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Chapter 1

INTRODUCTION

3D laser (micro- and nano-)printing, 3D laser lithography, direct laser writing,
multi-photon polymerization — nowadays, there are various terms for the three-
dimensional manufacturing of microstructures employing a tightly-focused beam
of light. While the nomenclatures often changed over the years, and still are not
uniformly used, something else remained very constant instead: the general setup
of a corresponding 3D laser printer.

Already during the 17" Congress of the International Commission for Optics:
Optics for Science and New Technology’ in Taejon, Republic of Korea back in
August 1996, Shoji Maruo presented a first setup with a drawing under the naming
"Three-dimensional microfabrication with two-photon absorbed photopolymer-
ization” [1]. Together with his Optics Letters publication with co-workers in
1997 under the same title [2], this is often stated as the birth of this novel litho-
graphic process exceeding the micropatterning under UV illumination which was
state-of-the-art back in the time.

The system they describe still serves as the basis of the vast majority of 3D
laser printers and is consisting of the following components: First a mode-locked,
femtosecond-pulsed Ti:Sapphire laser as a light source, set to an oscillation wave-
length of 790nm. Second, a computer-controlled shutter followed by a lens
system for beam expansion. Finally, the laser beam is focused into a liquid
"UV photopolymerizing resin” by an objective lens with a numerical aperture
of NA = 0.85. For three-dimensional fabrication, their sample is mounted on
a computer-controlled 3D scanning stage and can be observed during printing
with a camera system. Even their described resist system comprised of acrylatic
monomers with an additional photoinitiator is today’s standard [3, 4]. Thus, I
would refer to such a system as the common printer, common resist, and standard
excitation mechanism for today’s 3D laser printing.

Of course, huge advancements were reached throughout the years for example
in terms of the achievable print speeds [5] and especially the huge amount
of applicable materials [3, 4]. These developments together with the intrinsic
potential of the two-photon process to directly create almost arbitrary three-
dimensional structures led "three-dimensional microfabrication with two-photon
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absorbed photopolymerization” become one of the most versatile techniques in
micro- and nanoscale additive manufacturing nowadays. Therefore, an immense
amount of applications emerged, ranging from optics and photonics across biology
to mechanics and especially metamaterials [6-8]. Even conductive and stimuli-
responsive materials are readily usable [9, 10].

In contrast, only comparative minor advancements could be made in regard
to other characteristics. For example, the reported first experiments show high-
aspect-ratio line structures with a feature size of 500 nm and a minimum pitch,
hence resolution, of 800nm [11]. Within thirty years of progress, the resolution
has not even been surpassed by a factor of 10 [12], which is explained by the
fundamental limitation of optical resolution by the diffraction limit due to the wave
nature of light. Even by employing approaches from high-resolution microscopy
such as stimulated-emission depletion (STED), which theoretically should enable
unlimited resolution, the latter remains stuck above a range of 100 nm [13-15].

Besides the minor advancements in resolution, the capability of the reverse
process — to erase material again, i. e. subtractive manufacturing — as a two-
photon induced photochemical process was sparsely investigated throughout the
years. Here, most research focused on the laser induced but thermally activated
ablation mechanism [16]. Yet, merging light-induced additive and subtractive
three-dimensional microfabrication is of great interest. However, different require-
ments on the setup usually hinder a simultaneous approach which led to the
general understanding that the processes are ‘incompatible with each other” [17].

For two-photon-based additive manufacturing, the setups were highly opti-
mized and even commercialized resulting in consumer-friendly, nearly plug-and-
play devices [18—20]. This, of course, tremendously pushed 3D laser printing since
also non-specialists without detailed expertise on optics and physics can utilize
it to facilitate research in other fields for example biology or material science.
Still, further democratization, similar to the enormous success of filament-based
extrusion printing or stereolithographic printing during the last decade, is limited
due to the high costs and big size of the devices. It remains interesting, why
reaching smaller scales is always coming along with large devices, independent of
whether in terms of microscopy with large scanning electron microscopes or as in
our case in terms of nanostructuring, as I discussed with my colleague Vincent
Hahn often.

Therefore, the aim of this thesis is to investigate some of the open questions
going beyond the common and widely used 3D laser printing. In more detail,
a competing excitation mechanism to standard two-photon excitation is found,
which enables compact 3D laser printers. The achievable level of compactness and
simultaneous cost reduction is studied. Second, a novel resist system is studied in
regard to merging two-photon-induced additive and subtractive manufacturing.
Third, a special application is researched on: delicate structures requiring high-
resolution 3D laser printing beyond the standard.



OUTLINE OF THIS THESIS

In chapter 2, I will start with describing common 3D laser printing. Here, a
state-of-the-art printer is presented in detail, as well as the general workflow.
Further, common materials and the underlying two-photon excitation mechanism
are explained along important models for 3D laser printing. The chapter concludes
with discussions on the resolution in 3D laser printing together with its limitations,
common applications, and open challenges.

The remainder of this thesis is split into three parts. Part I covers the topic
of compact 3D laser printers. In chapter 3, I will present two-step absorption
as an alternative excitation mechanism to two-photon absorption. I will discuss
important characteristics like the effective nonlinearity and their resulting current
limitations of two-step-absorption-based 3D printing in theory and present the
photoinitiator benzil as a real system. Based on this, chapter 4 will cover the
approach of building a shoe-box-sized 3D laser printer, to proof that the need of
large and expensive devices in 3D laser printing can be overcome. To this end,
the implementation of a compact optical setup as well as a compact control unit
will be shown. The chapter, and thereby the first part of my thesis, will conclude
with performance tests of the realized printer and an analysis of the achievable
resolution.

Part IT will seize the topic of novel materials. While also all other chapters cover
beyond-standard materials to fulfill special purposes, the research conducted
in chapter 5 directly focuses on the material itself. Here, I will present our
novel material which enables merging two-photon-based additive and subtractive
manufacturing. I will start with experiments to verify the 3D laser printability
of the material. Then, one-photon cleaving experiments are shown as a proof of
concept and experiments employing two-photon cleaving reveal the full spatial
control of the cleaving process.

Finally, Part III will briefly handle a special application. In chapter 6, I will
summarize the printing of high-resolution kinoform lenses for x-ray applications.
Here, the exploitation of a reduced wavelength for two-photon-based 3D laser
printing leads to an improved manufacturing in comparison to previous work on
3D printing such lenses.

In chapter 7, I will conclude my thesis with a summary of the achievements
and an outlook for future challenges and developments.






Chapter 2

FUNDAMENTALS — COMMON 3D
LASER PRINTING

In this chapter, I will introduce the concepts of common 3D laser printing. First, I will
explain a state-of-the-art 3D laser printer and its crucial components. After discussing
standard material systems, I will introduce two-photon absorption as the underlaying
excitation mechanism. Finally, discussions about the general workflow and common
challenges will conclude this part.
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Figure 2.1: Generalized workflow of 3D laser printing. Starting with a reservoir of
liquid photoresist (a), a laser is tightly focused to induce a polymerization reaction in
the vicinity of the focus (b). Scanning desired three-dimensional trajectories allow for
fabrication of almost arbitrary 3D structures (c). A final development step removes
the unpolymerized material (d).

2.1 A STATE-OF-THE-ART 3D LASER PRINTER

High-resolution 3D laser printing is a versatile technology in 3D micro- and
nanofabrication. To reach high precision at fast print speeds is demanding.
Therefore, highly engineered devices are employed. Independent of whether
they are home-built or commercial systems, they comprise the same fundamental
architecture [4]. Here, we will put emphasis on focus scanning 3D laser printers
only, although huge effort is also made in the field of projection based volumetric
3D laser printing [21-26]. However, they slightly differ in some of the crucial
elements due to the different working principle. Thus, I will refer to the focus
scanning based approach and its corresponding setup when using the term 3D
laser printing and 3D laser printer, respectively, throughout this thesis.

The general workflow in short is shown in Figure 2.1 and is as follows: In focus
scanning 3D laser printing, a laser beam is tightly focused into a reservoir of
photoresist. At the focal position, a chemical reaction is induced and the material
is polymerized. To obtain three-dimensional structures, focus and sample need
to be scanned against each other along desired trajectories. Finally, the sample is
developed and the printed structure remains. Further details on this workflow
will be given in the following sections.

For such 3D laser printer, we identify five major components being crucial for
the overall performance: light source, power modulation, focusing unit, scan unit,
and control unit. A schematic of a very basic state-of-the-art 3D laser printer
is shown in Figure 2.2. Of course, it comprises further elements like lenses or
mirrors that are needed in the optical printing setup. In addition, components to
enable or change certain properties of the printer and ease the handling are often
added especially in home-built setups. However, they are not fundamental. In the
following, we will discuss the mentioned five major components in more detail.
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3D Scan Unit .
Galvo Mirror 2
Control
Unit k\
fs-Pulsed Sample

Laser Source

J

Galvo Mirror 1

AOM

Figure 2.2: Schematic of a very basic state-of-the-art 3D laser printer. The five
major components light source, power modulation, focusing unit, scan unit, and
control unit are shown. Here, an AOM is shown as it is most often used for power
modulation. Further, both possible solutions for the scan unit are depicted with
galvo scanners for beam scanning and a 3D scanning stage to move the sample and
or the objective lens. As explained in the main text, also different configurations for
example with fixed mirrors are conceivable.

Light Source

Femtosecond-pulsed lasers are the standard light source in 3D laser printers [27].
Picosecond-pulsed lasers are reported to work as well [28]. Most often, Ti:Sapphire
laser oscillators are used. They produce pulse widths of 70 — 140 fs at a repetition
rate of 80 MHz in the red and near-infrared. A typical average power is around
3 —4W at 800 nm wavelength [29, 30]. Therefore, they offer high peak intensities
in combination with a high spatial mode of the beam. One main advantage of
Ti:Sapphire oscillators is their ability for tuning the output wavelength. This adds
flexibility to the 3D laser printer, since different materials may require different
wavelengths for processing.

However, a drawback of such femtosecond-pulsed lasers is their cost and their
size (see Figure 2.3). In fact, with a cost of around 100000 Euros they are more
than an order of magnitude more expensive than the second most expensive part,
the often used microscope body or the objective lens. Taken all parts (laser head,
electronics, and chiller) together, they also take up a considerably large space.

There are alternative options with a fixed wavelength being more compact
and less expensive. However, they also come at a significantly lower average
output power. Commercial systems for example use 780 nm (Nanoscribe, Femtika,
UpNano) [18-20] or 515nm (Femtika) [19] usually. Still, the femtosecond-pulsed
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Figure 2.3: Pho-
tograph of a
Ti:Sapphire

laser oscillator.
These high-power,
femtosecond-pulsed
laser sources are
state-of-the-art  in
home-built 3D laser
printing setups. The
image shows the
laser oscillator but
does not show the
additional  control
and cooling unit.

lasers in general strongly limit the minimum cost and size of a 3D laser printer.

Power Modulation

During 3D laser printing, the output power has to be modulated. First, it has
to be switched on and off after every printed trajectory. At high print speeds,
this switching must be adequately fast. For example, printing 5 um lines with a
common print speed of a commercial system of 0.4ms~! [5] results in a required
modulation frequency of 125kHz. At the same time, a modulation of the output
power between on and off is highly desirable for matching print speed and output
power to the specific structure. Thus, acousto-optic (see Figure 2.4) or electro-optic
modulators are employed instead of slow mechanical binary shutters. They both
can easily get to modulation frequencies in the range of 100 MHz.

Acousto-optic modulators exploit the density fluctuations of a crystal under
influence of a standing acoustic wave. These form a diffraction lattice for the
input beam resulting in a general diffraction pattern. Since the zeroth order is
always present, it is blocked and only the first order beam is used. Differently,
electro-optic modulators impose the modulation on either amplitude, frequency,
phase, or polarization of the beam. Here, local electric fields are applied to crystals
whose refractive index is dependent on the strength of these fields.

Focusing Unit

For high-resolution 3D laser printing, the laser beam needs to be tightly focused
into the photoresist. The resulting minimal polymerizable volume is referred to as

10



2.1 A STATE-OF-THE-ART 3D LASER PRINTER

Figure 2.4: Photograph
of an acousto-optic mod-
ulator. Due to their
high modulation fre-
quency, they are often
employed as high-speed
shutters and for power
modulation in 3D laser
printers. Alternatively,
electro-optic modulators
can be utilized.

a voxel. Here, microscope objective lenses with a high numerical aperture (NA)
are widely used. To obtain highest resolution with a diffraction limited focus,
100 x / NA 1.4 objective lenses are employed [12, 13, 31]. In turn, the capability
of exploiting 3D laser printing with low-NA objective lenses down to NA = 0.16
was shown using a 5 X / NA 0.16 objective lens recently [32]. This comes along
with a larger focus, thus, a lowered resolution which is well acceptable for many
applications. The change of the focus size with changing numerical aperture is
shown in panel a of Figure 2.5. A more detailed discussion concerning this matter
will follow in section 2.7 when dealing with the resolution of 3D laser printing.

However, the limitation for 3D laser printing is that the voxel needs to be
smaller than the minimum feature size of the desired structure. Of course, the
smaller the voxel is compared to the smallest feature, the smoother the feature
can be reproduced, increasing the manufacturing time in turn. Thus, objective
lenses with higher NA lead to less layering or staircasing artifacts in multi-layer
structures, hence, smoother surfaces. Another way to circumvent the staircasing is
the so-called grayscale lithography [34, 35]. Here, the voxel size is steadily adapted
during printing by a variable beam expander for example [27]. In general, best
focusing conditions of the objective lens are met when the entrance pupil of the
objective lens is overfilled to achieve homogeneous illumination [36].

Another important prerequisite on the objective lens is a minimized field cur-
vature. The larger the field curvature the higher the variance of the axial focus
point over different positions within the field of view of the objective lens. Hence,
the printing plane would be curved. Therefore, objective lenses with flat-field
correction such as plan apochromats are usually employed.

11
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Figure 2.5: Plot of calculated iso-intensity surfaces for three objective lenses:
100 X /NA 1.4, 100 X /NA1.25, and 25 X /NAO0.8 (a) and photograph of two ob-
jective lenses used within this thesis (b). a The vectorial field distribution in the
focal region is calculated along the lines of van de Nes et al. [33] and further con-
verted into the corresponding intensity distribution. The plot shows iso-intensity
surfaces at the same intensity. The difference solely comes from the change in the
numerical aperture. The smallest voxel is achieved by the highest NA with NA = 1.4.
A difference to the slightly smaller NA of NA = 1.25 is visible but not very pro-
nounced compared to the much larger voxel resulting with NA = 0.8. Note that
the effect is by far stronger in axial (z) direction compared to the lateral direction.
b Photograph of a 100 x / NA1.25 (left) and 100 x / NA 1.4 (right) objective lens.

Scan Unit

One of the most important parts of a focus scanning 3D laser printer is the scan
unit. In general, the focus position of the laser and the sample need to be moved
against each other. There are three major principles for that: scanning the laser
beam while fixing the sample position, scanning the sample position while fixing
the laser beam, or a superposition of both. Each of the principles allows for
different implementations itself.

We start with discussing scanning the sample position with a fixed laser beam.
This approach allows for the simplest 3D laser printing setup. In fact, such a setup
could comprise as little as a laser, an acousto-optic modulator, an objective lens, a
3D-movable stage, and two lenses for beam expansion in front of the objective lens.
Even less corrected objective lenses could be employed, since the focus position
would be fixed. Field curvature, for example, would be meaningless due to the
fixed focus position. At the same time, the size of the printed structure is not
limited to the field of view of the objective lens but to the travel range of the stage
which usually is much larger. Therefore, they are often used in 3D laser printers.

12
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Different types of actuation are possible. General requirements for the ap-
plicability of a stage are minimum step size, repeatability, maximum velocity,
maximum acceleration, settling time, and travel range. Starting at the rear end of
precision, motorized stages with simple stepper motors break the ground. They
usually allow for large travel ranges far in the centimeter range. In turn, they are
comparably slow on a small scale and barely get below 1 pm with the minimum
step size. This is too coarse for normal 3D laser printing applications.

A second kind are voice coil actuators. Here, a magnet and coil assembly is
employed to generate a linear displacement dependent on the current through
the coil. In the bachelor thesis of Julian Haarer which was supervised by me, we
investigated this effect in a home-built linear stage. Crucial is the accuracy of
setting the current connected with the position feedback loop from an encoder.
Commercial systems allow for high-speed positioning with an accuracy of tens of
nanometers. Travel ranges in the low centimeter range are possible at that precision.
However, they are mostly implemented in linear instead of three-dimensional
stages.

The highest precision is reached for piezoelectric actuators. They utilize the
converse piezoelectric effect, where an electric field is applied to a suitable crystal
causing a mechanical deformation [37]. Minimum step sizes in the single-digit
nanometer range are well attainable. However, the possible deformation at rea-
sonable voltages is limited to the micrometer scale. Thus, stacks of crystals are
common. For large travel ranges on the millimeter scale, additional techniques
like the slip-stick or walk-drive principles are applied [38]. This opens up the
possibility of adopting piezoelectric stages for 3D laser printing.

While especially the piezoelectric actuated stages reach the required precision
and large travel ranges are possible, all stage types suffer from the same draw-
back: most often they are bulky. Figure 2.6 shows three commonly used scan
units next to each other for size comparison. Here, the size of the bulky scanning
stage on the right vastly overexceeds the size of the movable mirrors employed in
the alternative method of scanning the laser beam with a fixed sample position.
Besides the size disadvantage, the scanning stages usually are also vulnerable to
internal vibrations, and possible print speeds are rather slow. The latter is not
surprising due to inertia, since a comparably high weight has to be accelerated all
the time. Instead, when scanning the laser beam with a fixed sample position,
the moved mass reduces to the mass of the movable mirror. In principle, almost
infinite scan speeds can be achieved since only the angle passed per time unit is
limited and the scan speed further depends on the imaging of the mirror onto the
lens.

Commonly, galvanometric mirrors are used. They allow for extremely fast
angular changes and a high accuracy. However, they are only rotatable around a
single axis. Therefore, two mirrors are needed for scanning a 2D plane. Since the

13
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Figure 2.6: Photograph of three common scan units. On the right, a 3D piezoelectric
scan stage with the dimensions of 15 x 15 x 3cm? is placed as a standard solution
for the sample scanning method. On the upper left, a galvanometric mirror with
its cooling unit is positioned. Note, that the movable mirror itself is only the small
reflecting part designed for a 6 mm beam right of the larger copper unit. Finally, the
lower left side shows a two-axes micro-electro-mechanical-system (MEMS) scanner.
Again, the actual movable mirror is only a small part of the overall visible small
component. With its size of around 1 mm it is barely visible in this size comparison
photograph.

mirror plane has to be perfectly imaged onto the entrance pupil of the objective
lens for wobble-free scanning in the focal plane, utilizing two mirrors enhances
the complexity of the optical setup. To be more specific, the plane of the first
movable mirror for one axis has to be imaged onto the second mirror which then
again has to be imaged onto the objective lens.

An alternative are two-dimensional tiltable mirrors. They are realized in so-
called two-axes micro-electro-mechanical-system (MEMS) scanners. MEMS scan-
ners are small mirrors connected to electrostatic actuators for tilting in x- and
y-direction simultaneously. This enables a simpler optical setup as compared to
the two galvanometric mirrors. In the bachelor thesis of Philipp Ohl, which I super-
vised, we examined the capabilities of such a scanner for a 3D laser printer. Due
to the small power consumption the MEMS scanner exhibit, our special interest
was to check the possibility of controlling the MEMS scanner by a microcontroller.
In this scope, Andreas Naber helped out with his knowledge by setting up the
code for the microcontroller. It is a delicate work since output values have to be
given at a high frequency and especially syncronization on the microcontroller

14
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is much more complicated than using a normal lab computer. Parts of the code
had to be written in assembler therefore. With this program, steering of a MEMS
scanner via a microcontroller was successfully proven. However, the maximum
rotation speed of the MEMS scanner is smaller than for galvanometric mirrors. In
addition, the mirror diameter is in the low single-digit millimeter range requiring
a small beam diameter upfront.

Both applications employing the scanning of light are purely two-dimensional.
Thus, an additional stage for the third dimension in axial direction is compulsory
for 3D laser printing. Most often, the objective lens is mounted on a linear
translation stage in such a case. The movement of the objective lens in axial
direction negates the perfect imaging of the mirror onto the entrance pupil though.
Yet, the influence is not too severe if the movement is in the micrometer range
only.

In addition, by scanning the laser beam, the structure size is limited to the field
of view of the objective lens. Therefore, most often a superposition of scanning
the laser beam and scanning the sample position is found in a 3D laser printer
taking the advantages of both principles. Hence, the laser beam is scanned for fast
printing on a small scale and a coarse stage helps stitching multiple print fields
together to a larger structure. Other 3D laser printers attempt to synchronize
coarse linear stages with a large scan range and fast scanning of galvanometric
mirrors [39].

Control Unit

All electronic components need to be controlled and synchronized. Usually, it
is a rack full of controllers. The main question is which component serves as
master for the 3D laser printer. Some high precision stages come along with highly
specialized controllers. They allow for setting certain parameters but remain a
black box regarding the actual processing of input data. Moreover, their interface
to a computer very often is a special software. Thus, setting up a main program
for the 3D laser printer is not as easy with such devices.

