid materials such
as ORMOCER®s offer tremendous advantages which are often beyond the possi-
bilities of purely organic materials or beyond other hybrids mimicking the
ORMOCER®s’ material properties. This is related to the precise control in synthe-
sis convoluted with the deep understanding of underlying chemical principles and
routes which are employed in syntheses. The processing of ORMOCER®s consists
of two steps: prepolymer (resin) synthesis to form an organically modified —
[Si—O-], — network and formation of the inorganic-organic hybrid network via pho-
tochemically and/or thermally initiated organic cross-linking. The second step
comprises the presence of photochemically and/or thermally activatable initiators in
the prepolymer resin.

In the following, some selected aspects of the materials will be discussed particu-
larly with respect to their application in photonics and their employment in high-
precision 3D printing or 3D lithography.

5.3.2 Selected Materials for High-Precision 3D Printing

High-precision 3D printing using LithoProf3D® can be carried out using a vast vari-
ety of different materials. For photonics, the use of inorganic-organic hybrid poly-
mers is advantageous, since their optical properties can be precisely controlled via
the synthesis conditions and the synthesis paths, and a further fine-tuning is achieved
by controlling the cross-linking conditions [5, 58, 74].

For optical applications in the data and telecom regime, i.e., if single- or multi-
mode (SM, MM) waveguides for the near-infrared (NIR) regime have to be pro-
cessed, the amount of silanol groups with second harmonics around 1438 nm has to
be minimized down to diminishing amounts for the telecom regime [23, 58, 60, 75].
This reduces the materials’ optical absorption losses. To reduce the amount of silanol
groups can be done by using silylating agents or by avoiding access water upon syn-
thesis [76]. This is usually characterized by multinuclear magnetic resonance (NMR)
spectra. Aside from this, the amount of aliphatic -CH which is known to absorb
around 1300 and 1500 nm can be reduced by replacing them with aromatic substitu-
ents. This also increases the refractive index of the resulting material. The material’s
refractive index can also be increased by introducing heteroelements such as Ti and
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Fig. 5.7 Interface p-Si(100)/ORMOCER® for data- and telecom applications, as prepared by FIB
and imaged by HRTEM. (a) Large-scale image of the two materials with the ORMOCER® layer as
brighter area and the Si as darker area. (b) Zoom into the structure exhibiting an atomically flat
ORMOCER®/p-Si(100) interface as well as the lattice planes of the silicon substrate [77]

Zr into the —[Si—O-], network [22] or by functionalized and highly dispersed
nanoparticles [51]. Aside from reducing groups which impact absorption losses, the
structure of the hybrid resins and resulting material layers yields organically modi-
fied inorganic-oxidic units with structural features in the range of 1-3 nm which was
proven by small-angle X-ray scattering (SAXS) measurements [58] and high-resolu-
tion transmission electron microscopy measurements [77] of an ORMOCER® which
is applied for data- and telecom applications (850, 1310, and 1550 nm). Figure 5.7
shows high-resolution transmission electron microscopy (HRTEM) of an
ORMOCER® layer which was applied by spin coating on a p-Si(100) substrate fol-
lowing a process sequence used for waveguide fabrication [58, 60]. Subsequently
after processing, focused ion beam (FIB) was used to prepare the sample for HRTEM
[77]. Figure 5.7a shows a HRTEM image on a larger scale where the hybrid polymer
layer can be clearly distinguished from the silicon substrate, with a well-defined
interface between the two materials in the A range. The lattice planes of the p-Si(100)
substrate are clearly visible in the even higher resolved data shown in Fig. 5.7b, also
displaying that the ORMOCER®/silicon interface is atomically flat.

The high-precision 3D-printed structures presented in the following chapters
were mainly acrylate or methacrylate-based resins. It has to be mentioned that also
styryl- or epoxide-based hybrid materials are used for high-precision 3D printing
with some constraints related to chemical reactivity and response to the fs laser
light, i.e., these materials’ reactivities are lower than for acrylate or methacrylate
materials and, for epoxides, parasitic polymerization is also very likely [78]. In
order to enable fast and reliable processing, the ORMOCER®s which were chosen
for HP3DP were formulated with photoinitators typically around 2 wt.-% with vary-
ing two-photon absorption cross-sections [5, 79]. The selected materials are
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transparent for fs laser light which operates in the visible range. Transparency is
beyond 90%, and absorption losses are in the range between 0.02 and 0.04 dB/cm.
The materials exhibit an extraordinary large process window, which is useful for
process development [80]. Aside from hybrid polymer materials, also purely organic
materials can be used (see Sect. 5.4.6).

5.4 High-Precision 3D Printing

5.4.1 General Aspects on High-Precision 3D Printing

High-precision 3D printing (HP3DP) uses femtosecond pulsed laser light as manu-
facturing tool, and it is one of the fabrication modes used in 3D lithography or direct
laser writing via TPA. The term high-precision 3D printing is used synonymously to
additive manufacturing or 3D lithography with negative-tone resist materials, i.e.,
materials whose organic moieties are cross-linked upon light exposure. The appeal
of this technology is that it allows one to expand 3D lithography to basically any
structuring from 1D via 2D to 3D fabrication with tunable precision without losing
throughput if properly equipped.

This section briefly describes the physical principle which is already explained
in detail in the literature [1, 81-83]. As displayed in Fig. 5.8a, HP3DP excites a
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Fig. 5.8 Sketches of (a) an absorption curve illustrating the center wavelength of a one-photon
absorption process (1PA) and for a two-photon absorption (TPA) process which takes place at 24,
resulting in a completely polymerized volume for 1PA, while for a TPA process, the process only
is initiated by the confined focal volume due to the quadratic dependence of the intensity distribu-
tion along the Z and X/Y direction, provided the material is transparent enough. (b) Principal
sketch of 1-2-3 processing: After coating of a substrate, the structures are fabricated by HP3DP (®),
3D lithography in the additive mode), followed by a development step which removes the nonex-
posed material analogously to conventional lithography (®), resulting in the 3D structure (here:
microlens stack with intrinsically fabricated mounts) which is displayed in the SEM image (®)
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photoactive material within a wavelength regime where absorption in general does
not occur. In comparison to the exposure with UV light which induces a linear
absorption by a single photon (SPA) at 4, a nonlinear absorption of two (or multiple)
photons (TPA or MPA) at about twice or multiples of the wavelength (n:4,n =2, ...)
via a virtual state can be triggered [1, 82]. As the probability for TPA is proportional
to the square of the laser intensity, the photon density is only high enough to initiate
a reaction in a material in the focal volume which thus it is strongly confined. The
polymerized volume which is caused by the focal volume is called voxel (volume
pixel) which is typically of elliptical shape and is a direct image of the point spread
function [84]. If beam shaping is implemented, the elliptical shape can be trans-
formed to a spherically shape [85]. The typical workflow for HP3DP is sketched in
Fig. 5.8b and consists of scanning the focal volume through the material to create
the 3D structure by organically cross-linking the organic moieties, followed by
washing out the unexposed material by a developer solution. An SEM image of the
resulting three-dimensional structure is displayed as well, showing a stack of intrin-
sically mounted microlenses, i.e., no assembling step is necessary as it is provided
directly from the fabrication. To allow an insight into the lens stack, part of it was
left out.

In principle, the reaction volume which triggers the size of the resulting voxel
depends on the technical equipment (positioning system, implemented optical ele-
ments, and laser wavelength) and the focusing optics (numerical aperture NA).
However, the reaction kinetics of the underlying materials and other processes such
as threshold processes related to the material composition also play a crucial role for
the minimum size of a resulting voxel. The different interaction volumes which
have to be considered are shown in Fig. 5.9. The technical interaction volume (red

(a)

Fig. 5.9 (a) Schematics of the different interaction volumes. Technical (red) and chemical (green)
interaction volume. The blue interaction volume is smaller as the technical interaction volume and
is attributed to the threshold behavior which results in feature sizes below 100 nm [4]. (b)
Sub-100 nm voxel structures [86], showing the irregular shape deviating from an ideally spherical
shape as expected from simulations
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voxel) is determined by the employed optics, the stability of the laser, and the stabil-
ity and accuracy of the positioning system. The chemical interaction volume (green
voxel) is much more challenging to minimize, because it depends on many different
factors, like the reaction kinetics of the material formulation and, consequently, on
absorption, radical formation, diffusion of monomers, propagation and termination
reactions in the material. The light-matter interaction is dependent on the technical
and the chemical interaction volume. This means that the fabrication parameters,
the underlying material’s chemistry, and the technical premises determine the mate-
rial’s ability to result in lowest feature sizes and highest optical resolution.

Dependent on the chemical structure of the material, the interaction volume
might be similar to the extension of the technical interaction volume (focal ellip-
soid) or larger (advancing polymerization) due to a propagating reaction. The latter
is strongly dependent on the material’s structure. The blue ellipsoid in Fig. 5.9 is
attributed to the threshold behavior, where the structural features can be signifi-
cantly smaller than structures generated with the technical interaction volume. It has
to be mentioned, however, that the structures then result in a more irregularly shape
once they are in the sub-100 nm range, i.e., circular structures show many kinks.
These result from an enhanced diffusion of material components such as initiator
molecules, monomers, radicals, oxygen dissolved in the material, etc. in the high-
intensity laser beam along the edges of the nanometer size structure. This can be
explained analogously to atomistic processes in the early stage of thin-film growth,
where in the hit-and-stick diffusion-limited aggregation (DLA) regime, an adatom
is arriving at an edge of an island, diffuses along the edge of this island, and then is
pinned at a time lower than the time being necessary to relax to a more favorable
state. This is accompanied by additional arriving atoms [87]. Thus, it is not expected
that ideally spherical shape structures can be created via TPA in the sub-100 nm
regime. This is a direct consequence of the diffusion of radicals (of either radical-
ized initiator molecules, activated monomers, or activated monomer fragments) and
of the simultaneously occurring diffusion of solvent molecules, inhibitors, and scav-
engers which becomes even more pronounced in the threshold regime. In the latter,
the amount of moieties which are available for cross-linking is significantly reduced,
resulting in fragile structures for most of the experimental materials. Thus, reliable
structures which might be industrially relevant using commercially accessible mate-
rials are presently limited to about 75-90 nm in diameter [4].The formation of vox-
els and the diffusion of initiator radicals was simulated using Monte Carlo
simulation, supporting these findings [88].

Figure 5.9a shows a schematic of the different interaction volumes as occurring
in TPA-initiated direct laser writing with the technical interaction volume (red ellip-
soid) defined by the beam waste, the chemical interaction volume (green ellipsoid),
and the threshold regime (blue ellipsoid) which can be seen as part of the chemical
interaction volume [4]. While the technical interaction volume and the threshold
regime limit the voxel size to a certain extent, the chemical interaction volume is a
convolution of many different reactions among which are the diffusion of the
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material’s building blocks, initiators, solvent molecules, radicals, scavengers, etc.
[89]. Aside from the chemical composition, the rate of cross-linking is strongly
influenced by the viscosity of a material facilitating a high degree of organic cross-
linking for a low viscosity than for high viscosity due to an enhancement of the
diffusion rate. The degree of cross-linking can be precisely controlled upon compre-
hensive understanding of the underlying material’s light-matter interaction. In
Fig. 5.9b, sub-100 nm voxel structures of about 75-90 nm diameter are displayed,
exhibiting the expected irregular shape deviating from an ideal spherical shape
due to DLA.

The reaction can be differently triggered for negative- or positive-tone resist
materials, resulting either in the 3D formation of a structure (additive fabrication
mode) or a 3D removal of material (subtractive fabrication mode). It has to be men-
tioned that this process cannot only be used for 3D fabrication, but for any structure
formation, i.e., 1D, 2D, and 3D structure fabrication.

Let us now consider the additive fabrication mode of 3D lithography (HP3DP)
using polymers or inorganic-organic hybrid polymers. The laser pulses initiate a
radical cross-linking of the C=C bonds or a cationic cross-linking of epoxide bonds,
dependent on the material’s composition. If the focal volume of the laser is scanned
in three dimensions through the material, the material is directly cross-linked in 3D
along the path of the focal volume. This enables users to fabricate 3D structures in
the volume or on a surface of a material with highest precision directly, fast, and
reliably from a CAD file in real 3D, i.e., orchestrating the laser beam not only in
X-Y direction and stacking 2D layers to form the 3D structure, but scanning the
beam also arbitrarily such as in X-Z direction or even along any vector in space
which is possible with the equipment used in this study. The degree of cross-linking
in a polymer or hybrid polymer and thus the chemical and physical properties of the
created material structures can be precisely controlled by different accessible pro-
cess parameters such as laser power and scan speed, both together supplying the
energy dose which is deposited in the material and initiates the cross-linking reac-
tion, but also by the exposure strategies including line and layer density in free
space. The cross-linking behavior of various inorganic-organic hybrid polymer
materials was extensively investigated using p-Raman spectroscopy, revealing the
precise controllable reactions [90, 91].

