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Abstract: Compared to standard rotationally symmetric macroscopic optical components, free-
form micro-optical arrays (FMOAs), sometimes termed microstructured optical surfaces, offer
greater design freedom and a smaller footprint. Hence, they are used in optical devices to deliver
new functionalities, enhanced device performance, and/or a greater degree of miniaturization.
But their more complex surface shape is a challenge for traditional manufacturing technologies,
and this has triggered a substantial effort by research institutes and industry to develop alternative
fabrication solutions. Two-photon polymerization (2PP) is a promising additive manufacturing
technology to manufacture 3D optical (micro)structures. The manufacturing times involved are,
however, often impractically long, especially for the excellent surface quality required for optical
applications. Recently, Nanoscribe GmbH has reduced manufacturing times substantially with
the introduction of so-called two-photon grayscale lithography (2GL). However, its acceleration
potential and consequent impact on surface quality have, to the best of our knowledge, yet to be
reported. A direct comparison between 2PP and 2GL indicates that, for the investigated FMOA,
2GL is around five times faster than 2PP and also delivers better surface quality. This study
therefore confirms the potential of 2GL to manufacture complexly shaped FMOAs.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Free-form surfaces are usually defined as surfaces with no axis of rotational invariance [1].
This characteristic provides a great design freedom and has proven advantageous for numerous
imaging and non-imaging optical systems. A greater degree of device miniaturization [2–4],
better aberration correction capabilities [5,6], larger field of view [7,8], non-symmetric light
distributions [9,10], and higher efficiency [11] are the key aspects driving the shift to free-form
optical components.

One particularly interesting category of free-form optical surfaces is so-called free-form micro-
optical arrays (FMOAs), also known as microstructured optical surfaces [1]. In addition to the
abovementioned advantages enabled by their free-form surface shape, the microscopic nature of
FMOAs makes them compatible with large-area replication technologies (such as roll-to-roll, roll-
to-plate, and wafer UV imprint), hence enabling cost-effective, high-throughput manufacturing
(i.e., industrially relevant) processes. FMOAs are essential components for asymmetric diffusers
[12], laser beam–shapers, and homogenizers [13,14]. Moreover, their arrayed nature makes
FMOAs especially suitable for applications with other array-based components such as sensors,
imagers, and displays [7,15–17].

Traditional fabrication technologies such as thermal reflow, reactive ion etching, or microjet
printing [18] have been successfully used to produce spherical or slightly aspherical microlens
arrays (MLAs) but are highly isotropic and hence not suitable for the realization of FMOAs.
Several manufacturing solutions have been proposed for the manufacture of FMOAs, including
laser ablation, grayscale laser lithography, two-photon polymerization (2PP), and ultra-precision
micromachining [19–25]. However, despite encouraging progress, manufacturers still face
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important challenges, such as steep surfaces, stringent surface quality demands, and long
production times. Consequently, great efforts are currently being made to overcome these
limitations and to accelerate the production cycle [26]. Other fabrication methods, including
some based on grayscale processes, have demonstrated faster manufacturing times, but are limited
in terms of shape complexity, resolution, or surface quality (shape and roughness) [27–33].

The very promising technology 2PP has demonstrated its potential to produce high-quality
FMOAs [34,35]. However, the stringent form accuracy and surface roughness specifications
required by most optical components demand high spatial resolution, and translate to unacceptably
long manufacturing times. This limits the use of 2PP to very small FMOAs (ca. 1 mm2), often
much smaller than those required by the application in question. As an alternative, Nanoscribe
recently released the Quantum X 3D printer, based on the much faster two-photon grayscale
lithography (2GL) technology (described in Section 2.) [36,37].

It has been reported that 2GL improves the surface quality (form accuracy and surface
roughness) of MLAs and delivers a faster printing speed [37]. To the best of our knowledge,
however, this has been not been reported for FMOAs, which are more demanding to fabricate
because of their higher complexity of shape. Furthermore, we are yet to see a detailed comparison
of 2PP and 2GL. The present paper makes this direct comparison, reporting on printing time,
form accuracy, and surface quality, using an exemplary FMOA design. Nanoscribe Photonics
Professional GT and Quantum X 3D printers were used, respectively, for the 2PP and 2GL tests.

The remainder of this paper is organized as follows: In Section 2 we describe 2PP technology
as well as the metrology tools we use. In Section 3 we present the surface characterization results
and our investigation using an optical bench. Section 4 concludes, while Section 5 contains the
authors’ acknowledgments.

