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3D-printed optics for laser materials processing
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We report on high-power laser materials processing using
3D-printed beam shaping components. A diffractive axicon
fabricated via two-photon polymerization is generating a
Bessel-like beam for inducing in-volume modifications in
transparent materials for cutting applications. The thin,
centimeter-scaled, additively fabricated axicon structure is
printed on a fused-silica substrate capable of withstand-
ing average powers and peak intensities from an industrial
ultrafast laser operating at 1 um-wavelength. This concept
enables fabrication of tailored beam shaping components
for high-power laser applications within hours. Published by
Optica Publishing Group under the terms of the Creative Commons
Attribution 4.0 License. Further distribution of this work must main-
tain attribution to the author(s) and the published article’s title, journal
citation, and DOI.
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Laser-based materials processing has become state-of-the-art
in modern manufacturing. Cutting, welding, texturing, addi-
tive manufacturing, etc. are enabled by the laser as a subtle,
efficient, and non-contact tool for confined energy deposition
that also allows for throughput scaling [1-3]. The technolog-
ical scope extends equivalently across an expansive material
spectrum—opaque or transparent alike—serving end products
across e-mobility [4], consumer electronics [5], or the semicon-
ductor industry [6]. It has recently become clear that the optics
and the beam shaping concept provide a powerful lever to op-
timize established processes or even unlock entirely new ones
[7-10]. However, realizing tailored optical functionality typi-
cally relies on customized components, such as diffractive or
free-form optics, whose fabrication is time-consuming, leading
to lead times of weeks to months. Here, we demonstrate a tech-
nique to additively manufacture centimeter-scale, customized
beam-shaping components using two-photon polymerization,
reducing fabrication time to just 10 hours. We further prove that
these components withstand average and peak powers of an
industrial high-power laser, and we validate their utility in a rep-
resentative materials-processing experiment: precision cutting
of glass enabled by an elongated focus distribution [11].
Maskless laser- or electron-beam lithography in fused silica
represents the current state of the art for fabricating high-power-
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suitable diffractive optical elements (DOEs) with above- or
sub-wavelength features, respectively, and overall dimensions
of centimeters [5,7,12]. While these processes enable the pro-
duction of high-precision DOEs with excellent efficiency and
offer significant scalability through parallel manufacturing, the
fabrication workflow—encompassing coating, exposure, devel-
opment, etching, etc.—results in production cycles spanning
several weeks. Production timelines can certainly be reduced
significantly by increasing batch sizes and utilizing mask-based
lithography to manufacture hundreds or thousands of identi-
cal elements. Nevertheless, research and development environ-
ments frequently require individual, custom elements. The high
fabrication costs and complexity outlined above represent a
significant barrier to DOE technology adoption.

Recently, Wahl er al. demonstrated a solution for rapid
prototyping of reflective DOEs using laser-induced micro-
delamination [13]. These structured mirrors accept high optical
powers, operate in a broad wavelength range, and have proven
their suitability for industrial use [13]. However, many optical
designs necessitate transmissive solutions in particularly when
it comes to high-NA focusing [14] or component rotation [11].

Additive manufacturing methods such as two-photon poly-
merization (2PP) for 3D printing transmissive (or reflective)
optics, including DOEs, have become viable over the last few
years, although typically slow and limited in overall size of
the elements [15—19]. With the recent introduction of grayscale
lithography to 2PP 3D printing [20,21], fabrication times of
millimeter- or centimeter-sized optical structures with sub-
micrometer features have decreased from days to hours [22-24].
However, so far, it has been used only in low-power applications
[16,25-28].