The physical and chemical properties of the fabricated structures are directly
related to the chosen parameters in the fabrication process. By varying these param-
eters, physical or chemical properties can be altered to create gradient structural
properties which are interesting for many different applications in photonics or bio-
medicine which is known as 4D printing [92]. For example, the mechanical stability
of additively fabricated structures can be modified such that their Young’s modulus
or mechanical strength differs within the structures or mechanically differently sta-
ble structures can be created. This is of particular interest in tissue engineering,
since the cells prefer to adhere, differentiate, and proliferate on nontoxic structures
which resemble the natural tissue in its mechanical properties [13].
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5.4.2 Manufacturing Strategies

Depending on the structure’s specifications, i.e., desired dimension and required
printing resolution, a range of different manufacturing strategies are available which
consist of the following modes. These will be discussed subsequently:

— Exposure mode: exposure setup for the fabrication

— Fabrication mode: applied axes for the scanning of the focal volume
— Structuring mode: full volume vs. contouring

— Trajectory mode: layer by layer or three-dimensional

Please note that all manufacturing strategies work for negative- and positive-tone
materials; in the following, for the ease of explanation, only negative-tone resist
materials are considered in the additive mode.

The exposure mode comprises the properties of the focusing optics (numerical
aperture, working distance) as well as its configuration with respect to the work-
piece. In most cases, exposure resembles a bottom-up fabrication.

The higher the numerical aperture (NA) of a microscope objective and the shorter
the wavelength, the higher is its printing resolution as the laser light can be focused
more tightly (smaller voxel size) compared to a low NA objective, and the intensity
distribution is more confined in X-Y and Z direction. In a configuration where the
objective is moved in vertical direction (parallel to the optical axis of the incoming
laser light) while the object itself is moved only in lateral direction, the working
distance of an objective sets an upper limit of the maximum possible printing height
for standard 3D lithography (see Fig. 5.10a). Low numerical aperture air objectives
provide longer working distances, but typically result in lower printing resolution.
High NA immersion objectives, however, inherently possess low working distances
and thus limit the achievable printing height to some hundred micrometers only.

| B
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Fig.5.10 Exposure modes generally applied for 3D lithography. (a) Standard 3D lithography with
and without cover glass; the structures can be either fabricated on the lower substrate or headfirst
on the top substrate. 1D, 2D, 2.5D, and 3D structures can be generated. (b) Immersion lithography
(dip-in) 3D lithography as special case for a bath setup and (c) bath 3D lithography with the work-
piece being mounted on the Z axis
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This limitation can partially be overcome to some millimeters by using the photore-
sist as immersion media by dipping the microscope objective into the liquid mate-
rial (dip-in 3D lithography; see Fig. 5.10b, as demonstrated by Stichel et al. in 2011
[93] and Biickmann et al. in 2012 [94]. However, this method allows only the print-
ing of one single element more pronounced as the corresponding working distance
as a subsequent second object will lead to a collision of the objective and the first
structure, thus resulting in a lower throughput, as observed for most equipment
available in academics. Although same limitation is valid, an additional expansion
of the available on-axis printing height to the centimeter range (depending on the
traveling range of the mounted axis) is provided by inverted focusing of the laser
light into a bath configuration with a fixed position of the focal point along the opti-
cal axis and gradually pulling out the substrate out of the bath containing the liquid
photoresist [33] (bath 3D lithography; see Fig. 5.10c).

The fabrication mode indicates how the focal volume and the material to be
organically cross-linked are moved with respect to each other. Conventionally high-
precision piezo translation stages are applied to move the sample with respect to the
fixed focal point. Due to the piezo’s nature, this comes along with the drawback of
limited traveling range, creep, and limited scan speed [95]. Alternatively, air bearing
stages with lower accuracy than piezo stages allow much higher scan speeds and
traveling ranges. However, the difference in accuracy between air bearing and piezo
stages does not negatively impact the HP3DP process. This is related to the fact that
the typical size of the focal volume used in the fabrication process is in the sub-pm
regime. It has to be noted that green light which is used for these works offers a
much lower FWHM of the point spread function of about 220 nm (determined for
an objective with an NA of 1.4 in the ideal design case) compared to NIR light
(780 nm), whose FWHM is about 315 nm for the same design case. Considering
this then simply clarifies why piezo stages are significantly overdetermined and not
necessary at all for this type of processing, and air bearing stages with a high accu-
racy can be used. For the threshold range [4], the accuracy of the implemented
stages plays a minor role, since only the precise control of the underlying chemical
reactions of the laser light with the material to be structured determine the accuracy
(see Sect. 5.4.7). In addition, air bearing stages provide stitching-free manufactur-
ing due to long traveling ranges and synchronization with the faster galvo scanner
axes in an infinite field-of-view (IFoV) mode. This is particularly important for the
fabrication of optical elements larger than the FoV, since no stitching errors occur.

In the following, the fabrication via a movement of the sample with respect to a
fixed focal volume is referred to as stage mode (Fig. 5.11a. In HP3DP, scanning of
the focal volume is typically performed at constant scanning speed. The axis system
has to accelerate to this scan speed. For each structure, an optimum scanning speed
vopt can be calculated by the physics of motion according to

v = |—al 541
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Fig. 5.11 Fabrication modes using high-precision 3D printing in 3D lithography: (a) stage-only
mode, (b) galvo mode, and (¢) synchronized mode which provides stitching-free fabrication

which results in a minimum printing time #,,,, depending on the acceleration a of the
axis system and on a specific line length / which corresponds to a structure’s lateral
dimension. This formula simply expresses that it is not reasonable to use the highest
possible scanning speed for all cases, but to reduce the speed especially for small
structures as the effect of acceleration dynamics can be tremendous and may not be
neglected.

As translation stages exhibit high inertia, their acceleration is limited. Thus, fab-
rication using a galvo mode (Fig. 5.11b) with galvo scanners deflecting the laser
light by mirrors (low mass and high frequency) with respect to a fixed sample
enables higher processing speeds, because the magnitude of the acceleration can be
orders of magnitudes higher compared to linear stages. Although the fabrication
time can be reduced by applying the galvo mode, the accessible scan area is limited
to the field of view (FoV) of the respective microscope objective which is only sev-
eral hundred micrometers (typically below 0.5 mm) for objectives with an NA > 0.6
[96]. In principle, low numerical aperture objectives with low magnification can be
used, but these drastically reduce the possible printing resolution [95]. Structures
much more pronounced than the FoV of an objective can in general be fabricated by
stitching [97] which, however, leads to joints that are especially unfavorable for
optical elements as aberrations (scattering, refraction, etc.) are induced by these
artifacts [98]. Synchronizing the movement of translational stages and the galvo
scanners with respect to each other (synchronized mode enabled by the controller;
see Fig. 5.11c) enlarges the scan field of the galvo scanner to the entire traveling
range of the stages as the simultaneous movement of the traveling stage continu-
ously shifts the FoV [99]. By this, the advantages of the different axis systems are
combined: high precision and high dynamics of the galvo scanner and long travel-
ing ranges of the translational stages without the necessity of stitching.

The structuring mode implies the relation between the volume of a structure
and the actually cross-linked volume by HP3DP (Fig. 5.12). Typically, a full-volume
scanning by slicing and hatching in a layer-by-layer manner is used by many users
of HP3DP. This can be very time-consuming, particularly if larger parts or large
arrays of elements will be fabricated. By contouring just the outer shell of an object,
for example, a microlens, the production time can be significantly reduced by up to
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Fig. 5.12 Structuring modes for high-precision 3D printing: (a) full-volume scan and (b)
contouring

95% [81, 82, 100]. Multifunctional materials such as ORMOCER®s (see Sect.
5.3.1) are particularly suited for this approach, since they enable very stable struc-
tures even if only one outer layer is fabricated with the inner part of the object still
being in the liquid state. If the structure is just a big object where the inner part is
not important for its function, notches can be implemented at selected parts of the
structure to allow the liquid, i.e., still non-polymerized material to be removed upon
the development step [81, 82]. This approach was also used for the lens stack dis-
played in Fig. 5.8b. For microoptical elements such as microlenses, the residual
liquid photoresist enclosed between cross-linked shell and the substrate is polymer-
ized using a short UV flood exposure step subsequently after the development step.
This combines conventional 2D processing with 3D processing.

The cross-linking via fs laser light exposure with two-photon polymerization and
UV exposure was investigated in more detail. By p-Raman spectroscopy, it was
proven that this procedure results in very homogeneous organically cross-linked
hybrid polymer shells and inner parts with no variation in the homogeneity [13, 101],
analogously to conventional processing. Using this structuring mode, the fabrication
time of a lens with a diameter of 100 pm and a height of 20 pm can be as low as 1 s
per lens in a serial production [100, 102]. The achieved surface roughness of Ra
between 20 and 30 nm is still suitable for optical applications down to the visible
spectral range [103, 104]. In addition, it has to be mentioned that parallel fabrication
of structures is also easily achievable, enabling an even higher throughput (see below).

A detailed investigation of the influence of the fabrication mode and the structur-
ing mode with respect to the fabrication time is illustrated in Fig. 5.13, where the
serial fabrication time (one focal spot) is displayed in dependence on the used scan
speed. The serial fabrication time using one focal spot was exemplarily estimated
for a cube of 100 x 100 x 100 pm? in size. As resulting from equation (Eq. 5.4.1),
the printing time exhibits a minimum at a scan speed vopt and increases for further
increasing the scan speed. This observation is related to the increasing influence of
the acceleration dynamics of the positioning stages. Independently on the fabrica-
tion mode, the optimum scan speed is higher for the galvo mode than for the stage
mode due to higher acceleration that is intrinsically provided. As demonstrated for
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Fig. 5.13 Fabrication times of a 100 pm x 100 pm x 100 pm cube in dependence on the applied
scan speed. The fabrication times are estimated for two different structuring modes (full volume
and contouring) and fabrication modes (stage and scanner) for serial fabrication with a single laser
focus. As obvious, fabrication time does not continuously decrease upon increasing the scan speed
but exhibits a certain minimum. This originates from a line length specific optimum scan speed
which depends on the underlying acceleration. For the different modes, the enhancement of fabri-
cation throughput is determined with respect to the fabrication time at the optimum scan speed for
the stage applying the full-volume structuring mode

lens-like structures, contouring of its shell only can enhance the throughput by more
than two orders of magnitude [105].

The trajectory mode provides information about the scanning trajectory of the
laser focus to fabricate a structure, e.g., a lens as shown in the schematic sketch in
Fig. 5.14. Typically, HP3DP makes use of a two-dimensional fabrication scanning
layer by layer for both the full-volume and the contouring structuring mode
(sequence of subsequent layers in Fig. 5.12). The easiest 2D trajectory is sketched
in Fig. 5.14b with equally spaced distances dz between subsequent layers at con-
stant focal volume size. It has to be mentioned that this method can also be modified
for equal increments in dr along the radius, in ds along the secant, or in de parame-
terizing the ellipsoidal radii of the voxel. Recently, a technological development
which was named “grayscale two-photon lithography” [106] enabled a 2D trajec-
tory at increased layer distances due to varying focal volume sizes.

This approach is sketched in Fig. 5.14e, and it is suitable for the fabrication of 2D
and 2.5D objects as it was already demonstrated in 2014 where tapered ORMOCER®
waveguides were fabricated to adiabatically couple on-chip silicon waveguides as
shown in Fig. 5.15 [107]. The waveguides were fabricated in a continuous writing
mode by dynamically tuning their dimensions varying the exposure parameters
along the waveguide’s lengths. This was done for waveguides fabricated in a
“straight line” writing mode and in a “helical line” writing mode [86]. Data on the
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Fig. 5.14 Varying
trajectory modes
exemplarily illustrated for
the fabrication of a lens
structure. (a) Shape of the
lens to be created.
Fabrication of the lens
structure using (b)
conventional two-photon
lithography via stacking of
2D layers to form the 3D
structure; (¢) laser
contouring of the outer
shell; (d) grayscale
two-photon lithography,
and (e) real 3D Fast
Adaptive Laser Contouring
Multiphoton Absorption
(FALCON 3D)

Fig. 5.15 Waveguides
fabricated using an
ORMOCER® material
[86, 107]

losses of these waveguides revealed losses as low as —0.6 to —1 dB for the non-
optimized fabrication process [107].

As HP3DP inherently provides real 3D capabilities, also real three-dimensional
trajectories are possible in the structuring mode. This type of trajectory scan
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provides the advantage of a polymerization according to the real 3D design and not
just by adding layers on top of each other as approximation of this design. The sche-
matic sketch in Fig. 5.14d illustrates this for the contouring mode at a constant focal
volume size. This method is called Real 3D Laser Contouring Multiphoton
Absorption (LCon3D MPA). The laser focus is scanned in a 3D trajectory which is
predetermined by the topography of a lens. As a result, only one curved layer is
necessary instead of several planar layers which results in a reduced printing time.
A prerequisite for this type of trajectory is the formation of a stable shell as it is
demonstrated by inorganic-organic hybrid polymers.