2. Methods

For this study, we selected an array of densely (100%) packed inverted micropyramids with
representative dimensions (50 µm height and 250 µm side length of one inverted pyramid). In
contrast to typically demonstrated smooth microstructures, here we selected a design with flat
facets and sharp edges, as this is more challenging for 2PP-based technologies. All samples are
fabricated using 2GL or 2PP with the Nanoscribe 3D printers Quantum X (2GL) and Photonics
Professional GT (2PP). Even though both are based on two-photon polymerization, for simplicity
we use the term 2PP only to refer to the Photonics Professional GT, and the term 2GL for the
Quantum X.

For all samples the printing resin IP-S (Nanoscribe GmbH) is used. Fabrication with the 3D
printer Photonics Professional GT was carried out with the core-shell writing strategy with a
writing speed of 40 mm s−1 for the contours and this figure was 80 mm s−1 for the infill. A laser
power of 40% was applied for the contours and 80% for the infill. A 25x magnification objective
with a numerical aperture of 1.4 was used. Process specifications and further information on
fabrication with the 3D printer Quantum X are available in [38].

The additive manufacturing process 2PP is based on photochemical processes [39]. Fem-
tosecond laser pulses are used to polymerize a photosensitive material and write a design into
a liquid resist [40]. The polymerization is only initiated in the focal volume of the laser light,
where the intensity is above the material crosslinking threshold, which results in great freedom
regarding the shapes that can be realized. Within a single field, the laser beam is steered in the XY
direction using fast-moving galvo mirrors and the sample is moved vertically by a high-precision
stage. For larger fields, the sample is moved using high-precision XY stages. Samples are thus
realized by scanning the resist layer by layer, with the height of the layer corresponding to the
vertical resolution of the focal volume of the laser. Then, the unexposed resist is dissolved with a
developer and washed off. The technology 2GL additionally allows one to change the size of the
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focal volume, the so-called voxel, hence enabling higher accuracy and less scanning, the latter
resulting in shorter fabrication times (see Fig. 1).

Fig. 1. Two-photon-polymerization fabrication technology. a) A laser beam initiates
polymerization in its focal volume. Scanning in lateral and vertical directions, a free-form
geometry can be written into the resist. Standard 2PP writes the structure by equal sized
voxels (b), whereas the recently developed 2GL allows the size of the voxels to be changed
(c). The technology 2GL thus enables higher resolution and fewer layers, which in turn
results in shorter fabrication times.

The sample fabricated with 2GL will be referred to as sample 1. Two different writing strategies
are included for the samples fabricated with 2PP, one with a small layer thickness, of 200 nm
(sample 2), and one with a layer thickness of 2 µm (sample 3). Sample 2 was chosen as it enables
us to compare the highest possible surface quality produced using 2PP with that of sample 1
(produced using 2GL). Sample 3 is included to demonstrate that increasing the layer thickness is
not a viable route to reduce the printing time.

The surface characterization is carried out with a confocal (λ = 404 nm) laser scanning
microscope (KEYENCE VK-X1100) using 50x and 150x magnification objectives. KEYENCE
image stitching mode is used to measure a sample area of 2 × 2 mm2 with the 50x objective.

The experimental optical setup for FMOA characterization is presented in Fig. 2. It is used to
investigate changes in light distribution linked to a change in surface topology. In the optical

Fig. 2. Schematic sketch of the optical setup, showing the optical bench used to investigate
the illuminance distribution resulting from manufacturing deviations. The setup contains
a laser light source, a laser beam–expander, a sample, an observation plane, and a CCD
camera.
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bench, the FMOA under test is uniformly lit by a 532 nm wavelength laser coupled to a beam
expander (Thorlabs BE06R/M). The FMOA redistributes the incoming (collimated) light beam
through refraction and scattering and produces a certain illuminance distribution on the front
face of a distant Lambertian thin-film transmissive surface diffuser (Brightview C-HH80-PE07-
HE20, referred to here as the observation plane). A CCD luminance camera (Konica Minolta
CA-S25w) records the spatial luminance pattern on the back side of the diffuser. As Lambertian
diffusers produce angularly independent luminance, the recorded luminance can be converted
into illuminance values through the geometry of the problem. A cage system is implemented to
prevent unintentional sample tilt and to facilitate the FMOA–beam alignment. The CCD camera
(980 × 980 pixel array), placed behind the observation plane, records the luminance distribution
over a 19.5 × 19.5 cm2 area of the observation plane. The distance between the FMOAs and the
observation plane is adjusted to 19 cm to achieve a 19.5 × 19.5 cm2 irradiance distribution on the
observation plane and hence maximum spatial resolution. The microstructured surface of the
samples faces the incoming light beam.