Here, we overcome these power limitations by 3D-printing a
micron-thick, square-centimeter-sized optically active layer on
top of a fused-silica substrate. We investigate the fabrication,
topography, optical performance, and glass cutting ability of
a 2GL 3D-printed axicon DOE, with the aim of demonstrat-
ing rapid prototyping of optics for laser materials processing.
We further demonstrate that the 3D-printed axicon DOE ex-
hibits similar optical performance, in beam shaping and dam-
age threshold, as a state-of-the-art diffractive axicon made of
fused silica. The Bessel-Gaussian beam thus generated al-
lows for single-pass, full-thickness cutting of display glasses
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Fig. 1. 3D-printed axicon DOE with a size of 1 by 1cm?.
(a) Overview of a two-inch wafer and a 2 Euro coin. (b) Schematic
setup used for the modification of glass. (c) Designed phase distri-
bution in the center of the axicon DOE highlighting the saw-tooth
pattern with a cut-through along the y-axis.

with high edge qualities, as the corresponding elongated fo-
cus is length-adapted to the workpiece. The dimensions of the
3D-printed axicon DOE are highlighted in Fig. 1(a), confirm-
ing a clean diffractive surface and high optical transparency.
Figure 1(b) schematically illustrates the optical setup used for
glass modification.

A collimated laser beam of diameter 5Smm with a central
wavelength of 1030nm is illuminating the 3D-printed axicon
DOE, generating the well-known interference pattern directly
behind the axicon tip. Using the 4f-setup, the Bessel-Gaussian
beam is imaged into the volume of the workpiece with a magni-
fication of 20x [11]. The designed phase profile of said axicon
DOE is depicted in Fig. 1(c). Here, only the central detail (800
x 800 um2) is shown to simplify assessment of the radially sym-
metric blazed grating and the axicon tip [7,29]. By design, an
axicon with an opening angle of a =3° is fabricated resulting
in a phase distribution ® (r) = ar (n—1) 251/ A and periods of
p =40 pm [7,29]. Equally to a lithographically fabricated ele-
ment, for the 3D-printed axicon DOE, the phase ¢ is produced
through optical path length differences, requiring a height of
7z=A®/[27(n—-1)] at a wavelength of 1 and refractive index
of the material of n [29]. Besides the exact realization of z,,,
to avoid large amounts of unmodulated light, high optical per-
formance of DOEs requires excellent shape accuracy and sharp
steps at the 2s7-phase jumps. Moreover, a low surface roughness
is required to minimize scattering losses. The axicon DOE is
manufactured by two-photon polymerization grayscale lithogra-
phy (2GL) using a Nanoscribe Quantum X (Nanoscribe GmbH
Co. KG). Here, a femtosecond pulsed laser with a center wave-
length of 780nm and a repetition rate of 80MHz is focused
through a 25x magnification objective with NA of 0.8 (Zeiss
LCI Plan-Neofluar 25x/0.80 Imm Korr DIC) into the photore-
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Fig. 2. (a) Central 800 x 800 um? topography measured via con-
focal microscopy. The inset depicts a microscope top-view (Nikon
Eclipse LVIOOND with a 10x/0.30NA objective). (b) y-profile
through the center of the axicon along the solid line in (a). (c) Abla-
tion fluence threshold measurements after the extended Liu method
[31] plotting D? versus the laser pulse energy at a pulse length of
3ps and a repetition rate of 250 kHz. Here, D is the linewidth of
the ablated line. The microscope images on the right correspond to
the same-colored measurement points in the graph and highlight the
width D.

— 50 uym

sist Nanoscribe IP-S (Nanoscribe GmbH Co. KG, n = 1.50 at
A =1030nm [30]) which is deposited onto a two-inch diameter,
1 mm thick fused-silica wafer (JGS2 wafer, 2-side polished, Mi-
croChemicals GmbH). Details of the 2GL 3D-printing process
have been described in [18,24]. The key fabrication parameters
are a slicing distance of 1 um, a hatching distance of 0.2 pum,
a scan speed of 200mms~!, and writing powers between 8 m
W and 50mW. As the structure is larger than the field of view
of the writing microscope objective, several printing fields with
a size of 420 x 420 pm? are stitched together, with an over-
lap region of 60 um. Fabrication of the 1cm?-sized area takes
approximately 10h. After polymerization, the remaining liquid
photoresist is removed in a bath of mr-dev 600 (Micro Resist
Technology GmbH) for 20 min, followed by 3 min of isopropyl
alcohol and subsequent drying with nitrogen.