Additionally, a three-dimensional trajectory at varying focal volume size by sim-
ply tuning the laser power can be applied which reduces the traveling height along Z
direction, i.e., parallel to the optical axis. This method is called Real 3D Fast Adaptive
Laser Contouring Multiphoton Absorption (FALCON 3D MPA). As typically the
dynamics of the Z axis is limited due to high loading mass, the reduced height of the
trajectory is more suitable for the Z axis to operate. Alternatively, a piggyback sys-
tem consisting of an air bearing stage and a piezo axis can be used in a synchronized
movement, with the piezo performing the three-dimensional trajectory. However,
piezo systems with the required dynamical range are currently not on the market,
and the ones implemented typically in equipment allow only by far too low dynam-
ics to deploy the full power of a piezo scanner, thus making piezo scanners useless
at this stage. On the other hand, piezo stages are used for equipment to enable high
resolution in Z. Principally, this is used for methods which show atomic resolution
[108, 109], but for 3D lithography in the high-precision 3D printing mode, this is not
necessary, since the focal volume in an equipment is usually elongated along the Z
axis with values of 200-300 nm at best. Thus, piezo stages which are capable of nm
steps are needless from a production point of view. In contrast to the applications of
grayscale two-photon lithography, the FALCON 3D MPA trajectory with adaptable
voxel size can also be used for the fabrication of 3D structures, as the convolution of
3D trajectory and voxel size can be computed accordingly.

5.4.3 Production Environment

For any process, it is extremely important that the processes can be simply integrated
into standard workflows already existing in productive environments. The integration
of 3D lithography including high-precision 3D printing and laser ablation into stan-
dard workflows is very straightforward, since 3D lithography [110] was developed as
direct and complimentary extension of conventional 2D lithography [60], microop-
tics fabrication via master production and replication [111], and 2.5D lithography
such as grayscale lithography [112]. Laser ablation is just an integral part of the
equipment® used for fabrication of the structures demonstrated in this chapter.

3For the fabrication of the structures shown in this book chapter, LithoProf3D-GSII was used as
fabrication tool.
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Fig. 5.16 Exemplary implementation of 3D lithography with its special features of high-precision
3D printing (Case 1), subtractive mode (Case 2), ablation mode (Case 3), and other modes (Case
4, e.g., glass structuring) into standard workflows

Figure 5.16 schematically illustrates the implementation of 3D lithography with
its special case of high-precision 3D printing for the fabrication of optical elements
into standard workflows. Basically any processing route can be taken due to the
high sophistication of the used machine (LithoProf3D®-GSII), because an imple-
mented Vision-to-Align System allows to address alignment marks as well as any
structure in the range of presently about 1 pm with a very high precision. This is of
particular interest if multilayer processing involving 2D and 3D structuring includ-
ing metallization has to be carried out to create the functional elements. Aside from
the fabrication of arbitrary individual optical elements, optical elements can be fab-
ricated on wafer scale [113] and chip level [107, 114], or using any other substrate
kind and shape. For the fabrication, any substrate size, shape, and material can be
used. Using HP3DP as special case in 3D lithography, the structures are fabricated
in three steps: dispensing-additive fabrication-development, in most cases without
any further post-processing. After the structures have been processed, they are char-
acterized, tested, and validated as prototypes or products (Sect. 5.5). It has to be
mentioned, however, that conventional processing including plasma activation, UV
and/or thermal prebake, post-exposure bake, and curing can be also performed as in
standard semiconductor processing, if required.

5.4.4 Scaling to Industrial-Scale Throughput

As mentioned in Sect. 5.4.2, the structuring mode by contouring [5, 81, 115] signifi-
cantly reduces the fabrication time. For example, the fabrication time for micro-
lenses with a diameter of 100 pm and a radius of curvature (RoC) of 100 pm is
between 1 and 5.5 s compared to several minutes for the full-volume structuring
mode [102]. The resulting rms roughness of 20-30 nm is still appropriate for optical
applications down to the visible. For serial fabrication with one focal spot only, the
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resulting fabrication time for a (10 x 10) mm? lens array consisting of 6400 lenses
consequently ranges between 12 and 4 h including all autofoci and translational
movements of the axes. Considering multifocal fabrication by (2 x 2) focal spots,
the production time can be reduced to less than 1 h.

One way to increase the throughput of HP3DP for industrial-scale production is
to parallelize the printing. Since the tool for HP3DP uses a focused laser beam,
parallelization can be achieved by using multiple focused laser beams instead of
using only a single beam [31-34, 116, 117]. This is usually achieved by generation
of multiple parallel beams which all have to enter the microscope objective, thus
being focused onto the same plane. Motion of the stages or galvo scanner axes
moves all focal volumes of all beams synchronously, and multiple structures are
printed in parallel. The most apparent advantage of this kind of parallelization is
cutting down the fabrication time for manufacturing a number of structures by the
number of parallel beams. For example, the use of four parallel beams would reduce
the fabrication time for mass production of similar structures to a fourth, or the use
of 100 parallel beams would reduce the fabrication time by a factor of 100. It has to
be mentioned that only structures of identical shape can be fabricated this way, since
all laser beams are performing the same motion and depositing the same energy
dose into the resist material. Since all parallel beams are focused through the same
microscope objective, the maximum distribution of the focal spots is limited to the
field of view (FOV) of the respective microscope objective. For the fabrication of
structures with extension LX and LY in X and Y direction, the amount of parallel-
ization NX in X direction and NY in Y direction is limited to NX = FOV/LX and
NY = FOV/LY, respectively. The most common techniques for beam splitting are
the use of diffractive optical elements (DOEs) [31, 33, 116] and spatial light modu-
lators (SLM) [31, 32, 34, 117, 118].

A DOE is a transparent element with a microstructured surface. This surface
consists of areas with at least two different height levels. Light passing a DOE trav-
els varying optical path lengths, depending on the level height of each area and
depending on the refractive index of the material. This leads to a phase modulation
of theincoming beam, creating interference of the beam behind the DOE. Constructive
interference occurs only at specific angles, and thus multiple beams emanate from
the DOE. The specific angle of each beam results in a defined displacement of this
beam’s focus in the focal area of the microscope objective, as shown in Fig. 5.17.
The intensity of each single beam can be varied by the design of the DOE, according
to the requirements of the specific application. The benefits of DOEs are relatively
low prime costs and simple implementation into existing lithography or HP3DP
systems, respectively. However, a standard DOE creates a fixed pattern of foci.
Changing the pattern of foci requires the use of a different DOE, which hampers the
use of DOEs in systems that produce rapidly changing designs.

SLMs are optical devices that are most commonly based on liquid crystals (LC)
which alter phase, amplitude, or polarization of a laser beam via a pixel grid [160,
161]. An SLM that changes the phase is referred to as phase SLM, while an SLM
that changes the amplitude is referred to as amplitude SLM. Commercially avail-
able SLMs are available in a reflective or transmissive layout. Reflective SLMs



5 Industrial-Scale Fabrication of Optical Components Using High-Precision 3D... 209
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Fig. 5.18 A spatial light modulator (SLM)—shown here in reflective layout—splits an incoming
beam into multiple beams. Unlike a DOE (Fig. 5.17), an SLM is able to switch between different
diffraction patterns and thus can be used as versatile parallelization technique for varying
applications

mostly rely on liquid-crystal-on-silicon (LCoS) technology, while liquid-crystal-
on-glass (LCoG) technology is widely used for transmissive SLMs. Similar to a
DOE, the SLM splits the incoming beam into multiple beams, which are then
focused by the microscope objective for printing. Figure 5.18 depicts parallelization
with a reflective SLM. An SLM requires electronic control of the individual pixels.
It allows on-the-fly modification of the phase mask. This, in contrast to a DOE,
enables the realization of different focal patterns and applications with a single
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SLM. The pattern can be changed from application to application as well as also
during a single fabrication job. This enables the simultaneous fabrication of nonpe-
riodic structures and to speed up the fabrication of an individual structure [117,
119]. These additional possibilities of an SLM compared to a DOE come along with
higher cost for purchase and implementation. Another drawback of SLM is the usu-
ally strong zeroth-order intensity. This undesired zeroth order is often blocked with
complex setups [117, 118, 120].

In the following, focus will be on the parallelization using DOEs, while all other
cases will be described elsewhere. In contrast to an SLM, DOEs can be manufac-
tured so that they produce a phase pattern of much better quality. This results in the
possibility to generate much more beams with a DOE than with an SLM. Typically,
SLMs are used to generate a few beams up to no more than 36 beams [32, 117, 118].
The zeroth-order beam is often so strong that it needs to be blocked to prevent unde-
sired illumination. This results in low efficiency of the overall setup. DOE can be
used to generate 121 beams and more, as shown in the Horizon 2020 project
PHENOmenon [121]. Skilled DOE manufacturers are able to precisely control the
zeroth-order beam, enabling high efficiency. Figure 5.19 shows 121 pyramids fabri-
cated in parallel with a 11 x 11 beam splitting DOE35. Fabrication time for this
array was 70 s. Serial fabrication without the DOE would have taken 121 times
longer, resulting in a fabrication time of approx. 2.5 h (Fig. 5.19).

Recent research indicates that multiple beams in close vicinity may cause a prox-
imity effect, which causes a decrease of the polymerization threshold, especially in
the center of the array [35, 116]. It was demonstrated that this effect depends on the
choice of the objective, the photoresist, and the photoresist layer thickness [116].
Thus, a fabrication with a large number of beams is possible when suitable

Fig. 5.19 Pyramid-like structures of 4 pm x 4 pm x 12 pm in size, fabricated in parallel with a
DOE-generated (11 x 11) beam array. The total fabrication time was 70 s. Compared to serial
fabrication, i.e., with a single laser beam, the fabrication would have taken 2.5 h at the same scan
speed [35, 121]
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measures are taken to account for the proximity effect [35, 116, 121]. Further works
are under progress to better understand the underlying effects in multiple beam
exposure and to further increase the number of involved beams.

5.4.5 From Micro- to Macro Optics

Although the technology of commercially available printing equipment using mul-
tiphoton polymerization is continuously improving, the fabrication mainly focuses
on structures with dimensions on the micro- and mesoscale. This is due to the limi-
tations imposed by the size of the FoV which is typically around 0.5 mm or much
lower for high NA microscope objectives dependent on the magnification, the avail-
able traveling range of traveling stages, and individual structures without taking the
needs of packaging technologies into account.

Larger structures have been demonstrated by stitching, however, inducing joints
which are disadvantageous, especially for optical applications [98]. In some cases,
a post-processing can be applied to reduce these stitching artifacts [122], but not for
direct fabrication on active and passive devices [123]. For this purpose, a detailed
knowledge of useful manufacturing strategies, as described in Sect. 5.4.2, provides
the efficient fabrication routines to create structure from the sub-micrometer (see
Fig. 5.20a) to the centimeter range (see Fig. 5.20b) without relying on stitching. The
minimum feature sizes in the array structures shown in Fig. 5.20a are about
300-400 nm laterally and about 100 nm in thickness. The (2 X 2) cm? structure in

Fig. 5.20 SEM images of different structures fabricated by HP3DP. All structures were fabricated
in one fabrication step without any stitching. (a) Meta-structure study. The smallest dots are around
300-400 nm in diameter with a height of ~100 nm. (b) Fully sliced and hatched propel of 2.5 cm
in diameter, fabricated in a bath setup. (¢) shows a microlens of 2 mm in diameter and (d) a free-
form lens structure. (e) Microlens with a diameter of 1 mm in situ fabricated with alignment struc-
tures and (f) larger-scale area with microlenses, grating and alignment structures, and text features
as replication master which is part of a 7.5 mm x 7.5 mm element
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Fig. 5.20b was fabricated in a full-volume mode with coarser printing resolution
using the bath 3D lithography exposure mode (Fig. 5.10c). This represents a scal-
ability in size of up to six orders in magnitude—from sub-micrometer to centime-
ter—and thus demonstrates that HP3DP as special case of 3D lithography closes the
gap between conventional 3D printing and conventional nano-/microfabrication.

As it is obvious to achieve shorter fabrication times, the printing resolution could
be reduced, supporting the fabrication of larger structures in reasonable printing
times. The fabrication of large-scale optical elements with smooth surface is
extremely challenging, and reducing the printing resolution is often not an option in
industrial manufacturing. In general, a full-volume structuring mode in combination
with a stage-only fabrication mode can be applied. But due to high printing resolu-
tions necessary to achieve the optical surface quality in one process, the resulting
fabrication time may be uneconomic. For this reason, special trajectory modes like
LCON 3D and FALCON 3D (Fig. 5.14) are perfectly suitable to create mm-
sized lenses.