Instead, it is desired to have high control about the system and processes.
Therefore, usually a lab computer acts as the master and communicates with
all other controllers of the single components. It performs as much of the data
conversion as possible and delivers final output values and corresponding triggers.
If possible even via analog signals. Mostly, this communication is implemented
via data acquisition devices.
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2.2 GENERAL 3D LASER PRINTING WORKFLOW

While the core element — the 3D printing itself — and its involved components was
just explained, the procedures upfront and afterwards should briefly be treated
as well. Before the actual lithographic process, the structure to be printed has to
be created and converted into a job file for the respective 3D laser printer. Most
home-built printers use easy coded job files where all trajectories that comprise
the structure are split into points. These points are then added to the job file
as a list of xyz-coordinates. A header in the job file allows for setting specific
parameters such as laser power and print speed.

The trajectories of the structure can be generated in different ways. In case of
simple structures, they are most often hard coded via MATLAB (MathWorks) or
the like. Otherwise, more complicated structures are usually generated as .stl-files.
However, the .stl-files need additional processing and cannot be directly used.
Here, common commercial software for 3D printers such as DeScribe (Nanoscribe
GmbH) can be employed to cut the 3D model into slices which then again get
hatched into lines with the desired slicing and hatching distances, respectively.
These ordinarily match the requirements for the 3D laser printer and the structure
can be manufactured by solidifying a liquid resist in a polymerization reaction [40]
as will be described in more detail in the next sections.

Most often, the structures are printed on glass substrates. Due to their optical
transparency in the visible range, they allow for printing on the far side of the
objective lens. Alternatively, the structures can be fabricated in so-called dip-in
mode [41], or in a sandwich-like configuration [42]. The choice for the right
configuration usually is governed by the exact resist composition to not damage
the objective lens, the desired height of the structure, and the index matching of
the resist. The resist aspects will be revisited later in this chapter.

Finally, after successful printing, the structure is developed. In case of 3D
laser printing this means that the substrate is immersed in solvent to dissolve
the non-polymerized resist. Subsequently, special treatments like critical point
drying can follow in case of delicate structures. Afterwards, the final 3D structure
is achieved and can be checked by optical or scanning electron microscopy, or
further reviewed for special properties.

2.3 COMMON MATERIALS FOR 3D LASER PRINTING

3D laser printing works with photoresists. As its name implies, these are sub-
stances that undergo a chemical reaction under illumination with light. In general,
there are two types of photoresists: negative tone and positive tone photoresists.
They differ in their underlying chemical mechanism. Negative tone photoresists
consist of small monomers which crosslink and form larger polymer networks
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when exposed with light. In contrast, positive tone photoresists comprise large
polymeric chains which break into smaller molecules during exposure. More
common in 3D laser printing are negative tone photoresists [43]. A scheme of both
mechanisms is shown in Figure 2.7.

2.3.1 Negative Tone Photoresist

In principle, one can break down negative tone photoresists into two compo-
nents [44]. First, a monomer is required. Monomers are small molecules which
can be crosslinked to a dense polymer network. For that, reactive groups are
required in the monomer structure. Typical reactive groups are acrylates, thiols,
vinyls, or acrylamides [45]. They are all capable for radical polymerization and
usually liquid or highly viscous at standard conditions. A single reactive group,
however, only allows for linear chain growth. Thus, for the required dense poly-
mer network in 3D laser printing at least bifunctional monomers are required.
Most often, even monomers with three or four reactive units are employed. In
addition, mixtures of monomers can be used to trigger the final properties of
the material. Here, even monofunctional monomers can be added. Examples
for widely used acrylatic monomers are pentaerythritol triacrylate (PETA), pen-
taerythritol tetraacrylate (PETTA), trimethylolpropane triacrylate (TMPTA), or
polyethylene glycol diacrylate (PEGDA).

A second group of monomers is based on cationic polymerization [46]. These
are most often epoxy-based or vinyl ethers. Similar to the first group, they undergo
a chain growth transferring a charge from monomer to monomer instead of a free
radical. For epoxy-based systems, this chain growth involves a ring opening of
the previously protonated epoxy group. But, polymerization does not take place

17



2 FUNDAMENTALS — COMMON 3D LASER PRINTING

upon light exposure but only a photoacid is generated. The polymerization itself
is triggered by a subsequent heating process, the so-called postexposure bake [47].
A typical example for such monomers is SU 8 [48].

Furthermore, hybrid materials can be used as monomers [49] as well as hydro-
gels [50], metals [51, 52], and fused silica [53] are employed in 3D laser printing
beyond normal monomers. However, all these systems are not very sensitive
for excitation in the used wavelength range themselves. Therefore, a second
component is required in the photoresist to absorb the light and trigger the poly-
merization reaction. These molecules are called photoinitiators. Usually, they are
solid. Good photoinitiators have a high absorption at the desired wavelength.
Once excited, they are prone to undergo a bond-cleavage reaction and break
into free radicals or built a photoacid. These Initiators (I) trigger the respective
chain-growth reaction employing the reactive groups of the monomer (M). The
general chain-growth mechanism includes three steps as explained exemplary for
the radical chain-growth [54, 55]:

Initiation: I 5 2R®
R*+M — RM®

Propagation: RM*®* +M — R(M),*
R(M),* +M — R(M), 11"
Termination: R*+R* — RR (Recombination)
R(M),® +R® — R(M),R
RM)»® +R(M)uw® — R(M)nmR
RM),* +R(M),,* R(M), + R(M),,  (Disproportionation)
RM),*+X — R(M)nX' (Incorporation)
RM),* +X — R(M), +X* (Transfer)

The initiation describes the dissociation of the photoinitiator molecule (I) after
optical excitation (I*) into two free radicals R°®. Each radical can break a bond of the
reactive group of the monomer (M) and attach to it while the monomer remains
with an unpaired electron. During propagation, further monomer molecules
react with the previous chain, increasing the number of repeating units. The
chain-growth reaction is typically extremely fast. The formation of chains with
more than thousand repeating units within milliseconds are reported for some
polymers [56]. The average number of monomers reacting with a single active
center from initiation to termination is defined as kinetic chain length [57]. In
contrast, the degree of polymerization additionally takes termination into account
referring to the total number of monomeric units in a polymer network [56].
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The termination removes the active center off the corresponding chain in dif-
ferent possible reactions: The two main termination reactions are radical-radical
recombination and disproportionation [56]. For recombination, two molecules
with active center react with each other by pairing the two respective unpaired
electrons to form a covalent bond. These active molecules could be the initial
radicals or any active chain. As a result, the previously two molecules form a new
single molecule. In contrast, disproportionation does not merge the two original
active molecules but involves a hydrogen atom transfer between the two. Thus,
the resulting products remain unchanged in length, while being no longer free
radicals.

Furthermore, termination can include additional species X. Here, the active
chain takes an atom like Hydrogen of an inactive molecule to remain inactive itself
afterwards. Instead, the second molecule acts as a new active center. There are
two general routes: incorporation of the additive or chain transfer. Both pathways
themselves are two-fold depending on the properties of the involved species. The
newly generated radical X°® can either be highly reactive or stable [58]. The latter
may yield to inhibition. A widely known example for inhibition is the bi-molecular
reaction with molecular oxygen under the formation of a peroxy radical [59]

The resulting peroxy radicals tend to readily terminate via recombination or
disproportionation and are less prone to re-initiate a polymerization reaction [60].
Moreover, the inhibition reaction involving oxygen is extremely fast, such that
during light exposure while 3D laser printing, the chain-growth initiation and
propagation are highly suppressed until all oxygen molecules are consumed
locally [59]. While oxygen is ubiquitous, additional inhibitors can be added to the
photoresist to suppress certain unwanted side reactions as we will discuss later in
subsection 3.4.3. They are usually referred to as quenchers or scavengers. In turn,
the properties of inhibitor-free photoresists is experimentally investigated. While
the polymerization threshold (see section 2.5) decreases, the missing scavenger
molecules lead to a loss in resolution and controllability [61, 62].

The second pathway with external species X is the chain transfer reaction. Again,
the active chain is deactivated by the assimilation of a single atom or a part of
the additive. At the same time the latter is activated. This mechanism may yield
to the start of a new chain-growth reaction in case of a reactive species. If the
second molecule X is another polymer chain, for example, a macromolecule with
a branched structure can be generated. Hence, multiple chain-growth reactions
finally form a dense polymer network. Thus, structuring with a negative tone
photoresists is a good method for additive manufacturing.
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2.3.2  Positive Tone Photoresist

Positive tone photoresists work the other way round being a method for subtractive
manufacturing. Here, we start with polymer networks or long chain polymers.
Under irradiation with light, the molecules undergo bond scission forming smaller
residual units. Depending on the deposited dose, the residual units can get small
enough to become soluble in a developer. The unexposed or underexposed parts
remain solid. Thus, a spatially controlled light-induced cleaving of structures is
possible. Therefore, positive tone photoresists are commonly used in microchip
fabrication to provide etching masks. A prominent and widely used example is
polymethylmethacrylate (PMMA). Since common positive tone photoresists are
sparely used in 3D laser printing [4, 63], a more detailed description is out of
scope for this thesis.

2.3.3 Solubility

As mentioned, most photoinitiators for negative tone photoresists are solid. How-
ever, since most monomers are viscous liquids, the photoinitiator molecules can
be directly dissolved in the monomer. In general, a good solubility is beneficial for
a higher sensitivity of the resist [64]. Usually, mixing around 2 wt% of an initiator
is well achieved. Some very efficient, hence widely used, photoinitiators in 3D
laser printing such as 7-diethylamino-3-thenoylcoumarin (DETC) or (2E,6E)-2,6-Bis
(4-(dimethylamino)-benzylidene)-4-methylcyclohexanone (MBK) feature a very
limited solubility though [64]. There, only an order of magnitude lower concentra-
tions are possible [65]. Thus, research focuses on enhancing the solubility of these
very sensitive photoinitiator molecules by modifying non-functional side groups
of the molecules with long alkyl groups for example [64, 66].

In addition, solubility is important in case of a solid monomer. Here, an addi-
tional solvent is required to mix monomer and photoinitiator. However, the solvent
adds to the volume of the resist without being involved in the polymerization
reaction. This leads to some drawbacks of resists which require solvents: First,
they are prone for shrinkage because the solvent molecules are not incorporated
into the polymer network during 3D laser printing. Instead, they get washed out
during development leaving space for the polymer network to shrink.

Second, solvents increase the risk of micro-explosions. During the printing
process, heat is generated in the voxel. In liquid monomers, this heat can cause
additional polymerization. However, in solvent based resists, the heat can start
evaporating the solvent leading to micro bubbles. They restrict further polymer-
ization. Thus, solvents with high boiling points are preferable if solvents are
inevitable. Finally, high boiling points are also good with respect to evaporation
over time during time consuming print jobs. In case of low boiling points, the
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composition changes drastically during printing [67]. Hence, writing parameters
change over time rendering reproducibility very challenging. Thus, the amount of
employed solvent should be minimized why it should provide good solubility for
both substances.

2.4 STANDARD EXCITATION MECHANISM FOR 3D LASER PRINTING

Common focus scanning 3D laser printing builds on two-photon absorption for
excitation. This process was theoretically predicted by Maria Goppert-Mayer
in 1931 [68] and experimentally realized first by Wolfgang Kaiser and Charles
Geoffrey Blythe Garrett in 1961 [69]. First applications were found in high-
resolution microscopy. However, only 1997, Shoji Maruo made first usage in 3D
microfabrication of polymeric materials [2].

In two photon absorption, the energy of one photon at the employed wavelength
is not sufficient to excite the photoinitiator molecule. Only the sum of the energy
of two photons at this wavelength is larger than the energy gap between the
molecule’s ground state and its first excited state. However, this transition is not
possible without an intermediate state.

Real intermediate states cannot just be generated to fill this gap, unfortunately.
However, the interaction of laser light with the molecule generates light dressed
states in terms of the Floquet picture [70, 71]. This means that in the presence of
light, intermediate states exist enabling two-photon absorption. The probability for
such a process remains immoderately small with typical two-photon absorption
cross sections in the range of 10~>’cm* s photons™! = 1 GM. Thus, extreme photon
flux densities in the range of 103! photonss~! cm~2 are required, only achievable
by pulsed laser sources [7].

Once excited to the first excited singlet state, the photoinitiator molecule can
undergo different reactions. Two of them are non-radiative or radiative decays
back to the ground state, where the latter is better known as fluorescence. Another
possible route is intersystem crossing to the triplet manifold. Further, homolysis
of the excited singlet state can happen [72]. The rates for each of the possible
mechanisms depend on the corresponding energy levels of the molecule among
other properties such as the conformation. Usually, photoinitiator molecules are
classified into two types depending on their preferred decay reaction. These are
Norrish type I and Norrish type II initiators.

Norrish Type 1
In Norrish type I reactions, the photoinitiator molecule — most often aldehydes

or ketones [72] — undergo a fragmentation into two free radicals via a-scission.
Depending on the molecule structure, various secondary reactions can be triggered
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by these fragments. However, sufficient energy must be provided, i.e. the energy
level of the excited singlet has to be high enough. Typical bond-dissociation
energies are in the range of 3 —4eV [73]. Most of the commercially available
photoinitiators are Norrish type I initiators.

Norrish Type 11

In contrast, Norrish type II reactions do not include bond scission [74]. Here,
the provided energy of the excited state is beyond the bond-dissociation energy.
Instead, the molecule undergoes an intramolecular hydrogen abstraction reaction.
This process is less probable than the Norrish type I reaction. However, the
efficiency can be increased by adding hydrogen-donating coinitiators to the system.

2.5 THE THRESHOLD DOSE

While a single initiation of a radical chain growth can easily involve thousands of
monomer molecules [75], it is still not sufficient for a branched and dense polymer
network. Thus, multiple chain-growth reactions have to be triggered at the same
time employing multiple optical excitation processes. In general, each of the
involved chemical processes during the chain growth has a specific rate constant.
Hence, exact numbers could be derived solving the corresponding differential
equations. However, it shows that this is not an easy task [61, 65]. Instead, the
complex system is often simplified with the threshold dose model.

Here, the assumption is that after depositing a certain light dose Dy, into a
certain volume, the degree of polymerization exceeds a value from whereon the
polymer network withstands the development process. Looking at a single point
exposure, a direct correlation between light intensity I, exposure time fexp, and
the resulting dose D can be found

D«IN. texp s (2.1)

where N is the optical nonlinearity of the excitation, i.e. N = 2 in case of a
normal two-photon process. This connection of laser intensity, exposure time (or
in printing experiments rather print speed instead), and deposited dose (related
to the degree of monomer conversion) can also be found experimentally [76, 77].
Figure 2.8 shows the threshold model in a dose profile along the lateral direction
of the focus with varying laser intensity at a fixed exposure time. Employing a
normalized high intensity (solid line), the threshold is met by far. At 65 % of this
intensity (dotted line), the threshold dose is just surpassed. A further reduction
of the intensity to 55 % (dashed line) does not deposit enough dose which would
result in no remaining polymer after development. Further, the threshold model
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Figure 2.8: Illustration of the threshold model. The three-dimensional intensity
profile is calculated for an NA = 1.4 objective lens at 405 nm wavelength, normalized,
and squared to obtain the dose deposited in a voxel at a fixed exposure time.
Plotted is a 1D cut in lateral direction showing the dose profile along the x-axis.
Remarkably, the threshold model shows that there is no theoretical limit on how
small a polimerized feature can get within a single exposure when depositing just
more light than the threshold dose Dy, requires.

nicely shows the influence of the intensity on the lateral width of the voxel. While
the width at the threshold dose is 110nm for the high intensity, it is only 40nm
using 65 % of the intensity. This shows the theoretically unlimited smallest feature
size which can be produced by depositing a dose just above the threshold, hence
a high spatial confinement of the polymerization.

2.6 DOSE ACCUMULATION

The threshold model, as discussed so far, only covers a point exposure with a
given laser intensity and exposure time. Still, what needs to be discussed is the
photoresist response on multiple subsequent point exposures at the same position
or with a small distance. This is addressed in the dose accumulation model and
is often referred to as the proximity effect [78]. It states that all dose deposited
once in a certain volume remains in this volume. Additional dose by a following
exposure locally adds up. Figure 2.9 depicts the accumulation behavior of multiple
exposures which each would not deposit enough dose themselves. However, they
sum up and exceed the threshold dose leading to solidified material.

This effect assigns a memory to the photoresist. The distinctness of the memory
effect highly depends on the nonlinearity of the excitation process [79]. More
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Figure 2.9: Illustration of the dose accumulation model. The deposited dose for
three subsequent point exposures (dashed lines) shifted by 100 nm each is plotted
together with their sum (solid line). The intensity for a single exposure is chosen such
that it deposits 90 % of the threshold dose Dy,. Therefore, a single exposure would
not lead to solidified material. However, the totalized dose of all three exposures
exceeds the threshold resulting in solidification. Here, the same intensity profile as
for the threshold model is calculated for the single exposures and normalized to the
threshold dose.

generally, the dose at a specific location can be calculated by integrating the time
dependent local intensity I(x,y,z,t) over time

D(x,y,z) o /IN (x,y,z,t)dt. (2.2)

It is not only a theoretical model but can be explained from a chemical point
of view by the mentioned degree of polymerization. As explained, a single
radical chain-growth reaction is not capable to sufficiently solidify the photoresist.
However, each successfully two-photon excited photoinitiator molecule which
subsequently fragments will still trigger such a chain growth. Thus, oligomers or
small polymer chains originate. These will not magically disappear at a sudden
but remain in the photoresist. This is the chemical reasoning of the resist’s
infinite memory. A next chain growth can incorporate these larger molecules
similar to a normal monomer. Still, the pre-polymerized chains can freely move
within the resist. Therefore, processes like diffusion limit the validity of the dose
accumulation model and exacerbate calculations and predictions [61, 65].

A second type of dose accumulation gets relevant for excitation mechanisms
other than two-photon absorption like (1+1)-photon processes. Here, the memory
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Figure 2.10: Illustration of the Sparrow criterion. The accumulated dose profile
(solid line) of two shifted point exposures (dashed lines) shows a distinct minimum.
Thus, the resolution criteria is met and two separate points are solidified. The
depicted separation of the single exposures is 110 nm. Besides the change of the shift,
no changes are made as compared to the illustration of the dose accumulation model
in Figure 2.9. There, the shift was set to 100 nm resulting in no local minimum. The
minimum emerges at a shift of around 105nm nicely matching the calculated results
from Table 2.1.

effect of the photoresist includes pre-activated initiator molecules due to their
finite intermediate-state lifetime being in the ps range. More precisely, let us
take a first exposure employing low intensity. Some of the initiator molecules
undergo full excitation and fragment into radicals triggering chain growth. Let us
further assume that not enough dose is deposited into the voxel to overcome the
threshold with this first illumination. Still, some initiator molecules may already
have been excited to the intermediate state. Under a second exposure within the
intermediate-state lifetime, these pre-excited molecules can now accomplish the
full excitation and form additional radicals. Thus, the additional chain growth
reactions add to the degree of polymerization and might result in a dose larger
than the threshold dose. This kind of dose accumulation will be discussed in
further detail in chapter 3.

2.7 RESOLUTION IN 3D LASER PRINTING

As briefly mentioned in the threshold model section, the minimum linewidth
is not limited fundamentally. Patterning of sub-10nm features [80], and other
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sub-diffraction lines [81] have been reported. However, it is important that the
minimum achievable feature size must not be confused with the resolution of
the printing process. Instead, the same constraints of the diffraction limit as for
microscopy apply to high-resolution 3D laser printing.

First considerations on resolution in microscopy were made by Ernst Abbe on
the smallest resolvable lattice constant of a periodic grating [82]. However, the
Sparrow criterion, which was originally developed for astronomy [83], is the more
relevant choice for 3D laser printing [36]. In contrast to the Abbe criterion, the
claim is that two signals are still distinguishable as long as there remains a local
minimum in the center of the sum of the signals.

This criteria can be directly translated to 3D laser printing with the dose
accumulation model explained above. In particular, two shifted point exposures
remain distinct with decreasing spacing as long as their accumulated dose shows
a local minimum. The required local minimum is crucial even for a deposited
dose just above the threshold, thus for a fine feature in case of a single exposure.
This effect is schematically shown in Figure 2.10. Numerical approximations for
both lateral and axial resolution can be derived from Abbe’s resolution formula
according to Ref. [36] as

A
Ay = —————
Y VN -2NA

a, =

and
A (2.3)

VN (n— /it —NAD)

respectively, with the wavelength A, the nonlinearity N, the refractive index n,
and the numerical aperture NA. Here, the general nonlinearity N replaces the
factor of 2 in Ref. [36]. Equation 2.3 shows the linear dependence of the resolution
on the employed wavelength explaining the drive in lithography applications to
exploit ever shorter wavelengths [84]. At the same time it reveals the necessity of
utilizing high-NA objective lenses for high-resolution 3D laser printing. Table 2.1
summarizes calculated values for different configurations employed within this
thesis. A constant nonlinearity of N = 2 and a refractive index of n = 1.5 is
chosen.

