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ABSTRACT

The use of two-photon absorption (TPA) for polymerization, also known as 3D Lithography, Direct Laser Writing, or
High-Precision 3D Printing is gaining increasing attraction in industrial fabrication of micro- and nanostructures. Mainly
due to its vast freedom in design and high-resolution capabilities, TPA enables the fabrication of designs which are not
feasible or far too complicated to be achieved with conventional fabrication methods. TPA is a scanning technology and
fabrication in 3D requires axial overwritings. High industrial throughput fabrication can be achieved by intelligent
fabrication strategies combined with an excellent material basis. Further boosting the throughput can be achieved by multi-
spot exposure strategies. In this paper, massive parallelization is demonstrated which was realized by using a beam splitting
diffractive optical element (DOE). Simultaneous fabrication using commercially available acrylate-based hybrid resin with
121 parallel focal spots arranged as 11 x 11 array is reported. Structures fabricated by a single laser beam and by 121
parallel beams are compared to each other with regard to shape and polymerization threshold. It was found that
polymerization is strongly increased when parallel beams are used, especially for the central beams. As a result,
polymerization threshold is lower in the center of the 11 x 11 array compared to the edges of the array. Furthermore,
structures at the center of the 11 x 11 array are bigger compared to structures at the edges of the array when assigning
equal intensity to all diffracted beams. These results are attributed to diffusion of photo initiators, quenchers, and radicals.

Keywords: two-photon absorption, two-photon polymerization, laser direct writing, diffractive optical element,
parallelization

1. INTRODUCTION

The use of two-photon absorption (TPA) based polymerization, also known as 3D Lithography, Direct Laser Writing, or
High-Precision 3D Printing is gaining increasing attraction in industrial fabrication of micro- and nanostructures. TPA
enables the fabrication of complex 3D designs which are not feasible or far too complicated to be achieved with
conventional fabrication methods *-¢. The technique allows fabrication of real 3D structures with resolution typically down
to 100 nm feature size with vast freedom for design. TPA is a scanning technology and fabrication in 3D requires axial
overwritings. High industrial throughput fabrication can be achieved by intelligent fabrication strategies combined with an
excellent material basis. Further boosting the throughput can be achieved by multi-spot exposure strategies. For the
generation of multiple focal spots Spatial Light Modulators (SLM) and Diffractive Optical Elements (DOE) have been
used in laser microfabrication’'2. Even microlens arrays were successfully applied for parallel TPA fabrication, but this
requires an accurate flat top beam across the area of the microlens array®3. All these parallelization techniques have in
common, that they scale the fabrication throughput by the number of focal spots. In the same time a single structure is
produced with a single beam, multiple structures of the same type can be fabricated when multiple focal spots are used.
An SLM is an active device and allows on-the-fly switching of the diffraction pattern. This enables the use of the same
SLM in different applications with individual spot patterns. Since a DOE is a passive optical element, it generates a fixed
pattern and cannot be simply adapted on-the-fly. However, an SLM usually shows low diffraction efficiency and generates
a strong zeroth order. Oftentimes a big effort is necessary to block or to remove this zeroth order from the optical



path®1L1415 With a high quality DOE, the zeroth order can be avoided much better than with an SLM. Efficiency is
therefore higher when high quality DOEs are used compared to SLMs.

In this work, we demonstrate massively parallelized TPA-based polymerization with 121 parallel beams, generated by a
DOE. We compare structures that were fabricated with a single beam to structures fabricated with parallel beams. It is
shown that fabrication time can be reduced by a factor of 121, equal to the number of parallel beams. At the same time,
the applied laser power has to be increased only by a factor of 56 to 80, due to a proximity effect which lowers the
polymerization threshold.

2. MATERIALS AND METHODS

All structures fabricated presented in this work were made from the commercially available inorganic-organic resin
OrmoComp® (micro resist technology GmbH, Berlin, Germany). This material is well known and valued in
microfabrication for its excellent optical properties'®!’. The resin was formulated with 2 wt.-% of a photoinitiator of an
Irgacure series ([1-[9-ethyl-6-(2-methylbenzoyl)carbazol-3-yl]ethylideneamino] acetate) to generate a low polymerization
threshold. Solid structures were fabricated via two-photon absorption (TPA) induced polymerization using femtosecond-
laser pulses. For this works, the liquid resin is enclosed tightly between two glass slides and a spacer, as shown in Figure
1(b)). As a result, no interaction is possible between the resin and air during the fabrication, preventing radical-scavenging.