As all 3D printing technologies enable complex designs, HP3DP additionally
offers the advantage of fabrication with printing resolution and manufacturing
modes on demand depending on the required shape accuracy and surface quality.
For microoptics, ultrasmooth surface finishes can be achieved. Aside from this,
additionally features can be fabricated within a single process step and no consecu-
tive mounting which is exemplarily demonstrated for a boxed mm lens in Fig. 5.20e.
This design inherently provides alignment features for further processes, for exam-
ple, step-and-repeat fabrication in imprint lithography. Additionally, even more
complex feature for branding (text fields) or security reasons (gratings) can be in
situ fabricated in one single writing process as shown in Fig. 5.20f which shows part
of a 7.5 mm x 7.5 mm structure including optical elements up to a size of 2 mm in
diameter, also with much finer grating features (not shown).

For optoelectronic applications, microlens arrays (MLAs), diffractive optical
elements (DOEs), diffusers, and prisms are an essential part in sensing purposes
(illumination, imaging, and homogenization). Especially the capability of HP3DP
to manufacture complex designs in a single process step allows novel lens systems
without the need for complex and costly alignment procedures of the individual
lenses with respect to each other [47]. Besides overall dimensions of a single ele-
ment in the macro range, large-area fabrication is also possible. This is demon-
strated for microprisms in Fig. 5.21a which were fabricated on an area of 4 mm? in
total; a zoom into the structure exhibiting extraordinary homogeneity is depicted in
Fig. 5.21b. Figure 5.21c and d show homogeneous and customized MLAs with a
size of 1 cm? each for microlenses of 1 mm in diameter at the same height of 280 pm
(Fig. 5.21c. Lenses in Fig. 5.21d are of varying size and shape with diameter rang-
ing from 0.5 to 1.0 mm and height from 22 to 270 pm. Due to the extraordinary high
degree of freedom in structural features, sizes, and fabrication routes to create a 3D
structure in a timely fashion, the additive mode of 3D lithography is an ideal tool not
only for the prototyping phase where a design can be iteratively optimized but also
for production where individual 3D elements or complete masters are fabricated to
allow small series up to volume production. As completely compatible with
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Fig. 5.21 Retroreflector master as fabricated via 3D lithography in its high-precision 3D printing
mode. (a) Section out of the master structure which is 4 mm? in total dimension. (b) Zoom into the
structure which was used further on to fabricate a Ni-shim via electroplating (not shown here)

replication methods (UV-NIL, hot embossing, galvanization), the masters produced
by HP3DP are an integral part of the supply chain and can be used as a tool for mass
manufacturing of volume manufacturing tunable from 1D to 3D structures.

5.4.6 From Curved Optics to Flat Optics

Like no other fabrication technology, 3HP3DP enables high-quality fabrication of
curved refractive optical elements/lenses, thin diffractive optical elements, and
extremely flat optics which are also known as metaoptics, metamaterials, or meta-
surfaces. Classical manufacturing techniques for each individual kind of optics exist
to some extent, but they are either not suited for fabrication of the required designs,
or they can fulfill the requirements to some extent, but need extremely high effort,
are time-intensive, and are costly. 3D lithography with its integral part of HP3DP
provides a complimentary technology approach which can be easily integrated in
any processing line (Sect. 5.4.3) and provides the necessary tool set to manufacture
all these different kinds of optics within a single equipment, far exceeding the limits
of any fabrication technology by covering several orders of magnitude in size range
from the nm up to the cm range.
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The lensmaker’s equation for thin lenses describes the relation between the cur-
vatures R; and R, of the two sides of a conventional curved refractive lens, its refrac-
tive index n, and its focal length f[124]:

%: (n_l)[i_L] (5.4.2)

R R,

From this equation, it can be seen that the focal length f of a refractive lens depends
on the curvatures R; and R, of the lens’ surfaces. The smaller f, the smaller are the
lenses curvature radii R; and R,. Thus, refractive lenses with short focal length fend
up relatively thick, depending on the required diameter of the lens. Refractive lenses
are widespread in a vast amount of applications, since they are easy to manufacture
with classical fabrication techniques like molding, diamond turning, grinding, and
polishing [125, 126]. HP3DP can be used for the direct fabrication of classical
curved lenses with highest surface quality and without the need for subsequent
grinding or polishing. This is particularly useful in cases where lenses are fabricated
inside a module or assembly, or when lenses of different size and shape are com-
bined. Thus, HP3DP is complimentary to conventional ultraprecision processing.
However, there are applications where lenses should be as flat as possible and
hence classical lenses are unsuitable due to their thickness (Fig. 5.22a). The concept
of a Fresnel lens was developed in the nineteenth century and is named after the
French physicist Augustin-Jean Fresnel [127]. Nowadays, Fresnel lenses are well-
known in optics [128]. A Fresnel lens is a refractive optical element based on ray
optics, like a conventional refractive lens. Since the focal length is determined only
by the surface curvature of the lens, traveling through bulk material does not add to
the optical function. The idea of a Fresnel lens is to reduce the thickness of a lens by
greatly removing bulk material while keeping the curvature of the lens (Fig. 5.22b).
This way, the lens is reduced in thickness, but has still the same optical properties as
a conventional curved lens. However, the fabrication of Fresnel-type lenses, espe-
cially for microlenses, is difficult with standard fabrication methods like diamond
turning, because of the narrow high aspect ratio grooves which require the

(a) (b) ()

Fig. 5.22 (a) Conventional refractive lenses can be spacious along the optical axis perpendicular
to the surface, depending on the curvature that is required to create the desired focal length. (b) A
Fresnel lens creates the same optical function as a conventional lens but is greatly shortened along
the optical axis. It has the same radius of/surface curvature as a conventional lens, while bulk mate-
rial below the surface is reduced. (¢) Metamaterials can be designed to show the same or even
improved optical functions compared to conventional lenses. Since metamaterials consist of sub-
wavelength elements (so-called metaatoms), these are ultra-flat optical elements with a thickness
of 2 pm or smaller, for example, for VIS light
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corresponding tools. HP3DP overcomes this issue and allows the fabrication of
highly precise Fresnel-type microoptics [12, 129].

Diffractive optical elements (DOESs) rely on the diffraction of light and can be
designed for various applications, like beam splitting and beam shaping. A compre-
hensive insight on how a DOE works is given in reference [130]. Standard UV
photolithography processes are commonly used for the fabrication of DOEs. The
diffraction efficiency of a DOE rises with the number of fabricated levels. However,
the fabrication of a multilevel DOE with standard UV photolithography processes
requires the subsequent illumination with multiple different, expensive photomasks
and a complex alignment procedure for each mask. Since HP3DP is a mask-less
technique, the printing of DOE [131] saves the user the expensive production of
masks and the complex alignment procedure alongside with a much higher degree
of freedom in optical design [15]. This allows much faster and cheaper development
of DOEs with regard to the iteration process of design, test, and redesign.

Flat optics is a term that describes optical elements, whose thickness is in the
order of magnitude of the operating wavelength and are also referred to as metaop-
tics or metamaterials [132-136]. In contrast to classical DOEs, flat optics are com-
posed of subwavelength-sized elements, also known as metaatoms. Metaatoms are
typically shaped like lines or cylinders [137], and they are arranged such that a
desired phase change is imposed on the incoming light to exhibit a specific optical
function, for example, focusing or defocusing. A crucial requirement for the fabri-
cation of metaoptics is the possibility to make metaatoms that cover the whole range
of phase changes between 0 and 2x. The fabrication of flat metaoptics is demanding
due to the fact that the lateral extension of the required metaatoms is well below
1 pm for visible light. However, recent results clearly demonstrate that HP3DP is a
suitable tool for metaoptics fabrication in one single processing step [138]. Since
HP3DP is based on two-photon absorption (TPA), a resolution far below the diffrac-
tion limit of the laser wavelength can be achieved (see also Sect. 5.3.1).

Figure 5.23a shows the worldwide first metalens designed for visible light
(4 =633 nm) that was fabricated by 3D lithography in the additive working mode in
one single writing step in a polymer material. It has a total diameter of 60 pm, and
the metaatoms which compose the lens have diameters ranging from 100 to 450 nm
and heights ranging from 300 to 1000 nm. The fabrication time was set to be 10 min
which is extraordinary slow, but directly supplied the full metaoptics in the very first
step. Compared to e-beam writing, this fabrication time is extremely fast and easy.
The focal length was very roughly determined to be around 100 pm, and further
characterization is presently taking place which will provide more precise values
and which will be described elsewhere. In Fig. 5.23b, a (2 x 2) array of metalenses
having the same design as shown in Fig. 5.23a is displayed which clearly demon-
strates the reproducibility of the fabrication. Metaoptics which are fabricated with
classical semiconductor fabrication processes usually end up with a fixed height of
all metaatoms. In contrast, HP3DP allows to individually adjust the diameter and
height for each metaatom. This provides a much higher degree of freedom in the
design of metaoptics and will enable extremely flat optics for camera optics for cell
phones or for AR/VR application, among others.
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Fig. 5.23 SEM images of the worldwide first metalens for visible light (4 = 633 nm), fabricated in
one step via 3D lithography in the additive working mode HP3DP using a purely organic material
[121]. (a) Full metalens with metaatoms are arranged as pillars with diameters ranging from 100
to 450 nm and heights ranging from 300 to 1000 nm. (b) Zoom into the structure shown in (a),
revealing the excellent reproducibility of the structures and their arrangement

5.4.7 Resolution

This section gives a brief overview over the spatial and lithographic resolution
which can be achieved in 3D lithography using TPA as a fabrication mode. These
resolution definitions play an important role in classical industrial manufacturing of
devices, for example, in CMOS production. The same definitions apply to 3D
lithography but are unfortunately often confused in literature.

Resolution in the literature dealing with TPA and 2PP often is referred to as
“structural feature size.” The terminology which is used to describe the results will
be defined in the following to allow a distinction between features and resolution,
describing:

(a) Feature sizes
(b) Optical resolution
(c) Lithographic resolution

A feature is a structural element which has a certain size, for example, a length,
a height, a diameter, and an aspect ratio. Optical and lithographical resolutions are
strongly related to each other. In a very simple picture, the optical resolution is
given by the fact that two features can be separately recognized as two individual
features (Rayleigh resolution limit). The lateral resolution is in the ideal case given
by kA/NA, where k is a constant ranging between 0.4 and 0.6 depending on the cut-
off definition, A is the wavelength of the system, and NA is the numerical aperture
of the optical system. From this it can be clearly deducted that the smaller the
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Fig. 5.24 Comparison of the normalized PSF intensity simulated for a 1.4 NA oil immersion
objective at the bottom of a 170-pm-thick Zeiss cover glass (design case) for 530 (left) and 780 nm
(right) laser light wavelength. The dashed lines indicate the FWHM. Clearly, green light provides
a smaller fabrication volume, since the Rayleigh resolution is proportional to the laser wavelength

wavelength, the better is the optical resolution, i.e., green light is better suited for
high-resolution fabrication than NIR light. Figure 5.24 shows the simulation of the
point spread function (PSF) for an ideal design case using an oil immersion objec-
tive with an NA of 1.4 and a Zeiss cover glass of a thickness of 170 pm. For better
illustration, only half of the PSF is shown for each wavelength. For a TPA process,
the FWHM of the PSF is 0.374/NA.

The same is true for the lithographic resolution, but with one further restriction:
the lithographic resolution is strongly influenced by the aspect ratio of the neighbor-
ing features; the higher the aspect ratio, the higher are capillary forces which pre-
vent the development of the structures after exposure if they are arranged very close
to each other. In the following, examples for minimum feature sizes and optical and
lithographic resolution will be given, while for the latter also, the aspect ratio of a
structure will be taken into account.

Feature sizes around or below 100 nm are reported in the literature [4, 13, 139—
142]. Most of the results so far have been achieved with commercial or experimen-
tal materials, and some of the materials may include cumbersome post-processing
procedures or may often not suited to be implemented in industrial processing, since
they are only accessible if certain equipment will be used. Aside from this, they are
often not tested concerning process and environmental reliability in Telcordia
(Bellcore) testing. Especially for optical materials which as used in system-in-
package (SiP) or on-chip packaging, the materials have to fulfill many different
properties in the various application wavelength regimes, among which are no yel-
lowing, high transparency or low absorption, suitable refractive index, and high
mechanical, thermal, and chemical stability according to Telcordia (Bellcore) reli-
ability testing. A material class which has gained a tremendous attention in indus-
trial manufacturing is the class of inorganic-organic hybrid materials such as
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ORMOCERS®s (see Sect. 5.3.2) which provides superior materials with highest reli-
ability in industrial manufacturing, suited for the fabrication of ultra-flat optics and
optical lenses on the micro-, meso-, and macroscale (Fig. 5.20).

