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Abstract
Deep understanding of the effects associated with fabrication parameters and their influence on
the resulting structures shape is essential for the further development of direct laser writing
(DLW). In particular, it is critical for development of reference materials, where structure
parameters are precisely fabricated and should be reproduced with use of DLW technology. In
this study we investigated the effect of various fabrication and preparation parameters on the
structural precision of interest for reference materials. A well-studied photo-curable system,
SZ2080 negative photo-resist with 1 wt.% Michler’s ketone (Bis) photo-initiator, was
investigated in this work. The correlation between applied laser power, laser velocity,
fabrication direction on the deviations in the structure shape were observed by means of white
light interferometry microscopy. Moreover, influence of slicing and hatching distances as well
as prebake time were studied as function of sample shape. Deviations in the structure form
between the theoretically expected and the one detected after DLW fabrication were observed in
the range up to 15%. The observed shape discrepancies show the essential importance of
fine-tuning the fabrication parameter for reference structure production.

Keywords: two photon polymerization, 2PP, direct laser writing, SZ2080, shape deformations

(Some figures may appear in colour only in the online journal)

1. Introduction

Direct laser writing (DLW) is a full 3D fabrication technique,
where a photoresist is polymerised by a femtosecond laser
via absorbing more than one photon simultaneously by apply-
ing tightly-focused femtosecond-pulsed light beam, which is
based on two or more photon polymerisation [1]. In the focal
spot of the beam the probability of non-linear processes is high
enough to excite molecules.
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Due to the radical or ionic polymerisation process the
material solidifies further in the focal spot. Hybrid inorganic–
organic materials such as SZ2080 [2, 3] or Ormocers [4] offer
a great stability while exhibiting low to no shrinkage benefi-
cial for a wide range of applications. Among other applications
micro optics [5–7], cell scaffolds [8–10] and microfluidics
[11, 12] have been described in the literature. Shape deviations
or surface variances are a drawback for roughness calibra-
tion structures as described by Ströer and Eifler [13, 14]. To
improve repeatability and find a way towards producing reli-
able standard structures one has to be able to predict the expec-
ted discrepancies in the shape of the final structure based on
the selected fabrication parameters.

The size of the polymerised volume in the focal spot is
called voxel and has a certain lateral (XY-direction) and longit-
udinal (Z) dimension. A certain overlap between these voxels
leads to the fabrication of a bulk material. The voxel size in XY
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Figure 1. Schematic influence of the overlap shown for 50% and 10% overlap of the individual voxels.

and Z can be quantified from SEM images, when a single line
is written between two objects.

Once the obtained voxel sizes for a given fabrication con-
ditions are determined hatching and slicing distances can
be calculated with regard to targeted voxel overlap (see
equation (1)). Where εxy, εz is the overlap in Percent and vxy,
vz the voxel size in XY- or Z-direction respectively. D is the
distance between two voxels, so either the hatching or slicing
distance.

εxy = 1−
vxy
D

· 100, εz = 1− vz
D

· 100. (1)

For highly complex shapes such as Triply Periodic Min-
imal Surfaces [15] or other structures with undercuts a layer-
by-layer approach with an automated slicing of the 3D struc-
ture by a slicer software is needed. These slicing software
are usually provided by the manufacturer of DLW machines.
Three-dimensional structures are often available as STL-files
and there is a set of basic parameters that can be given to the
slicer. These parameters include the distances for hatching—
distance between two voxels in XY-plane—and slicing—
distance between two slices in fabrication direction—as well
as the number of contour lines. Higher hatching distances lead
to short production times but a surface with a increased rough-
ness [16]. Nevertheless previously shown by Saha et al [17]
voxel overlaps as little as 47% can already induce damage to
the structure. An increased absorption of single-photons in the
cured resin was identified as a trigger. So high distances lead
to a rough surface by Jonušauskas, whereas low distances lead
to internal damage by Saha. In figure 1 the relation between
roughness and overlap is shown.

Similar to other 3D fabrication techniques such as Select-
ive LaserMelting [18] or Fused DepositionModeling [19, 20],
DWL artefacts and defects have to be categorised and their ori-
gin has to be identified. These defects can include areas with
different crosslinking degrees [21], that can lead to unwanted

mechanical or optical properties. As well as unwanted poros-
ity, cracks, shape deviations or/and delamination from the
substrate.

