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Beam shaping is a crucial aspect in the field of laser materials processing. Among the optical
elements available for this purpose, Diffractive Optical Elements (DOEs) stand out due to their ro-
bustness and versatility. However, a flexible fabrication method is desirable to facilitate rapid testing
of different beam shapes using various DOEs. Two-Photon Polymerization (2PP) is a promising fab-
rication technology for this purpose, as it allows the creation of arbitrarily shaped three-dimensional
structures with a resolution down to 100 nm and excellent surface quality. In this work, a DOE was
fabricated using 2PP, which modulates the light into a set of two ring beams. The phase input was
calculated as a computer-generated hologram using the prism and lens algorithm, where the term for
the axial focus shift was substituted by an axicon hologram. The DOE has a diameter of 3.5 mm and
a maximum height of 6.4 um. To fabricate this DOE, the phase input image was converted into a
corresponding three-dimensional STL file depending on the gray level of each hologram pixel. After
fabrication, beam shaping properties of the DOE were analyzed using a beam profiler to visualize the
resulting two ring beams. Damage threshold experiments validated the robustness of the DOE for

material processing.
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1. Introduction

The ability to shape laser beams is of critical importance
for laser-based materials processing technologies. The ca-
pacity to modify the spatial intensity profile of a laser beam
facilitates the customization of the beam to suit particular
processing applications, thereby enhancing beam quality [1,
2], efficiency [3, 4], and flexibility [5]. A variety of optical
components have been developed to address this need, with
Diffractive Optical Elements (DOEs) emerging as one of the
most robust and versatile solutions [6].

DOEs have the capability to encode complex phase func-
tions in a single element, thereby enabling advanced beam
manipulation, including splitting, shaping, and focusing.
The flexibility of these functions makes them well-suited for
the generation of multiple beams, non-Gaussian profiles,
and propagation-invariant beams like Bessel beams. How-
ever, conventional fabrication methods, including photoli-
thography [7], electron beam lithography [8], nanoimprint
lithography [9], ion beam milling [10], and reactive ion etch-
ing [11], are frequently constrained by factors such as high
cost, inflexibility, or slow prototyping.

To overcome these limitations, additive microfabrication
techniques have gained attention as an alternative approach
for the production of complex freeform optics. Among them,
Two-Photon Polymerization (2PP) stands out due to its ca-
pability to fabricate arbitrary three-dimensional structures
with sub-micrometer resolution and high surface quality
[12]. This technique relies on the nonlinear absorption of
femtosecond laser pulses to induce localized polymerization
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within a photoresist, allowing for the direct writing of intri-
cate micro-optical components [13]. Since only a spatially
limited part of the focal volume exhibits a sufficient photon
density to induce a polymerization reaction inside the mate-
rial, feature sizes below the diffraction limit can be achieved
[14]. Thus, this degree of precision and design freedom of-
fered by 2PP makes it an ideal candidate for the rapid proto-
typing of custom DOEs tailored to specific beam shaping
applications, as it was already shown by multiple research
groups [15-18].

In this study, we explore the use of 2PP to fabricate
DOE:s designed to generate multiple Bessel beams. Bessel
beams are of particular interest due to their non-diffracting
properties, which make them advantageous in applications
such as precision drilling [19, 20], and volumetric modifica-
tion of transparent materials [21]. However, many Bessel
beam-based applications suffer from low process speeds, as
the combination of axicons and scanner optics is difficult to
implement. Therefore, there is significant interest in multi-
beam elements, which can be used for parallel processing
[20]. Furthermore, axicons are often integrated into compact
systems such as endoscopic devices [22, 23], where the com-
bination of axicons with additional optical beam shaping el-
ements is of high interest to maintain the compactness of the
system. The phase profiles required to produce these beams
were computed using the prism and lens algorithm described
by Liesener et al. [24], modified by replacing the axial focus-
shift term with a holographic axicon component [25] to
achieve the desired Bessel beam structure. However, the
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Fig. 1 (a) Amplitude distribution and (b) phase image in the hologram plane. (c) Amplitude of the Fourier transfor-
mation of the input beam shows the intensity in the far field behind the DOE.

characterization of Bessel beams in the near field behind an
axicon proves to be challenging due to the very small spot
dimensions, which are on the order of the pixels of beam
profilers. For this reason, in the context of this work, the ring
beams in the far field of the DOE were characterized, whose
uniformity also provides insights into the beam shaping ca-
pabilities of the DOE. The ability of 2PP-printed Fresnel ax-
icons to form a Bessel beam before the ring beam has already
been confirmed in a previous work [18].