The topography of the 3D-printed axicon is characterized
quantitatively using confocal microscopy. Here, the measured
topography is illustrated in Fig. 2(a), where a clean radially
symmetric blazed grating with excellent linearity highlights the
accuracy of the grayscale lithography. The structured surface
is measured using a Nanofocus pSurf expert (NanoFocus AG)
equipped with a 20x magnification, 0.6 NA objective. We chose
a 7nm z-pitch for the best resolution. The profile along the y-
axis of the print plotted in Fig. 2(b) has a great overlap with
the target design in Fig. 1(c), with steep 2sr-phase jumps that
excellently meet z,,,,. As the DOE is stitched together by lots
of overlapping writing fields, some artifacts can be expected.
Those stitching lines run exactly along the central x- and y-line
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of the topography plotted in Fig. 2(a) and are visible to some
degree, though small in physical height. As two-photon poly-
merization 3D-printed optics are usually utilized in low-power
applications such as imaging or quantum technologies, an in-
vestigation of the laser-induced damage threshold (LIDT) of the
photoresist is necessary before any material processing can be
performed. Although there has been a recent study of LIDT
for these photoresists [32], and a performance investigation of
3D-printed microoptics within an optical cavity [33] for con-
tinuous wave laser operation, the laser pulse parameters used
within are not comparable to those in this work. We perform
LIDT testing with the ablation fluence threshold measurement
method adapted from Liu [31]. A TRUMPF TruMicro series
6000 laser with a wavelength of 1030nm, a pulse length of
3ps, and a repetition rate of 250 kHz ablates lines in multiple
passes with width D from the IP-S photoresist with varying pulse
energies. For LIDT testing of the photoresist IP-S, a sample
printed on a two-inch fused-silica wafer is prepared, measuring
one inch in diameter and having a thickness of 5 um replicating
the conditions of the axicon DOE in z,, and printing param-
eters. In Fig. 2(c), we plot D? for increasing pulse energies E

with microscope images of three ablated lines with width D il-
lustrated on graph’s right-hand side. To determine the LIDT,
D? is fitted linearly as a function of logloEp. The threshold

energy E, is obtained from the extrapolation to D? =0, and
the corresponding threshold fluence is calculated from Fy, =
2E/ (7w§) [31]. Here, E, jhreshola = 15.6 + 0.3 pJ is the deter-
mined threshold pulse energy necessary for ablation, at waist
radius wg = (29.2 + 0.7) um. This results in a fluence threshold
of 1.17+0.02J/ cm? at 3 ps, suitable for various laser materi-
als processes, including in-volume modifications of transparent
media. To put this value into perspective, we measured the
LIDT of the pure fused-silica substrate with the same technique
[31] and identical laser parameters; and achieved a threshold of
1.29 + 0.14J /cm? at 3 ps, allowing the use of 3 D-printed optics
in high-intensity and high-average power laser-based materials
processing at wavelengths around 1 um.

Since the DOE’s shape accuracy closely aligns with the design
specifications, we expect corresponding beam-shaping perfor-
mance, which is presented with Fig. 3. From the measured
caustic of the Bessel-Gaussian beam, we extract profile cuts
along x-z- and y-z-plane, respectively. The inset in Fig. 3 il-
lustrates the transverse intensity x-y-plane at the z-position of
highest intensity. The focus distribution is radially symmetric,
creating a Bessel-Gaussian beam with a 1/e?-length of about
420 pm in air (650 um in glass). The focus diameter is deter-
mined from the distance of the first zeros of the Bessel-like
function [34], resulting in a 2 um focal spot. This diameter also
confirms operation at the diffraction limit given the employed
wavelength and NA. Slight inhomogeneities in the intensity dis-
tribution can stem from stitching artifacts from the fabrication
process of the DOE. Given these beam characteristics, the 3D-
printed axicon DOE produces a Bessel-Gaussian beam with an
aspect ratio above 300 (in glass), ideal for confined in-volume
energy deposition in display glass substrates.