We investigate the effect of the overlap strategy on the
shape of a structure as well as fabrication direction and
prebake time for the hybrid polymer SZ2080 with 1 wt.%
Michler’s ketone as photoinitiator. This photo-resist combin-
ation was previously used for applications like microlenses
[22], photonic crystals [23] and scaffolds [24]. Before the
SZ2080 photo-resist can be polymerised a drying step is
needed, which is also called prebake. As described by
Ovsianikov et al [3] during drying process of SZ2080 ‘alcohol,
water, and any other solvents present in the film are released
from the system and the unstructured material shrinks.’ A sim-
ilar behaviour was shown in [25]. In literature different preb-
ake times and temperature regimes can be found.

To be able to quantify shape deviations a simple cube struc-
ture will be analysed. We also tested the influence of the time,
which is needed to structure one layer in a layer-by-layer
approach as these can be dependend of the used slicing soft-
ware. A bulge instead on the supposed to be flat structures in
fabrication direction in various structures was observed. The
influence of fabrication parameters like hatching and slicing
distance as well as fabrication direction was examined.

2. Materials and methods

2.1. Materials

A list of the used chemicals can be seen in table 1.

2.2. Sample processing

A drop of SZ2080 was casted on a 170 µm glass slide and
subsequently prebaked to obtain a hard gel.
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Table 1. List of chemicals and their abbreviations used in this work.

Chemicals Function Trivial name/Abbreviation

SZ2080 Photoresist
4,4

′
-Bis(N,N-dimethylamino)benzophenone Photoinitiator Michlers ketone, Bis

4-Methylpentan-2-one Developer Methyl isobutyle ketone, MIBK

Figure 2. (a) Schematic illustration of structure profile and shape deviation sdev as detected by WLIM and (b) illustrated profiles of the
fabricated structures, upper view from the top, bottom: measured profile.

Figure 3. Schematic illustration of fabrication direction ‘Into the glass’ and ‘From the glass’, with laser light in red and the already
fabricated slices as black line, the dashed line represents the desired object to be fabricated.

A prebake time and temperature of a mandatory 15 min at
50 ◦C and a following 1 h at 100 ◦C for all samples unless
otherwise specified. The 15 min at 50 ◦C are used to avoid
bubbles in the baked drop, which are trapped gaseous solvents
under the already hardened gel surface.

To achieve comparable results all measurements of the
same type were done within the same drop/sample. Each fab-
ricated simple cube structure had a side length of 50 µm and a
height of 15 µm. Each slice was hatched alternating in X- and
Y-direction with one contour line drawn before the hatching
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Figure 4. Schematic illustration of fabrication time per layer experiment with the fabricated voxel as solid lines and dashed lines with
closed shutter, the red area is the than polymerised area, whereas the yellow area was virtually exposed.

step. After fabrication samples were developed for 45 min in
MIBK. All experiments were carried out at a room temperat-
ure of 22 ◦C.

2.3. DLW setup

A Laser Nanofactory from Femtika Ltd (Vilnius, Lithuania)
controlled by 3DPoli software (v. 6.33) was used to pro-
duce polymer microstructures. The femtosecond light-source
was a Erbium-doped fiber laser (C-Fiber High Power from
Menlo GmbH, Germany) emitting at 780 nm, 100 fs pulse
duration and 100 MHz repetition rate. Plan-Apochromat
objective (Carl Zeiss Jena AG) with a magnification of
63× and 1.4 numerical aperture has been used to focus the
beam. Laser Nanofactory fabrication was operated by a com-
bined stage/galvoscanner setup meaning that the movement
of the X–Y stage (Aerotech) and galvo scanners (Aerotech
AGV-10HPO).

2.4. White light interferometry microscopy (WLIM)

With a white light interferometry microscope Ametek-Zygo
NewViewTM 9000 we measured each structure individually
with a 100x Mirau objective with 0.85NA and an optical
resolution of 0.34 µm. All samples showed a small overshoot
on the edges and which can also be seen in the sematic draw-
ing figure 2(a). The valley thereafter on each edge was than
used as baseline from the highest point, the height difference
sdev was used to characterise the shape deviation. The height
difference sdev was measured along the X-axis. A screenshot
of the measured surface in the Zygo mx-software is given in
figure 2(b). The value of the shape deviation ρdev is given as
percentage of the given structure height of 15 µm as calculated
in equation (2).

ρdev =
sdev

15 µm
. (2)

2.5. Laser power and velocity

Each polymer-photoinitiator formulation has a specific fabric-
ation window that depends on a range of parameters includ-
ing those parameters of the fabrication unit (i.e. laser char-
acteristics, optics, polarisation) and the chemical composition
of its components and amount of photoinitiator. The produc-
tion window of used described DLW setup-photoresist com-
bination was determined with an array of power (X-axis) and
velocity (Y-axis). The power ranged from 1 to 10 mW and the
laser velocity was between 5 and 10 mm s−1.