Importantly, the restriction on the optical resolution in 3D laser printing bases
on the dose accumulation, hence, the memory effect of the photoresist. In the
theoretical case of a perfect system without any dose accumulation, the resolution
would possibly be improved by orders of magnitude. However, such a photoresist
is yet to be found. Moreover, in addition to the optical resolution limit, also
chemical restrictions can influence the resulting resolution in 3D laser printing [85-
88].
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2.8 LIMITATIONS OF 3D LASER PRINTING

While two-photon absorption based 3D laser printing has developed into a versatile
micro-fabrication technique, it is still accompanied by some limitations. One are
the required high intensities due to the extremely low probability of the two-
photon absorption process. As discussed in the threshold model, the usual
photoresist behavior in a point-exposure experiment at a fixed exposure time is as
follows: Starting at a low intensity may not lead to any polymerization. While
increasing the intensity, at some point the threshold dose will be reached and a
tiny polymerized dot will appear. Further increase of the intensity will lead to
larger polymerized voxels as discussed. However, what was not mentioned earlier
is the increase of local heating which comes along with the higher intensity. At
some point, yet higher intensities will yield micro-explosions of the monomer or
the solvent in case of solvent based resists (see subsection 2.3.3). This is often
referred to as the damage threshold of the resist [45, 65]. In fact, this heating sets
an upper limit for the print speed for a given resist, since higher print speeds
require higher laser intensities.

Also, 3D laser printing on the basis of two-photon absorption benefits from the
vast amount of photoinitiator and monomer systems developed in one-photon
UV lithography. It just exploits them at double the wavelength, hence half
the photon energy. However, as discussed in the previous section, the optical
resolution directly correlates with the exposure wavelength. Already in the very
first experimental mentioning of two-photon lithography, Wu et al. address the
resolution loss compared to one-photon absorption due to the doubling of the
wavelength [11]. They calculate the final relative line broadening to a factor of 1.41.
It is not a full factor of 2 due to the narrowing of the two-photon excitation function
compared to the one-photon excitation function which partially compensates for
some of the loss.

Still, the drastic reduction of the resolution in case of 780 nm wavelength as uti-
lized in most commercial systems compared to 405nm is set out in Table 2.1 when
assuming the same excitation mechanism. Thus, two-photon 3D laser printing at

Table 2.1: Calculated lateral and axial resolutions and their corresponding aspect
ratio for the different 3D laser printing configurations employed within this thesis.

Ainnm NA ayinnm a4, innm Aspect Ratio
405 1.4 102 298 291
405 1.25 115 427 3.71
700 1.4 177 515 291
780 1.4 197 574 291
900 1.4 227 662 291

27



2 FUNDAMENTALS — COMMON 3D LASER PRINTING

a reduced wavelength would be beneficial. Most commonly used photoinitiators
would undergo a simple one-photon absorption at these wavelengths though.
However, a direct two-photon excitation of the monomer is possible at a wave-
length of 405nm [12, 89, 9o0]. A special application of this direct excitation of the
monomer itself is presented in chapter 6, where high-resolution kinoform lenses
for x-ray applications are 3D laser printed.

Over years, the surface smoothness of 3D laser printed structures was limited
by the known staircasing effect. This effect is shared by all layer-by-layer manufac-
turing techniques. Volumetric approaches outperform common focus-scanning 3D
laser printing in this regard. However, recent introduction of two-photon grayscale
lithography [34] can overcome the staircasing effect for focus-scanning 3D laser
printing resulting in extremely smooth surfaces [35].

Further requirements are on the transparency and the refractive index of the
resist. The transparency constraint has a two-fold impact. First, in case of
non-transparency at the employed wavelength, the resist absorbs energy while
propagating through the resist. Thus, the focus intensity decreases and again heat
is induced. Additionally, it limits size and concentration of additives in special
resist systems[52, 91]. These additives can also cause spatial inhomogeneities
of the refractive index of the resist resulting in optical abberations. Moreover,
the refractive index of the entire resist is of importance. High-NA objective
lenses usually are index matched to oil or water immersion media. Again, the
resist should not deviate largely from the respective refractive index to avoid
deformations of the focus. The latter was relevant in our work on 3D laser
printing inside synthetic cells [92].

2.9 COMMON APPLICATIONS

Over the last decade, applications of common 3D laser printing have exorbitantly
increased. Thus, a complete overview is out of scope of this thesis. The appli-
cations reach over all kinds of disciplines: optics, photonics, biology, electronics,
mechanics, acoustics, and metamaterials just to name a few of them. Even leaving
3D and adding a forth dimension — a responsiveness — is already widespread [10].
The reader is endorsed to look at some of the review articles in the field of 3D
laser printing to get a better overview [4, 6—9, 93].

2.10 OPEN CHALLENGES IN 3D LASER PRINTING

Even though the list of applications is almost infinite, the open challenges are
merely fewer. In general, they can be split into challenges for chemistry towards
novel materials and material systems [3, 94] and challenges for physics towards
improvements of the printing devices. The statement of the cluster of excellence
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3DMM20 - finer, faster, more — nicely matches these open challenges: Further
improvement of the resolution of 3D laser printing, pushing the print speeds to its
limitations, and the development of new materials and material properties remain
the overarching goals.

Within the scope of my thesis, I worked on both aspects — the challenges for
chemistry and for physics. Different collaborations involved additional projects
that tackled 3D laser printing in the vicinity of living cells employing resists that
are capable of cleaving under biological conditions, two-photon induced structur-
ing of surface-anchored metal-organic frameworks (SURMOFs), 3D microprinting
of conductive polymers, two-photon induced carbonization, reducing shrinkage
by introducing a novel material class [95], the cause of material-property changes
by a variation of the excitation wavelength during printing, and 3D laser printing
of hydrogel structures inside synthetic cells [92].

Especially the latter was a special application although it utilized a commer-
cial 3D laser printer. Here, the challenge was the special resist system and
printing condition. The resist is based on the prepolymer poly(ethylene gly-
col) diacrylate 575 (PEGDA) the water-soluble photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP), both in extremely low concentrations.
However, it is challenging to get stable synthetic cells with the resist incorpo-
rated. Additionally, printing structures across the shell of the synthetic cells were
expected to cause damage. Still, after major optimization, successful 3D laser
printing was achieved and small channels across the membrane functioning as
pores allowed for substance exchange.

The main projects of research during my PhD will be discussed in more detail
in the following chapters.
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COMPACT 3D LASER PRINTING






Chapter 3
ENABLING CoMPACT 3D LASER

PRINTING

Artistic illustration of compacting the writing tool.

State-of-the-art 3D laser printers are bulky and expensive. The supersession of two-photon
absorption by the sequential absorption of two photons — what we call two-step absorption —
as a new excitation mechanism for 3D laser printing can change this and enable compact
and less expensive devices. In this chapter, the challenges of two-step absorption and its
differences compared to common two-photon absorption will be discussed.
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3.1 MOTIVATION

As discussed in section 2.4, two-photon absorption is used for excitation in
common 3D laser printing. Within the last decade, a tremendous progress in
devices, material systems, and applications on its basis was achieved. It allows for
printing high-resolution 3D structures with voxel sizes well below 1pm at print
rates of above 10° voxels s ! reaching even 108 voxelss~! in case of parallelization
and a highly-optimized 3D laser printing device [96]. Still, two-photon absorption
comes at the cost of requiring femtosecond-pulsed laser sources leading to different
draw-backs.

At a price of around 100000 Euros, commonly used Ti:Sapphire oscillators are
by far the main cost driver in most custom 3D laser printing setups. Next most
expensive components like the control electronics or the microscope objective lens,
at costs of 10000 Euros and below, only add little to the overall cost in comparison.
Further, the laser module not only takes up most of the cost but also most of the
volume of a 3D laser printing setup. Taking laser head, electronics, chiller, and
all other components together, it has already the size of a large suitcase — not to
mention the weight it comes along with. Therefore, femtosecond-pulsed laser
sources inherently cause fairly large and expensive 3D laser printers.

Besides these rather practical issues, also more fundamental problems are
induced by the femtosecond-pulsed laser sources. Already the high intensities
employed for efficient two-photon absorption cause problems in handling 3D laser
printing. They do not only allow for the desired second-order process but at the
same time increase the probability for higher-order processes. These processes,
however, are undesired since they introduce effects like micro-explosions [97]
rendering the printed structures unusable as discussed in section 2.8. Additionally,
the continuous development in print speed and parallelization demands for ever
higher laser intensities pushing them close to the damage threshold of the used
optical elements like the microscope objective lens or the galvanometric mirror
devices [98].

Early attempts to replace femtosecond-pulsed laser sources by a continuous-
wave laser were conducted in our group years ago. Their incentive, however,
was to exploit a reduced wavelength to improve the printing resolution. In a
first experiment, Michael Thiel et al. employed a green continuous-wave laser at
powers around 10 mW [99]. However, these high powers caused micro-explosions
hindering further application. Therefore, Patrick Miiller et al. electronically pulsed
their continuous-wave blue diode laser retaining efficient two-photon absorption
of the photoinitiator, as a trigger for the polymerization [12].

On the other hand, alternative excitation mechanisms utilizing multiple one-
photon absorption processes in different ways [100] allow for continuous-wave
lasers to be used as light sources. These show potential to solve some of the

34



3.2 TWO-PHOTON ABSORPTION US. TWO-STEP ABSORPTION

a

: : : .
\. \ ISC

Figure 3.1: Simplified energy-level diagrams for two-photon (a) and two-step
excitation (b) of a photoinitiator molecule. a Using two-photon absorption, the
photoinitiator molecule is excited from its ground state to an upper electronic state
via an optically dressed intermediate state (dashed line). Out of the upper electronic
state, the molecule decays into free radicals R* triggering the polymerization reaction.
b For two-step absorption, a real electronic state (solid line) replaces the optically
dressed intermediate state. ¢ A more realistic diagram for two-step absorption. Real
electronic states of a molecule cannot just be generated. Therefore, the first excited
state, which is the upper state in a, constitutes the real intermediate state in case of
two-step absorption. The second photon causes a transition in the triplet manifold
after intersystem crossing takes place.

fundamental problems of two-photon absorption and especially the practical
problems of femtosecond-pulsed laser sources having other disadvantages in
return. The most straight-forward approach is what we call two-step absorption
and will be discussed in the following sections.

3.2 Two-PHOTON ABSORPTION vs. TWO-STEP ABSORPTION

A crucial parameter for the probabilities of step-wise electronic transitions in
molecules is the lifetime of the involved molecular states. For example shorter
intermediate-state lifetimes correspond to lower probabilities of a further optical
transition. This can easily be seen as with a shorter intermediate-state lifetime,
the corresponding pre-excited molecule will more rapidly return to its ground
state leading to a shorter period of time for a second photon to be absorbed. Thus,
assuming a constant light intensity, hence a constant photon flux, the probability
of the optical transition will decrease.

In section 2.4, two-photon absorption as the common initiation mechanism in
3D laser printing was discussed. Here, two photons are absorbed to optically
excite the photoinitiator molecule from its ground state S, to the first excited
state S, via an optically dressed intermediate state (see panel a in Figure 3.1) [68].
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Optically dressed means that this intermediate state only exists while light is
present. Therefore, the intermediate state’s lifetime is the pulse duration of the
femtosecond-pulsed laser source in this case, making the process very unlikely. In
turn, high laser intensities are necessary to compensate for the small probability.

Another approach leading to higher probabilities is to increase the intermediate-
state lifetime instead of the laser intensity. This can either be achieved by increasing
the pulse duration of the laser pulse, or more fundamentally by replacing the opti-
cally dressed intermediate state by a real electronic state as depicted schematically
in center panel b of Figure 3.1. The process exploiting such a real intermediate
state while absorbing two photons is what we introduced as two-step absorption [31].

In fact, real electronic states cannot just be generated but existing electronic
states of the photoinitiator molecule have to be employed. Therefore, the first
step comprises the transition of the molecule from S, to S, similar to the full
two-photon absorption process but this time only using a single photon. The
subsequent second photon is absorbed after rapid intersystem crossing from S, to
the ground-state triplet manifold T, inducing an excitation from T, to a higher
triplet state T,,. This high-energy electronic state of the photoinitiator molecule
readily decays into free radicals R® triggering the polymerization reaction. A more
realistic schematic following the latter is shown in panel ¢ of Figure 3.1.

3.3 THE EFFECTIVE NONLINEARITY IN TWO-STEP ABSORPTION

The open question remains in what nonlinearity exponent N or effective order
of absorption [101] the two-step absorption process will result. As discussed in
section 2.6, the crucial element for printing high-resolution three-dimensional
structures in 3D laser printing is the second order, or more general, nonlinear
dependence of the intensity I and the concentration of radicals [R*] which corre-
sponds to the deposited optical dose D

[R*] « D o< [V, (3-1)

One-photon processes in contrast result in a nonlinearity exponent of N = 1.
Depending on the exact structure, dose accumulation will severely influence
the printing process making it harder if not impossible to spatially confine the
polymerization given such a linear characteristic [64]. A resulting nonlinearity
of N = 2 or higher is therefore highly desirable for the two-step process. The
subsequent two one-photon absorption processes, however, inherently are not
resulting in such an optical nonlinearity, because both absorption steps come
along with a single photon.

Again, it is the intermediate-state lifetime which sheds light on the effective
nonlinear exponent in two-step absorption. The two extreme cases for the lifetime
help in understanding its role: One extreme is a very short intermediate-state
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lifetime. Here, the molecule rapidly decays back into its ground state from
the excited intermediate state after the first photon is absorbed, lowering the
probability for the second absorption process. This builds the crossover to two-
photon absorption resulting in good spatial confinement of the voxel. At the
same time, again high laser intensities are required to compensate for the low
probability.

The second edge case is an extremely long intermediate-state lifetime. Here,
the decay of the intermediate state back to the ground state is very unlikely and
the intermediate state is pretty stable. The result is a very high probability for
the second absorption process, or in turn only necessitates extremely low laser
intensities. At first sight, this looks beneficial since it allows for low power light
sources, but it causes a big problem: The pre-excitation is not only achieved in the
focal spot but also in the tails of the laser beam since it is a normal one-photon
process. Eventually, all molecules are lifted into the intermediate state forming
a kind of new ground state of the system [98]. Starting from there, a single
one-photon absorption — having a nonlinearity exponent of N = 1 — is sufficient
for the second step. This will fundamentally influence the maximum print speed.
When scanning the laser focus along the desired trajectories, it would certainly hit
such areas pre-excited by a previous tail. Assuming an infinite intermediate-state
lifetime, a single one-photon absorption would trigger the second excitation and
generate radicals, thus, hindering high resolution printing.

In summary, a good intermediate-state lifetime is always a tradeoff between
spatial confinement and required laser intensity shifting the effective nonlinearity
exponent between N = 2 and N = 1. This leads to a severe fundamental limitation
of the system as will be discussed later in section 3.5.

3.4 IMPORTANT TWO-STEP-PHOTOINITIATOR PROPERTIES

Besides a suitable intermediate-state liftetime, various other properties of the
two-step photoinitiator molecule are important. One of them is solubility. As
discussed in subsection 2.3.3 for common two-photon initiators, it is favored to be
able to dissolve a sufficient amount of photoinitiator in the used liquid monomer
for efficient polymerization [64]. Another property is the efficiency of the molecule
to form radicals from the excited triplet state T,,. Concurrent transition pathways
are for example radiative or non-radiative decays back to the triplet ground state
or reverse intersystem crossing [102]. Further criteria will be discussed in more
detail in the following.
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Figure 3.2: Schematical extinction-
Ground State coefficient plots for ground-state
Triplet State and triplet-state absorption. The
exemplary curves show the require-
] ments of overlapping absorption
&(4) bands positioned in the visible
range. The curves follow roughly
the real curves of benzil shown in

\ Figure 3.5. Adapted from Ref. [31]

with permission of Springer Nature.
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3.4.1 Absorption Bands

At first, the two absorption bands involved in the two-step mechanism will be
examined. One is the absorption band for the first transition from the ground-state
to the first-excited state (S, — S;) and the second band for the triplet excitation
(Ty — Tu). An overlap of the two is crucial for the two-step mechanism as
discussed above, since it demands employing a single laser source, hence, a
single wavelength. There are other approaches using two different or additional
wavelengths for the two optical transitions [25, 26, 103]. This is what we refer to
as two-color two-step absorption but will not be discussed in more detail here. In
particular, because the second wavelength requires additional components and
with that a more complex printing setup. In this chapter, two-step absorption will
always refer to the one-color case.

Not only is the overlapping of the two absorption bands necessary, but also
their absolute location is of importance. Figure 3.2 shows schematically desired
extinction coefficient plots. As discussed in section 2.7, the resolution of a 3D
laser printer is limited by the diffraction limit. Therefore, smaller wavelengths
are desirable for a higher resolution. However, a lower limit is introduced by
the device. Most of the optics used in a 3D laser printer, such as the high-NA
microscope objective lens, are made out of special glasses. These objective lenses
work perfectly well in the visible range to correct for different types of optical
aberrations using lens groups [104], but for most glasses transmittance rapidly
drops when going into the UV regime [105]. Thus, an absorption band at around
400 nm features a good compromise.

So far, only the positions of the absorption bands were discussed but not their
strengths. The extinction coefficients € of the two absorption processes, however,
are elementary for the overall two-step excitation mechanism. At first sight, a
high ground-state extinction coefficient €; seems preferable. It allows for an
efficient transition from the ground state to the intermediate state and could even
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compensate for low solubilities of the photoinitiator in the photoresist. On the
other hand, to polymerize material in a distance of d from the glass interface,
the laser needs to be focused at this position. Thereby, the laser light propagates
through distance d in the resist. Following Beer’s law

P =Py 10 (3.2)

the laser beam is attenuated while covering the distance d. The strength of
the attenuation directly correlates with the extinction coefficient €; and the con-
centration ¢ of the photoinitiator. Using real numbers of €; = 40M !cm ™! and
¢ = 100mm for the photoinitiator benzil used in the resist system employed
in chapter 4, a (decadic) extinction of e;c = 4cm™! results. This effect is yet
more pronounced employing dip-in 3D laser printing since the traversed distance
through the photoresist gets significantly larger. Making use of the calculated
examplaric values, a power of P = 0.76 - Py remains in the focal spot using a
common working distance of the objective lens of 300 pm in the real photoresist
system. The absorbed photons add to the accumulated dose or introduce heat
in the system. Therefore, actually a sufficiently small ground-state extinction
coefficient is desirable.

The discussion on the triplet-state extinction coefficient €; is yet more complex
and not as easily explained by a similar gedankenexperiment. Following the
rate-equation modeling in Ref. [31], it can be shown that at a fixed exposure time
the nonlinearity exponent approaches N = 1 for both small and large ratios of
€2/€1 having a maximum at €3/€; = 1, i.e. for equal extinction coefficients [98].
This suggests an upper bound for €; in two-step absorption. In contrast, a high
extinction coefficient would be beneficial for a lower polymerization threshold.
These trade-offs introduced by the two independent absorption steps are limits in
two-step 3D printing and are not present for conventional two-photon printing. A
more detailed discussion will follow in section 3.5.

3.4.2 Triplet Ground-State Energy

Up to now, we made use of the intermediate-state lifetime to explain various effects.
However, underlying physical properties of the molecule the lifetime originates in
were bypassed. One of these is the triplet ground-state energy. First, the energy of
the triplet ground state T; together with the energy of the first excited singlet state
S, impact the rate for the intersystem crossing among various other effects [106].
The so-called energy gap law shows an approximately exponential dependence
of nonradiative transition rates — like for intersystem crossing — on the energy
difference between initial and final state [107]. A more generalized energy gap law
additionally involves temperature dependence and low-frequency modes [108].
This means that with increasing energy gap the probability for the corresponding
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Table 3.1: List of triplet-state energies Et of selected aldehydes and ketones. These
groups form the majority of common one-photon photoinitiators [72]. The energies
are taken from Ref. [110].

Molecule Etr / eV Molecule Etr / eV
Xanthone 3.2 Michler” ketone 2.6
Acetophenone 3.2 1-Naphthaldehyde 24
Benzaldehyde 3.1 Biacetyl 24
Benzophenone 3.0 Benzil 2.3
Anthraquinone 2.7 Fluorescein (acid) 2.2

nonradiative transition decreases exponentially. Thus, two energetically nearby
states S; and T; are desirable for efficient intersystem crossing in general.

At the same time, the absolute energy levels of S; and T, are important for
two-step 3D laser printing in particular. Typical bond-cleavage energies of photoini-
tiator molecules are on the order of 3eV = 290k]J mol ! [72]. Hence, intermediate-
state energies below this value suppress bond-scission reactions starting from T,
hindering radical formation. Such an intermediate-state bond cleavage would
trigger the polymerization reaction after only having absorbed a single photon,
thus, leading to an undesired nonlinearity exponent of N = 1.