Let us first consider the formation of voxels with the underlying parameters
using an inorganic-organic hybrid polymer. Voxels and continuous lines are the
smallest building blocks which are used to create a structure. The formation of vox-
els has been widely investigated in the past using the ascending scan method [79,
139, 143]. In general, the size of a single voxel depends on various parameters and
the way how they are created. Typically, most of the methods create the voxels in a
“stop-and-write” process, i.e., the laser beam is focused on the location where the
voxel is to be written followed by the exposure, and then the next voxel is written by
moving to the next position. This procedure is repeated until the entire array is fin-
ished. A much smarter way of creating large arrays is to write the voxels “on the fly”
among other procedures which is much faster and requires an excellent understand-
ing of the underlying chemical processes occurring in light-matter interaction and
on the engineering of the 3D lithography tool. Fabrication “on the fly” is integrated
in the equipment (LithoProf3D®) used for structuring and allows the access to an
extraordinary high throughput. As for classical lithography, the precise control of
the exposure dose (product of power P times the exposure time ton per exposed
area) is an important prerequisite to fabricate the required structures with high
throughput and a high degree of control. Thus, it is important to understand the
light-matter interaction of the given materials in dependence of the average laser
power and the on-time ton to allow a precise control of the formation process of the
resulting structures.

Voxel sizes are typically fabricated using the ascending scan method [79, 139,
144] which was used to determine the feature sizes of the inorganic-organic hybrid
polymer OrmoComp in its commercially available formulation* in dependence of
the average laser power and the on-time ton. The Z position of the focal volume
(writing layer) is varied by 100 nm from line to line, and the voxel is printed partially
on the substrate depending on the Z position and the focal volume length. For a very
low Z position, most of the voxel is written in the substrate while only a small por-
tion of the elliptical voxel appears at the surface. The substrate is not affected by this
procedure. Then, the Z position is changed for 100 nm, and the fabrication of a voxel
line is done again. This is continued until the voxels start to flip. If the Z position is
chosen such that the entire focal intensity distribution does not touch the substrate’s
surface anymore, the voxels are mainly washed away by the developer. Only those
which are still covalently linked to the substrate can be used to determine the voxel
length. This method was also employed for quantifying spherical aberrations by
experimentally mapping the optical point spread function which directly manifests
itself in the shape and size of an individual voxel, and this was used to improve the
fabrication of macroscopic 3D scaffolds for regenerative medicine [145].

An exemplary SEM image is displayed in Fig. 5.25a. The structures were fabri-
cated using an average laser power P of 6 mW and an on-time ton of 1 ms with the

*Licensed by the Fraunhofer Gesellschaft fiir Angewandte Forschung e.V. to micro resist technol-
ogy GmbH.
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Fig. 5.25 (a) Exemplary SEM image of a voxel array fabricated at an average power of 6 mW and
an on-time of 1 ms as a result from the ascending scan method for the determination of voxel
diameter and length. (b) Voxel diameter in dependence of the average laser power for two on-
times: 0.1 and 1 mW. The experiments were carried out using OrmoComp in its standard formula-
tion (1 wt.-% Lucirin TPO)

Z height of the focal volume at its lowest level at the top of the array with increasing
height to the bottom of the imaged array. At a certain height, the voxels flip over,
and once they are lying on the substrate, the voxel length becomes accessible.
Finally, Fig. 5.25b shows the dependence of the voxel diameter for two different
exposure times ton for voxels fabricated by the ascending scan method. By choos-
ing a certain on-time for each individual voxel (exemplarily set to 0.1 and 1 ms,
respectively) and varying the laser power, the size of the voxel can be varied,
whereas it has to be mentioned that the voxel length is typically much more altered
than the voxel diameter due to the elliptical shape of the focal volume provided that
no beam shaping is considered and the influence of the photoinitiator system is
neglected. As obvious from Fig. 5.25b, the voxel size for the given material system
can be dynamically adjusted between about 150 nm for the smallest diameter up to
about 300 to 600 nm for the two different on-times. Note that the on-time of 1 ms
results in a dynamic range for the voxel diameter which is about twice as large as
for the lower on-time of 0.1 ms at a much broader average power interval, i.e.,
resulting in a larger fabrication window at the given parameters. For a range of aver-
age laser powers, the size of the voxels is saturated on the minimal diameter of
approximately 150 nm, indicating that not the threshold volume is the limiting fac-
tor in feature size, but the chemical interaction volume [4]. Data on selected mate-
rial systems are already reported in the literature [4, 79], and more comprehensive
investigations will be described elsewhere.

By using highly efficient photoinitiators formulated into base matrix resins or
certain post-processing procedures, further reduction in feature size well below
100 nm is possible [142, 146, 147]. Houbertz et al. [4] have demonstrated that
sub-100 nm structures can be created in styryl-based materials without post-
processing, if not desired [86] (Fig. 5.9). It has to be mentioned, however, that post-
processing, for example, thermal treatment, might result in a slight increase in
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Fig. 5.26 Resolution pattern of ORMOCER® structures with a designed aspect ratio of 2:1, fabri-
cated 0.5 pm below the substrate’s surface, i.e., resulting in an aspect ratio of 1.5:1. (a) shows an
overview over the structure defined by the schematic sketch with gaps between the structures rang-
ing from 0.1, 0.25, 0.5, to 1 pm, showing an optical resolution of about 100 nm and a lithographic
resolution of about 250 nm or better. The structures with 1 pm gap were not fabricated. (b) Zoom
into the structure marked with two crosses in (a) and (b)

cross-linking dependent on the material system, thus affecting the refractive index
which is then also increased to a certain extent [90].

Let us now consider structures which have a certain size and aspect ratio, being
formed by continuous laser light exposure while moving the beam and the sample
in the 5-axes equipment. Figure 5.26a shows the schematic sketch of a resolution
structure with lines of several 10 pm in length and a line width of 1 pm. The lines
are arranged such that there are gaps of 100, 250, 500, and 1000 nm between them.
Since the resolution was found to be much better than 1000 nm, lines with this spac-
ing have not been fabricated.

The height of the extended structures was set to 2 pm by design which would
result in an aspect ratio of 2:1. Since the structure was positioned 500 nm below the
substrate, the aspect ratio is a bit altered to 1.5:1 for the given line structures. Please
note that these structures are completely compliant with classical 2D lithography
such as UV or grayscale lithography, since 3D lithography allows one to create 1D,
2D, 2.5D, and 3D structures by simply changing the process parameters and under-
cuts and specially formed structures can be fabricated much easier and without the
limits of UV lithography and without the constraints of grayscale lithography.

The result of the line pattern is shown with the SEM image in Fig. 5.26b, clearly
demonstrating that individual structures can be identified even for a distance
between the structures of 100 nm which might be described in the Sparrow limit
[148]. At this distance, the interaction forces (capillary forces) between the struc-
tures are so high that they touch each other as a result from the development step
which is employed to remove the nonexposed material out of the gaps between the
structures. At a distance of 250 nm between the structures, the structures do not
touch each other anymore, and the gap between them is clearly visible which is also
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shown in the zoom into the structure in Fig. 5.26b, where one clearly can distinguish
between optical and lithographic resolution: for a distance of 100 nm between the
structures, the optical resolution in the Sparrow limit is 100 nm, while there is no
lithographic resolution, i.e., the structures cannot be developed such that the gaps
between the lines are free of material. For a distance of 250 nm between the struc-
tures, the optical and the lithographic resolution is 250 nm, since the gap is free of
residual material and the structures can clearly be distinguished. A close inspection
of the structures shows that the gap might be further decreased to some extent with-
out losing neither optical nor lithographic resolution. Other material systems might
reveal even better performance which will be published elsewhere.

Finally, an array of circularly shaped lines of 300 nm in width and about 900 nm
in height, resulting in an aspect ratio of 3:1, was fabricated (Fig. 5.27). These spe-
cial types of gratings have attracted considerable attention and will be employed in
industrial processing and will be further investigated.

5.5 Beam Shaping for Sensor Products

5.5.1 NIR Laser Dies for Gas Sensing

Tunable diode laser absorption spectroscopy (TDLAS) is a more and more impor-
tant sensor technique that enables to quantitatively measure the presence of
extremely low levels of gases even in harsh environments. The method is based on
single-mode tunable diode laser sources, e.g., a distributed feedback laser matched
to a characteristic absorption line of a specific gas, a gas cell with the absorbing
medium, a detector, as well as supporting optics for laser beam guidance. The laser’s
emission wavelength is tuned over the absorption line of the gas under investigation
which leads to a reduction of the transmitted laser intensity that is recorded with a
photodiode. Dedicated electronics and wavelength-modulation spectroscopy with
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Fig. 5.29 Schematic of
near- and far-field emission
characteristic of an
edge-emitting InP-based
DFB laser device

lock-in technique is often employed to enhance the sensitivity. Typical sensitivities
go down to ppm and even ppb fractions [149]. Figure 5.28 shows the characteristic
fingerprint region of several industrially relevant gases such as CO, CO,, and H,S in
the wavelength region from 1.55 to 1.60 pm.

Edge-emitting single-mode distributed feedback lasers are widely used for
TDLAS spectroscopy over a wide wavelength range, e.g., 760 nm up to 16 pm
[150]. Due to their intrinsic laser structure, the mode profile of the emitted light is
highly divergent in the vertical direction, which leads to the need of costly beam
shaping optics for spectroscopy. Figure 5.29 schematically depicts an edge-emitting
DFB laser and its emission characteristic. In the vertical direction, the light is dif-
fraction limited by the thickness of the epitaxial layers (typically around 1-2 pm).
Due to the small aperture size, the divergence in this direction is relatively high and
is called fast axis. The lateral light mode distribution is determined by the ridge
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waveguide geometry of the laser with less confinement in comparison to the vertical
direction. Consequently, the beam divergence in the far field is much weaker com-
pared to the vertical direction, and the axis is called slow axis. Typical values for
fast- and slow-axis beam divergence for DFB lasers used in this study are 40° to 50°
and 15° to 25°, respectively. Thus, the beam profile is highly elliptical. This limita-
tion of the edge-emitting DFB devices can be overcome by direct laser processing
of a 3D-printed lens as described in the following chapter.

The lasers used for this study are metal-grating DFBs emitting around 1590 nm
based on InP epitaxial material. For device fabrication, the ridge wave guides are
processed on the epitaxially grown laser crystal by several consecutive lithography
and deposition processes. Single-mode operation is achieved by structuring a metal
grating along the ridge. The laser processing is completed by deposition of metallic
top and bottom contacts followed by a galvanic top layer for optimized head
removal. Finally, the lasers are singularized, and the back facet is coated with a
highly reflective layer, whereas a simple passivation layer is applied onto the front
facet on which the 3D lens will be structured. For optimized handling and head
removal, the lasers are soldered to C-mounts. Details on laser fabrication can be
found, e.g., in Ref [150, 151].

5.5.2 High-Precision 3D Printing for Laser Die Packaging

Conventional lithography and 3D printing technologies are limited in the type of sub-
strate which can be employed for structure processing. In classical lithography, sub-
strates are typically restricted to flat substrates such as wafers. Structures in 3D
printers are usually printed on flat mounts (e.g., a platform) and build up in a layer-by-
layer fashion. For example, in SLA printing the structures are printed from a CAD file
in a layer-by-layer fashion: a layer is coated by a blade, and the first layer is printed.
The platform is then lowered, the second layer is coated by the blade, and the proce-
dure is repeated until the entire 3D structure is formed. Classical 3D printing such as
SLA, SLM, or FDM is not precise enough to account for optical surface quality.

As 3D lithography with its intrinsically available HP3DP mode provides real 3D
printing capabilities without the need for layering with deposition of new material
by wiping sequences at a very high precision, the process is not limited to special
types of substrates. For this reason, optical elements can be printed directly on
almost any kind of substrate formats, mounts, and assemblies [6]. Particularly, if
optical functional devices have to be fabricated, ease in fabrication is generated by
the fact that optics can be directly fabricated on pre-configured substrates, for exam-
ple, printed circuit boards [6, 25], mounted laser dies (see Sect. 5.5), and LED chips
[152], among other devices. Typically, in photonic packaging integrated optics are
assembled on optoelectronic devices by active and passive alignment which is a
complex task and relies on several process steps [153]. As HP3DP is not limited to
certain substrates, many applications were impressively demonstrated for integrated
optics [6, 107, 114, 129, 152, 154-157], and the number of previously necessary
process steps can be reduced as assembly is not necessary anymore.
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Fig. 5.30 SEM image of a
laser die with a cylindrical
microlens (marked by an
arrow) inherently mounted
on the die’s facet by direct
writing using HP3DP. The
inlay of the right picture
shows a scanning confocal
microscopy image of

the lens

By means of 3D lithography, microlenses were directly written on InP laser dies
(see Sect. 5.1) whose facets are about 1 pm x 3 pm in size (Fig. 5.30). The process
provides an inherent mounting procedure without the necessity of typical assem-
bling steps, for example, optical bonding. Costly and bulky beam shaping optics
which are nowadays used for beam shaping can be then avoided. The laser dies were
diced and mounted on C-mounts; the dimensions of the total assembly were roughly
0.7 cm x 0.65 cm x 0.2 cm without contact wiring. This assembly is used as sub-
strate for the HP3DP process for the fabrication of cylindrical microlenses which
were designed such that the divergence angle of the fast axis is reduced to the value
for the divergence angle of the slow axis in order to create a circular beam profile in
the far field. The overall size of the optics is reduced by orders of magnitude as a
result of the microlens whose thickness is typically below 20 pm. Compared to the
macroscopic optical elements which are usually employed for packaging, the size of
the package can be also significantly miniaturized.