In this paper we demonstrate the fabrication of such a
DOE with a diameter of 3.5 mm and a maximum structure
height of 6.4 um. By fabricating DOEs with these dimen-
sions, a research gap is closed by increasing the lateral extent
and thus the maximum usable laser power compared to pre-
vious printed micro-optics while simultaneously preserving
the high resolution of the 2PP process. The manufacturing of
the DOE required approximately 68.5 hours and involved
the conversion of the calculated phase input into a three-di-
mensional STL model. This STL-file was split to match the
full field of view of the objective lens used in the printing
system.

Following fabrication, the beam shaping performance of
the DOE was evaluated using a beam profiler. The DOE’s
effectiveness in generating multiple ring beams was as-
sessed, and its suitability for laser micro material processing
was further validated through damage threshold measure-
ments.

2. Calculation of DOE

A self-written software [26] based on Matlab (Matlab
2023a, Mathworks Inc.) was used to generate the STL-file
for the printing process. In the first step, a computer-gener-
ated phase hologram (CGH) was calculated describing the
shape of the DOE. A Gaussian beam profile with a diameter
of 3.5 mm (1/¢?) was used as amplitude distribution in the
hologram plane. An aperture with a diameter of 3.5 mm was
used to cut off peripheral rays. The described input beam is
shown in Figure 1 (a). A matrix consisting of 5833 x 5833
values was describing the height of the DOE across its cross
section. Considering the diameter of the DOE of 3.5 mm,
this results in a pixel size of 600 nm.

As an example of the DOE fabricated in this work, a
CGH was selected, which transforms a Gaussian input beam
into a pair of adjacent ring-shaped beams in the far field of
the DOE. In the near field behind the DOE, two Bessel
beams are formed. For the calculation of the CGH, the prism
and lens algorithm by Liesener et al. [24] was employed,
which allows an input beam to be split into multiple beams,
with individual focal points being shifted laterally by the
prism term and axially by the lens term. In contrast to the
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conventional algorithm, for the CGH calculated here, the
lens term was replaced by an axicon term, which facilitates
the transformation of the Gaussian beam into a Bessel or ring
beam, respectively [25]. The axicon angle was set to 6°. The
characteristics of an axicon CGH are described in prior pub-
lication [18].

Outside the desired DOE diameter of 3.5 mm, all values
of the hologram matrix were set to a constant value to get a
circular DOE instead of a square-shaped one. The resulting
CGH is shown in Figure 1 (b).

Subsequently, the CGH was utilized to generate an STL
file from the grayscale matrix, which can be employed in the
2PP fabrication process. For the calculation of the STL file,
each pixel was assigned a height according to its grayscale
value, resulting in points with three coordinates. The maxi-
mum height (white pixels) was 6.4 pm, while the minimum
height (black pixels) was 2 um. This results in a structure
height of h = 4.4 pm, which equals a modulation depth ac-
cording to equation 1.

Modulation Depth = (onoyh 3, )

where n = 1.55 is the refraction index of the cured 2PP pho-
toresist [27], no = 1 is the refraction index of the surrounding
medium and A = 800 nm is the laser wavelength of the input
beam. This results in a phase shift of the DOE of 6xn. The
chosen modulation depth represents a compromise between
high diffraction efficiency (better with greater modulation
depth) and shorter printing time (better with lower modula-
tion depth).

In a last step, the points of the pixels were connected to
a surface and further points at the side and bottom of the
DOE were added to make the STL define a closed volume.

The resulting amplitude distribution in the farfield

A furfiela OF the DOE is shown in Figure 1 (c). It was calcu-

lated by a Fast Fourier Transformation of the input ampli-
tude A and input phase ¢l according to equation 2:

@

Atarfiea = |FFT (Aje'®9)].