Ketones and aldehydes with at least one carbonyl group form the majority of
common one-photon photoinitiators [72] forming the pool of possibly suitable
two-step initiator candidates. A selection of molecules is presented in Table 3.1
together with their triplet ground state energies Et. It shows that there are
quite a few candidates possessing low energies. However, to act as a good two-
step photoinitiator, also the other aforementioned criteria have to be fulfilled.
Fluorescein, for example, shows the lowest triplet energy level in this selection
but is well known and extensively used as a marker in fluorescence microscopy
due to its high fluorescence quantum yield [109]. This entails a small quantum
yield for intersystem crossing, thus, rendering fluorescein useless as a two-step
photoinitiator candidate. In contrast, benzil, which is so far the common two-step
photoinitiator, also shows a low energy while having a high quantum yield for
intersystem crossing. Two-photon 3D laser printing evades this constraint of
low triplet ground state energies because it commonly employs this very bond
cleavage from the T, state but at the same time features an inert intermediate
state.
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3.4.3 Inert Intermediate State

The theoretical model of two-step absorption as discussed at the beginning of
this chapter also employs an inert intermediate state. The real system, however,
differs from that assumption. Ketones and aldehydes as photoinitiator systems
are known to trigger polymerization via a Norrish Type I or Norrish Type II
reaction [74]. Both reaction types involve the formation of radicals in the first
excited state [111]. Acting as a two-step photoinitiator, thus, they are prone to
form radicals already from the intermediate state leading to the reviewed problem
of a unity nonlinearity exponent.

As discussed in the previous subsection, low intermediate-state energies help to
suppress bond cleavage, hence, direct formation of radicals in the intermediate
state as in Norrish Type I reactions. However, reaction pathways like intramolecu-
lar hydrogen abstraction as in Norrish Type II reactions or intermolecular hydro-
gen abstraction reactions may still well be triggered. This harms the inertness of
the intermediate state even at very low energies again shifting the nonlinearity
exponent towards N = 1.

Therefore, additional ways need to be found to minimize these remaining
unwanted side reactions which lead to a polymerization triggered from the
intermediate state. The exploitation of a so-called triplet quencher is one option
to suppress hydrogen-abstraction reactions [110]. These molecules foster the
relaxation of the triplet state back to the ground state. One ubiquitous triplet
quencher is molecular oxygen which is dissolved in every photoresist [59, 61, 112].
However, it is hard to control oxygen quenching since solvated oxygen molecules
also scavenge free radicals, and thereby they are consumed during the printing
process [59, 61].

As a result, additional quencher molecules need to be added to the resist. The
group of hindered amine light-stabilizers, for example, provide the required
properties being so-called persistent radicals [113]. The latter means they are
not self-terminating but still react with other free radicals. The molecule (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO), being one representative of this group,
is reported to efficiently suppress hydrogen-transfer reactions when being ex-
cited [114]. Furthermore, it is capable of quenching the triplet state of benzil [115]
which allows for fine tuning benzil’s triplet-state lifetime. A second promising
candidate is bis(2,2,6,6-tetramethyl-4-piperidyl-1-oxyl) sebacate (BTPOS) which
contains two TEMPO moieties. Thus, additional quencher molecules like TEMPO
allow for minimizing unwanted side reactions from the intermediate state, and
therefore have been required for two-step 3D laser printing until now.
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Figure 3.3: a Simplified energy-level diagram for rate-equation modeling following
the diagrams in Figure 3.1. The molecule is optically excited by a first photon
from its ground state S, to the first excited state S; with the rate coefficient k.
After relaxation and intersystem crossing (ISC) to the lowest triplet state T, it is
either optically excited by a second photon to a higher triplet state T, with the rate
coefficient k, from whereon it generates radicals or decays back to its ground state
with the rate coefficient kp. Both rate constants associated with the optical transitions
are proportional to the respective extinction coefficients €; and €;, and the laser
intensity I. b False-color plot of the calculated nonlinearity exponent N. The two
transition rates on the x- and y-axis are normalized with respect to the decay rate.
The diagonals depict constant ratios of €;/€;. The red diagonal shows the real case
of benzil at a wavelength of 405 nm. Moving along a diagonal implies a change in
laser intensity which can be a result of a change in print speed v. Adapted from
Ref. [31] with permission of Springer Nature.

3.5 LIMITATIONS IN TWO-STEP ABSORPTION 3D PRINTING

Previously discussed criteria for two-step photoinitiators fundamentally limit
two-step absorption 3D printing in different ways. In particular, the limitation of
the print speed by the intermediate-state lifetime is unknown from common two-
photon 3D printing. This contradicts the ongoing research in two-photon 3D laser
printing to boost print speeds to its limits by parallelization [5, 26, 116—118] for
enabling printing of macroscopic structures with microscopic features at a tolerable
duration of the print job. The different influences on the intermediate-state lifetime
lead to a high complexity in terms of the resulting essential nonlinearity for
the radical formation. Therefore, rate-equation calculations are employed for a
more detailed discussion and a better understanding. They were predominantly
performed by Vincent Hahn and are discussed in more detail in Ref. [31, 98]. We
will focus on the limits of the print speed only, while the performed rate equation
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model reveals many additional insights.

Figure 3.3 shows parts of the obtained results. In panel a on the left side,
again a simple two-step-mechanism energy model including the rates for the
different transitions is shown. Besides the two intensity-dependent rates k; and k»,
corresponding to the two optical excitations including their respective extinction
coefficients, an additional decay rate kp is implemented summarizing all reaction
pathways from the intermediate state not resulting in a generation of radicals.
This decay rate is the inverse of the intermediate-state lifetime 7. In panel b, the
effective nonlinearity exponent N is plotted in false colors over the two excitation
rates k; and ky, both normalized with respect to kp.

In fact, the plot shows areas where the nonlinearity exponent reaches N = 2
as desired. However, N = 2 is only reached for small ratios of both k; /kp and
ks /kp in the lower left. Rather on the contrary the plot reveals that N can take all
values between 1 < N < 2 and most combinations of the normalized excitation
rates lead to a nonlinearity exponent of N # 2.

For a given molecule, the two extinction coefficients €; and €, are constant
at a fixed wavelength. Assuming a one-color two-step process, we additionally
employ the same laser intensity to excite both transitions. Therefore, for a specific
molecule, the parameter space in this plot is limited to a diagonal line. The real
case for benzil is depicted with the red diagonal, where the triplet extinction
coefficient €, is a hundred times larger than the ground state extinction coefficient
€1. Going along that diagonal starting from the lower left, the regime of N = 2 is
exited quite rapidly. At the same time, the change of k1 and k, while going along
the diagonal relates to a change in laser intensity.

To form radicals for the polymerization reaction, we need to deposit a specific
dose D larger than the threshold dose into a specific volume as discussed in
section 2.5. Thus, scanning with a small print speed v; only demands for small
laser intensities which in turn correlates to small rates k1 and k,. An increase of
the print speed to v, involves an increase in the laser intensity. This corresponds
to a motion toward the top right in the plot leading to a higher population of the
intermediate state as discussed earlier. As a result, the nonlinearity exponent gets
closer to N = 1.

3.6 THE TwO-STEP PHOTOINITIATOR BENZIL

Aldehydes and ketones are promising possible two-step photoinitiators as pre-
viously discussed. One representative of these groups is benzil. It nicely fulfills
most of the reviewed characteristics. Benzil belongs to the a-diketones and con-
sists of two adjacent carbonyl groups twisted by a dihedral angle of 117° in its
ground state [120]. Panel a of Figure 3.4 shows its structural formula. Benzil is
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Figure 3.4: Benzil and its Jabloriski diagram based on Ref. [119]. a Structural for-
mula of the benzil molecule. b Energy diagram showing the most important radiative
and non-radiative transitions. Radiative transitions are depicted with straight arrows
while waved arrows illustrate non-radiative transitions. The unintended radical
formation via hydrogen abstraction from the lowest triplet state is added in gray.
Additional quenching and scavenging is necessary to suppress this side reaction.
Adapted from Ref. [31] with permission from Springer Nature.

seldomly used as a one-photon photoinitiator and is branded as a "relatively poor’
photoinitiator [72] in literature. The corresponding Jabtoriski diagram based on
Flamigni et al. [119] is shown in panel b of Figure 3.4. The main photophysical
parameters of benzil are summarized in Table 3.2.

Benzil is readily optically excitable with UV- or blue light having an absorption
band at 380nm [121]. The tails extend to the visible range resulting in a molar
decadic extinction coefficient of €; = 40M~!ecm™! at 405nm wavelength. The
corresponding ground-state-absorption spectrum is shown in Figure 3.5. The
S,-state energy numbers to Es, , = 3.3 eV as obtained by spectroscopy taking the
longest-wavelength absorption band. Using the shortest-wavelength fluorescent
band instead, an energy of only Eg ¢ = 2.6eV results. Normally those two bands
lie close to each other. For benzil, this huge difference is explained with the
change of conformation between the skew dicarbonyl (SK) and the trans-planar
(PL) configuration [121]. This suggests, that benzil’s optical transition from its
twisted ground state to a first excited state in skew configuration is followed by a
rapid rearrangement into a first excited state in trans-planar configuration. That
hypothesis is backed by the small difference in energy between fluorescence and
phosphoresence [122].

After excitation from the ground state to S; by absorption of UV- or blue
light, benzil shows only faint fluorescence with a quantum yield of less than
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@ = 0.1% [123] but in contrast with ®isc = 92 % a high quantum yield for in-
tersystem crossing to the energetically close triplet manifold [124]. The triplet
ground-state energy is Er = 2.3 eV as previously mentioned in Table 3.1. For T,,
the main deactivation channel is the radiationless reverse intersystem crossing
while the radiative decay via phosphorescence plays a minor role with a quantum
yield of only ®p = 0.3 % [119]. Since there is doubt on the direct reverse intersys-
tem crossing T; — S; [125], a reverse intersystem crossing to a singlet state Sy is
proposed [119].

Additionally, benzil allows for triplet-state absorption T; — T, with a max-
imum extinction coefficient of €y max = 8- 103 1em™! at 480nm wavelength.
Remarkably, comparing both extinction coefficients at 405nm, the triplet-state
extinction coefficient is around a hundred times larger than the ground-state
extinction coefficient. The triplet-state-absorption spectrum is plotted in Figure 3.5.
It shows the overlap with the ground-state absorption which is inevitable for
one-color two-step excitation. The excited triplet state has sufficient energy to
decompose the molecule into two radicals [127-129] which is not achieved in the
triplet ground state. However, benzil allows for hydrogen abstraction from its

Table 3.2: Photophysical parameters of benzil. The state energies E, the maximum
wavelengths A for the optical transitions together with the respective extinction
coefficients €, as well as quantum yields ® for the main reaction pathways are given
with their reference.

Singlet Parameters Triplet Parameters
Esxk =3.3eV, Epp =2.6eV [121] Er =23eV [110]
Amax = 380nm [121] A2 max = 480nm [110]
€1,405nm = 40m1em™! [110] €2 405nm = 4-1°m tem™! [110]
®p =9.4-107* [123] ®p =3.1-1073 [119]
digc = 0.92 [124] Prisc < 3.1-1073 [126]
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surrounding like from the monomer in its T,-state terminating in free radicals [129,
130]. As discussed in section 3.4, additional quencher molecules like TEMPO
or BTPOS can be added to the resist composition to effectively suppress these
undesired side reactions.

In summary, benzil as a photoinitiator in combination with TEMPO or BTPOS
as a quencher mixed in PETA as a common monomer forms a suitable photoresist
for two-step 3D laser printing. The intermediate-state lifetime of benzil in such a
resist is deduced to be T = 80 ps [31]. Approximating the voxel size with 160 nm
as the calculated lateral full width at half maximum of a diffraction limited focus
employing a 100 x / NA 1.4 microscope objective lens [131], this limits the print
speed to about Umax = 2mm s~ 1. Note that the rate equation calculations in
Ref. [31] showed that the exposure time has to remain well above T to obtain a
nonlinearity exponent of N ~ 2. On the other hand, optical powers well below
1mW are sufficient at such print speeds enabling the use of inexpensive and
compact continuous-wave laser sources for excitation [31].

3.7 ALTERNATIVE TWO-STEP PHOTOINITIATORS

Benzil is a well-established photoinitiator for two-step 3D laser printing and readily
used [31, 103, 131]. Still, the hydrogen abstraction reaction from its intermediate
state are adverse and require additional quencher molecules. Therefore, there is
ongoing research on molecules possessing an inert intermediate state. Higher
extinction coefficients and shorter intermediate-state lifetimes are also of great
interest, possibly enabling faster printing.

We systematically survey further representatives of the group of ketones for
their performance as two-step photoinitiator [132]. This work was predominantly
performed by Maximilian Bojanowski and Aleksandra Vranic. Twenty-two alter-
native molecules having small modifications to already used benzil and biacetyl
are investigated. Minor improvements can be achieved, yet no break-through
until now. Still, suitable additional photoinitiator candidates for one-color two-
step absorption, two-color two-step absorption, and newly, two-step absorption
combined with a depletion mechanism are found. Furthermore, detailed and
systematic studies help in better understanding two-step absorption to make use
in 3D laser printing which is still in the early stages.

In addition, there are other possible candidates for two-step absorption. One
of which is photochromic molecules which were reported in holography [133,
134] and lithography [25, 135-138]. The latter is commonly referred to as dual-
color photopolymerization which was already proposed by Swainson [139] in
the "7os. Here, the mechanism is mediated by a two-color photoinitiator which
either inhibits or initiates the polymerization reaction after a photon of the first
wavelength is absorbed. Often, a ring-opening reaction under UV-light exposure
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is employed in a first step. The open-form isomer can further be excited by a
second photon or reverts back to its original closed form. Research on different
systems and their lifetime between microseconds to minutes is ongoing [140].
Alternatives to two-step absorption for 3D laser printing are the (1 4 1)-photon
mechanisms employing upconversion luminescence [141, 142] and triplet-triplet
annihilation [143]. A detailed discussion of their principles, advantages, and
disadvantages is summarized in Ref. [100]. Additionally, chemical instead of
optical nonlinearities can be applied to 3D laser print microstructures [144-146].
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Chapter 4

A SHOE-BOx-51zED 3D LASER
PRINTER

All components that compose the shoe-box-sized 3D laser printer.

The utilization of two-step absorption as the excitation mechanism in 3D laser printing
enables the use of low-power laser sources as presented in the previous chapter. This
chapter discusses the design and implementation of a compact 3D laser printer at the size
of a shoe box and analyses its performance.

49



4 A SHOE-BOX-SIZED 3D LASER PRINTER

| -

-

(el ol v

Laser Diodg: . . ~ %, Objective Lens

Figure 4.1: Photograph of the shoe-box-sized 3D laser printer. The main compo-
nents are labeled and the optical beam path is depicted. With a total dimension of
35 x 15cm? it fits well in a shoebox. The optical setup is mounted on a movable
aluminum plate.

4.1 COMPACTING THE OPTICAL SETUP

The setup of a common 3D laser printer and its components were discussed in
section 2.1. The heart of every 3D laser printer is its light source. In a device
utilizing two-photon absorption to trigger a polymerization reaction the light
source is a femtosecond-pulsed laser. Their drawbacks feature high costs and a
large size among other disadvantages of the high intensities in two-photon 3D laser
printing. The previous chapter introduced two-step absorption as an alternative
excitation mechanism and benzil as a suitable photoinitiator. As discussed, this
allows for the utilization of low-power continuous-wave light sources which
enables compact two-step 3D laser printers.

In general, four out of the five identified crucial elements (see section 2.1) relate
to the optical setup: light source, power modulation, scan unit, and focusing
unit. The overarching goal we set for our compact 3D laser printer is to minimize
both the number of components and their cost, and at the same time to constrain
the overall size of the printer to the size of a shoe box, while maintaining the
previously achieved print quality and print speed with two-step absorption. A
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Figure 4.2: Schematics of the optical beam path forming the shoe-box-sized 3D
laser printer. The divergent elliptical output beam (405nm) of the low-cost edge-
emitting semiconductor laser diode is spatially filtered by focusing through a 5 um
pinhole and collimated by a second lens. The 2D MEMS scanner deflects the laser
beam along arbitrary 2D trajectories. The MEMS mirror is imaged onto the entrance
pupil of a high-NA objective lens by the scan and tube lens. Additionally, they
enlarge the beam to the desired diameter to fill the objective lens’ entrance pupil. The
objective lens is mounted onto a piezoelectric slip-stick stage for movement in vertical
direction. Further, it focuses the laser into the liquid photoresist for printing and
collects light of a transmission illumination simultaneously. The latter is separated
by a beam splitter and detected by a camera for monitoring of the printing process.
Adapted from [131].

photograph of the final setup is shown in Figure 4.1 while Figure 4.2 additionally
shows a schematic of the beam path.

4.1.1 Light Source

The shoe-box-sized 3D laser printer builds on a continuous-wave edge-emitting
semiconductor laser diode (LD-405-200MGS, Roithner Lasertechnik GmbH). It
operates in single mode with a maximum optical output of 200 mW and a center
wavelength of 405nm. The laser diode is packed in a 3.8 mm transistor outline
package (TO-can). Panel a of Figure 4.3 shows the tiny laser diode in size compar-
ison to the laser head of a femtosecond-pulsed laser oscillator which is frequently
used for custom two-photon lithography setups. The laser diode comes at a
cost of only 38 € compared to the mentioned around 100000 Euros for tunable
femtosecond-pulsed lasers.
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LaserDioce

Y

Figure 4.3: Close-up photographs of selected crucial elements. a Size comparison
of the tiny laser diode as the shoe-box-sized 3D laser printer’s light source and a
femtosecond-pulsed laser oscillator as used in many home-built two-photon lithogra-
phy setups. b Spatial filtering unit, where the elliptical output beam of the laser diode
is focused through a 5 um-sized pinhole by the first lens and collimated by the second
lens at a beam diameter of 1.6 mm for further usage in the optical setup. ¢ Detailed
view of the MEMS scanner package with the 1.6 mm diameter aluminum-coated
mirror in the center and a metric ruler on the side. The TINY20.4 package comprises
the mirror, the mirror actuators, and an AR-coated protection window. Both rotation
axes are indicated. Adapted from [131].

Being incorporated in optical pickup units of blue-ray players and gaming
consoles [147-150] these InGaN laser diodes are mass-produced and the price per
piece can easily get into the even single-digit Euro range for large amounts. Not
only the built-in laser diode but even the full optical pickup units were employed
for lithography [150-153] or other applications [154-158] due to their compact
design and low cost. However, they only provide a rather small numerical aperture
of NA = 0.85 [159] and come without a scan unit. Therefore, a pure laser diode is
used instead of an optical pickup unit for the shoe-box-sized 3D laser printer and
the remaining optical setup is customized.

The overall optical setup is designed for a minimum beam height. The smallest
commercially available posts together with the smallest lens holders for 1/2inch
optics lead to an optical beam height of 36 mm. This favors stability of the system
against vibrations but also exacerbates the use of some alignment tools and the
utilization of other holders and components. The setup is built on a 1 cm thick
aluminum plate which allows for moving the entire setup at once and mount it on
an additional breadboard. This ensures flexibility and retains to employ alignhment
tools requiring larger beam heights.

In contrast to our first experiments on two-step 3D laser printing [31], the
laser diode is mounted on a non-temperature-controlled laser mount (LDM-
38, Lasertack GmbH) to study the necessity of a temperature control for high-
resolution 3D printing. To match the desired beam height, the laser diode output
height is fitted by an additional base for the mount.

Not only the beam height but also the beam shape needs to be adjusted. A
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drawback of edge-emitting laser diodes is their elliptical output beam. The
divergence angles usually range from around 5 deg to 15 deg in parallel orientation
to about 15deg to 25deg in perpendicular orientation. The influence of the
elliptical beam shape on high-resolution 3D laser printing is investigated and
results will be discussed in section 4.3. One possible way to elude this problem
is to fiber-couple the laser diode. Fiber-coupled laser diodes with integrated
diode driver are commercially available and already used for two-step 3D laser
printing [103]. However, they come at a cost of more than three thousand Euros.
In our work, we decided to stay with the second solution: to spatially filter the
elliptical beam by focusing it through a pinhole with an adequate diameter. This
method was already employed in our first printer [31] and comes along with the
advantage to easily remove the pinhole in case it turns out to be dispensable for
good printing results.

Instead of collimating the beam, the first lens (C151TMD-A, Thorlabs) focuses
it onto a pinhole with a diameter of 5um (PsHW, Thorlabs), from where it
is collimated by a plastic aspheric lens (36-629, Edmund Optics) with a focal
length of 18 mm. A photograph of the configuration is shown in panel b of
Figure 4.3. One important constraint for the first lens is the desired beam diameter
of dy .2 = 1.6mm due to the limitations of the employed scan unit. This increases
the natural divergence of the beam unintentionally and a short optical path is
favored. Another restriction is the rule of thumb to pick the lens such that
NAjens > 2-NAp =2-0.17 is met [160]. Thus, the first lens has a numerical
aperture of NA = 0.5 and a focal length of only 2mm. This demands for special
mounting implemented into the laser diode mount to get close enough to the
window of the laser diode housing.

Crucial for the efficacy of the spatial filtering is the diameter and the exact
positioning of the pinhole in the focal spot of the lens configuration. Calculations
result in a required diameter of the pinhole of less than 10 pm, why we employ
a diameter of 5um. To optimize the location, the position of the pinhole is
changed by hand in steps of 1 mm starting from being in contact to the laser diode
mount — which is the closest possible distance to the first lens. For each step,
both the difference of the beam diameter in x and y, as well as the transmitted
optical power are measured. The beam diameters are evaluated with a Shack-
Hartmann wavefront sensor (WFS30-7AR/M, Thorlabs) driven close to its limits
due to the small beam diameter. For measuring the transmitted optical power, a
standard silicon photodiode is employed. The optimum position is reached, when
the measured transmitted power is at its maximum and the difference in beam
diameter is close to zero. The measured values are plotted in Figure 4.4.
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Figure 4.4: Plot of the measured power throughput and difference in beam diameter
for position optimization of the pinhole. The pinhole is moved in steps of 1 mm
starting from the closest possible distance to the first lens, corresponding to a distance
of x = 4mm. For each step, the power throughput is measured by a photodiode
(green). The procedure can be stopped as soon as the maximum power is reached.
Here, the pinhole is in the focal plane of the first lens. In parallel, the beam diameter
in x and y direction are traced (yellow). At the focal plane, a perfect circular shape is
expected, thus a value of zero in the used metric of the difference in the two lateral
beam diameters.