For faster fabrication, a set of assemblies is placed into the 3D lithography sys-
tem, and automated routines such as detection of the laser die’s facets, translation
and rotation of the microlens design, and the printing process are performed by the
printer itself. Due to the nature of the fabrication process, only passive alignment is
used. This leads to significant reduction of total fabrication time by avoiding active
alignment and thus results in much lower costs. At the same time, the functionality
is enhanced, and the drastic miniaturization leads to much more flexibility in the
packaging process.

5.5.3 Optical and Life Cycle Characterization

In order to investigate the influence of the printed lenses on the performance of the
DFB lasers, the key characteristics of these devices were studied including output
power, far field, as well as long time stability.
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Two fundamental characteristics of a laser device can be derived from the depen-
dence of the optical output power P on the driving current /, i.e., the laser threshold
and the efficiency. As described in Sect. 5.1, the facets of the InP-based DFB lasers
are typically treated with a highly reflective coating on the back facet and a passiv-
ation layer on the front facet. However, the reflectivity of the front facet will be
influenced by the printing of a lens onto it, since the contrast between the reflective
indices changes. The lens is expected to work as an antireflective coating. The
resulting reflectivity is highly dependent on the effective thickness of the lens.
Simulations approximating the lens by a homogenous layer indicate resulting
reflectivities between 3 and 27%. Figure 5.31 shows the PI curves of a DFB laser
device before and after printing of the lens. An increase in the threshold current
from 19.2 to 22.7 mA as well as an improvement of the efficiency from 0.18 to
0.23 W/A can be observed. This is in accordance with the expected effect of an
antireflective coating caused by the lens. Assuming no changes in the internal losses
and a constant reflectivity of the back mirror, a decrease of the front facet’s reflectiv-
ity from 30 to 28% was calculated which is within the range that is expected from
the simulations.

As discussed in Sect. 5.1, a narrow and circular far field is beneficial for many
DFB laser applications. An InP-based edge-emitting laser typically emits an elliptic
far field with FWHM angles in the fast and slow axis of 40° to 50° and 15° to 25°,
respectively. The printed lenses described in Sect. 5.5.2 were designed to reduce the
angle of the fast axis without influencing the slow axis. The goal was to create a far
field that is as close to circular as possible. Figure 5.32 compares the far fields of
InP-based lasers with and without printed lens. Figure 5.32a shows the intensity
distribution of the slow axis with and without printed microlens; Fig. 5.32b shows
the same for the fast axis. As depicted, the angle of fast axis can be reduced to 19°
by a well-designed printed lens, whereas the angle of the slow axis is only affected
minimally.
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Fig. 5.32 Far-field characteristics of InP-based DFB laser devices with and without printed lens.
(a) Slow axis and (b) fast axis
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The polarization of the laser light is relevant in certain applications, e.g., if beam
splitters are involved. Therefore, the influence of a printed lens on the polarization
was investigated. Figure 5.33 depicts the output power of a DFB laser device before
and after printing of a lens measured through a polarizing filter. In order to improve
the readability, the curves were normalized to different values. As can be seen in
Fig. 5.33, the lens has only a minimal effect on polarization.

Another important aspect that needs to be considered when implementing
3D-printed on-chip optics is the possible impacts on the overall system reliability
and lifetime. One common cause for laser breakdown is catastrophic optical dam-
age (COD) [158]. Small deteriorations on the facet can result in optically induced
thermal destruction of large areas of the facet. This is due to the increased absorp-
tion of the propagating light, which heats the facet and can result in melting of the
facet, which will lead to a decrease of laser performance up to a total failure of the
device. It is therefore of high interest to investigate the influence of the printed
lenses on the COD threshold. The InP-based laser devices used in this experiment
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are typically operated at currents below 150 mA. In order to study the likelihood of
a COD-based breakdown, the driving current of multiple laser devices was tuned
from 0 to 500 mA in several cycles, and PI curves were recorded before and after
the test. Figure 5.34 compares the results of an exemplary laser device before and
after the COD tests. No negative influence of the COD test on the laser performance
could be observed as there are no significant changes in the electro-optical charac-
teristics observable.

The other important reliability aspect to be considered is the lifetime of the lasers
with the on-chip lens. Regular DFB laser devices in this wavelength region are
specified for >10,000 hours of operation. An indicator for laser degradation and
reduced lifetime is rising internal losses, resulting in increasing threshold currents
and decreasing efficiency [159]. Figure 5.35 depicts the evolution of the threshold
currents of six lasers with on-chip printed lenses over the course of more than
10,000 h of continuous operation at 25 C and 120 mA. The laser device D was also
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used for the COD measurements mentioned in the previous paragraph. The occur-
rence of this test is marked by a star in the graph. No degradation could be observed,
indicating no negative influence of the lenses on the life cycle of the laser devices.

5.6 Summary

3D lithography with its integral fabrication mode high-precision 3D printing has
been demonstrated to provide a universal tool for industrial fabrication of functional
optical structures ranging from 1D via 2D and 2.5D to 3D structures. The material
class of inorganic-organic hybrid polymers (ORMOCERs) was used to create
microoptical elements which can be arbitrarily arranged and shaped, directly influ-
encing the optical performance of a module. The packaging process can be signifi-
cantly simplified by drastically reducing the amount of necessary steps to create an
optical package. This results in lower fabrication cost and consumption of resources.
In particular, optical elements can be directly printed on any substrate kind and
substrate shape. Aside from the more classical approaches by using glass, wafers, or
optical fibers as substrates, complete assemblies can be used in 3D lithography. This
was shown with cylindrical lenses which were directly printed on InP laser dies
which have revealed extraordinary performance in device and life cycle testing,
along with a significant miniaturization of the optical package. Green light is used
for the fabrication, and sub-pm as well as sub-100 nm structures were demonstrated.
The data show that a well-defined and very controlled fabrication can be achieved
for industrial-scale device fabrication and that high-quality surface finishes are rou-
tinely delivered upon request. For the first time worldwide, organic polymers were
used to create a metalens for the VIS regime by direct laser writing without the
necessity of costly processes such as e-beam lithography and subsequent vacuum
processes. 3D lithography offers additive, subtractive, and glass processes on any
kind of substrate, and a huge variety of materials can be processed. The combination
of high-performance materials with sophisticated fabrication strategies results in a
significant reduction of the process time. Thus, 3D lithography and particularly its
integral part of HP3DP lead to a pronounced acceptance of HP3DP beyond the field
of pure research and into nowadays production.
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Chapter 6
3D-Printed Microoptics by Femtosecond
Direct Laser Writing

Simon Thiele and Alois Herkommer

Abstract Femtosecond direct laser writing offers unique possibilities for the fabri-
cation of microoptical components and systems. Almost unrestricted 3D design
freedom, high resolution and accuracy, as well as alignment-free assembly enable
direct printing of complex structures with optical functionality. Various imaging and
illumination optics are presented and discussed (Most of the contents shown are a
directly translated from the PhD thesis “Design, Simulation und Prozessoptimierung
fiir das 3D-Laserdirektschreiben von Mikrooptiken” by Simon Thiele, University of
Stuttgart (2019)).

Keywords Laser direct writing - Microoptical components - Freeform design
High-resolution printing - Imaging optics - Illumination optics - Two-photon
lithography - 3D lithography

6.1 Introduction

Microoptical components have nowadays found their way into almost all areas of
our lives and have become indispensable in technology sectors such as communica-
tions technology, medical technology, sensor technology, or consumer electronics.
Examples include microlenses for beam shaping in fiber optics, small endoscope
lenses for minimal invasive surgery, microlens arrays for the homogenization of
laser illumination, and the tiny imaging lens systems in the cameras of our
smartphones.

The microoptics of today mainly emerged from semiconductor manufacturing in
the 1970s and 1980s and would most likely not be as widespread without this
important technological driver. Some paradigms of this industry, such as high paral-
lelism, high throughput, and cost reduction through miniaturization, have influ-
enced microoptics and clearly distinguish it from the traditional categories of the
optical industry.
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An interesting mixture of both worlds can be observed in the lenses of today’s
smartphones. Here, too, highly automated work is carried out with low-cost materi-
als (polymers) and low-cost processes (injection molding/injection stamping),
although the result is complex and consists of many precisely aligned individual
components. The optical performance requirements in the case of smartphone cam-
eras demand complex meniscus aspheric shapes, not accessible through wafer-
based processes as they allow only limited surface complexity and have so far not
been able to assert themselves despite their advantageous cost structure. However,
there are clear downward limits to the methods of assembling replicated lens com-
ponents, as alignment and assembly become more and more difficult with increas-
ing miniaturization. New methods must be developed in order to transfer the
complexity of smartphone lenses and other microoptical systems to smaller scales.

One of the most promising candidates for the fabrication of next-generation
microoptics is additive manufacturing using multiphoton lithography as it is inher-
ently alignment-free and allows for extreme miniaturization as well as almost unre-
stricted design freedom. Figure 6.1 compares all three methods based on the
assessment of the authors.

The generative fabrication of microoptics in the sense of 3D printing is a com-
paratively young field of research. Classical methods, such as direct laser writing,
have been used for decades to fabricate microoptics, but the layer-by-layer printing

wafer level optics assembled systems fs-3D-printing

prototyping cost
A

time from design cost
to prototype

T mass manufacturin
unit ( 9)

_ optical performance
typical system size

diameters

Y

design complexity

Fig. 6.1 Comparison of different technologies for the fabrication of microoptical systems accord-
ing to the author’s assessment
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of three-dimensional structures did not become established until the mid-2000s. An
important driver of this technology was the development of multiphoton lithogra-
phy with first publications in the late 1990s [1-3].

As some of the first structures with optical functionality photonic crystals were
fabricated [4—13]. In order to use these crystals in the visible spectrum with high
efficiency, finest structure sizes must be realized. Therefore, the method was further
improved by using stimulated emission depletion (STED) approaches to reach
voxel sizes down to the range of a few 10 nm [14, 15]. To produce smooth surfaces
and monolithic components, however, the voxel size is less important, and photore-
sists with a stronger proximity effect are desired, since rounding attenuates staircase
effects. The latter can also be achieved by a specific surface treatment after print-
ing [16].

First microoptical components such as microprisms, waveguides, or microlenses
[17-21] were demonstrated in the mid-2000s. In the following years, a number of
research papers were published presenting diffractive lenses [22], microlenses (and
arrays) [23-27], diffractive-refractive hybrid lenses [28], vortex lenses [29, 30],
multifocal lenses [31], pattern generators [32], ring resonators [33, 34] or freeform
lenses [35, 36].

Multielement systems in which the components are arranged along the optical
axis have also been published several times [37—41]. Due to their built-in micro-
scope, multiphoton lithography setups usually allow a very accurate adaption and
alignment of the writing process to the substrate. Therefore, soon the first elements
were printed on the tip of optical fibers. In addition to refractive and reflecting sur-
faces for beam shaping [39, 42—44], photonic crystals [37, 45], phase plates [46,
47], or moth-eye structures for reflex suppression [48] were written directly on
fibers. As an alternative to direct printing, a clip-on approach can also be chosen
[49]. Other substrates such as optical crystals [50] or image sensors [40] can also be
used for printing.

While classical photopolymers are typically used as writing materials, hybrid
organic-inorganic polymers [51], proteins [52], or even glass [53] is also used.

Other generative manufacturing processes comparable to multiphoton lithogra-
phy have so far been limited to inkjet-based approaches [54] and ablative processing
of photosensitive glass [55]. In terms of optical functionality, however, the demon-
strated components have so far been less mature in comparison.

The fabrication of planar optical elements by single-photon laser direct writing
goes back to works from the early 1980s [56]. At that time, semiconductor pro-
cesses were adapted in order to lithographically generate optical structures such as
microlens arrays or diffractive elements directly without any mask. The employed
photosensitive (UV) resist typically shows a linear relation between light intensity
and chemical structural change. The photon absorption can lead to either a polym-
erization (negative resist) or to a local de-bonding (positive resist) and thus together
with a development step planar structures can be fabricated.

In addition to linear single-photon absorption, nonlinear absorption mechanisms,
also known as two- or multiphoton absorption, exist which were first described in
the early 1930s [57]. However, due to the extreme photon densities required, this
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approach required the invention of the laser to be realized experimentally. The
development of the titanium-sapphire femtosecond laser [58, 59], which fulfilled
the requirements for novel experiments for the first time, is regarded as an important
breakthrough for this technology. The dependence of the transition rate on the
squared intensity is a great advantage with regard to three-dimensional lithography,
since absorption processes can be confined to a very small area (focus).

In the case of two-photon lithography, light from the near infrared is typically
used together with a photoresist, which is photosensitive at 4/2, i.e., mostly in the
UV spectral range. The simultaneous absorption of two photons (see Fig. 6.2—
right) produces free radicals from so-called photoinitiator molecules, which break
double bonds and thus initiate polymerization. This is temporally and spatially lim-
ited and results in a so-called voxel of polymerized material at the focal spot.