TPA fabrication was performed using a standard LithoProf3D® equipment (Multiphoton Optics GmbH, Wirzburg,
Germany). For parallel fabrication, an additional diffractive optical element (DOE) was introduced into the optical path in
front of the focusing objective. A schematic sketch of the optical path is shown in Figure 1(a). As laser source, a pulsed fs
laser with a central wavelength of 522 nm (FWHM 2 nm), a repetition rate of 63 MHz, and a pulse duration (FWHM) of
250 fs is used. Focusing of the laser was done with an oil immersion microscope objective Plan-Apochromat 100x/ NA
1.4 (Carl Zeiss Microscopy GmbH, Jena, Germany). The field of view (FoV) of the applied objective is 250 um according
to the manufacturer. All average laser powers used for fabrication (see sections 2.2 and 2.1) were measured before the
laser beam enters the DOE (or the objective in case of single beam fabrication). The average power used for fabrication
was adjusted on purpose as described below. Transmission of the objective for the applied wavelength 522 nm is about 92
%. The structures were fabricated using galvo-scanners for X-Y motion and an air bearing stage for Z motion.
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Figure 1. (a) Laser setup used for TPA single-beam and multi-beam fabrication. A 4f system (Lens 1, Lens 2) is used to project
the motion of the galvo-scanner mirrors into the rear aperture of the objective. The beam splitting DOE is inserted directly
before the objective as depicted for parallel fabrication with 121 beams. The DOE is removed for single beam fabrication. (b)
Schematic close-up view of DOE, objective, and sample. The DOE splits the incoming beam into multiple beams, which are
focused at separate positions in the focal plane.

After TPA fabrication, all structures were immersed in a mixture of methyl isobutyl ketone and isopropanol 1:3 (weight
ratio) for development. For characterization of the fabricated structures a scanning electron microscope (SEM) (Hitachi)
and a laser scanning microscope (LSM) (Olympus) were used.



2.1 Single beam fabrication

Cuboid structures with edge lengths d = 2.88 um, 5.76 um, and 8.64 um were fabricated with a single focused laser beam
as a reference for comparison with parallel fabrication (cf. section 2.2). Hatch and slice distances of 0.1 um were chosen
to create the volume of each structure. Average laser powers ranging from 100 to 850 pW (increment 150 uW) were
applied for fabrication of the single structures.

2.2 Parallel fabrication

For fabrication with 121 parallel laser beams, a custom designed binary DOE was used. The DOE itself was fabricated by
maskless microlithography using Microposit™ S1800 resist on a glass substrate as described in prior work®8, The DOE
generates an array of 11 x 11 equally spaced spots with a pitch p of 9.3 um in the focal plane of the objective. The central
spot of the array coincides with the direction of the non-diffracted light, i.e. the direction of the zeroth order.

Figure 2. Pattern design for the beam splitting DOE. An array of 11 x 11 focal spots with homogeneous intensity distribution
is generated in the focal plane of the objective, and 121 parallel beams are generated. The pitch p between the focal spots is
9.3 um, resulting in a total expansion of the focal spots over an area of 93 pm x 93 pum. The central spot (blue) coincides with
the direction of the zeroth order diffracted light. The distance of each spot from the central spot is denoted as R.

Introducing the DOE directly before the microscope objective is done to make sure that all diffracted beams fully enter the
objective rear aperture. If the DOE was placed further away from the rear aperture, the beams would have diverged and
might have not fully entered the objective rear aperture. This could have resulted in inhomogeneous intensity across the
beams. The focal spots which are farthest away from the central spot span a total distance of 131.5 um (corresponding to
the diagonal of the spot array in Figure 2), which is well below the size of the FoV (250 pm). The applied binary DOE was
optimized for uniformity, resulting in a simulated efficiency of 75 % for the first order diffraction spots. The actual overall
efficiency, i.e. the power of first order diffraction spots/total incident power of the DOE was characterized to be 66 %.

Cuboids with square bases of three different sizes (edge lengths d) were fabricated with the beam splitting DOE. All
cuboids were designed to constant height h =5 um. The edge length d was chosen in order to generate 1D fill factors of
the multispot array f=d/p of 31, 62, and 93 %, resulting in dzig% = 2.88 UM, de2os = 5.76 pm and deas, = 8.64 pum, respectively.
Pyramids with a base edge length of 4 um were also fabricated.

Structures were fabricated in parallel with total average laser powers of 20, 17, 14, 11, and 8 mW. Since the total diffraction
efficiency of the DOE was about 66 %, the effective power for each of the 121 beams was 109, 93, 76, 60, and 44 pW,
respectively. The structures were fabricated by filling the entire volume of the structures with hatches of 0.1 um distance
and slices of 0.1 um distance.



