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Abstract: We demonstrate 3D printed aspherical singlet and doublet microoptical components
by grayscale lithography and characterize and evaluate their excellent shape accuracy and optical
performance. The typical two-photon polymerization (2PP) 3D printing process creates steps in
the structure which is undesired for optical surfaces. We utilize two-photon grayscale lithography
(2GL) to create step-free lenses. To showcase the 2GL process, the focusing ability of a spherical
and aspherical singlet lens are compared. The surface deviations of the aspherical lens are
minimized by an iterative design process and no distinct steps can be measured via confocal
microscopy. We design, print, and optimize an air-spaced doublet lens with a diameter of 300
µm. After optimization, the residual shape deviation is less than 100 nm for the top lens and 20
nm for the bottom lens of the doublet. We examine the optical performance with an USAF 1951
resolution test chart to find a resolution of 645 lp/mm.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

From its inception in the 1990’s [1–5] 2PP 3D printing became a major microfabrication method
as the race for higher resolution [6–11], accuracy [12,13] and eventually size [14–16] solidified
its place in research. Given the high flexibility and resolution, the 2PP 3D printing technology
serves many fields, e.g. photonic crystals [17–19], metamaterials [20–25], waveguides [26],
biological cell-scaffolds [27–29], micro-needles and -fluidics [30,31], endoscopy [32,33] and the
integration of quantum technology [34–37]. One large research field with industrial applications
is the area of microoptics [38–41]. Here freeform optics [42–45], stacked lenses [46,47] as
well as lens arrays [48–51] give the opportunity for high resolution cameras in a previously
unreachable size-range. 3D printing is a highly versatile manufacturing method, which generally
has no design limits. This is especially important and helpful for 3D printing optical components
[41,52], as a larger number of parameters can be varied in the lens design, allowing for simple
aspherical lenses or complex multi freeform optics, as described in [42–47] and this publication.
All structures are printed in a single step, where no alignment is required. The design process
starts with the material parameters, especially the refractive index and dispersion [53,54]. For
dimensions, we opt for an outer diameter of 300 µm for all presented optics, with smallest optical
features in the tens of micrometre range. Shrinking of the photoresist is compensated via an
iterative design process [16], resulting in sub-wavelength shape accuracy required for high optical
performance.

2. Fabrication

The 3D printed lenses are fabricated using the commercially available Nanoscribe Quantum
X (Nanoscribe GmbH Karlsruhe, Germany) microfabrication system. The printing process is
based on two-photon absorption, which is used to polymerize a liquid and transparent photoresist
(Nanoscribe IP-S). Ultra-short light pulses at 780 nm are generated by a frequency doubled,
amplified Erbium-doped fiber laser and focused by a 25x magnification microscope objective
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with a numerical aperture (NA) of 0.8, creating high light intensities in a small spatial region,
in which the photoresist is hardened by two-photon absorption, called a voxel (volume pixel).
Arbitrary 3D structures can be created by moving the voxel through the resist. The motion of the
voxel is controlled via two galvo mirrors that scan the surface in x- and y-direction. Movement in
the z-direction is achieved using a piezoelectric translation stage. The lenses are fabricated in
the dip-in laser lithography printing mode: A small drop of the liquid resist is placed on a glass
coverslip and the writing objective is subsequently lowered into the resist. This way, focusing
of the laser beam is aided by the higher refractive index of the liquid resist, with respect to air.
Before applying the liquid resist to the substrate, the glass is cleaned using acetone, isopropyl
alcohol, and an oxygen plasma for five minutes, ensuring maximal adhesion.

In this work, two different methods of printing are utilized, combined, and explained in the
following. The typical 2PP 3D printing process is schematically shown in Fig. 1(a). A 3D model
is first cut into horizontal slices, and each slice is subsequently hatched into parallel hatching lines.
The constant sized voxel is then moved along the hatching lines in the slice until it is finished and
is then moved upwards to the next slice. This method can create arbitrary 3D structures, but
the lens surfaces exhibit small vertical steps of the size of the slicing distance. Reducing the
slicing distance decreases the step size at the cost of longer printing times. The second method,
namely two-photon grayscale lithography (2GL), provides better shape accuracy when using
the same slicing and hatching parameters as the 2PP printing technique by modulating the laser
power during the print. Step-free surfaces are manufactured as the power modulation of the laser
corresponds to a size modulation of the voxel (Fig. 1(b)). This change in the voxel’s size is
utilized such that the volume of polymerization matches the designed structure better, leaving
no steps measurable by confocal microscopy. Due to the modulation and size adaptation of the
voxel to the surface, we can use a larger slicing distance with 2GL compared to 2PP 3D printing
and still achieve the desired shape fidelity. A direct comparison between the two techniques
for the manufacturing of microoptical components is given in [51]. At the time of writing this
paper, 2GL at the Nanoscribe Quantum X only allows for the creation of 2.5D shapes, excluding
overhanging parts. Hence, no 3D models are needed for the 2GL process. Instead, a grayscale
image is used as a topography map where the grayscale value represents the thickness of the
printed areas. The combination of both printing methods is applied in the fabrication of the
aspherical doublet. Details are given in the corresponding section below.