Usually a voxel has the shape of an ellipsoid and has, depending on the numeri-
cal aperture with which it is focused, a varying size and a varying aspect ratio. Even
in the case of strong focusing in immersion (e.g., with a numerical aperture of 1.4),
an aspect ratio of at least 2.7 remains without further manipulation of the wavefront.
The minimum dimensions of the voxels are typically about 100 nm in width and
270 nm in length. Complex three-dimensional objects are created line by line and
layer by layer in a mostly liquid photoresist, which remains transparent in the visi-
ble spectrum after polymerization. Figure 6.2 schematically shows the functional
principle of this method.
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Fig. 6.2 Schematic setup for two-photon lithography. A microscope is dipped into a photoresist
fluid. The laser focus is then moved via the galvo scanner within the fluid to locally polymerize the
material
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6.2 Design Rules for 3D-Printed Microoptics

The above-described printing process and the current limitations of the printing
device result in some general and specific design rules, which should be considered
during optical design, structural design, and process development.

Limited Printing Volume

The maximum printable volume is limited by the lithography device architecture
and by the writing time, which is usually critical due to the small voxel size.
Therefore, the size of the solid printed optical elements should be minimized as far
as possible. Usually, the total size of the printed system is in the range of below
I mm in each dimension.

Geometry Restrictions

Due to the small voxel size in vertical direction the printing process allows compa-
rably small lens thicknesses of down to 5 pm. Edge thicknesses close to the struc-
tural mount should be thicker. For air gaps between elements, larger distances must
be maintained to ensure that remaining photoresist can be reliably washed out.

Elimination of Alignment Tolerances

The complete optical system, including all elements and mechanical support struc-
ture, can be printed in one single process. In consequence, there are no alignment or
mounting tolerances which need to be considered. The only remaining tolerance
effect is the printing accuracy of the lithographic printing itself, which is well below
1 pm in all three dimensions. With a certain pre-knowledge and compensation of the
shrinkage of the resist, the absolute geometry accuracy can even be smaller.

Mono-material

The printing of a combination of materials, e.g., different dispersion for chromatic
corrections, is possible in general and has already been demonstrated. However, two
materials require additional effort and writing time and may introduce alignment
errors. Therefore, it is rational and economic to limit the material choice to only one
polymer material, if possible. The standard photoresist employed for the following
examples is IP-S (Nanoscribe GmbH, Germany), with a refractive index of
n = 1.5-1.54 in the visible range. For coarse design estimates, we use a refractive
index of n = 1.5.
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Properties of Polymer Optics

The polymer-based printing materials typically exhibit a few disadvantages. For
example, the range of materials and thus the available refractive indices as well as
Abbe numbers is rather limited. Polymers are also more sensitive to temperature
changes, are more difficult to coat, and offer less mechanical and chemical stability.
Moreover stress-induced birefringence can be a problem.

Avoiding Ray Bending

In imaging optical design, it is good practice to avoid strong ray bending, a term
which usually describes high angles between rays and the local surface normal at
their point of incidence or exitance in air or glass. These angles are illustrated in
Fig. 6.3 as y;. and yg, respectively. High angles usually introduce large aberrations,
which must be compensated elsewhere. Such systems are therefore sensitive to
small changes and fabrication tolerances [60—62]. Furthermore, increasing ray
bending leads to an increase in dielectric losses. This leads to transmission loss and
enhanced stray light in the system. Therefore, a maximum local angle of incidence
is typically included into the optimization merit function. In the example imaging
optical systems shown below, we have limited the allowed maximum angle towards
air to approximately 56.3° (Brewster’s angle).

Optimization targets: 4@

[
1. RMS wave front error < 0.07A B iis \ Aon
2. Aag AT Nimage L maximum o

ﬁﬂu L 4

Boundary conditions
CRA T puage < 30°
0.75 < Aa,/Aag < 1.25
Y < arctan(Mens/Mair)
Yo < arctan(Mair [ Myens)
Maie | Tens [/ Mimage 0.9 < AB;/mean(ABy...AB,) < 1.1

Ap;

Fig. 6.3 Typical design targets and boundary conditions for the design of 3D printable highly
aspherical lens systems
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Avoiding Large Chief Ray Angles (CRA)

In most modern optical application, the microoptical system is used together with a
CMOS image sensor or an imaging fiber bundle. Both elements do not allow large
chief ray angles (CRA) in the image space. This angle is illustrated in Fig. 6.3.
Usually the maximum CRA must be controlled below 30° for CMOS chips and
below 20° for imaging fibers. In the following designs, we limit the CRA to 30° in
air, or to 30°/n if the image space is immersed with a material of refractive index n.

Realization of Strong Aspheres and Freeform Surfaces

The printing process basically allows creating any 3D geometry, not only for the
structural mount but also for the optical surfaces. In consequence, the limitation to
classical optical surface shapes, such as rotational symmetric spheres, no longer
exists. 3D printing naturally allows for aspheric or even freeform surfaces with large
asphericity in the optical design. As a result of the added degrees of freedom, the
performance of a design can be improved while keeping the same (or smaller) num-
ber of elements, and often also the total built volume can be significantly reduced.

In order to verify this hypothesis, we have compared the achievable performance
of spherical to aspherical systems. As a performance figure of merit, we have com-
pared the achievable space-bandwidth product of the designs, which connected to
the product of the marginal ray angle Aa, and the field size Ax, inside which the
performance can be corrected to be diffraction limited. Figure 6.4 shows the result-
ing designs for 1-6 spherical surfaces in the upper row and 1-6 aspherical surfaces
(with polynomial coefficients up to the tenth order) in the lower row. Below the
merit function of the designs is illustrated.

From the design study and analysis, we find an almost linear dependence between
the number of optical surfaces and the achievable figure of merit. From this behav-
ior it may be concluded that all systems have been corrected to the same final level.
The other main finding is that aspheric surfaces allow for a larger gradient of this
dependence. This nicely verifies that aspheres provide a clear benefit for the achiev-
able optical performance in terms of an increased space-bandwidth product as com-
pared to an all-spherical design. However, it has to be noted that this dependence
cannot be generalized to other design problems, as here the abovementioned bound-
ary conditions on maximum incidence angles and CRA have been considered dur-
ing the design.

The space-bandwidth product can also be converted into the number of resolv-
able image points. This number can be calculated from the maximum diffraction
limited field size, divided by the diameter of the Airy disk, according to the Rayleigh
criterion. The resulting quadratic dependence in Fig. 6.4 relative to the linear depen-
dence of the space-bandwidth product results from the fact that the pixel number
scales with the area (quadratic in field size).
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Fig. 6.4 Comparison of optimized spherical designs (upper row) versus aspherical designs (lower
row) for an increasing number of surfaces. Below the corresponding space-bandwidth product is
illustrated (left) and the respective number of resolvable image points (right)

Integration of Diffractive Structures

In addition to aspheric and freeform surfaces, multiphoton lithography, due to the
small voxel size in lateral direction, allows for a direct printing of diffractive struc-
tures. These can add additional degrees of freedom and thus further improve the
optical performance. In addition, the small size of the components does typically
not require high line densities, which helps to avoid otherwise typical losses in dif-
fraction efficiency. In general, diffractive elements are very useful in optical design,
as they can not only compensate first-order chromatic aberrations, but also third-
order monochromatic aberrations. These advantages must be compared to the well-
known disadvantages of wavelength-dependent diffraction efficiency, large
dispersion, and unavoidable residual light into unwanted diffraction orders.

Wave-Optical Effects

Diffractive elements are a prime example why a wave-optical analysis of the system
is recommended as it allows for calculation of diffraction efficiency and chromatic
effects. However, even without diffractive structures, the size of the printed ele-
ments is often small enough that diffraction effects from the apertures must be con-
sidered. As a criterion the so-called Fresnel number can be used. A significant
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diffraction effect must be expected when the Fresnel number approaches unity. It is
known that in this case, diffraction will lead to an effective reduction of the focal
length, or to diffraction-stimulated chromatic effects [63].

6.3 Examples of Printed Microoptical Imaging Systems

The following two examples of printed imaging systems shall illustrate the applica-
tions and limitations of 3D printing processes for optics in more detail.

Both systems have been optimized for 3D printing under the abovementioned
design rules. In order to take full advantage of the high accuracy of the process, the
design should be optimized such that it can be printed in one step, without any
assembly or realignment. Moreover, openings in the structure and distances between
the elements must be chosen such that the photoresist can be properly washed out.
The latter condition is directly influencing the optical design.

In prior work it turned out that for uncoated surfaces, a surface number of 4, i.e.,
two aspheric lens elements, is a good compromise of optical quality and transmis-
sion loss. Fewer surfaces do not allow for a large enough space-bandwidth product,
and more surfaces introduce too much material absorption, reflection losses, and
stray light. Both designs have been furthermore optimized for IP-S photoresist, as
mentioned above. The dispersion characteristics of IP-S were accurately measured
over the visible range and included into the optical design software ZEMAX. The
employed lithographic printing system (Nanoscribe GT Professional, Nanoscribe
GmbH, Germany) at that time supported two different writing objectives and field
diameters to be printed: a maximum diameter of 200 pm for the 63x objective and
500 pm for a 25x objective. In consequence the diameters of the optical systems
were limited to 125 pm, respectively 450 pm. From the scaling laws of optical sys-
tems, it is known that smaller systems are easier to correct, since geometric and
axial chromatic aberrations scale down with size. In addition, shrinkage effects of
the polymer resist have less impact if the lens is smaller. Since the manufacturing of
absorbing aperture stops (see later in this chapter) was not available at that time,
both designs have their stop at the front surface. The image plane is located exactly
at the substrate interface on which the print is fixed.

The two designs are microoptical versions of a tele-system (diameter 125 pm,
field of view 20°) and a distortion corrected camera lens (diameter 450 um, field of
view 40°). Table 6.1 lists the most important parameters of both systems. In both
systems aspheric surfaces are used, even if the asphericity is not strikingly visible in
the lens drawing.

For the listed number of resolvable image points, the field of view was divided
into five zones with equal area. In each zone the average radius of the Airy disk is
used, if the image quality is diffraction limited, whereas the geometrical spot radius
is used if geometrical aberrations are limiting.

Both designs are well corrected for distortion, which usually is additional effort
or comes at the cost of other aberrations. This is one of the reasons why the camera
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Table 6.1 Comparison of the two printed imaging systems, with four surfaces

Variant Micro tele-lens Camera lens
Aperture diameter 97 pm 390 pm
Maximum lens diameter 97 pm 390 pm
Length 204 pm 650 pm
Focal length 261 pm 544 pm
Full field of view 20° 40°
Numerical aperture 0.2 0.37
(image space)

Object distance 00 o
Distortion —0.1% 1%
Number of resolvable ~2500 ~40,000
Image points

lens could not be corrected to be diffraction limited over the full field of view at the
employed f-number of 1.35. However still the number of resolvable pixels is much
higher, and the spot size is smaller as compared to the tele-lens. Moreover, the abso-
lute amount of light is larger due to the larger diameter. Figure 6.5 shows the optical
layout of both designs.

After finishing the optical design, the surfaces are exported either via ZEMAX or
via the mathematical surface description to a computer-aided design (CAD) model.
In the CAD software (e.g., SolidWorks), the appropriate mechanical support struc-
ture is added, as illustrated in Fig. 6.6.

The height of the support structure is designed such that the image plane is
exactly positioned on the substrate, which usually is a cover glass. If the lenses have
convex shapes towards the bottom of the system, special care must be taken to print
the vertex without them swimming in the resist.

Before the final printing process, CAD models must be triangulated and con-
verted into a STL format. From that file the software “DeScribe *“ (Nanoscribe
GmbH) creates a machine-readable format, which among other parameters contains
the writing trajectories, as well as laser power, scan speed, and delay times.

The physical printing process is then performed using the “Dip-In”’ configuration
with the 63x/1.4 NA objective (for the tele-lens) and the 25x/0.8 NA objective for
the camera lens. The typical writing time is in the range of 2-3 h. After resist devel-
opment and washout of the unused resist, the results are typically inspected with a
digital microscope (Keyence VHX-1000), in order to assess the quality of the print.
Figure 6.7 shows images of a print in comparison. However, this inspection only
allows a qualitative first assessment.

For a more quantitative assessment of the imaging performance, a microscope
arrangement can be employed. Here an object is imaged through the printed
microoptics, and the created intermediate image is observed via a microscope sys-
tem on the image side. As a standard object, the USAF-1951 test target is used,
which is positioned at a hyperfocal distance. The imaging results are shown in
Fig. 6.8, for both objectives. The visible part of the test chart is different, as the
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Micro tele lens Camera lens

Fig. 6.5 Layout of the microoptical printed tele-lens and the camera lens

Micro tele lens Camera lens

\\’BB\‘EI_\

50 ym 100 ym

Fig. 6.6 CAD-model of the tele-lens and the camera lens including the support structure. For bet-
ter visualization a quarter of the lens model has been removed

Micro tele lens Camera lens

Fig. 6.7 Digital microscope image of printed version of the two designs
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Micro tele lens Camera lens

Fig. 6.8 Experimentally recorded image quality. For the camera lens, stray light was
suppressed by external shielding

object is placed at different distances. However, the image quality already proves
that the amount of details which can be transmitted is larger for the camera lens.