As next step, we induce full-thickness, in volume modifica-
tions in Corning Gorilla Glass 3 with a thickness of 550 pm
using the 3D-printed axicon DOE shaping picosecond pulses
from a TRUMPF TruMicro series 6000 laser with a wavelength
of 1030 nm, a pulse duration of 3ps, a repetition rate of 10 kHz,
and burst pulse energies of 150 pJ with four subpulses in the
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Fig. 3. Laser beam characterization of the Bessel-Gaussian beam
generated with the 3D-printed axicon DOE at the design wavelength
of 1030 nm in the x-z- (top) and y-z-plane (bottom). The inset shows
the transverse intensity distribution at the position of the highest
intensity, marked by the solid line.

burst. Due to the high spatio-temporal photon density of the
structured ultrashort laser pulses, a multi-photon absorption is
induced, resulting in the formation of voids (type-Ill-regime
modifications) [35] along the entire substrate thickness orthogo-
nal to the surface [11]. The relative movement of the workpiece
and the processing optics, cf. Figure 1(b), is achieved with a 2D
axis stage with feed rates of 30 mm/s (For this preliminary study,
we did not drive at maximum speed, nor did we use the laser
at full power/energy). After inducing the modifications in the
volume of the glass using the Bessel-like beam, a second step,
the actual separation, is required [11]. Separation is required
as the material is only precisely modified (or weakened), but
no material is ejected as would be during laser ablation. Here,
we apply the two most common techniques: thermal separation
with a CO, laser [36] and selective laser etching (SLE) [5]. A
smartphone-like display geometry separated thermally by a CO,
laser (average power 15W, wavelength 10.6 um, spot dimension
~2mm) is illustrated in Fig. 4(a), demonstrating the capability
of the presented approach to cut complex outer contours with
laser-only machining [36].

Complex inner-counters (mm-scaled vias) separated by SLE
(30 wt.-% KOH solution) are depicted in Fig. 4(b) [37]. Here,
we demonstrate the possibility for more intricate glass geome-
tries such as undercuts or cavities that can, for example, be
applied to microfluidics. We additionally measure the topogra-
phy of the glass edge as separated by the CO, laser via confocal
microscopy (Nanofocus pSurf expert, with a 50x, 0.95 NA ob-
jective and 7 nm z-pitch). The topography is plotted in Fig. 4(c),
with a surface roughness S, of about 800nm, similar to the
state-of-the-art for glass cutting using ultrashort pulsed lasers
[71.

To conclude, we have demonstrated that optical elements
that are 3D-printed via two-photon polymerization can be used
for laser materials processing. As an exemplary application
scenario, glass cutting using ultrashort pulsed lasers with an
elongated focus distribution was chosen. Here, a 3D-printed,
square-centimeter-scaled diffractive axicon acts as a central
beam shaping element, generating a Bessel-Gaussian beam
that enables full-thickness, single-pass glass modifications. This
printed component performs very similarly to glass optics in
terms of shape accuracy, efficiency, processing result, etc., yet
was manufactured within hours. Remarkably, with ~1J JemZ, the
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Fig. 4. Separation of the ultrashort pulse-modified Corning Go-
rilla Glass 3 via (a) thermal heating with a CO, Laser and (b)
selective laser etching. (c) Confocally measured topography of the
glass edge highlighted in (a).

threshold of the laser-induced damage tests using picosecond
pulses at 1 um wavelength is very close to that of fused-silica
glass. We have, thus, found a fabrication concept that allows
for rapid prototyping of customized optics that may contribute
to developing new high-power laser machining strategies or to
optimizing existing ones. In the future, additional LIDT and
long-term exposure tests could help solidify the technology
within the photonics sector.
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