4.1.2 Power Modulation

For 3D laser printing, the laser output needs to be modulated. Obviously, a
high-speed shutter is needed and a fine tuning of the power is desirable to obtain
best print results. Conveniently, the optical output of a laser diode can directly
be adjusted by modulating the input current. Thus, the laser diode itself can be
exploited as a shutter and power modulator at no cost. This obviates additional
components like commonly used expensive acousto-optic modulators. Their
advantage, however, is an extremely fast modulation which is only limited by the
transit time of the acoustic wave within the crystal typically ranging from about
5ns to 100 ns.

Therefore, we measure the temporal response of our laser diode with the help of
a digital oscilloscope. One channel is connected to the modulation output channel
of the control unit while a second channel is linked to an avalanche photodiode
inside the optical beam path. The resulting oscillogram is shown in Figure 4.5. It
reveals a constant delay time of about 13 ps and a rise time of around 5 ps. This
is orders of magnitude larger than the modulation frequency of an acousto-optic
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Figure 4.5: Oscillogram of the temporal response of the laser diode. Channel 1
(yellow) of a digital oscilloscope is connected to the modulation output channel of the
control unit to identify the time at which the control unit outputs the electronic signal
to the laser diode driver. The resulting optical output is measured by an avalanche
photodiode which is placed in the optical path with additional neutral density
filters to prevent damage of the diode. The measured signal from the photodiode
is connected to channel 4 (magenta) of the oscilloscope. One scale on the x-axis
corresponds to 5ps. With this measurement setup, the temporal delay between the
electronic output to the laser diode driver and the optical output of the laser diode
can be deduced. The delay is measured to be around 13 ps.

modulator. However, at a common print speed of 1 mms~! the delay results in a
constant misalignment of around 13 nm only. Additionally, comparing it with the
80 s intermediate-state lifetime of benzil which limits the print speed anyway the
delay time is not disrupting the 3D laser printing. Still, it has to be considered for
synchronization with the scan unit.

4.1.3 Scan Unit

As discussed in Figure 2.1, there are three main methods for the scan unit. Here,
we exploit 2D scanning of the laser beam employing a two-axes tip-tilt MEMS
scanner (F1M16.2-1600AL, Mirrorcle Technologies). A close-up camera picture
is shown in panel ¢ of Figure 4.3. This solution is cheaper, more compact, and
involves less components than scanning by galvanometric mirrors. Additionally,
the internal electro-static acutators for such MEMS scanners dissipate less than
a few milliwatts of power even at continuous full-speed operation [161] which
allows for a low-power control unit as we will discuss later.

The low power consumption is achieved by Mirrorcle’s bias-differential quad-
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channel technology. Here, each of the two axes is rotated by two actuators at
opposite sides. In neutral position, both actuators are biased with an applied
potential of 90 V. For a certain tilt around one axis, the potential on one of the two
actuators is lowered while the potential on the other actuator is increased by the
same value originating in a voltage difference. In contrast, galvanometric mirrors
employ the force on a rotatable magnet by a current-carrying coil. Operating
them at high frequencies on a long-term, therefore, requires external cooling of
the system [5] which is why we do not utilize them. The low power consumption
due to the working principle is assisted by the tiny mirror, hence, small mass to
be moved.

Our aluminum coated mirror of the MEMS scanner possesses a diameter of
1.6mm only, which is the aforementioned restriction to the beam size. The
measured 1/¢? beam diameter after the second lens amounts to 1.67 mm, therefore
slightly over-illuminating the mirror as intended. They are designed for best
performance at an incidence angle of 22.5 deg. Due to this angled incidence, the
laser beam is clipped to Dy, 1 /.2 = 1.48 mm. The principle is shown in Figure 4.6
in a simplified scheme.

The mirror is directly integrated in the actuator device and monolithically
fabricated [162]. The maximum mechanical angle for both directions is around
+4.7 deg resulting in an optical scan angle of almost +10deg. The angular
resolution amounts to 0.6 mdeg for simultaneous gimbal-less beam steering in
two dimensions. The resonance frequency of both axes is 2.3 kHz. The mirror and
actuator device come mounted in the TINY20.4 package concluding the overall
size of the mirror device to 15 x 15mm?. The connector to the MEMS driver is
at the rear side while the mirror at the front side is covered by a wedged and
AR-coated protection window.

The scan unit further comprises a compact linear piezoelectric stage (LPS 30-30-
1-V3_0O-5-N, NANOS-Instruments) for scanning in the third dimension, i.e. the
z-direction. The piezoelectric stage is based on the slip-stick mechanism which
combines small incremental steps with long travel ranges at high precision. Our
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Figure 4.7: Typical 100 nm step pyramide of the linear piezoelectric stage. The
used step-up and step-down routine is implemented in the software of the stage as
provided by NANOS-Instruments. Here, it is run after optimizing the stage settings
with 10 steps of 100nm each and a delay time of 2s. These values match the used
100 nm steps for slicing during printing and a common period for the printing of
one layer. Only small fluctuations and overshoots within maximum three steps, i.e.
30nm, around the desired position are visible. These deviations are rather small
compared to the larger than 300 nm axial voxel size. No fluctuations of the height
can be seen in the print results shown later in this chapter. Thus, a stable and precise
positioning is ensured. Adapted from [131].

stage allows for a travel range of 15 mm with a minimum incremental step size of
10nm. This leads to the amount of 1.5 million possible steps of 10 nm each. Thus,
both coarse movements like approaching a sample and fine movements like the
commonly used 100 nm slicing can be achieved with a single device.

The stage settings are fine-tuned for the application in 3D laser printing. Typical
movements like the 100nm steps for slicing during printing require fast step-
settling without pronounced overshoots. Therefore, high values for maximum
speed, acceleration, and deceleration are beneficial. By boosting these values too
much, the stage gets into an unstable resonant mode causing large vibrations.
Thus, a trade-off needs to be found. Additionally, position stability without any
movement is of importance and also taken into account. A typical 100 nm step
pyramide after optimization of the stage parameters is shown in Figure 4.7.

Since the 2D MEMS scanner only allows for scanning within the field of view
of the focusing unit, a compact self-designed coarse stage is added to the setup as
a mount for the sample. The CNC-drilled stage employs two micrometer screw
gauges for manual movement in x- and y-direction enabling multiple structures
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on the same sample with a precision in positioning of 1 pm having a steady hand.

4.1.4 Focusing Unit

For high-resolution 3D laser printing, the laser needs to be focused by a high-
NA microscope objective lens. This results directly from the diffraction limit
formula (see Figure 2.1). Such objective lenses are highly engineered lens groups
correcting for various aberrations. However, they only achieve their maximum
focusing power in case of a full illumination of their entrance pupil. Thus,
they commonly are even slightly overilluminated for best performance in practice.
Typical diameters for the back aperture for such lenses are around 5 mm. Therefore,
the diameter of the laser beam needs to be expanded from the 1.5mm behind the
MEMS scanner to the respective diameter of the objective’s entrance pupil.

Frequently used are 100 x / NA 1.4 oil immersion microscope objective lenses.
They provide highest resolution both for microscopy or 3D laser printing. For
the shoe-box-sized 3D laser printer, we use the same objective lens as in Ref. [31],
a Leica HCX PL APO 100 x /1.4 — 0.7 Oil CS with the adjustable NA set to its
maximum of NA = 1.4, to allow for direct comparison of the print results. Its
diameter of the entrance pupil amounts to 5.6 mm. However, it comes at a cost
of around five thousand Euros being one of the main cost drivers of a common
3D laser printer after the femtosecond laser. Thus, we test a second lens (EC PL
100 x /1.25 Oil, Motic) with a slightly smaller numerical aperture of NA = 1.25
but at a cost of only 140 € to investigate the influence of the lowered NA on the
performance. The Motic lens comes with an entrance-pupil diameter of 4.5 mm.

Both objective lenses were characterized with respect to their achievable fo-
cus size. The employed setup bases on the one assembled by Joachim Fischer
in 2011 [163] and was changed several times over the years. The latest large
rearrangement was conducted in 2020 by me and Vincent Hahn. A detailed
description can be found in Ref. [98]. To measure the point spread function, a
sample containing 80 nm gold nanoparticles is used. We raster scan the laser focus
within the xy-, xz-, and yz-plane over a single gold nanoparticle and measure
the back-scattered light with a photodiode. This yields a reconstruction of the
intensity profile of the laser focus in all three dimensions. The respective lateral
and axial full width at half maxima (FWHM) can be deduced.

The resulting 2D intensity profiles for both objective lenses with their lateral
and axial FWHM are shown in Figure 4.8. An increase in FWHM especially in
axial direction is clearly visible but at the same time expected due to the lowered
NA. In addition, alignment of this setup is very convenient with the help of the
reconstructed light distribution. A tilt of the beam would directly translate to a
tilt of the reconstruction and collimation can be optimized by reducing the tails of
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Figure 4.8: Two-dimensional intensity profiles of the laser focus for the two mi-
croscope objective lenses. a Leica HCX PL APO 100 x /1.4 — 0.7 Oil CS objective
lens and b EC PL 100 x /1.25 Qil objective lens. To obtain the intensity profiles, the
laser is raster scanned in in the xy-, xz-, and yz-plane across a gold nanoparticle. The
resulting back-scattered light is detected by a photodiode and plotted. The calculated
lateral and axial FWHM is depicted in the corresponding plot. Adapted from [131].

the reconstruction. Therefore, a focus measurement for the shoe-box-sized printer
would ease the alignment as well but is not yet implemented.

For better comparison of the achieved lateral and axial FWHM, theoretical
values for the point spread function are calculated by using the modified Richards
& Wolf integrals [164] following the routine implemented by Richard Wagner [79].
The results are shown in Figure 4.9. All experimentally obtained values fit nicely
to the calculations besides the axial FWHM for the lower-NA objective lens. This
worse performance could be addressed to a less optimized lens group in case of
the cheap objective lens but still is sufficient for most 3D laser printing applications
being below 1 pm.

A second constraint to the remaining optical path is that the MEMS mirror
has to be perfectly imaged onto the entrance pupil of the objective lens in a
4 f-configuration such that a tilt of the mirror translates to a displacement in the
focal plane of the objective lens. The two lenses of this standard configuration
are mostly referred to as scan and tube lens (see Figure 4.2) and often comprise a
whole lens group each instead of a single lens [5, 96].

The most compact design is achieved by merging the two required lens systems
for beam expansion and imaging of the MEMS mirror. Thus, a magnifying
Keplerian telescope is used. Here, we employ achromatic doublet lenses for both
scan (AC127-025-A-ML, Thorlabs) and tube (AC254-150-A, Thorlabs) lens. The
magnification is determined to match the required beam expansion for a slight
overillumination and a conservative calculation using the beam diameter at full
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Figure 4.9: Calculated point-spread-functions for the Leica NA = 1.4 (a) and the
Motic NA = 1.25 (b) objective lens. The underlying intensity distributions are
calculated following the routine of Richard Wagner [79] using the modified Richards
& Wolf integrals [164]. On the left side, the 3D iso-intensity surfaces at 90 %, 70 %, and
50 % of the maximum intensity are plotted. The center column shows 2D intensity
cuts comparable to the measured 2D cuts in Figure 4.8 of the xy- (top) and xz-plane
(bottom), respectively. On the right side, 1D cuts along both x- (top) and z-axis
(bottom) are shown. The corresponding FWHM is calculated and indicated in the 1D
plots. Adapted from [131].
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width at half maximum instead of the one for 1/¢? resulting in M = 6. Therefore,
focal lengths of fscan = 25mm and fpe = 150 mm are selected.

The focal lengths of the two lenses limit the minimum outer dimensions of the
compact 3D laser printer as they constitute the majority of the overall optical path
length. The obvious optimization is to define these 350 mm along the diagonal
of the printer. Real reduction of the printer size can be achieved in two ways
though: First, it is convenient for application that the objective lens is mounted
vertically. The obtained vertical optical beam path directly reduces the horizontal
beam path, thus, decreasing the footprint of the 3D laser printer. A compromise
must be found since increasing height also increases instabilities against vibrations
as discussed. Second, beam folding would allow for additional miniaturization of
the setup. However, this involves additional components and the alignment of the
setup would render less convenient why we decide against it.

4.1.5 Additional Components

For convenience, the optical unit of the shoe-box-sized 3D laser printer comprises
further components besides the crucial elements. One of them is a camera to
real-time monitor the printing process. Therefore, a small light emitting diode
(LEDs570L, Thorlabs) is placed on top of the stage illuminating the sample at a
center wavelength of 570nm. Note, the exploited wavelength has to be well above
the ground-state absorption of the photoinitiator not to cause any polymerization.
The light is collected by the focusing objective lens in transmission and separated
between scan and tube lens using a chromatic beamsplitter (RGB-Strahlteiler,
Lasertack GmbH). The camera (Chameleon3, Teledyne FLIR) is placed in the
conjugated plane of the entrance pupil of the objective lens to display the focal
plane.

Besides monitoring, the camera is also utilized for finding the right interface
between substrate and liquid photoresist. This is important to nicely attach
the printed structure to the substrate. One part of the master thesis of Jingya
(Lilyn) Gao, which was supervised by me, was to implement an interface finder
routine [165]. There are different options for a successful detection of the interface.
The routine can either base on back-reflected light of the 405 nm excitation laser
due to the refractive index difference of the substrate and the photoresist, or on
fluorescence of the photoinitiator molecules. Additionally, the respective light can
either be detected by the monitoring camera or by a separate photodiode.

The preferred solution is the detection of the vanishing amount of back-scattered
light of the laser leaking through the beamsplitter as detected by the camera since
no further components are required. Such an interface finder routine is successfully
implemented. The routine scans the objective lens along the z-direction while the
laser is turned on. A region of interest is defined in the camera picture and the
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brightness values for each pixel is summed up. The maximum value of this sum
is reached at the brightest spot, i.e. when the focal position matches the interface.
The overall routine only takes some seconds which is well suitable for permanent
usage during printing. It needs to be stressed, that during this procedure none of
the pixels of the camera should be saturated. Hence, additional neutral density
filters might be suitable. Further details are presented in Ref. [165].

4.2 A ComprAacT CONTROL UNIT

While the heart of the shoe-box-sized 3D laser printer is the optical setup, its brain
— the control unit — was not yet discussed. Usually, this comprises a lab computer
and a rack full of bulky and expensive components such as controllers and power
supplies. In contrast, we set the goal to compact not only the optical setup but
also the control unit to acquire a compact and stand-alone setup.

The core of our control unit is an inexpensive but extremely powerful microcon-
troller (Teensy 4.1, PJRC). It is available for only 31 € with soldered pins and is
based on an ARM Cortex-M7y. The Teensy 4.1 possesses 55 digital input/output
pins, 35 pulse-width modulation output pins, and 18 analog output pins. Addi-
tionally, the microcontroller has 3 serial peripheral interface (SPI) ports. Together
with additional electronic components for example for voltage transformation,
pin connections, or digital-to-analog conversion, it is mounted on a home-made
printed circuit board (PCB).

The microcontroller serves as master for the compact 3D laser printer and as
interface to a lab computer. The latter is connected via USB to transmit print
job files and additional commands prior to printing, to monitor the printing
process, and to provide electrical power for the Teensy 4.1. On the output side,
the microcontroller is connected to the digital MEMS driver and the laser diode
driver completing the simple version of the control unit. A photograph of the
components with a metric ruler to better assess the sizes of the components is
shown in Figure 4.10.

The common workflow in 3D laser printing was discussed in section 2.2. Most of
it is mimicked and optimized for the operation on a microcontroller in a powerful
code which is in-house developed and predominantly written by Michael Hippe.
Early stages of the code were written by Andreas Naber during the Bachelor thesis
of Philipp Ohl. Here, the proof of principle of controlling the MEMS scanner via
a microcontroller has been demonstrated. A flowchart of the connections and
conversions in the final setup is shown in Figure 4.11. The starting point builds a
job file containing all points of the trajectories to be printed with four values each:
x-, Y-, z-coordinate, and the desired laser power at this point. This structure is
common for other home-made 3D laser printers and ensures good compatibility
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Figure 4.10: Photograph of the compact control unit of the shoe-box-sized 3D laser
printer. The Teensy 4.1 microcontroller is the core of the control unit. It is mounted
on a home-built printed circuit board (PCB) and is connected to the PC via USB
for data transfer, to the MEMS driver, and to the laser diode driver. The digital
output values for both MEMS scanner and laser diode are converted into analog
voltages via digital-to-analog converters (DAC). One of them is included in the digital
MEMS driver. Thus, it converts the digital input of the microcontroller into the high
voltage signal for the four channels of the MEMS scanner for 2D beam steering. It is
directly connected to the TINY20.4 package of the MEMS scanner. The second DAC
is mounted on the PCB and applies its analog output signal to the pin connector on
the bottom right of the PCB. The corresponding pin is connected to the modulation
input of the laser diode driver. The latter is connected to the laser diode and converts
the input modulation voltage to the corresponding drive current for the laser diode
for optical power modulation. Adapted from [131].

of job files. The coordinates correlate with the desired position of the laser focus
in the focal plane. Already small and simple structures can easily get to thousands
of these points for smooth trajectories.

Additionally, the job file contains header lines where printing parameters like
print speed or laser power —in case of not being defined in the points directly — are
given. Therefore, the microcontroller program not only comprises the conversion
calculations for the data points but also lots of additional commands and preset
parameters for controlling the components of the 3D laser printer off the print.
Examples are the update rate of the system, the conversion factors from positions
in the job file to tilt angles of the MEMS scanner, the default excitation power if
none is explicitly set in the job file, or other default values like the filter clock
frequency of the digital MEMS driver.

The job file is transferred from a computer to the microcontroller via USB.
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Figure 4.11: Flowchart of the control unit. Red arrows indicate digital data trans-
fer, while green arrows indicate analog data transfer. The home-made printed
circuit board (PCB) is indicated by the gray rectangle to show which components
it comprises. The conversions performed by the different components are written
underneath.

Here, we use a small MATLAB script on the lab computer. The Teensy 4.1 directly
interpolates the points to connecting lines and converts them into digital values for
the MEMS driver, accounting for the defined print speed. These converted values
are buffered in the on-board memory of the microcontroller. To enable larger
structures, hence, more data points, two additional 8 MByte dynamic random-
access memory modules are soldered to the microcontroller. All together they
allow for more than 600000 points, i.e. lines with values for the three dimensions
and the laser power. The pre-loaded print job can be started by sending 'run’ as a
text command to the microcontroller.

From this stage, printing runs in principle autonomously controlled by the
microcontroller and certain feedback is returned to the computer for monitoring.
One of which is important if not only a flat 2D structure like line gratings is to be
printed but a real 3D structure. After a single layer is printed, the microcontroller
returns a command to signal the end of the layer. This command is important
for the change in z-position by the objective lens mounted on the small piezo
stage. Until now, the control of the piezo stage is not implemented into the
microcontroller code. Still, we already checked the feasibility of an implementation
to the microcontroller and did several arrangements for the implementation. There
is an option for a small PCB-controller of the stage. The required inputs can be
generated by the microcontroller together with small additional electronics like
voltage transformations. These electronics would be similar to what is already
done on the home-made PCB for the laser diode driver and the digital MEMS
driver. Also, the capacity of the Teensy 4.1 processor allows for the control. Until
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then, the small MATLAB program on the lab computer supersedes the control of
the piezo stage.

However, within a layer and when printing only single layer structures, the
microcontroller controls the entire printing process. For that, the position values
are transferred to the digital MEMS driver via SPI. In more detail, the xy-position
output to the MEMS driver comprises four digital values each to address all four
channels of the the bias-differential quad-channel technology of the MEMS scanner
(X+, X-, Y+, and Y-). These values are further converted into output voltages in the
range of 0 — 180V by the DAC on the digital MEMS driver. The output voltages
in turn are transferred to the MEMS scanner. Applied to the actuators, the output
voltages lead to the desired tilt of the mirror. Thus, the position coordinates in
the job file have to be converted into the respective tilt of the MEMS scanner via
different intermediate steps which is all performed by the microcontroller in an
open-loop control.

Simultaneously, the corresponding laser power of the current position needs
to be sent to the laser diode. Here, another digital value is sent via a second SPI
connection to a separate DAC on the home-made PCB. A digital output is used
instead of an analog output of the microcontroller, because the analog outputs
work on the pulse-width modulation principle. This could lead to undesired
fluctuations of the laser power. The DAC in turn converts the digital output into a
stable output voltage and applies it to the pin connector on the bottom right of
the PCB.