The two ring beams can be seen clearly in the farfield
amplitude distribution. Besides that, there are more rings
with lower intensity indicating the higher order maxima of
the CGH.
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3. 2PP Fabrication of DOE

The 2PP setup used for the DOE fabrication is described
in detail in [28] and consists of an ultrashort pulse Ti:Sa laser
(Tsunami, Spectra-Physics Inc.), three linear axes (Wafer
Max Z and ANT 130-XY, Aerotech Inc.), and a Galvo scan-
ner (hurrySCAN II 14, SCANLAB GmbH). The utilized la-
ser source operates at a repetition rate of 82 MHz, with a
pulse length of 100 fs and a central wavelength of 780 nm.

A microscope objective (20x NA=0.8 Plan-Apochromat,
Carl Zeiss Microscopy Germany GmbH) with a large field
of view (FOV) of 500 um x 500 pm was utilized to facilitate
the fabrication of millimeter-scale optical elements within a
reasonable timeframe. Accordingly, the STL file derived
from the DOE is divided into 49 squares, with each square
measuring 500 um x 500 pm. The arrangement of these
squares in a 7x7 grid of stitching tiles corresponds to the
DOE diameter of 3.5 mm.

The fabrication of each square is executed in a sequential
manner, employing a layer-by-layer approach. The fabrica-
tion of each layer is conducted using the Galvo scanner. Sub-
sequent to the fabrication of each layer, the sample is posi-
tioned for the subsequent layer by the axis system. After the
fabrication of one square, the axis system is employed to po-
sition the sample for the subsequent square.

Due to the inherent axis tolerances and limitations in the
fabrication of the sample holder and glass substrate, the sam-
ples can only be positioned in a not perfectly perpendicular
orientation relative to the microscope objective. Thus, the
initial point of intersection between the photoresist and glass,
which serves as the starting point for the print, exhibits var-
iability across the printing area. As small deviations in per-
pendicularity over an area of 3.5 mm x 3.5 mm showed sig-
nificant height errors of several micrometers, which is
equivalent to the total structure height, a tilt correction was
implemented. The starting point was determined at three dis-
tinct locations on the glass substrate, and a plane intersecting
those three points was subsequently calculated. During the
fabrication process, the initial position of each fabricated
square was adjusted in relation to the first square, with the
adjustment being proportional to the plane. Moreover, the
minimum pixel height of the DOE was established at 2 um,
thereby ensuring the presence of a 2 um thick base below
the DOE structure, which serves as an error tolerance.

The DOE was fabricated with the photoresist
FemtoBond 4B (Laserzentrum Hannover e.V., Germany)
and its fabrication required a total of 68.5 hours. All relevant
process parameters are listed in Table 1.

Table 1 2PP process parameters
Parameter Value
Average laser power 25 mW
Laser scan speed 10 mm/s
Layer thickness 0.1 pm
Hatch distance 0.3 um
Material FemtoBond

Figure 2 shows a light microscope image of the DOE at
a magnification of 2.5x. The calculated phase map is clearly
identifiable in the fabricated DOE. A small hole is visible in

Fig. 2 Light microscope image of the DOE at 2.5x
magnification.

the upper left side of the DOE. However, as shown in [18],
the effect of such holes is negligible for beam shaping. The
hole could potentially be caused by a dust particle adhered
to the glass substrate prior to the application of the
photoresist. Furthermore, small holes are visible at the
corners of the areas. These holes may have been caused by
an error in the calculation during the slicing process.

The central section of the DOE is illustrated in Figure 3
through an SEM image at a 45° angle. The calculated height
differences of the individual pixels in the calculated DOE
phase map are clearly visible. Nonetheless, a discernible
staircase effect and a substantial surface roughness are evi-
dent. The observed effects can be attributed to the utilization
of a microscope objective with an NA value of 0.8, which
possesses a considerably lower resolution in comparison to
objectives with higher NA values. In contrast, such objec-
tives offer a substantially larger FOV, thereby facilitating the

Fig. 3 Scanning electron microscope image of the DOE
center at 1000x magnification at a 45° angle.
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Fig. 4 Simulated far field amplitude with different numbers of layer and different layer heights, respectively. a) 2
layers, 4.4 um layer height, b) 10 layers, 1.5 um layer height, c) 45 layers, 100 nm layer height, d) 255 layers, 17 nm
layer height.