The luminance distribution expected from the nominal FMOA design was predicted using
LightTools (version 9.0) raytracing optical simulation software, with the same conditions as those
used in the optical setup.

3. Analysis and discussion

Here we present the characterization of the form and roughness of the FMOA samples as well as
the optical characterization, carried out in an optical bench. Together these constitute a surface
quality analysis of the new fabrication technology.

3.1. Form analysis

The term “form” refers to the overall shape of the surface, including the low spatial frequency
components of the surface profile. Form deviation quantifies the deviations of the real surface
from the nominal design, excluding the high spatial frequencies. The form deviation analysis
is performed as follows: First, the surface topology of the sample is measured (over an area of
2 × 2 mm2). The point cloud data, and the nominal design, are imported into the commercial
computer software CloudCompare and mutually aligned. Best-fit algorithms minimize the
standard deviation of the distance between the point cloud and the 3D CAD model for the best
possible alignment. We use the root-mean-square and the peak-to-valley error parameters for
free-form surface evaluation [41,42]. The root-mean-square error of sample 1 is Erms = 5.61 µm,
which is calculated from a set of 1330848 measured xyz points. The peak-to-valley error is
Epv = 47.84 µm. For sample 2, the root-mean-square error is Erms = 3.81 µm and is calculated
from 1331114 measurement points. The peak-to-valley error is Epv = 40.49 µm. The definitions
of the form error parameters are given in [41,42].

The relatively high peak-to-valley errors can be explained by outliers caused, for example, by
dust particles on the surface or by edge points that have a larger distance to the edge of the design
after alignment. Figure 3 shows the distribution of the point deviations on the surface. Overall
the form deviation can be considered quite low, with Erms values in the order of few micrometers.

3.2. Roughness analysis

Surface roughness refers to deviations other than form deviations and includes the high spatial
frequencies of the surface profile. It is most often analyzed using line profiles. We therefore use
the roughness parameters Ra (mean roughness) and Rq (root-mean-squared roughness) to compare
FMOAs fabricated with 2GL and with 2PP, respectively. Details of the roughness definitions
can be found in ISO standard 4288 [43,44]. The increasing use of 3D surface characterization
instruments, meanwhile, led to areal roughness parameters being included in ISO standard 25178
[45]. We therefore also use the areal parameters Sa (mean roughness value within a defined
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Fig. 3. a) Nominal design and deviations from the nominal design for b) sample 1, fabricated
with 2GL, and c) sample 2, fabricated with 2PP. The FMOA samples are characterized with
a confocal laser scanning microscope in stitching mode to cover an area of 2 × 2 mm2. The
point cloud data is then aligned to the nominal design and the point deviation is calculated
and visualized using the analyze tool of the 3D CAD program Rhinoceros.

range) and Sq (squared roughness value within a defined range) to compare the two different
technologies.

The profile roughness of sample 1, produced with 2GL, and sample 2, produced with 2PP, are
shown in Fig. 4. The calculated profile roughness of sample 1 is Ra = 12 nm and Rq = 14 nm.
Due to the non-planar geometry of the samples, a tilt correction is applied and the values
are calculated using the KEYENCE software MultiFileAnalyzer and a cutoff wavelength of
λc = 80 µm. Calculation of the area-based roughness values gives Sa = 10 nm and Sq = 13 nm
for sample 1. An area of 20×20 µm2 was chosen for the analysis, and due to the non-planar form
shape correction was applied by waveform removal and by applying a high-pass filter (L-filter,
Gaussian) of 25 µm for minimizing long spatial wavelength components.

The analysis of sample 2, fabricated using 2PP, gives a profile roughness of Ra = 36 nm
and Rq = 43 nm. Analogous to sample 1, tilt correction is applied and calculations are
performed using KEYENCE analysis software with six sample lengths and a cutoff wavelength
of λc = 80 µm. The area roughness calculations are obtained for sample 2: Sa = 29 nm and
Sq = 37 nm, on an area of 20×20 µm2, with shape correction by waveform removal and a
Gaussian high-pass filter (L-filter) of 25 µm.