2.6. Fabrication direction

The structures fabricated in this study were written in either
one of the following ways. An illustration is given in figure 3.

• From the glass—first voxel is drawn into the glass and than
the rest is drawn through the already polymerised layers of
the structure

• Into the glass—first layer is drawn at the top of the object
and than the last line is drawn in the glass, object is than
attached to the glass

To ensure a connection between structure and substrate at
least one layer has to be written in the glass.

2.7. Fabrication time per layer

Most slicing software does not use full freedom of movement
of the DLW and instead applies a layer-by-layer approach to
cut the desired structure in slices. One can simulate a bigger
fabrication area for a slice and the influence this additional
time has on the resulting shape that is needed to fully poly-
merise one layer. On each side of our structure we added the
another area to be polymerised but here the shutter was closed.
Thuswe called this experiment ‘Virtual fabrication time’ as the
virtual fabricated area increases, whereas the actual structured
area stayed the same. The principle is shown in figure 4. The
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experiment was designed in such a way that total fabrication
time increases but the time needed to structure one layer of
a structure with a side length of 50 µm stays the same. The
virtual scanned area was between 1x and 8x the actual size
of the structure. Hatching and slicing distances were 200 and
400 nm, respectively.

3. Results

3.1. Fabrication window

As it can be seen in figure 5 below a power of 2 mW no struc-
tures were observed. Structures with 3 and 4 mW showed sig-
nificant structural defects due to underpolymerisation.

To ensure a minimal amount of shrinkage as described in
[26] and a reasonably short fabrication time a laser power
of 6 mW and a velocity of 8 mm s−1 was selected for fur-
ther fabrication procedures. For this power-velocity combin-
ation the voxel size was determined with 396 nm (±36 nm)
in and 880 nm (±15 nm) in lateral (XY-) and longitudinal
(Z-direction).

3.2. Influence of prebake time and voxel overlap

To investigate the effect of hatching (H) and slicing (S) the
structure array within the range of different H and S overlaps
was fabricated. For this experiment, a prebake time of 1 h and a
printing direction into the glass was applied. The SEM micro-
graph of resulted array can be seen in figure 6.

For slicing overlaps of 90%, 70%, 40% and 10% we meas-
ured the shape deviation ρdev along the X-axis as described. An
influence on the overall results by changing the measuring axis
was not observed. One such an array can be seen in figure 6.
As shown in figure 7 within the given microstructure array the
maximal shape deviation was 10% of the expected size. The
increase of the overlap values lead to a decrease of this devi-
ation down to the value of 1.8%. However, for the structures
that were produced from the glass substrate into the material
bulk, the observed shape deviations were generally lower and
were ranged between 3.3% and 1.1% for high and low overlap
values, respectively.

Next, we evaluated the structures fabricated ‘into the glass’
after 3 h of prebake. One could observe ρdev in the range of
5.3% and 0.55% for high and low overlaps, respectively. For
the reversed printing direction this range was between 3% and
1% of the shape deviation respectively. Comparing the exper-
iments in figure 7 with prebake times of 1 and 3 h it is shown
that the shape deviations are generally higher for the print-
ing direction ‘into the glass’ for a prebake time of 1 h. For
the printing direction ‘from the glass’ this was only the case
for high overlaps. A visual representation for the measured
deviations is shown in figure 8, where high and low shape
deviations for an array with 1 h prebake time ‘from the glass’
are shown.

3.3. Fabrication time

The fabrication time of a structure depends on the laser
velocity of the laser as well as on the total length the focal spot

Figure 5. SEM micrograph of the power-velocity array for SZ2080
with 1%bis PI.

Figure 6. SEM micrograph of SZ2080 structure array fabricated
with different slicing and Hatching overlaps. Pre-baking time was
1 h and a fabrication direction ‘into the glass’ was applied.

has to be moved to fully write the structure. If the hatching dis-
tance is doubled a layer will be written in half the time. If the
number of slices increases, the fabrication time will increase
by the sum of time needed for every additional layer to be prin-
ted. In our experiment the smallest hatching and slicing dis-
tance was 9x smaller than the highest, therefore the printing
time was more than 81 times longer compared to the structure
with highest distances.