The respective pin is connected to the modulation input on the laser diode
driver (PD-01359, Lasertack GmbH). It converts the input modulation voltage
to current for driving the laser diode. The output is directly connected to the
laser diode. To enable this conversion, the driver requires a 9V power supply
and grounding. Both is provided by the microcontroller and accessed from other
pins of the pin connector. The 9V potential is transformed from the 3.3 V internal
potential of the Teensy 4.1 on the home-made PCB. We want to emphasize that
with that, both the high voltage output for the MEMS scanner and the laser diode
is fully powered by the 5V USB connection of the microcontroller. This also gives
evidence about the low power consumption of the shoe-box-sized 3D laser printer.

4.3 PERFORMANCE TESTS

The compact and optimized design of both the optical setup and the control
unit is a great achievement yet worthless depending on the performance of the
system as a 3D laser printer. To evaluate the printing performance, we print
different three-dimensional structures with special demands on the printer. Two
challenging structures which are regularly used for performance evaluation are
a chiral mechanical metamaterial unit cell [166] and the #3DBenchy [167]. The
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Figure 4.12: Scanning electron micrographs of two selected challenging 3D struc-
tures printed after system optimization. a One unit cell of a chiral mechanical
metamaterial [166] with a dimension of 16 x 16 x 16 um3. b The #3DBenchy struc-
ture [167] with a dimension of 15 x 8 x 12um?. Both structures are printed with a
focus speed of 1 mms~! while employing a hatching and slicing distance of 50 nm
and 100nm, respectively. The laser power is set to 700 uW for the metamaterial
structure and 400 uW for the #3DBenchy as measured at the entrance pupil of the
objective lens. Adapted from [131].

metamaterial unit cell has a very fragile architecture resulting in an extremely
small filling fraction. We use a common dimension of the unit cell of 16 x 16 x
16 um? [31]. In contrast, the #3DBenchy comprises a bulky hull with a very high
filling fraction and additional fine features like the cabin. The dimensions of
the #3DBenchy number 15 x 8 x 12 ym?®. For maximum comparability, the same
resist system as used in previous work [31] is employed comprising benzil as a
photoinitiator with BTPOS as a quencher mixed in TMPTA as the monomer [131].

Scanning electron micrographs of the printed structures with the optimized
system are shown in Figure 4.12. They show comparable quality to the structures
printed with the highly optimized setup in Ref. [31], evidencing an overall good
performance of the shoe-box-sized 3D laser printer. All fine features are nicely
resolved. Further, only a minor proximity effect can be observed at the roof of the
#3DBenchy although high filling fractions are challenging for two-step 3D laser
printing in general [31]. However, there are many parameters highly affecting the
quality of the structures as explained in the following.

4.3.1 Influence of Spatial Filtering

The spatial filtering and its influence on the beam quality was discussed in subsec-
tion 4.1.1. In a set of experiments, its impact on the print quality is investigated. In
case of no spatial filtering, i.e. no pinhole or one where the diameter is too large,
we expect the elliptical beam shape to translate into an elliptical lateral profile of
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Figure 4.13: Scanning electron micrographs of two starlike structures printed with
(a) and without (b) pinhole. The structure composes out of 8 simple lines rotated
by an angle of 22.5deg about their center. The absolute thickness of the lines is
majorly influenced by the different laser power of 215uW (a) and 270 uW (b) used
for printing. The linewidths are deduced with the open-source image processing
software Fiji. a The linewidth is independent on the scanning direction showing the
quality of the spatial filtering of the elliptical output beam from the laser diode by the
5 num-diameter pinhole. b A clear angular dependency of the linewidth is observable.
The smallest line thickness of 123 nm along the bisectrix of the third quadrant infers
the semi-major-axis direction of the elliptical beam. Adapted from [131].

the focus in the print plane. Since the laser diode is freely rotatable when mount-
ing it into the holder, it is not guaranteed that the semi-minor and semi-major
axes match the x- and y-axes of the print plane. Therefore, we consider printing
a starlike structure as a suitable test. It is a single-layer structure composed of
8 simple lines each rotated by an angle of 22.5° about their center. Figure 4.13
shows scanning electron micrographs of the resulting structures with and without
a 5 pm-diameter pinhole.

The absolute thickness of the lines is predominantly defined by the used laser
power as discussed with the threshold model in section 2.5. However, it is visible
that the widths of the lines vary significantly with the angle when printing
without a pinhole, while they remain constant with the 5 pm-diameter pinhole.
The corresponding linewidths are derived by the open-source image processing
software Fiji by plotting the brightness profiles perpendicular to each printed line.
The resulting thicknesses in pixels are then converted using the pixel size of the
images as given by the scanning electron micrographs. The measurements with
no pinhole in the optical beam path suggest that the direction of the semi-major
axis of the elliptical beam roughly matches the bisectrix of the third quadrant (see
Figure 4.13).

In conclusion, the spatial filtering using a 5pum pinhole does influence the
printed lines. When removing the pinhole from the beam path, the line thickness
varies by about a third from the thickest to the thinnest line. However, in ordinary
3D laser printing, no free-form trajectories with changing print direction are
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printed but the print direction remains the same throughout the print. Therefore,
printing without a pinhole should work for most of the common applications,
albeit spatial filtering will be useful for delicate structures.

4.3.2 Run-up Printing Strategy

As mentioned in subsection 4.1.3, the MEMS mirror can scan at very high speeds.
However, it is important to employ a so-called run-up printing strategy. The
run-up is necessary due to the inertia of the mirror. Assuming no run-up, this
would result in a higher dose deposited at the starting point of each line since the
laser is turned on but the mirror is still at zero velocity just starting to accelerate.
This effect is most obvious when printing one layer of nicely seperated single
lines without run-up (see panel a of Figure 4.14). Here, the direction of printing is
alternated starting from right to left in the lowest row. The printed lines exhibit a
blob-like structure at the ends where printing started. A run-up distance of 4 pm
before turning on the laser is found experimentally to be sufficient when printing
at 1mms~!. Here, no difference can be seen anymore in the print results. Printing
at smaller speeds of course requires smaller run-up distances.

4.3.3 Setting the Filter Clock Frequency

Setting the right filter clock frequency on the digital MEMS driver is at least
of same importance than the run-up for good printing quality. The filter clock
frequency defines the cut-off frequency of the filter used to prevent the mirror
from running at too high frequencies. The latter would lead to a damage of the
scanner. We find that when setting the filter clock frequency to the suggested
default value of 60 kHz a shift of different layers remains even after optimizing
the run-up distance. Panel b of Figure 4.14 shows top-view scanning electron
micrographs of two #3DBenchy structures. The one on the left is the top-view of
a well-printed boat. In contrast, the one on the right exhibits four chimneys and
drains besides further downsides. The only difference for these two structures is
the setting of the filter clock frequency.

A detailed look with a digital oscilloscope unveils its strong influence. If the
value is small, a severe temporal delay between input and output signal of the
digital MEMS driver is observed. At the default filter clock frequency of 60 kHz,
the delay between the first input for a new position and a noticeable change of the
output voltage is about 0.6 ms. This results in a considerable shift of 600 nm at a
print speed of 1 mms~!. Going to the maximum value of 3 MHz for the filter clock
frequency, the delay gets vanishingly small. However, the voltage channels already
show hints of a step-like behavior. This again is undesired for smooth printing
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Figure 4.14: Scanning electron micrographs of different test prints showing the
importance of different settings to the print quality. a A single-layer line grating
with 200 nm grating constant shows the influence of a run-up distance. The mean-
dering printing strategy (lowest row from right to left) nicely shows the thickening
of the line ends where printing started. b Comparison of a well-printed #3DBenchy
(left) and one, where the filter clock frequency is set to a too low value (right).
Neighboring layers are always rotated by 90° with respect to each other. The small
filter clock frequency delays the output of the digital MEMS driver to the MEMS
scanner. Therefore, it seems like four #3DBenchy boats are printed in one another.
¢ A metamaterial unit cell is printed with an extemporary, thus instable, holder
for the objective lens. The curvy structure shows the vibrations during the print
originating from a colleague mounting components at a different setup on the same
optical table. d A metamaterial unit cell printed with a wrong collimation of the laser
beam at the entrance pupil of the objective lens prior to final alignment of the 3D
laser printer. As a result, the focus gets elongated which is visible from the thickened
top of the structure.

with a constant velocity. Additionally, such high frequencies could damage the
MEMS scanner especially on the turning point between two print trajectories. An
intermediate filter clock frequency of 500 kHz seems to be a good compromise
with a delay of around 100 ps. The corresponding oscillograms are shown in
Appendix A.
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4.3.4 External Vibrations and Damping

An intermediate version of the shoe-box-sized 3D laser printer contained an
extemporary holder for the small piezo stage. It was 3D printed with a filament
3D printer and not optimized for stability. Print results with this component
nicely show the influence of vibrations to the 3D printing quality. Panel c of
Figure 4.14 shows a metamaterial structure printed in this configuration. A
normal lab situation is present during printing: The setup is placed on a standard
optical table with passive damping. Coworkers are working simultaneously at
a different part of the same optical table mounting components and alike. The
resulting curvy structure shows that vibrations obviously heavily influence the
quality of printing. However, employing the final holder out of aluminum with a
more solid base and a transverse structure solves this issues as the print results
in Figure 4.12 under otherwise similar conditions proof. Due to its compact size,
the shoe-box-sized 3D laser printer could additionally be mounted on an active
vibration isolation system for further vibration reduction if necessary.

4.3.5 Beam Collimation at the Entrance Pupil

As discussed in subsection 4.1.4, the collimation of the beam at the entrance pupil
of the microscope objective lens influences the quality of the focus. In particular,
obtaining a good axial resolution is demanding [36]. Since the shoe-box-sized 3D
laser printer does not include a focus measurement routine, the collimation is
adjusted with a wavefront sensor. Here, the wavefront is measured and described
by the Zernike polynomials. The Zernike mode 5 displays the defocus of the beam.
Hence, its value is minimized for optimal collimation. Panel d of Figure 4.14
shows a metamaterial structure printed in this configuration. Especially the top
circular part of the unit cell shows elongation along the z-direction.

Experimental investigations show that a perfectly collimated beam as optimized
with the wavefront sensor does not necessarily lead to the best point spread
function as measured in the mentioned highly-engineered laser printing setup.
Therfore, we optimize the collimation with the described gold-bead-scanning
method employing the other setup and measure the resulting Zernike mode 5
at the entrance pupil of the objective lens. A Zernike mode 5 of 2.1 is obtained.
Hence, the scan and tube lens of the shoe-box-sized 3D laser printer are adjusted
using the wavefront sensor to result in the acquired Zernike mode 5 of 2.1 as
measured at the entrance pupil of the objective lens. This step significantly
improves the printing quality.
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Figure 4.15: Scanning electron micrographs of a metamaterial unit cell (a) and a
#3DBenchy (b) printed with the NA = 1.25 Motic objective lens. As expected, the
axial definition of the print results is slightly worse compared to the results presented
in Figure 4.12 as visible with the thickened upper part of the metamaterial structure.
Still, the structures are reasonably well defined. Especially, since the dimensions of
these two test structures are at the lowest end what is printed in 3D laser printing.
Most common structures do not include such fine features, thus being more forgiving
for the enlarged voxel. Adapted from [131].

4.3.6 Motic Objective Lens

So far, all presented experiments are performed employing the Leica NA 1.4
objective lens. In subsection 4.1.4, we further present a much less expensive
objective lens with a slightly smaller numerical aperture of NA = 1.25. The
performance is reviewed by printing the same two 3D test structures at the same
print speed. Again, the laser power is optimized for the best print result. Scanning
electron micrographs of the resulting metamaterial unit cell and #3DBenchy are
shown in Figure 4.15.

As to be expected, the axial definition of the printed structures is worse than
with the high-NA Leica objective lens. Hence, the upper part of the metamaterial
structure looks similar to the result obtained with the wrong collimation instead.
While the low-NA lens might not be suitable for delicate high-resolution 3D
structures, it is still perfectly employable for 3D laser printing of larger structures
as known for other low-NA objective lenses. We do not see any real disadvantage
just because of its low cost.

4.4 RESOLUTION OF THE SHOE-BOX-SIZED PRINTER

Besides the general performance tests, we thoroughly investigate the resolution of
the shoe-box-sized 3D laser printer. Common structures for identifying the 2D
and 3D resolution in 3D laser printing are line gratings and woodpile photonic
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a=100nmI

Figure 4.16: Scanning electron micrographs of 2D line gratings with varying grating
constant. 2D line gratings with a side length of 10 pm are printed with varying
grating constant to define the lateral resolution of the shoe-box-sized 3D laser printer
according to the Sparrow criterion (see section 2.7). The insets are a zoom-in to
better show the single lines with a line width of around 60nm. The lines are still
nicely separated for a grating constant of 2 = 200nm (a) and a = 150nm (b). In
case of 2 = 100nm grating constant (c), the single lines are not really separated
anymore but still distinguishable from each other by a darker line in between. Thus,
a local minimum is still preserved meeting the requirements of the Sparrow criterion.
Adapted from [131].

crystals, respectively [13, 66]. As mentioned in section 2.7, resolution must not be
confused with the minimal achievable line width. Instead, it is about how close

two lines can be printed next to each other while they remain distinguishable [13,
168].

For optimal comparability of the shoe-box-sized 3D laser printer with the
highly-engineered printer [31], we employ the same conditions. Therefore, the
Leica NA 1.4 objective lens is used. Further, the print parameters like size of
the structures as well as the print speed of 0.lmms~! is chosen accordingly.
Additionally, the same resist and evaluation procedure is employed.

Therefore, we analyze the 2D resolution of our compact printer by printing line
gratings with 10 pm side length and a varying grating constant. Scanning electron
micrographs of the resulting structures are shown in Figure 4.16. They infer
achievable line widths of 60 nm and below. At the same time, a lateral resolution
below 150 nm can be deduced from the insets of the particular panels. In panel
a and b, the lines are still well separated at a grating constant of 2 = 200nm
and a = 150 nm, respectively. Only at a grating constant of 2 = 100 nm, the lines
start to merge being not perfectly separated anymore (see panel c¢). Thus, the
lateral resolution is found at around 100 nm according to the Sparrow criterion
as discussed in section 2.7, or around 150 nm in case the criterion is a perfect
separation of the lines.
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Figure 4.17: Scanning electron micrographs of printed 3D woodpile photonic
crystals with 24 layers. a A woodpile with a side length of 10 pm and a rod spacing
or grating constant of 500nm. b A woodpile with a side length of 20 um and a rod
spacing or grating constant of 300 nm. The zoom-ins on the upper right, respectively,
nicely show the separation of the lines. In addition, the half-pitch shift of subjacent
next-nearest layers is observable. The zoom-ins on the lower right, respectively, show
the side of the structure under an angle of 60°. Here, the good separation of the lines
in axial direction is visible. Further, the lateral and axial voxel size can be derived
from the images to best values of 80 nm and 275 nm, respectively. The scale bars in
the zoom-ins correspond to a distance of 200nm. Adapted from [131].

These results are in good agreement with our results obtained employing the
same objective lens in the highly-engineered but bulkier setup [31]. At the same
time it surpasses previously best results of 175nm achieved by STED-inspired
two-photon 3D laser printing at a fundamental wavelength of around 800 nm [13]
and matches other best results of 110 nm obtained by two-photon absorption using
the same fundamental wavelength of 405nm as used here [12]. It even perfectly
fits to the theroretically calculated value in section 2.7 of 102 nm.

The axial resolution is determined by printing 3D woodpile photonic crystals.
Woodpile photonic crystals are a stack of line gratings. Here, neighboring layers
are rotated by 90° while next-nearest neighbors are additionally shifted by half
the grating constant of the underlaying line grating [169]. Scanning electron
micrographs of a woodpile structure with 24 layers, a side length of 10 um, and
a rod spacing or grating constant of 500 nm is shown in panel a of Figure 4.17.
A second woodpile structure with 24 layers, a side length of 20 pm, and a rod
spacing or grating constant of 300 nm is shown in panel b of Figure 4.17. The
zoom-ins on the respective upper right nicely show the well separated lines even
revealing the half-pitch shift of subjacent next-nearest layers.

The oblique-view scanning electron micrographs on the respective bottom right
show the separation of the lines in z-direction. Further, it allows to deduce the
lateral and axial voxel size. Values of 80 nm and 275 nm are achieved, respectively,
taking the best results achieved in panel b. Once more, the resulting numbers
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match the previous results with the highly-engineered yet bulkier setup. In
addition, the resulting spatial resolution matches again to the results obtained
by STED-inspired two-photon 3D laser printing at a fundamental wavelength
of around 800nm [13] and the ones by two-photon absorption using the same
fundamental wavelength of 405 nm [12].

4.5 DiscussioN AND OUTLOOK

In summary, the goal to confine a fully functional, low-cost, high-resolution 3D
laser printer in the size of a shoe box is achieved. Two-step absorption as an
alternative excitation mechanism fundamentally enables the drastic size-reduction
of the optical setup and is deployed in our printer. Further, a miniaturized and
powerful but low-power control unit is designed and successfully implemented.
This opens the path for a final compact and stand-alone device.

Additionally, a drastic reduction of the cost is obtained. Here, only crucial
elements are employed. Alignment tools like accessory mirrors or adjustable
holders are evaded where possible coming along with a challenging alignment.
At the same time, less expensive alternatives like plastic lenses and a home-made
coarse translation stage are implemented where possible. Extra components for
improved beam quality like lens groups instead of single lenses for the scan and
tube lens are avoided at first and performance in this minimized configuration is
investigated.

The performance is approved by two demanding three-dimensional structures.
Further, the resolution of the system is analyzed. A lateral and axial resolution of
below 150 nm and 400 nm is achieved, respectively, matching previously obtained
results. Therefore, the beam quality seems adequate and no further components
for beam optimization are necessary.

An inexpensive microscope objective lens with a slightly smaller numerical
aperture is tested. As expected, it results in an elongated voxel for printing
otherwise showing good performance. Taking this lens, the total costs of the
compact 3D laser printer are estimated to about five thousand Euros.

Obvious next steps for the shoe-box-sized 3D laser printer are the final micro-
controller implementation of the piezo stage for the movement in z-direction. In
addition, the device can be battery-powered and data transfer can be changed to
SD card for further autonomization. The implementation of a focus measurement
routine is not crucial but would certainly improve the convenience of the alignment
procedure when setting up the device. In addition, a 3D laser printed objective
lens could be customized for the setup and further reduce the cost following the
ongoing research on 3D laser printing compact multi-lens systems [170-174].

Up to now, two-step absorption is still stunted in increasing usage due to the
limited speed and its accumulation problems connected to the non-inert intermedi-
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ate state of current photoinitiators as discussed in section 3.5. Thus, more research
on photoinitiators, quenchers, and scavengers is highly desired. Furthermore, the
influence of oxygen to the two-step mechanism could be investigated by using the
compact printer in a flow-box under nitrogen atmosphere. So far, experiments
on oxygen influence always suffered from unknown remaining oxygen during
the experiments under atmospheric conditions. Therefore, our shoe-box-sized
low-cost 3D laser printer could help pushing the very recent field of two-step
absorption and in general democratizing 3D laser printing in our view.
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NOVEL MATERIAL






Chapter 5

MERGING ADDITIVE AND
SUBTRACTIVE MANUFACTURING

Artistic illustration of merging writing and erasing in a single tool.

Two-photon absorption employed in 3D laser printing is a powerful tool for additive
manufacturing on the micro- and nanoscale. In this chapter, I will present our work on
implementing two-photon absorption for subtractive manufacturing. Even further, our

novel material acts as a single tool for additive and subtractive 3D laser manufacturing at
the same time.
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5.1 INTRODUCTION

A lot of simple pencils have a rubber on their end. What does not look special at a
first view is very advantageous at the second: it enables both writing and erasing
merged in a single tool. In terms of manufacturing, writing and erasing translates
to additive and subtractive manufacturing, respectively. Nowadays, there are lots
of tools for additive and subtractive manufacturing for different dimensions and
materials [175-177]. Light is one of them, being employed in various devices.
However, light is a tool that typically only allows for either addition or subtraction
in a specific application.

One of these applications is 3D laser printing [7, 178, 179]. So far, the high
spatial confinement of two-photon absorption has been exploited for the creation
of structures in various fields [4]. Though, there is an ongoing demand to partially
or fully erase features of the printed structures on demand [94]. New material
systems have been developed employing high-resolution printing via two-photon
absorption which can be erased on demand under specific conditions through
network cleavage [180, 181]. However, the reported material systems rely on a
chemical selectivity and do not allow for spatial confinement of the cleaving.

On the other hand, highly focused light has been exploited for subtractive
manufacturing in multiphoton ablation processes [17, 182, 183]. Here, a high-
power laser is focused onto the sample similar to 3D laser printing. However, there
is no chemical reaction triggered. Instead the material heats up and vaporizes [184]
resulting in a chemically undefined process [180]. This leads to rather rough and
irregular structures on the microscale (see Figure 5.5). Thus, we introduce a new
monomer system enabling both high-resolution additive and spatially selective
subtractive manufacturing exploiting two-photon absorption.

5.1.1 The o-Nitrobenzyl System

Similar to most monomers used in 3D laser printing (see section 2.3), our newly
designed monomer contains acrylate groups for crosslinking, i.e. the additive part.
As a photocleavable linker, thus the subtractive part, the well-known photolabile
o-nitrobenzyl ether (ONB) motif is chosen. The latter is able to cleave under UV
irradiation. It undergoes a Norrish Type II reaction resulting in a photoisomeriza-
tion. Therefore, the ONB motif is frequently used in polymer science [185-192].
However, it has not been used in a photoresist system before.