Comparing the roughness values for the two technologies (see Table 1), sample 1 has lower
roughness than sample 2, with a difference of ∆Ra = 24 nm, ∆Rq = 29 nm, ∆Sa = 19 nm, and
∆Sq = 24 nm. It can be concluded that the recently introduced 2GL technology enables the
fabrication of optical surfaces with lower surface roughness.
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Fig. 4. Roughness characterization with a confocal laser scanning microscope of (a, c, and
e) sample 1, prepared with 2GL, and (b, d, and f) sample 2, prepared with 2PP. a) and b)
each show a 3D image, in perspective view, of measurements taken with a 50x magnification
objective. c) and d) each show an image, in top view, of measurements taken with a 150x
magnification objective and the white scale bar corresponding to a length of 10 µm. e) and
f) show the respective roughness profiles.

Table 1. Form and roughness results for samples 1, 2, and 3, to compare surface
quality results for 2GL and 2PP.

Sample Erms Epv Ra Rq Sa Sq printing time

No.1 (2GL) 5.61 µm 47.84 µm 12 nm 14 nm 10 nm 13 nm 6.5 h

No.2 (2PP) 3.81 µm 40.49 µm 36 nm 43 nm 29 nm 37 nm 33.5 h

No.3 (2PP) 4.41 µm 32.83 µm 349 nm 412 nm 515 nm 635 nm 3.5 h

3.3. Optical bench characterization

For an additional quality inspection of the microscale form, we apply an indirect optical method
using an optical bench. It is not, however, only of interest to investigate the surface topology
itself; it is also helpful to quantify the impact of form accuracy on light distribution, which allows
a fast and easy comparison of the surface form deviations between samples of the same nominal
design. The samples are illuminated by a collimated laser beam and the refracted distribution
on an observation plane is recorded (see Fig. 2). This is hence an additional method of surface
inspection, as the microscale deviations are linked to a change in the light distribution pattern.
Sample 1, fabricated using 2GL, and samples 2 and 3, fabricated using 2PP, are investigated.
Sample 2 is fabricated with a high resolution of 200 nm layer height steps, sample 3 with a layer
height step of 2 µm. The illuminance patterns on the observation plane are shown in Fig. 5. The
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Fig. 5. Experimentally measured relative illuminance patterns of samples 1 (a), 2 (b),
and 3 (c). On the left, a three-dimensional characterization image taken with a confocal
microscope at 150x magnification is displayed. On the right, the respective measurements
in logarithmic scale are displayed. d) Predicted illuminance distribution produced by the
nominal design using ray-tracing optical simulations.
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performance of sample 3 indicates that reducing the printing time by increasing maximum layer
thickness is not a viable option. A sample fabricated using 2PP with a layer thickness of 1 µm
was also tested, and still showed significant deviations in its illuminance pattern compared to the
nominal design. Therefore, only samples with a layer thickness of 2 µm are displayed here. A
significant change in light distribution is caused by an increase in layer height. A change of the
illuminance pattern can be linked to a change in the surface topology. In order to inspect more
closely, the data was analyzed by displaying the light levels in logarithmic scale, which makes
features of very low light level visible. Figure 5 shows the light distribution over four orders of
magnitude.

The illuminance patterns produced by samples 1 and 2 and the simulated illuminance of
the digital CAD model show the same pattern: hexagonally arranged bright spots with lines
connecting them. As we obtain the same distribution pattern from sample 1 and from sample 2,
even when displaying down to extremely low light levels, it can be concluded that the distributions
of samples 1 and 2 are in very good agreement with one another. The simulated pattern is in
good agreement with the patterns experimentally obtained from samples 1 and 2. It can thus be
concluded that the surface form of each of these samples is thus also in very good agreement with
that of the nominal design. Comparing samples 2 and 3, however, one clearly sees a change, in
the form of a hot spot appearing in the center and the hexagonal pattern shifting toward the center
for sample 3. It can thus be concluded that in order to achieve acceptable optical performance
using 2PP technology, thin layer steps are mandatory, which increases the manufacturing time
beyond acceptable values. A difference in background illuminance is visible in the illuminance
pattern. While the experimental setup was shielded from windows and other light sources in the
room, background noise is nevertheless caused by minor variations in the ambient light.

Characterization with an optical bench is a further verification of good surface form quality
and is a fast, easy method for inspecting the quality of FMOAs.

4. Conclusion

We have shown that 2GL is a significant advance, decreasing fabrication time compared to
2PP while maintaining excellent form accuracy and surface roughness, even for non-spherical
microstructures with planar facets and relatively sharp edges and corners.

Our results were confirmed using illuminance measurements in an optical bench. This indirect
optical method can serve as a fast and easy approach to the inspection of the surface quality and
form accuracy of FMOAs, as any surface deviation results in a change in the light distribution
pattern.
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