3. RESULTS
3.1 Single beam fabrication

Cuboids with a square base of edge length of 2.88, 5.76, and 8.64 um fabricated with average laser power from 250 to 800
MW are shown in Figure 3. No structures were obtained from 100 uW mean laser power.
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Figure 3. (a) Cuboids with a square base of edge length des% = 8.64pum (left), de2ws = 5.76pm (center), and dsi = 2.88 pm
(right), fabricated with a single laser beam. The power was increased from 250 pW (bottom row) to 850 pW (upper row) with
an increment of 150 pW. No structures were obtained for an average laser power of 100 pW. The cuboid shape is maintained
very well for the structure fabricated with 250 pW (bottom row) with continuously increasing round shape for increasing
power. (b) Height of the cuboids (determined in the center of each structure) as a function of the average laser power. The
design height of 5 um is indicated by the dashed line. The height correlates with the applied power.

The height of structures fabricated with a single beam increases with increasing power due to an elongation of the focal

volume along the optical axis (z direction) (see Figure 3). In contrast, there is no significant difference in height among
cuboids of different edge length but identical average power.

3.2 Parallel fabrication

Structures were fabricated with 11 x 11 parallel beams, generated by the DOE. Figure 4 shows pyramids fabricated in
parallel with an edge length of 4 um and a height of 12 um.
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Figure 4. Pyramids, parallelly fabricated with an 11 x 11 beam splitting DOE using 44 pW average laser power per beam. The
base edge length is 4 um, the design height is 12 um. The total fabrication time was 70 s.

Furthermore, cuboid structures were fabricated with 11 x 11 parallel beams, as shown in Figure 5. It appeared that with
decreasing power, an increasing number of structures is missing at the edges of the array. The number of stable structures



fabricated with a given average laser power is increased for larger structures (i.e. higher fill factor), as shown in Figure 5.
For a given structure size, an increase in laser power leads to over-exposure mainly in the center of the array, while
structures at the edges of the array are still well separated. When the average laser power is reduced, structures at the edges
of the array disappear, while structures in the center of the array are still well maintained (see Figure 6).

Figure 5. Cuboids fabricated in parallel with an 11 x 11 beam array with an average power of 76 pW per beam. Cuboids with
a design edge length of (a) 2.88 pum (fill factor: 31 %), (b) 5.76 pum (fill factor: 62 %), and (c) 8.64 um (fill factor: 93 %).

Although all structures were fabricated with equal power, some of the outer structures are missing for the smallest edge
length (Figure 5 (a)), while all structures are present for larger edge lengths (Figure 5 (b) and (c)). With the largest edge
length, structures in the center of the array merge to a single, large polymerized block. Cuboids with an edge length of 5.76
pm using an average laser power per beam of 76 and 60 pm are shown in Figure 6. All structures are present and well
separated when using 76 pW for fabrication. The size of the structures is varying, with the central structures slightly larger
and decreasing sizes towards the outer areas. If a smaller average laser power (60 pW) is used, some of the outer structures
are missing (see also Table 1).

Figure 6. Cuboids with an edge length of 5.76 um, fabricated with an average laser power per beam of (a) 76 pW and (b) 60
MW. All structures are present and well separated when using 76uW. Some of the outer structures are lacking when using 60
MW (cf. Table 1).

Table 1 summarizes the results on the number of structures in dependence of the average laser power and the edge length,
when using the 11 x 11 parallel beam array.

Table 1. Number of structures present after fabrication with 121 parallel beams (cf. Figure 5 and Figure 6) for average laser
power per beam ranging from 44 to 109 uW and cuboid edge lengths of 2.88, 5.76, and 8.64 um. Color code: Green: Structures
from all 121 beams are existing. Yellow: Not all structures from 121 beams are existing. Orange: No structure existing.

Power per beam (uUW) | Edge length 2.88 um | Edge length 5.76 um | Edge length 8.64 pm
109
93
76
60
44




The height of structures fabricated in parallel varies across the array. Figure 7 plots the structure heights as a function of
R (defined in Figure 2) for the different edge lengths. Structures show a lower height with increasing R, i.e. they are lower
the further away they are from the center of the array. For constant average laser power (i.e. same marker color in all
subfigures of Figure 7), the structure height increases significantly with edge length of the cuboids, i.e. fill factor.
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Figure 7. Structure heights of structures fabricated with 11 x 11 parallel beams as function of R (see Figure 2). The height is
given for an effective power per beam from 60 to 109 pW for cuboids with an edge length of (a) 2.88 pm, (b) 5.76 pm, and
(c) 8.64 um. The design height of 5 um is indicated by the dashed line. Each point indicates the mean over all n structures
with identical R, wheren=4 orn=8 forall R >0 and n =1 for R = 0. Error bars are plotted, but smaller than the marker size
for most points.