The monomer was synthesized in a three-step procedure by Rhiannon Batchelor.
The chemical structural formula of the final o-nitrobenzyl (ONB) containing
diacrylate and its residues after cleavage are shown in Figure 5.1 together with its
absorption spectrum.
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Figure 5.1: Structural formulas and absorption spectra of the employed molecules.
a The synthesized monomer containing two acrylate groups as reactive units (red
circles) and the well known ONB motif for cleaving (yellow circle). b The residues
after cleavage with the opened part of the molecule encircled in blue. ¢ The used
photoinitiator Ivocerin. d Normalized one-photon absorption spectra of the monomer
(yellow curve) and Ivocerin (green curve). The red-shifted absorption of Ivocerin
enables 3D laser printing without triggering the cleavage reaction at the same time.
The two arrows indicate the corresponding two-photon wavelength employed for
writing (900 nm) and cleaving (700 nm). Adapted from Ref. [193].

5.2 WRITING — THE ADDITIVE PART

Having acrylate groups incorporated for crosslinking, the monomer is suitable
for both two-photon and two-step 3D laser printing in principle. However, the
405 nm irradiation would already trigger the bond cleavage of the ONB motif, as
it takes place after one-photon absorption at around 300 — 400 nm typically [192].
Therefore, a two-photon photoinitiator is needed with a one-photon absorption
exceeding 400 nm — corresponding to a two-photon absorption above 800 nm — to
prevent photocleavage during the writing process. The germane-based radical
initiator Ivocerin is selected as it has been used as a visible light initiator at 408 nm
wavelength for dental applications [194]. The absorption spectrum of Ivocerin is
also shown in Figure 5.1.

Usually, the amount of photoinitiator is pushed close to saturation in the liquid
monomer for most efficient 3D laser printing. Here, the diacrylate ONB monomer
is solid. Thus an additional solvent is used for a final liquid photoresist. Different
solvents are tested and dimethylformamide (DMF) is found to be most suitable.
It combines a high boiling point of 153 °C with a good solubility for both solid
components. As discussed in subsection 2.3.3, a minimal amount of solvent
with a high boiling point is desired because of otherwise increased chances for
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micro-explosions. Our final resist comprises 30 mg monomer and 1.5 mg Ivocerin
dissolved in 30 uL DMFE.

For printing, a home-built two-photon 3D laser printer is employed. It was
originally built by Joachim Fischer and used in various work of our group with
detailed descriptions in Ref. [14, 15, 97, 195, 196]. The setup follows the structure
of a common 3D laser printing setup as explained in section 2.1.

It is based on a femtosecond-pulsed Ti:Sapphire oscillator (Chameleon Ultra
II, Coherent). The main advantage of Ti:Sapphire oscillators is their potential to
tune the wavelength from 680 nm to 1080 nm. The tuneable wavelength is crucial
for our work as a separate wavelength for writing and erasing is elementary.
The power modulation is performed by an acousto-optic modulator (MTS40-A3-
750.850, AA Opto Electronic). The beam is expanded to match the width of the
back aperture of the objective lens (HCX PL APO 100 x /1.4 — 0.7 OIL CS, Leica).

Scanning in x- and y-direction is realized by a 2D piezo stage (P-734.2CD,
Physik Instrumente) with a scan range of 100 x 100 um?. The stage is mounted on a
motorized stage (P-M-686, Physik Instrumente) for coarse movement. For scanning
in z-direction, the objective lens is mounted onto a vertical linear piezo stage (P-
733.ZCL, Physik Instrumente) with a range of 100 um. Additional components for
power measurement, focus measurement, interface search, and monitoring are
employed.

In a first step, the adequate wavelength for 3D laser printing needs to be de-
termined. It should efficiently excite the photoinitiator to trigger the radical
polymerization reaction without degrading the photolabile ONB group. Thus,
simple line structures are printed at different wavelengths of the laser. Since
Ivocerin has not been used for two-photon 3D laser printing before, these prelim-
inary experiments employ the well established PETA as a monomer instead of
our resist containing ONB diacrylate. The wavelength is swept from 800 nm (to
be above the corresponding 400 nm where one-photon degradation would start)
to 900nm where the optical output power of the laser drops and some of the
optics in the beam path should be replaced by those with different coatings. All
structures are developed for 5min in dimethyl sulfoxide (DMSO), acetone, and
water consecutively.

The best results with the PETA resist are obtained at a center wavelength of
900nm and a print speed of 0.1 mms~!. Therefore, the same line patterns are
printed at a wavelength of 900 nm using our ONB-containing resist. The threshold
for printing is around 6 — 7mW under these conditions and best results are
achieved at 8mW. Further, optimum writing conditions are found by preheating
the sample on a hotplate at 40 °C for 10 min prior to printing. A second cover
slip is placed on top of the substrate with a spacer to prevent evaporation of
DMF throughout printing, thereby preserving the composition of the resist. These
writing parameters are employed for all printing experiments.

To further verify the printing capability of the resist, simple 3D structures are
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Figure 5.2: Scanning electron micrographs of 3D printed samples with the ONB-
containing resist. a A simple block with a dimension of 15 x 15 x 5um?>. These
cuboids are later used for 3D laser cleaving. b Three bridges with varying amount
of bridge segments. All bridges have a height of 8 um and one of the segments has
a length of 15um. The bridges show that overhanging structures are feasible with
our resist system. Hatching and slicing for all 3D structures are set to 200nm and
300 nm, respectively.

printed. Scanning electron micrographs of a simple block and plain bridges are
shown in Figure 5.2. The cuboids have a side length of 15 um and a height of 5 pm.
A hatching and slicing distance of 200 nm and 300 nm is employed, respectively.
The bridges have a height of 8um and a length of 15 um per segment using the
same hatching and slicing. The results show good 3D laser printability of the
ONB-containing resist at 900 nm wavelength.

5.3 ERASING — THE SUBTRACTIVE PART

Aside from printability, also the photodegradation of our monomer has to be
shown. Thus, different experiments are conducted specifically to prove the mech-
anism to be photoinduced rather than thermally activated. The cleaving experi-
ments comprise one-photon irradiation of both the pure resist and 3D laser printed
microstructures as well as the desired two-photon induced cleaving.

5.3.1 One-Photon Cleaving

First, experiments on the non-crosslinked monomer are performed. Here, 7mg
ONB monomer is dissolved in 600 uL of deuterated chloroform (CDCL;). In a
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Figure 5.3: "H NMR spectrum analysis on one-photon degradation tests employing
unpolymerized ONB monomer. a Wavelength dependence of the degradation
process. Highest degradation is yielded under illumination with a 365nm LED.
A red-shifted illumination drastically reduces the conversion of ONB monomer.
b Exemplary temporal evolution of the measured 'H NMR spectrum. Here, the
sample is exposed with 365 nm wavelength light. Yellow areas mark characteristic
resonances for the ONB monomer, blue areas for the residues. The decreasing signals
especially for the a-proton and methyl protons resonances at 6.55 ppm and 1.68 ppm,
respectively, are clearly visible. Together with the emerging methyl ketone resonance
at 2.94 ppm this proofs the conversion of the ONB-containing monomer. Adapted
from Ref. [193].

photoreactor, the solution is placed in a nuclear magnetic resonance (NMR) tube at
a 5 cm distance of an LED. Different LEDs are employed to investigate the influence
of the wavelength on the cleaving process. Three different wavelengths are tested:
365nm (Nichia NVSU233B SMD-LED UV) with an intensity of 10.2mW cm ™2,
385nm (Avonec high powered LEDS) with an intensity of 5.02mW cm~2, and
410nm (Avonec high powered LEDS) with an intensity of 10.1 mW cm 2,

The samples are irradiated for specific time intervals and analyzed each by
measuring the "H NMR spectrum. Panel a of Figure 5.3 shows the wavelength
dependence of the light-induced degradation. The values of photocleavage are
calculated from the "H NMR spectrum. The most rapid progress is found under
irradiation at 365 nm, where 75 % of the monomer has undergone cleavage after
30min. A red-shifted illumination causes a drastic decrease in conversion to only
25% or 22 % after 30 min under illumination at 385 nm and 410 nm, respectively.
Thus, shorter wavelengths are preferable for cleaving.

Panel b of Figure 5.3 shows one of the "H NMR time series under illumination
at 365 nm. Characteristic resonances for monitoring are the disappearing a-proton
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and methyl protons resonances at 6.55 ppm and 1.68 ppm, respectively, and the
emerging methyl ketone resonance at 2.94 ppm.

Further, the influence of crosslinking to the photodegradation is investigated.
Therefore, simple single-layer text structures are 3D laser printed at 900 nm wave-
length employing our ONB-resist as well as a control resist containing PETA as the
monomer and Ivocerin as the photoinitiator. Panel a of Figure 5.4 shows scanning
electron micrographs of the resulting text structures after development.

The microstructures are immersed in liquid by placing a droplet of DMSO
on top of the substrate and irradiated with light at 365 nm wavelength for four
hours. The reasons for applying a solvent on top of the structures is two-fold:
tirst, it helps dissipating the generated heat, and second, it dissolves the cleaved
chemical fragments. Routinely, the sample is washed and inspected by scanning
electron microscopy. The resulting structures are shown in panels b and ¢ of
Figure 5.4. While nothing changes for the control structure, first the thinning
and later disappearance of the text structure written with the ONB resist is clear
evidence of the photodegradation.

5.3.2 Two-Photon Cleaving

Finally, the two-photon induced photodegradation of the resist has to be verified.
The receptiveness of the ONB motif for two-photon absorption enabling precise
spatial degradation has been shown within hydrogels [197-199] but has not been
investigated in dense polymer networks. Therefore, we start our two-photon
cleaving experiments with simple 2D line structures printed at 900 nm wavelength.
The distance between two neighboring lines is chosen to be 5 um.

Subsequently, the laser is tuned to 700 nm wavelength and the same line pattern
is traced perpendicular to the written lines at a focus speed of 20pums~! and a
power of 10mW. The same experiment is conducted with the PETA control resist.
Scanning electron micrographs of the results are shown in panel a of Figure 5.5.
Noticeably, the surface of the cleaved segments is extremely smooth for the ONB-
containing resist, while for the control structure irreproducible and rough surfaces
result. We attribute the latter to ablation being the driving mechanism when
irradiating the PETA structures.

Furthermore, we exploit the 3D capability of the two-photon cleaving. We
start with printing 3D cuboids with a dimension of 15 x 15 x 5pm? at 900 nm
wavelength. After development and re-immersion in DMSO, different fine features
are removed from these structures in a second two-photon lithography step at
700nm wavelength. However, while erasing in the 2D experiments is readily
possible at low focus speeds and high power, it is not as straightforward for 3D
structures. A good cleaving strategy is crucial to not introduce too much heat to
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Figure 5.4: Scanning electron micrographs of 2D line and text structures irradiated
with 365nm light for cleaving. a 'ONB’ written as text and b lines with a grating
constant of 5 pm both printed with the ONB-containing monomer. ¢ 'PETA” written
as text and d lines with a grating constant of 5pm both printed with PETA as a
control experiment. Both samples are irradiated under the same conditions. The
left row shows the initial structures before exposure. The center and right row
show the structures after 90 min and 240 min, respectively. For the structures written
with our monomer, a clear degradation over time is visible due to the thinning of
the structures. The control with PETA does not show degradation under the same
conditions. Adapted from Ref. [193].

the system causing explosions, and at the same time to allow for good carting off
of the residues.

Therefore, different procedures are tested. The most effective strategy is found
to be repeatedly scanning of the structure to be cleaved in a layer-by-layer mode
starting at the outside wall of the printed cuboid. First, simple cylinders are
removed starting from the top surface (see top row of panel b in Figure 5.5). Again,
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Figure 5.5: Scanning electron micrographs of two-photon induced cleaving ex-
periments on structures written with the ONB-containing resist (top row) and a
PETA-based resist (bottom row) for comparison. Simple line structures (a) with a
line grating of 5um and blocks (b) are written with both resists at 900 nm wave-
length. a The same line pattern is scanned rotated by 90° with the laser tuned to
700 nm wavelength for erasing. While the cleaving is steady and smooth for the lines
written with our monomer, it is arbitrary and coarse for the PETA resist. b Small
cylinders are scanned at 700 nm wavelength into the pre-written cuboids. Again,
for the ONB-containing structure in the top row a smooth surface results, while
the cleaving experiment on the PETA-written cuboid yields to severe debris. The
results nicely show the difference between photodegradation in case of our resist
in comparison to heat induced ablation in case of the PETA resist. Adapted from
Ref. [193].

the same structure is scanned into a pre-written PETA cuboid for comparison (see
bottom row). Note that slightly higher power is needed in case of the PETA resist
for something to happen under otherwise identical conditions (14 — 20 mW), yet
immediately coming along with micro-explosions indicating a different reaction.
This translates again into rough surfaces and substantial debris in huge contrast
to the smooth surfaces gained by employing the ONB-containing resist.

To sound out the opportunities of our resist, more demanding structures are
tested. Here, delicate structures like channels with a diameter of only 1um in
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Figure 5.6: Collection of different structures cleaved inside cuboids. The cuboids
were written at 900 nm with a dimension of 15 x 15 x 5um?. Subsequently, a small
block with 3 x 3 x 3pum? (a), a 90° channel (b), and the numbers ‘123’ (c) are cleaved
inside at a wavelength of 700nm. Adapted from Ref. [193].

various configurations are erased from the cuboids. Further, text and numbers
are ‘written’ inside the structures. A collection of different structures two-photon
cleaved inside two-photon printed cuboids is shown in Figure 5.6. The top- and
oblique-view scanning electron micrographs prove that the outer structure remains
intact with the exit holes of the channels clearly visible.

In addition, the fluorescent property of the residual nitrosobenzyl derivatives is
exploited in a laser scanning microscope (Zeiss LSM 800) to visualize the surface
of the cleaved parts. Here, we employ illumination at 561 nm, and a detection
channel at 400 — 599 nm. To resolve the non-cleaved structure in the laser scanning
microscope, a fluorescent dye (Atto 647N, Merck) emitting in the red region is
mixed into the resist prior to printing following the concept of Frederik Mayer et
al. [200].

Both the laser scanning microscope z-cut as well as the 3D reconstruction enable
an inside-view of the structure. The fluorescence of the residue depicted in blue
nicely shows the surface of the smooth 90° channel in panel b. The strongly
reduced blue intensity in the center of the channel proves the channel to be fully
open. In addition, sub-micrometer features such as numbers are erased entirely
inside the block showing a fully intact block in the corresponding scanning electron
micrograph. Only the fluorescence measurement allows us to image the erased
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Figure 5.7: Scanning electron micro-
graph of a cleaved cuboid cut open
with two-photon cleaving. The
cuboid is printed and the 90° chan-
nel cleaved as usually. In addition,
the laser at 700nm wavelength is
employed to cut the structure open.
Here, the z-position of the focus
is chosen to hit the center of the
cuboid and a simple 2D plane is
scanned across the structure. The
result shows the fully open 90° chan-
nel.

parts.

Another option to look inside one of the blocks is to employ the two-photon
cleaving itself for cutting the block open. A scanning electron micrograph of one of
the attempts is shown in Figure 5.7. In addition to the laser scanning microscope
cut, it proves the channel to be open. However, a lamella-like structure remains
inside. The reason is a reduced slicing distance of 200nm during cleaving in
this specific experiment which is specially conducted to find the optimum slicing
distance. With that result, all other experiments use a slicing distance of 100 nm.
Still, cutting the structure open with two-photon cleaving is rather inconvenient
because gravity forces pull the upper part downwards and commonly both parts
remain stuck together.

5.4 A MULTIMATERIAL SYSTEM

Besides two-photon cleaving arbitrary 3D structures inside of pre-printed struc-
tures, another advantage lies in the utilization in a multimaterial system. Here,
we print an array of small patches with a dimension of 5 x 5um? employing
our ONB-containing resist at 900 nm wavelength in our home-built setup. These
serve as sacrificial support structures. After development, a commercial acrylic
photoresist (IP-L 780, Nanoscribe GmbH) is drop-casted. In a second 3D laser
printing step, wire bonds are anchored to the pedestals using a commercial 3D
laser printer (Photonic Professional GT, Nanoscribe GmbH) at 780 nm wavelength.
Covalent binding between remaining acrylate groups within both structures is
achieved, since the conversion of photocrosslinkable groups during printing is
never 100 %.

After subsequent development, the structures are prepared for cleaving as
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ONB Resist IP-L Resist Erasing in DMSO

900 nm 780 nm 700 nm

Figure 5.8: Scheme of the multimaterial capability of the ONB-containing resist in
a wire bond manufacturing example. The upper part shows the principle of printing
sacrificial structures with the cleavable resist, subsequent manufacturing of other
structures with a commercial resist and a commercial 3D laser printer, and finally
spatially controlled removal of parts of the structure. The lower part shows colored
scanning electron micrographs as a proof for realization of the concept. Adapted
from Ref. [193].

discussed in previous sections. In a next step, a specific wire bond is removed
from the substrate in the home-built setup. Here, the femtosecond laser is tuned to
700 nm wavelength and scanned across the sacrificial patch leading to cleavage. In
case both supporting patches are removed, the wire bond no longer attaches to the
substrate and gets washed away with the solvent. New patches and a new wire
bond could now be added. The full principle is depicted in Figure 5.8 together
with scanning electron micrographs of intermediate steps in the real experiment.
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5.5 DiscussioN AND OUTLOOK

Just as the simple pencil with a rubber end, introduced at the beginning of
this chapter, is a single tool for writing and erasing at the same time, a single
tool which allows for both 3D additive and subtractive manufacturing at high-
resolution triggered by light is realized. A novel monomer containing acrylate
groups and the known photolabile ONB motif is developed for the first time acting
as a positive tone photoresist at one wavelength and as a negative tone photoresist
at a second wavelength. Both manufacturing steps are spatially confined on a
sub-micron scale via two-photon absorption processes.

To demonstrate the selective cleaving, well-defined delicate structures are erased
from previously written microstructures out of the presented resist. Micro-
channels with 90° turns are fabricated being challenging for other manufacturing
techniques. Going beyond, even more demanding structures for common subtrac-
tive manufacturing processes like curved or zigzag channels are easily possible
with the developed system.

In addition, the capabilities of our ONB-containing resist system is proven
in the context of multimaterial systems. Due to the good compatibility with
common acrylate-based resists, it can be used as a cleavable support structure
or sacrificial layer. Experiments demonstrate the concept of selectively erasing
individual structures on demand, while other structures are preserved. In our
view this opens up so far unattainable possibilities, where damaged devices could
potentially be fixed instead of thrown away.

We need to emphasize that an access path is crucial to completely remove the
residues of the cleaving process. Furthermore, shrinkage occurs in proximity to
the erased structures. We attribute this to the fact that similar to the known dose
accumulation for 3D laser printing also 3D laser cleaving is triggered in the tails of
the laser focus to some extend. Having a close look at one of the tunnel exits in the
scanning electron micrographs, a cone shape can be observed as the superposition
of the single cone scanned in a circular shape.

Further searches for different monomers exploiting the same characteristics
could include different resulting physical properties such as stiffness or flexibility.
Finally, a perfect system would allow for a full reversibility of the writing and
cleaving process. Such a resist would certainly boost the field of applications of
3D laser printing and 3D laser cleaving.
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Chapter 6

405 nm 3D LASER PRINTING OF
HicH-RESOLUTION KINOFORM
LENSES

Grayscale image of the 3D laser printed kinoform.

In this chapter, I will demonstrate the capabilities of printing at 405 nm wavelength in
terms of resolution. As an example, the printing of high-resolution kinoform lenses is
discussed.
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6.1 MOTIVATION

The wavelength influence on the resolution of an optical system was outlined in
section 2.7. According to the Sparrow criterion (see Equation 2.3), which is usually
used as the resolution criterion in 3D laser printing, the lateral resolution scales
linearly with the wavelength and inversely with the numerical aperture of the used
lens. Thus, a fundamental improvement in lateral resolution can be achieved either
by reducing the employed wavelength or by increasing the numerical aperture.
This explains the drive in one-photon-based UV lithography to exploit ever shorter
wavelengths [84] to fulfill the famous law of Gordon Moore [201]. Nowadays,
even extreme ultraviolet lithography is used in semiconductor device fabrication
at wavelengths near 13.5nm [202], targeting 3 — 5nm nodes. The main drawback
of these short wavelengths is that most materials — including air — are highly
absorptive in this range [203]. Thus, no refractive optics like lenses can be used.

However, absorption already limits the use of lenses at wavelengths closer to the
visible range. As briefly mentioned in section 3.4, the absoption of most glasses
rapidly increases when going from the visible into the UV regime [105]. This sets
a lower boundary for the wavelength used in 3D laser printing of about 400 nm.
Therefore, highest resolution in 3D laser printing can be achieved exploiting a
laser at around 400 nm focused by a high-NA objective lens. As just discussed,
a wavelength reduction by a factor of two from the usually employed around
800 nm down to 400 nm directly correlates to an improvement of the 3D resolution
by a factor of two at no additional cost. However, 3D laser printing at 405nm is
only rarely applied until now [12, 89]. For most applications, highest resolution
is not necessary since the smallest features exceed the voxel size by far. Though,
some special applications depend on every bit of achievable resolution. Woodpile
photonic crystals for the low visible range as well as kinoform lenses are examples.