The contrast in both systems is different, since for the tele-lens, no measures for
stray light suppression have been made; however the camera lens was surrounded
by a black sheet of paper. This already brings us to another downside of mono-
material systems. The fully transparent material of lens and mount will lead to a
large amount of stray light, which even for perfect corrected systems can diminish
the optical performance or even can make them useless. In consequence any optical
system usually requires some way of stray light suppression, or at least a well-
defined aperture. Otherwise light from undesired directions can enter the system or
directly reach the image. Mono-material polymer optical system as shown above
does not offer possibilities to integrate absorptive apertures, as all the material is
transparent. Therefore, the optics will suffer from a loss of contrast, even if the illu-
mination conditions are optimized. This is illustrated for another optical system as
shown in Fig. 6.9. Here a fully transparent optical system, in this case a miniaturized
Zeiss Hologon, is simulated via nonsequential ray tracing. The simulation drasti-
cally shows the difference between a system without any shielding, as compared to
a system with absorptive walls and an absorptive aperture stop. The image simula-
tion reveals that without stray light suppression, the contrast of the image is
extremely poor which underlines the need for an integration of absorptive struc-
tures. Unfortunately, up to now no printable absorptive material is available. In
addition, a second material would require an unwanted alignment step. Other pos-
sibilities are a post-process coating step [64] with an absorption layer, or the metal
deposition out of a liquid suspension stimulated by the two-photon absorption [65].

Another option is the realization of refractive apertures or retro-reflective sur-
faces. Such elements will not absorb but rather redirect the light into uncritical
directions. These structures and textures can be integrated into the printing process;
however, they will work only within a limited range of incidence angles.
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Fig. 6.9 Nonsequential ray tracing simulation of a miniaturized Zeiss Hologon. (a) Design layout.
(b) Simulation for a fully transparent design. (¢) Same simulation, but now with absorbing hull and
absorbing aperture. (d) Employed source model for the letter “F.” (e) Simulated image of this
source for the transparent version. (f) Simulated image for the absorptive model

So far, the most promising method is the integration of microfluidic channels
into the 3D model. These channels can later be filled with nontransparent ink. As the
channels are printed with the same process, no additional alignment error is intro-
duced!. The approach requires a good understanding of capillary forces, which are
dominant at the microscale. Also, the choice of the liquid is important, since a large
absorption is required. Metallic ink has proven to be a good candidate, as it also
dries fast and can be sintered at low temperatures. The principle and corresponding
manufacturing steps are illustrated in Fig. 6.10. Here a triplet lens is integrated into
a special designed support structure, which is later filled with ink. The ink-filled
channels form an absorptive hull, as well as an integrated aperture. Die filling pro-
cess can be performed with several techniques. Either pressure is used to push the
ink out of the capillary or electrical voltage. A passive technique where only the
initial drop is created form a superfine inkjet printer (SIJ-S030) and the rest is self-
filled via capillary forces has proven to work well. Figure 6.10 shows images of
such a filling process in the lab.

The experimental results, as shown in Fig. 6.11, demonstrate the resulting
improvement of contrast, this time for an endoscopic imaging system. Note that

'This method has been patented (EP 3162549 A1) and is currently under investigation.
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Fig. 6.10 Principle of generating absorptive structures. (a) Schematic process illustrated for a
triplet with specially designed support structure. (b) Image sequence of the real filling process
in the lab

c Mo absorbers absorbing structures

simulation

experiment

Fig. 6.11 Realized endoscopic imaging systems with absorptive elements. (a) Endoscopic system
before filling with ink. (b) System after being filled with ink. (¢) Comparison of the imaging results
in theory and experiment

here the support hull is designed with small openings, large enough to let the ink
dry, but too small to let the ink go through. The front aperture is realized by a liquid
reservoir right on top of the structure. As a result of the absorptive ink, the image
contrast is drastically improved in simulation, as well as in the experiment.
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6.4 Printed Nonimaging Optics

The above chapter has proven that printed imaging systems are possible. However,
since the geometry is not limited to refractive lenses, it is legitimate to also apply the
technique for fabrication of nonimaging optical elements. Nonimaging optics
describes systems which mainly collect radiation from a source volume into a target
volume. In contrast to the above systems, they usually will not deliver an image
from the object (source). Such systems are often employed for illumination but are
also used for other purposes. Typical macroscopic applications of such systems can
be found in automotive headlights, backlight displays, public lighting, flashlights,
or solar collectors. On a smaller scale, corresponding elements can be found in sen-
sors, fiber couplers, endoscopic systems, or photonic circuits.

One promising nonimaging application of direct 3D printing is the fabrication of
concentration and collection systems on top of quantum dots for increased sensitiv-
ity. As the printing process allows for accurate alignment of the optics to the quan-
tum dot, tailored freeform systems for beam shaping and collection are possible. In
the following example, the printed optical system is designed to collect a large
numerical aperture and collimate the light towards a secondary receiver system.

For this purpose, a two-element refractive collection system was designed with a
numerical aperture of 0.7. The design was corrected for a field of view of a few
micrometers, since the position of the quantum dot is only determined within cer-
tain tolerances. The quantum dot and the printed optics are contained within a cryo
cell. Outside of the cryo cell, the light is captured through secondary optics with a
numerical aperture 0.4. Figure 6.12 shows the design, the CAD model, and the
manufactured optics.

Experimental tests at our cooperation partner have shown that the printed optics
is operational at a temperature of a few degrees Kelvin and that the overall effi-
ciency of the system can be improved significantly [66].

Fig. 6.12 Printed collection system on top of a quantum dot. (a) Optical design, (b) schematic
setup, (¢) microscope image of the printed system
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Optical stimulation can, e.g., be achieved by a small laser focus. Also, for this
purpose printed optical elements are of general use. For focusing narrowband light,
diffractive elements can be employed which bring several advantages: the diffrac-
tive lens can be realized in a thin layer, which dramatically reduces printing volume
and printing time. The thin optical volume also minimizes the material absorption
and volume scattering effects, which are both known problems in some types of
photoresists. Moreover, the multiphoton printing process intrinsically, due to the
voxel shape, offers a higher lateral resolution as compared to the axial resolution,
which is ideal for small feature sizes of the diffractive profile. General limitations of
diffractive optics however are the large chromatic dispersion, the wavelength-
dependent diffraction efficiency, and the limited efficiency at large deflection angles.
In order to assess such limitations, a diffractive lens with a high numerical aperture
of 0.8 was designed. The design of the diffractive phase profile itself is possible with
any state-of-the-art optical design software in the geometrical limit, where physical
optical effects, like diffraction efficiency, and multiple orders are not included. The
ideal design was optimized for a wavelength of 543 nm and theoretically should
deliver a diffraction limited spot. However, this is only true under the so-called thin
element approximation (TEA) [67]. Even for a perfect kinoform with optimum step
height, reduced diffraction efficiency is to be expected due to unavoidable self-
shadowing effects for large angles.

The optimum profile step height h in air can be easily calculated via the refrac-
tive index n at the given wavelength Ato be i = A/(n — 1). The efficiency loss of a real
profile in comparison to the ideal TME can, e.g., be simulated using the “wave
propagation method” (WPM) [68].

Figure 6.13 shows the design for a diameter of 180 pm and a focal length of
67.5 pm. From the theoretical phase function, the diffractive profile and the
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Fig. 6.13 Diffractive lens to be printed via multiphoton lithography. (a) Optical design for a wave-
length = 543 nm and NA of 0.8. (b) Physical optical simulation of the profile via WPM propaga-
tion. (¢) Corresponding CAD model
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corresponding CAD model can be determined via modulo operation with the above
step height. For this example, the resulting minimum period of the diffractive struc-
ture is about 700 nm at an ideal step height of 990 nm.

In a second step, the diffractive lens was printed, and the performance was
assessed experimentally. The PSF was measured using a collimated laser beam
under perpendicular incidence at the design wavelength. The spot in the focus was
imaged with a microscope (100x objective with NA = 0.8). Figure 6.14 shows the
result of the experiment in comparison with simulation. The resulting full widths at
half maximum (FWHM) values are 303 nm (ZEMAX), 336 nm (WPM), und
452 nm (experimental, average of x- and y-section). In the diffraction limit, this cor-
responds to effective numerical apertures of 0.8 (ZEMAX), 0.75 (WPM), and 0.6
(experiment). It is assumed that the difference between simulation and experiment
results from the unavoidable profile shape deviation, which however could be partly
counter-compensated via profile optimization [69]. In summary the experiment
proves that focusing into a subwavelength-sized spot is feasible with printed diffrac-
tive elements.
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Fig. 6.14 Experimental results of a printed diffractive lens. (a) Microscopic image (scale bar:
50 pm). (b) WPM-simulated PSF. (¢) Comparison of the diffraction-limited PSF versus the WPM
and the experimental data. Resulting FWHM values: 303 nm (ZEMAX), 336 nm (WPM), and
452 nm (average of x- and y-profile). (d) Experimentally retrieved PSF



256 S. Thiele and A. Herkommer

While the above examples were optimized for a point source or a point focus, we
now are investigating a printed illumination system for an extended source?. Light-
emitting diode (LED) light sources, in comparison to mono-mode lasers of fibers,
exhibit a large-area angle product, or étendue. This results from the large angular
emission characteristics in combination with an extended emitter area. The consid-
erably large étendue limits the achievable level of collimation, especially if the col-
limator must be small in volume/diameter and close to the source. In consequence
the collimation angle which can be realized with a printed microoptical component
is limited, but nevertheless a reduction of the angular spectrum is possible.

We illustrate this with the following TIR collimation element, which was printed
on top of an LED emitter surface and was able to reduce the angular radiation angle
from 60° to 31.4° (Fig. 6.15). The emitter was a so-called Point Source LED
(OSRAM F1372B), which is characterized by a very small emission area of only
80 pm in diameter at a wavelength of 650 nm (20 nm FWHM spectral width).

For the geometry of the TIR collimator, a combination of a dielectric total inter-
nal reflecting concentrator (DTIRC) and an aspherical surface was selected, as illus-
trated in Fig. 6.15. For the experimental verification, an LED of the TO-18 package
was used, which allows for a simple handling, printing, and processing. As print
material the standard photoresist IP-S was employed, which generally results in
smooth printed surfaces. Figure 6.16 shows microscope images of the printed
geometries. The angular emission characteristics of the light source were measured
before and after the printing process, each time with the same driving current of
10 mA. As a test setup, the LED was placed under a Lambertian diffusor screen at
30 mm, far enough to neglect the spatial extent of the light source. The irradiance

A

Fig. 6.15 (a) Intensity characteristics of the “Point Source LED” alone. (b) Reduced angular
intensity width of the same source in combination with a printed TIR collimator. Reprinted
with permission from reference [70]

2The corresponding results were published before in [70].
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c CONVENTIONAL LED 3D PRINTED MICROOPTICS

Fig. 6.16 Results of the 3D printing process. (a) “Point Source” LED chip before processing. (b)
Chip after printing of a TIR collimator. (¢) Comparison to a standard LED. Reprinted with permis-
sion from reference [70]
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Fig. 6.17 Radiometric analysis and comparison to simulation. (a) Test setup for radiometric mea-
surements. (b) Simulated irradiance on the diffusor in 30 mm distance. (¢) Measured irradiance
distribution. (d) Comparison of the normalized simulated and measured angular characteristics. (e)
Corresponding relative irradiance profiles. Reprinted with permission from reference [70]
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distribution on the diffusor was recorded with a standard color DSLR camera. The
image was converted into gray levels by simple addition of the intensity of the three
different color channels.

Again, a comparison between simulation and experimental results was per-
formed. To do so, a nonsequential simulation model, containing the emission area
and the TIR geometry, was set up in ZEMAX. Figure 6.17 shows the comparison of
simulation results to the experimental results. Overall a very good match between
both was achieved. The results predict that the printed collimation system can
reduce the angular width from 60° to ~30°. The slight differences between simula-
tion and experiment can most likely be explained by the remaining surface rough-
ness on the TIR surface.

6.5 Summary

The fabrication method of femtosecond direct laser writing enables the 3D printing
of complex optical components and systems. Due to its many degrees of freedom in
terms of optical and structural design, specific rules were developed and introduced
specifically for imaging systems. Two examples of doublet imaging objectives are
presented and compared in design, fabrication, and imaging performance. A method
which allows the direct assembly-free integration of absorbing structures is intro-
duced and demonstrated experimentally. As three examples for nonimaging optics,
coupling lenses for quantum dots, a diffractive lens for sub-pm focusing, and a col-
limation structure for LEDs are presented.
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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
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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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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



276 M. Herder et al.

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
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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]



7 Hybrid Polymers for Conventional and Additive Manufacturing of Microoptical... 287

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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