For each edge length, heights are given as a function of distance R from the central spot (see Figure 2) for a single power
(2.88 pm = 109 pW, 5.76 um > 76 pW, 8.64 um - 60 uW). For other powers, only the height in the center of the array
(R =0) is given. No structures were obtained when using 60 pW average power per beam in combination with edge length
2.88 um. The time for parallel fabrication of an 11 x 11 array is equal to the time required for fabrication of a single
structure with a single beam (see Table 2).

Table 2. Time for the parallel fabrication of 121 (11 x 11) cuboids with a given edge length. The same time is required for
the fabrication of a single structure of equal size with a single beam.

| Edge length (um)  Fabrication time (s) |

2.88 44
5.76 171
8.64 327

4. DISCUSSION

Massively parallelized TPA fabrication is demonstrated exemplary for a factor of 121 by implementing an 11 x 11 beam
splitting DOE into the fabrication system. The time for parallel fabrication of an entire 11 x 11 structure array was identical
to the fabrication time of a single structure with a single beam. This means an increase of throughput by a factor of 121.
Prior works have used DMDs or SLMs for parallel TPA fabrication with usually only a few beams up to no more than 30
beams®121920 Compared to these prior works, no effort was necessary in this work to block the zeroth order beam due to
the excellent design and fabrication of the DOE. Instead of blocking the zeroth order, we used a designed first order
diffraction spot in the direction of the zeroth order beam for fabrication. Formanek et al. fabricated over 700 structures in
parallel with TPA using a microlens array*3?L. However, they had to shape their beam from Gaussian to flat top profile to
illuminate the microlens array homogeneously. Since we use a DOE for beam splitting, there was no need for additional
beam shaping. This allows easy switching between single beam and multi-beam fabrication by simply moving the DOE in
and out the optical path. No further changes to the optical path were necessary to enhance the standard TPA LithoProf3D®
equipment from single beam to multi-beam fabrication.



The fabricated structures show some major differences when they were fabricated with a single beam compared to 121
parallel beams. In single beam serial fabrication, the structure height scales with the applied average laser power, while
there is no major difference in height between structures of different edge length and equal power. In parallel fabrication,
structures at the center of the array tend to become bigger than structures at the edges of the array, although they are
exposed to the same power, thus seeing the same exposure dose. Furthermore, far less power is necessary per beam when
fabricating in parallel compared to single beam exposure. With a single beam, an average power of 100 uW was not enough
to exceed the threshold to initiate organic cross-linking, resulting in stable polymerized structures, while for parallel
fabrication solid structures were obtained with powers down to 44 uW per beam. This shows that TPA-induced
polymerization at one position in the resin is influenced by TPA-based polymerizations in its temporal and/or spatial
proximity. This proximity effect can be explained by diffusion of photoinitiators, quenchers (such as oxygen) and radicals.
Radicals may be generated in the focal volume of one beam and then diffuse towards other nearby focal volumes. The
polymerization threshold is thus reduced the more beams are used in parallel and the smaller the gap is between neighboring
structures. This hypothesis is supported by the fact that less power per beam is necessary for polymerization of the larger
structures in the work, i.e. for larger fill factors. Furthermore, the polymerization threshold decreases most strongly in the
center of the beam array, where more surrounding beams are present compared to the edges of the array. Hence, when
using low laser power, structures are polymerized at the center of the array, but not at the edges of the array.

A spatial proximity effect for TPA-based polymerization was reported already for single beam fabrication®. The
broadening of a TPA-fabricated single lines has been demonstrated in the presence of a second polymerizing line in close
spatial and temporal proximity?. However, if the reason for proximity effect is diffusion, the strength of this effect may
vary from material to material. Furthermore, it should vary with the distance of the parallel beams and number of total
parallel beams. In our setup, no interaction between air and resin was possible during fabrication (see Figure 1 (b)). This
prevents oxygen, which acts as a quencher, from diffusing into the material during fabrication. The amount of oxygen
inside the material system is limited in our setup. In a different experimental setup, which allows interaction between the
resin and air during the fabrication, there might be an increased amount of oxygen in the resin. In such setup there could
be more radical quenching, which reduces the proximity effect.

Adjusting the intensity of the generated multiple focal spots by enhancement of the DOE design will be subject to future
work. A reduction of intensity in the center of the beam array shows great promise for parallel TPA fabrication of identical
structures with even more parallel beams which will be reported elsewhere.
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