efficient fabrication of large areas within a reasonable
timeframe. However, a simulation is intended to show the
impact of the staircase effect on the diffraction pattern. The
simulation from Figure 1 was adjusted with respect to a var-
iation in the discretization of the grayscale in the phase im-
age, which corresponds to an adjustment in the number of
layers and thus the layer height. The calculated far field in-
tensity distributions for different number of layers and thus
different layer heights are presented in Figure 4. As seen in
Figures 4 (a) and 4 (b), increasing the layer height causes
additional diffraction orders of the concentric grating of the
axicon phase image to become more pronounced. These are
characterized by differing diameters of the circles. This is
particularly noticeable in Figure 4 (a), where a binary phase
image was simulated, as the smallest circles representing the
minus first diffraction order exhibit a similar intensity to the
actual ring beams. In Figure 4 (c), which corresponds to the
DOE implemented in the experiment with 45 layers, these
higher diffraction orders are less dominant. A further reduc-
tion of the staircase effect by decreasing the layer height to
17 nm (255 layers, see Figure 4 (d)) results in a further re-
duction of artifacts in the intensity distribution, leading to a
less noisy beam profile. Concluding the findings from this
simulation, the choice of layer height is a compromise be-
tween diffraction efficiency in the first order and manufac-
turing time.

4. Beam profile Analysis

The characterization of the beam shaping ability of the
fabricated DOE was performed using a regenerative Ti:Sa
amplifier laser system (Spitfire, Spectra Physics Inc.) with a
central wavelength of 800 nm, a bandwidth of 60 nm, a rep-
etition rate of 5 kHz, and a pulse width of 110 fs, which is a
common source for micro drilling processes. The 8.3 mm
raw beam (at 1/e*>, M?>=1.1) was demagnified by a factor of
3 by a telescope. An aperture was placed between the laser
and the telescope and was partially closed. This ensured that
no rays transmitted the glass substrate outside the DOE, ex-
cept for some diffracted rays.

The theoretical spatial intensity distribution behind an
axicon can be calculated with equation 3 [29, 30]

4 2
1(r,z) = %-tanz(a)-(n—l)z-z-lo-

2
exp (—2 ((n -1)-z- ta“(“)) ) J2 (2—" (=17 tan(a)),
Do 7

€)
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where Iy is the on-axis intensity and Jj is the zero order Bes-
sel function.

With the parameters given in prior sections, the calcu-
lated focal diameter of the described axicon is approximately
8 pm. According to Equation 3, the highest intensity is
achieved at a distance of 12 mm from the DOE.

A beam camera (LaserCam-HR 1I-1/2°", Coherent
Corp.) was used to capture the beam profile. Since the focal
diameter is on the same order of magnitude as the pixel size
of the camera, and the camera cannot be positioned at the
focal distance from the DOE due to its geometry, the inten-
sity distribution of the ring beams in the far field is examined
instead of the Bessel beam profile. The sensor was placed at
a distance of 51 mm behind the DOE. Figure 5 shows the
captured beam profile, which was composed of multiple in-
dividual images because the size of the beam profile exceeds
the sensor size of the beam profiler. The software AutoStitch
[31] was used for composing of the images.

The intersecting ring beams with diameters in the range
of 10 mm are clearly identifiable in the beam profile. Addi-
tionally, the shape of the DOE is discernible within the in-
tersection area of both rings. This could be attributed to the
presence of undiffracted beams. Furthermore, some of the
spots can be attributed to the diffraction grating given by the
stitching gaps or phase jumps between adjacent stitching
tiles caused by a slight tilt of the stitching tiles. In compari-
son to previous work [18], where the effect of the stitching

1

0.5
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0
Fig. 5. Beam camera image measured 51 mm behind
the DOE, which was illuminated by a Gaussian beam.
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grid was thoroughly investigated through simulations, this
effect is less pronounced here and largely overshadowed by
other artifacts, as the stitching gaps were kept as small as
possible. In particular, the corners of the individual areas
demonstrate higher intensity, which may be attributed to the
presence of small holes, where the beam is diffracted, as ev-
idenced in Figure 2. Moreover, given that this beam profile
does not employ a logarithmic scale, in contrast to the cal-
culated amplitude depicted in Figure 1(c), it is not possible
to detect higher order rings. Instead, one larger ring sur-
rounding both rings is visible. The origin of this artefact
might be a not perfect matched modulation depth of 6x. Fur-
thermore, the two ring beams consist of multiple rings
spaced approx. 600 um apart from each other instead of the
one calculated. This phenomenon is a typical result of the
generation of ring beams through the process of diffraction
[18, 32].