3.4. Discussion

Structures produced with the fabrication direction ‘from the
glass’ showed significantly lower shape deviations. As each
voxel is written into already polymerised volume there is only
one direction for the layer to expand or move in Z-direction.
Whereas for ‘into the glass’ the first layer is written freely
into the resist and thus the written layer has more freedom
to deform within the limits of viscosity of the hardened gel
itself. The fabrication direction ‘from the glass’ may not be
usable for all structures due to shadowing. The laser light has
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Figure 7. Heatmap with an overview of the experiments on the influence of hatching and slicing overlaps on the shape deviation
(value given inside of each tile) for different prebake times and fabrication directions.

to pass through the already polymerised volume and is par-
tially absorbed in it. A similar effect happens when the light
is refracted at multiple transitions from gel to polymerised
material. It is expected that SZ2080 with higher prebake times
had a higher viscosity due to extended drying and hardening

effects. Thus the polymerised material has less freedom for
movement and deformation. However also the polymerisation
itself is inhibited due to a lower diffusion. A similar observed
has been previously described for multi-photon absorption by
Zandrini et al [27] for different monomers and viscosities. It
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Figure 8. SEM images of structures with (a) high deviations with 90% overlap in hatching and slicing in the upper left and (b) low
deviations with 10% overlap in hatching and slicing for for the structure in lower left, pre-bake time of 1 h and fabrication direction
‘into the glass’.

was shown by Zakharina et al [28] that Dimethacrylate Ester-
Based Compositions at the highest viscosity chain termina-
tions and diffusion propagation happen at lower rate. In [29]
it was shown that with an increasing temperature the fabric-
ated SZ2080 the height and diameter of the fabricated pillars
also increased. A temperature increase due to high overlaps
would also increase temperature in the structure with a result-
ing expansion of the polymer as in our case. The study by Pri-
elaidas however was conducted with four-beam interference
lithography.

The increased deviation of the studied structures with
decreased slicing and hatching distances could be explained
by the presence heat accumulation. In addition one-photo
absorption appears in the already polymerised material as each
already written voxel is irradiated multiple times. With lower
hatching or slicing distances this effect is intensified. It is
possible to count how often an area is above the threshold
to start polymerisation. One could image in a slice through
the fabricated structure in longitudinal direction. For a slicing
and hatching overlap of 90% the maximum amount of times
the resist is partially exposed above the threshold for over 81
times. For an overlap of 10% the threshold of polymerisation
is in maximum exceeded two times. One time with another
voxel in Z-direction and one time with the neighbouring voxel
in either direction in X/Y-direction. A model for thermal dam-
age due to the proximity effect was presented by Saha et al
here [17]. The described damage is based on boiling photores-
ist.Whereas no structure in this work showed signs of damage,
which shows the fabrication below the damage threshold. The
observed deformations had multiple causes as outlined earlier.

3.5. Influence of fabrication time per layer

If the virtual area was increased from the the actual fabricated
50× 50 µm to 8x the size the shape deviation increased by 2%
for ‘from the glass’-direction and by 3% increase for the ‘into
the glass’-fabrication direction, which is shown in figure 9.
The effect of the time needed to finish one layer and proceed
with the next layer is marginal compared to the influence of

Figure 9. Influence of fabrication time per layer and fabrication
direction on shape deviation for multiples of the actual fabricated
area.

the fabrication direction. However for large structure it should
still be considered to split models in different parts and finish
one part after another to keep shape distortions small.

We assume that the shape deviations that occur in the addi-
tional time given for each layer between the slices stem from a
physical movement. The polymerised layer floats down in the
hardened gel due to its mass compared to the unpolymerised
surrounding gel. Additional experiments have to be conducted
to prove this theory and investigate the influence of gravity as
well as prebake time and influences from slicing strategy.

4. Conclusion

Fabrication of the polymer microstructures using DLW tech-
nique results in different secondary processes inside of the
material that lead to structure distortion, in particular shape
expansion. In the current work we show that the hatching and
slicing distances have a significant influence on the result-
ing shape on fabricated objects. Shape deviations as high as
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15% (1.5 µm) of the structural shape were observed. With
increase of distances, the shape deviation decreases. How-
ever, the surface roughness increases with higher hatching dis-
tances. Even with very low hatching and slicing distances no
boiling of the photoresist was observed. This phenomenon
is especially critical when the production of high precision
reference materials is targeted. The shape deviations in this
study show that fabrication parameters have to be adjusted
towards the the used polymer for a reference material. There-
fore, the mechanisms of this effect have to be understood and
a strategy for its elimination should be defined before mass
production.

Also slicing strategies should not be examined individually
but always in context with the used photoresist. For a high
throughput while maintaining a smooth surface with low devi-
ations one could think about writing the bulk material with
low overlaps and high overlaps in the contours. As shown in
this work, this effect can be observed although the optimal
laser velocity and power as well as hatching and slicing were
applied. Shape distortions can not be avoided even under best
conditions but minimized by optimizing the parameters.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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