Kinoforms are a special variant of Fresnel zone plates (FZPs). Both are often
used in X-ray microscopy [204, 205]. The easiest version of a FZP is a binary FZP.
It comprises of concentric annuli which alternate between opaque zones and zones
that are fully transparent for the used light. Thus, they form a diffraction pattern
which is used to focus the light instead of utilizing a refractive optic. The focusing
efficiency of such binary FZPs is very limited though and only reaches around
10 % in the theoretical limit. This low focusing efficiency can be explained by the
fact that two rays within the same zone but at a different radial position get the
same optical pathlength deviation.

Therefore, the binary FZP can be improved by introducing a surface profile
to each zone. With that, the intra-periodic optical path-length difference can be
corrected for each of the zones yielding to a focussing efficiency of 100 % in the
theoretical lossless limit [206]. These specialized FZPs are called kinoforms [207,
208]. Usually, the correction exploits distinctive parabolic profiles within each
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Figure 6.1: Scheme of a kinoform.
The parabolic shape within each
zone is illustrated. The resolution
of the kinoform is mainly defined
by the outermost period A which
equals two outermost zone widths
Ar of the corresponding binary FZP.
Adapted from Ref. [90].

zone. The thickness t is calculated such that the optical path difference AP at the
maximum thickness amounts 277. A schematic of the kinoform structure is shown
in Figure 6.1.

The exact parameters of the kinoform directly translate into the focusing quality
of the lens. Important are the outermost zone width Ar, the absolute diameter
of the lens, and the total number of zones. The outermost zone width correlates
linearly to the focal spot size, meaning a reduction of the outermost zone width
by a factor of two results in a focal spot that is two times smaller, in theory. The
diameter of the lens and the total number of zones associate with the focal plane
intensity [206].

Hence, a small zone width, especially a small outermost zone width is highly
desirable. This leads to a complex 3D profile and high aspect ratios on a nanoscale
exacerbating the manufacturing of such lenses. Thus, they are usually manufac-
tured with electron beam lithography. Due to the utilization of electrons instead of
light, the diffraction limit is surpassing that of conventional light-based methods
like 3D laser printing. However, it comes at the cost of extremely small print
speeds in the range of pms~!, hence, high costs and a long waiting time for one
lens to be manufactured. Not to mention that an iterative optimization process for
the structure is inconceivable.

6.2 3D LASER PRINTING OF A KINOFORM

As an alternative to electron beam lithography, kinoforms can be manufactured by
3D laser printing [209]. Here, they employ a commercial Nanoscribe PPGTz2 printer
working at 780 nm wavelength for manufacturing. Given the limited resolution
of the commercial system at 780 nm wavelength, the minimum outermost period
they realize is 800 nm, which corresponds to an outermost zone width of 400 nm.
The diameter of the lens results in 32 pm.

However, the resolution of the kinoform can be improved by a factor of two
when reducing the outermost zone width by a factor of two. Therefore, we
employ excitation at a reduced wavelength of 405nm to print kinoforms. The
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Coverslip

bjective Lens
00x, NA 1.4

Figure 6.2: Scheme of the intricate writing configuration. The substrate comprising
a5 x 5 x 0.1 mm? silicon frame containing a 100 nm thick silicon nitride membrane
is glued on top of a standard glass coverslip with a thickness of 170 pm such that the
silicon nitride membrane faces the coverslip. Small stripes of aluminum foil serve
as spacers to prevent damage of the fragile membrane through contact. A high-NA
oil-immersion objective lens focuses the light pulses at a center wavelength of 405 nm
through the coverslip and the optically transparent membrane into the droplet of
liquid photoresist. Refractive-index matching for high focus quality is guaranteed by
immersion oil between the objective lens and the coverslip as well as between the
coverslip and the substrate. Adapted from Ref. [90].

change of wavelength comes along with a change of the photoresist composistion,
because common two-photon initiators work under one-photon absorption at this
wavelength. However, common monomers such as PETA can be directly excited by
two-photon absorption at 405 nm wavelength without the need for an additional
photoinitiator [12]. Thus, the monomer itself can trigger the radical chain-growth
reaction.

For fabrication, a home-built 3D laser printer is employed which allows for
two-photon excitation at 405 nm wavelength. The setup is the same setup as used
in chapter 4 for characterizing the objective lenses by a gold bead raster scanning
method and bases on the setup originating from Joachim Fischer in 2011 [163] with
additional modifications for accessing multiple wavelengths. In our application,
a femtosecond-pulsed Ti:sapphire laser (MaiTai HP, SpectraPhysics) tuned to
810nm wavelength is frequency doubled in a SHG crystal to a center wavelength
of 405 nm. An acousto-optic modulator is used for power modulation. The laser is
tightly focused by a 100 x / NA 1.4 oil immersion microscope objective lens (HCX
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6.2 3D LASER PRINTING OF A KINOFORM

Figure 6.3: Scanning electron micrographs of a fabricated kinoform. a Top-view of
the full kinoform with a diameter of 40 pm. b Oblique view of its first inner ridges in
more detail. For scanning electron microscope investigation, the kinoform is printed
directly on a glass coverslip instead of the silicon nitrid membrane. All other printing
parameters remain the same. Adapted from Ref. [90].

PL APO 100 x /1.4 — 0.7 Oil CS, Leica, 230 pm free working distance). As scan
unit, a three-dimensional piezoelectric stage (P-527.3CL, PhysikInstrumente) is
employed.

The kinoforms are directly printed on silicon nitride membranes (500 x 500 x
100nm?) embedded in a silicon frame (5 x 5 x 0.1 mm?®) which are commonly
used in X-ray microscopy setups. This enables characterization of the written and
developed lenses in X-ray microscopy experiments without any further processing
of the sample. To enable covalent binding between the structure and the substrate,
the latter are silanized using a solution of 3-(trimethoxysilyl)propyl methacrylate
in toluene. Due to the limited working distance of the objective lens, an intricate
writing configuration was implemented shown in Figure 6.2.

The 3D models of the kinoforms are generated as STL files with a thickness of
2m, an outermost period of 400 nm, and an X-ray energy of 700 eV according to
the usual set of parametric equations [210] using the XYZ Math Surface add-on of
the free 3D graphics software Blender. Thus, resulting in an overall diameter of
40 pm and an aspect ratio of 5 for the smallest features. Following the procedure
in section 2.2, the 3D models are converted into trajectories using the commercial
software DeScribe (Nanoscribe GmbH). A slicing and hatching distance of 100 nm
is chosen. The writing parameters are systematically optimized leading to best
results for a mean laser power of 1.5mW as measured at the entrance pupil of the
objective lens and a writing speed of 25 pym s~ . Finally, the samples are developed
in mr-Dev 600 (micro resist technology GmbH) for 15 min. After transfer to Aceton,
they are dried in a critical point drying process. Scanning electron micrographs of
the final structures are shown in Figure 6.3.
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Figure 6.4: Resolution tests in scanning transmission X-ray microscopy. a A linear
test sample comprised of gold strips with decreasing width and period is imaged (top)
and evaluated along the integrated intensity profile of the green area (bottom). The
cutoff resolution is found at 145nm. b A Siemens star test sample is imaged. The red
arrow indicates the second ring of the Siemens star corresponding to 120 nm lines and
spaces. The spaces are not resolved anymore suggesting the resolution to be slightly
worse than 120nm. ¢ Fourier ring correlation results from two images of the Siemens
star acquired with the same parameters are plotted. The 1/7 threshold reveals
a 285.2nm full-pitch resolution corresponding to a 147.6 nm half-pitch resolution.
Adapted from Ref. [90].

6.3 FOCUSING PERFORMANCE IN X-RAY MICROSCOPY

The performance of the 3D laser printed kinoform is tested at the magnetic X-ray
microscope with UHV spectroscopy (MAXYMUS) at the UE46-PGMII beamline
of BESSY II. This is a state-of-the-art scanning transmission X-ray microscope
(STXM). These performance tests were conducted by Umut Sanli and Markus
Weigand. Thus, this thesis will not present a detailed description of the conducted
experiments and their results but only briefly summarize the main achievements.

The diffraction efficiency is measured in the photon energy range of 600 —
1100 eV, reaching 7.6 % at 700 eV as a maximum. Further, the cutoff resolution is
deduced from three independent experiments: an STXM image of a linear test
sample comprised from gold strips with decreasing width and period, an STXM
image of a Siemens star test sample, and a Fourier ring correlation with a 1/7
threshold. The resulting half-pitch cutoff resolutions are estimated to 145nm,
120 nm, and 147 nm, respectively, thus being very consistent.

Figure 6.4 summarizes the three different measurement results. The overall
improvement in scanning transmission X-ray microscopy image resolution is
40 % as compared to the work employing the commercial 3D laser printer at a
wavelength of 780nm. In addition, the incident dose on the sample is a good
figure-of-merit for the performance in ptychography [211], where the lens is made
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for. Here, an improvement by a factor of 1.6 is obtained compared to the other
work. In theory, an improvement by a factor of 2 is to be expected. However, the
rather low diffraction efficiency of 7.6 % is strongly affecting this value. Looking
only at the improvement for the half-pitch cutoff resolution, an improvement by
roughly a factor of 2 is achieved, indeed.

6.4 DiscussioN AND OUTLOOK

In summary, we demonstrated the successful implementation of the direct two-
photon excitation of the monomer PETA at a wavelength of 405nm for printing
a delicate kinoform. Up to now, this wavelength range is only exploited little in
3D laser printing. However, it comes along with great advantages compared to
conventional 3D laser printing at 780 nm wavelength. The most important being
the improvement in resolution by almost a factor of 2 at no other cost, just given
by the diffraction limit of the optical system. This higher resolution is beneficial
for the presented kinoforms. Their performance in direct scanning transmission
X-ray microscopy is directly connected to the minimum outermost zone width.
A reduction of the excitation wavelength for fabrication, hence, enables smaller
outermost zone widths.

As presented, we successfully realized high-resolution kinoforms fabricated by
3D laser printing at 405nm wavelength with a measured focusing efficiency of
7.5% at 700 eV photon energy with a half-pitch resolution down to 145nm. This
results in a 1.6-fold improvement of the figure-of-merit for its performance in
ptychography as compared to previous best results obtained by 3D laser printed
kinoforms. We have to note, that an improvement by a factor of roughly 2 is
expected in theory due to the halved outermost zone width.

We partly attribute the worse-than-expected performance to the measured
nonconcentricity of 385 nm and slight tilt in the inner zones of the printed kinoform
(see Figure 6.5). These effects are likely caused by a sample drift during the rather
long fabrication process with about 3h. The slow fabrication grounds in the
low print speed which is necessary to nicely follow the small circular trajectories
employing the piezoelectric stage. As discussed in Figure 2.1, scanning the light
with a pair of galvanometric mirrors, for example, could drastically reduce the
manufacturing time down to a few minutes or even less. This would certainly
improve the performance of the 3D laser printed kinoforms. However, the beam-
scanning option was not yet implemented in the used 3D laser printing setup
during the experiments.

Still, compared to alternative manufacturing approaches like electron beam
lithography and focused-ion-beam milling, the presented manufacturing times
are small. In addition, the costs of our kinoforms are negligible against the
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Figure 6.5: Measurements showing imperfections in concentricity and a slight tilt.
a A scanning transmission X-ray micrograph of a 3D laser printed kinoform imaged
employing a second nominally identical kinoform (left). The nonconcentricity is
calculated to 385nm by the difference between the brightest pixel of the image and
the center of the innermost zone. For illustration the results are overlaid in the
scanning electron micrograph of an identical kinoform (right). b A map of the optical
thickness Ax is deduced from the STXM image in a. It reveals a slight tilt in the
innermost zones of the kinoform. Adapted from Ref. [90].

costs of around ten thousand Euros of a kinoform with comparable resolution
manufactured by the other means. Further, the achieved focusing efficiencies even
surpass those obtained utilizing focused-ion-beam-milled gold kinoforms [212].
Thus, our results show that 3D laser printed kinoforms are a good choice especially
for ptychographic applications.

A second small side effect of 3D laser printing at 405 nm excitation wavelength
not having mentioned so far and rather unrelated to the presented usecase in-
volves the change in the photoresist system, which in this case just consists of the
pure monomer without any additional photoinitiator. The initiator molecules are
chosen for a high quantum yield for radical formation, but usually still possess a
non-vanishing autofluorescence in the visible range which is undesired especially
in many biological applications [213—215]. Thus, even special photoresists with
low autofluorescence are developed [216]. However, printing without any pho-
toinitiator at 405 nm wavelength would also circumvent this problem. Therefore,
adding another potential to 3D laser printing at 405 nm wavelength.
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Chapter 7

CoNCLUSIONS AND OUTLOOK

In this thesis, I have successfully addressed different open aspects in 3D laser
printing which surpass the common. With the realization of a compact 3D
laser printer and the utilization of smaller excitation wavelengths for printing,
the challenges for physics towards improvements of the printing devices was
worked on. Further, the novel resist system which merges additive and subtractive
manufacturing together with adaptions on known resist system for enabling two-
step-absorption-based or 405 nm-based 3D laser printing tackled the challenges
for chemistry towards novel materials. The thesis was split into three parts
accordingly.

In chapter 2, I have introduced the fundamentals of common 3D laser printing. I
condensed state-of-the-art 3D laser printers to their five crucial components: light
source, power modulation, focusing unit, scan unit, and control unit. These are
also the elements which remained constant throughout the thirty years of 3D laser
printing. Still, I showed the different possible solutions for each of the components
which evolved over the years. Further, I addressed the common chemistry behind
3D laser printing including a detailed look at the standard excitation mechanism
of two-photon absorption. In this regard, I presented important models for 3D
laser printing with the threshold dose and dose accumulation. Finally, I concluded
with discussions about the restrictions of 3D laser printing, where I focused on
the resolution limit and its difference to the minimal obtainable feature size along
with the discussions on placing heat into the resist during the printing process
and other constraints for 3D laser printing resist systems.

In chapter 3, I have reviewed two-photon absorption as an alternative excitation
mechanism for 3D laser printing as the basis to enable compact 3D laser printers.
I showed the differences between common two-photon absorption and two-step
absorption and their impact on the excitation process. I discussed the effective
nonlinearity in two-step absorption in detail as it introduces limitations for the 3D
printing process which are unknown from ordinary two-photon 3D laser printing.
Therefore, I covered further important properties of two-step photoinitiators such
as the importance of the absorption bands, the triplet ground-state energy, and an
inert intermediate state. I finished this chapter by introducing the photoinitiator
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benzil as a suitable candidate for two-step-absorption-based 3D laser printing
and reviewed alternatives for both the group of molecules capable of two-step
absorption and the generalized excitation principle of (1 + 1)-photon absorption.

In chapter 4, I have presented the realization of a low-cost 3D laser printer in the
size of a shoebox on the basis of a tiny edge-emitting semiconductor laser diode
and a MEMS scanner. I described the compacting of the optical setup and the
involved components with their respective importance for the system. I address
the draw-back of the elliptical beam shape of the employed laser diode by the need
for spatial filtering and its influence on the print quality. Further, our approach
also tackled the challenge for a compact control unit on the basis of a powerful
microcontroller to step towards a stand-alone device. Thus, the implementation
of the necessary hardware and software was described along with the different
data connections and conversions of the involved components. In addition, the
performance of the shoe-box-sized 3D laser printer was evaluated by printing
different challenging three-dimensional structures. Here, I also addressed the
possible replacement of the expensive NA 1.4 objective lens by a NA 1.25 objective
lens at a cost of only 150 Euros and the difference in print quality. Finally, I
studied the resolution of the shoe-box-sized 3D laser printer by printing two-
and three-dimensional benchmark structures, proving the capability of achieving
similar results as previously obtained in two-step-absorption 3D laser printing
with a 3D laser printer at a cost of less than 10000 Euros and the size of a shoe-box.

In chapter 5, I have introduced a novel material that enables both two-photon
induced additive and subtractive manufacturing. I started with introducing the
synthesized monomer and the underlying principle of the collaborative work
with Rhiannon Batchelor. Next, I showed its ability for the utilization in high-
resolution 3D laser printing at one wavelength by printed three-dimensional test
structures and the involved optimization of the corresponding printing parameters.
The cleaving at another wavelength was shown in different ways, to prove the
mechanism being light-induced: One-photon experiments were conducted on the
monomer in solution as well as on previously 3D laser printed structures. Further,
two-photon induced cleaving of delicate three-dimensional structures inside of
cuboids was presented and demarcated from thermally induced ablation with a
control resist system treated under same condition but which does not allow for
photoinduced bond-scission. Finally, I presented the capability of a multimaterial
system comprising sacrificial structures out of the introduced resist for spatially
controlled removal of additional structures printed on top.

In chapter 6, I have shown the implementation of a reduced excitation wave-
length in a home-built 3D laser printer improving the resolution for printing. I
presented the use-case of 3D laser printing kinoforms, a special type of Fresnel
zone plates, used as lenses in X-ray microscopy with this device in a collabora-
tion with Umut Sanli. I reviewed the importance of the improved resolution for
such kind of structure due to the direct connection of the resolving power of the
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kinoform to the width and period of the outermost rings. Further, I discussed the
intricate writing configuration we developed to fabricate the structures directly on
fragile silicon nitride membranes as they are commonly used in X-ray microscopy.
I concluded this chapter with a brief summary of the focusing performance in scan-
ning transmission X-ray microscopy experiments as conducted by the collaboration
partner. The 3D printed kinoforms showed an improved performance compared to
other lenses manufactured by conventional 3D laser printing. Still, imperfections
of the manufacturing were discussed and open further improvement.

OuTLOOK

In the discussions in chapter 4, chapter 5, and chapter 6, I have already addressed
perspectives for future developments and improvements. I want to emphasize
that all different projects I have presented in this thesis have in common that they
feature novel concepts going beyond common 3D laser printing.

The shoe-box-sized 3D laser printer for example could help further spreading the
technology of 3D laser printing since its low cost and size makes 3D laser printing
more accessible to other communities. We discussed the inherent limitations of the
alternative excitation mechanism due to the nature of the employed photoinitiator
to date as an example. Still, two-step absorption is just at its beginning. So far,
research focused mainly on the photoinitiator and swept already some possible
candidates. However, the influence of different quencher molecules was not yet
systematically investigated. In general, there are still fundamental open questions
on the mechanism. Some of which are the interplay of the photoinitiator and the
quencher, the mechanism of the quenching itself, and the influence of oxygen as a
quencher. Especially the latter could be directly addressed with the shoe-box-sized
3D laser printer, since it could eventually be used in an inert atmosphere, such as
in a glove box, which so far was hardly achievable due to the large setups. Thus,
we expect a possible boost of the technology itself with more people working in
this field and hope the compact and low-cost 3D laser printer can help with that.

Similarly, the presented results on spatially-controlled ligth-induced erasing of
structures are the first ever attempts besides chemically uncontrolled ablation. The
use of one single device just tuned to a different wavelength within seconds for
both high-resolution three-dimensional additive structuring and high-resolution
three-dimensional subtractive structuring will open new possibilities in 3D man-
ufacturing. Yet, applications in microfluidics or biology have to establish. For
the latter, it is of great importance that the residues of the cleaving process are
compatible with the presence of cells. As mentioned in chapter 5, a fully reversible
system would highly push the capabilities of such a system.

Finally, the potential of the improved resolution exploiting 405nm excitation
is unexhausted. Most of the common applications of 3D laser printing do not
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rely on highest resolution. However, the resolution achieved by going to 405nm
wavelength gets more compatitive with other manufacturing techniques in this
range of resolution like electron beam lithography or ion beam milling. The main
advantage compared to those manufacturing techniques lies in the many orders
of magnitude higher print speeds though. In principle, similar devices for rapid
manufacturing as the ones to boost conventional 3D laser printing can be used by
just adding a SHG crystal cavity for frequency doubling. Furthermore, the fact that
monomers can directly be excited without the need of additional photoinitiator
molecules can be of outmost interest for applications where autofluorescence of
the resist comes relevant. This is true for many biological applications among
others.

In summary, I had the chance to further develop a fascinating and still emerging
technology in various aspects beyond the common during my PhD. Many of these
things are just about to start with yet unknown full capabilities.
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Appendix A

OSCILLOGRAMS FOR SETTING
THE FILTER CLOCK FREQUENCY

As explained in subsection 4.3.3, setting the right filter clock frequency is crucial
for the shoe-box-sized 3D laser printer. The measurements are performed with
Michael Hippe using a digital oscilloscope. They all show a line scan of 5pum. The
yellow channel is connected to the output trigger of the microcontroller where
each peak corresponds to sending a new data point to the digital MEMS driver.
The magenta curve is connected to the laser output of the microcontroller. The
blue and green channels are connected to the X+ and X- output channel of the
digital MEMS driver. Figure A.1 shows a measurement for the standard filter clock
frequency of 60 kHz, Figure A.2 shows the measurement for a standard filter clock
frequency of 500 kHz, and Figure A.3 shows a measurement for the standard filter
clock frequency of 3 MHz.
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A OSCILLOGRAMS FOR SETTING THE FILTER CLOCK FREQUENCY
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