S. Damage Test

The Ti:Sa laser, for which the DOE was designed, did
not possess sufficient power to reach the damage threshold
of the DOE. By applying 2 W average laser power (corre-
sponds to 400 uJ pulse energy) at 800 nm, no damage was
detected on the DOE. Consequently, an ultrashort pulse laser
with a higher power (Carbide CB3-40W, Light Conversion,
UAB) was utilized, featuring a pulse width of 191 fs, a rep-
etition rate of 100 kHz, and a central wavelength of 1030 nm.
The repetition rate was selected to achieve the highest pos-
sible pulse energy. The employment of a lens enabled the
matching of the raw beam diameter to the DOE diameter of
3.5 mm. Subsequently, the power was increased in 5 % steps
of the lasers maximum output power until the DOE was de-
stroyed. Each power step was maintained for a duration of
30 seconds.

The DOE was able to withstand an average power of
22.8 W, which equates to a pulse energy of 228 uJ at a repe-
tition frequency of 100 kHz. With regard to the irradiated
area of the DOE, which has a diameter of 3.5 mm, a resulting
peak power intensity of 24.8 GW/cm? could be calculated.
The high damage threshold is potentially attributable to the
thin thickness of 6.4 pm of the DOE, which results in a re-
duction of laser absorption by the material.

The determined damage threshold of the DOE is compa-
rable to the damage threshold study by Butkute et al. [33], in
which a photoresist (SZ2080) of similar composition was
used and a maximum laser fluence of 17 + 9 mJ/cm? was
achieved when focusing a 1030 nm, 100 kHz, and 300 fs la-
ser on bulk material with a height of 30 um. The maximum
laser fluence of the DOE is 4.74 mJ/cm?, indicating a slight
discrepancy, yet the value remains within the same range.

6. Conclusion and outlook

The findings of this study demonstrate that 2PP-
generated DOEs have the potential to be utilized in high-
power applications. In order to achieve this objective, a
number of significant factors were taken into consideration.
Initially, an algorithm was developed that has the capacity to
calculate custom DOEs and transform the phase map into
2PP printable STL files.

Secondly, by using a stitching algorithm, the size limita-
tion imposed by the field of view of the microscope objec-
tive could be exceeded. Furthermore, the DOE's design, with
a thickness of 6.4 pm, enabled its fabrication within a
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reasonable timeframe of 68.5 hours, which can be accom-
plished over the course of a weekend.

Thirdly, the measurements obtained from the beam pro-
filer demonstrate the suitability of the calculated holograms
for the purpose of beam shaping. This is evidenced by the
successful generation two ring beams.

Fourthly, the conducted damage tests provide evidence
that the 2PP structures are suitable for utilization at high av-
erage laser powers and pulse energies, which are necessary
for micro material processing with ultrashort pulse laser sys-
tems. An average power of 22.8 W and a peak power inten-
sity of 24.8 GW/cm? could be used without damaging the
DOE.

These advances establish the prerequisites for future ma-
terial processing experiments using 2PP fabricated DOEs.

The damage threshold may be increased further by
reducing the yellow tint and consequently enhancing the
transparency of the photoresist. This objective could be
accomplished by incorporating an alternative photoinitiator
within the photoresist or by completely removing the
photoinitiator [34], although this approach may lead to a
reduction in processing speed. Furthermore, the removal of
the organic component of the utilized organic-inorganic
hybrid photoresist through techniques such as calcination
[35] might also result in the achievement of higher damage
thresholds. Moreover, the beam shape could be enhanced
through the utilization of objectives with a higher numerical
aperture, thereby resulting in an improved surface quality.
However, these objectives possess a smaller FOV, which
would result in a substantial increase in fabrication time.
Therefore, it is essential to establish a trade-off between
processing time and the quality of the beam shape. Another
option for increasing the surface quality would be to imple-
ment a post processing step like high temperature annealing
[36], or coating by atomic layer deposition [37].
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