A laser scan speed of 200 mm /s is paired with slicing and hatching distances of 1 µm and
0.2 µm, respectively. Furthermore, a multilayer attenuation of 0.8 is chosen for the 2GL printed
lenses. This parameter can be adjusted between 0 and 1 and determines the degree of power
modulation during fabrication. The supporting structures are printed with the 2PP process, and
a hatching angle offset of 90◦ which is not present for the 2GL structures. Printing times are
7 min for the aspherical focusing lens and 15 min for the doublet. Manufacturing the structures
purely with the 2PP printing technique and still achieving similar shape accuracy, we expect these
times to increase [51]. After printing, the remaining unpolymerized photoresist is removed by
immersing the sample in a developing solution (mr-dev 600, micro resist technology) for 25 min,
followed by 5 min in isopropyl alcohol and drying with nitrogen. All optical structures presented
in this paper are printed on a 170 µm thick glass substrate.
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Fig. 1. (a) Schematic of typical voxel position in the two-photon polymerization (2PP) 3D
printing process and (b) two-photon grayscale lithography (2GL) 2.5D printing process.
Optical designs of the spherical (c) and aspherical (d) focusing lens. Both lenses feature a
diameter of 300 µm and a thickness of about 73 µm including the 10 µm thick base. The lens
is colored in light gray, the base in dark gray and the substrate is colored light blue. (e) and
(f) Beam profiles of the aspherical focus in x- and y-direction, including Gaussian fits in red
as well as the 1/e2-intensity marked by the black dashed lines. (g) Comparison of the shape
of the aspherical design and the print. (h) Deviation profile for the aspherical lens fitted
with a polynomial function used in the optimization process. "iter 0" and "iter 1" refer to the
unchanged and first iteration of the print.
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3. Spherical and aspherical focusing lens

In this section we give a short overview of the most basic 3D printed optical focusing component,
a singlet lens. Both a spherical and aspherical lens with a diameter of 300 µm and a thickness of
63 µm are printed on top of a 10 µm thick base layer with the 2GL process parameters described
above. The optical design and ray tracing simulation is performed with ZEMAX OpticsStudio
and lenses are illustrated in Fig. 1(c) and (d), respectively. For the aspheric lens we add the term
a2 · r2 to the spherical surface design, where r is the radius of the lens, and a2 = 0.6383 mm−1

determined by OpticsStudio to achieve a smaller focus spot compared to the spherical lens.
The focusing ability at the focal length of 217 µm is compared by fitting Gaussian functions

through the intensity in the focal plane. We determine the 1/e2-intensity width w to be 1.61 µm
and 1.65 µm for the spherical lens in x- and y-direction, respectively. For the aspherical lens we
measure 1.18 µm and 1.16 µm (Fig. 1(e) and (f)). Here, the dotted lines show the 1/e2-intensity
width. The simulations give values of w=1.13 µm for the spherical lens and 0.98 µm for the
aspherical one, providing just slightly smaller values than the measurements.

A comparison of the printed aspherical lens with respect to the design is given in Fig. 1(g) and
(h). Here "iter 0" and "iter 1" refer to the printing of the original design and the printing of the
first iterated design, respectively. As the printed structure deviates from the desired shape by
more than 500 nm, we create an adapted design which precompensates the measured deviations.
A polynomial fit of 12th order is fitted to the measured profile and the deviation from the design
is determined and subsequently added to the original design. This is the first iterated design,
where the profiles are also illustrated in Fig. 1(g) and (h). The deviations of this first iteration are
reduced over the entire lens profile and only surpass 500 nm towards the outside of the lens. This
method of iterating the design of a structure via topography measurements is a very powerful
technique that will be used more in the following section.

As the slicing distance is 1 µm, one would expect steps of the same size with the typical 2PP
process. Due to the 2GL process, no such steps are visible in the profiles illustrated in Fig. 1(g)
and (h), which signifies the excellent use case for optical elements. We expect fewer optical losses
due to less scattering and a better wave front accuracy. The optical performance is discussed
in the upcoming example of the air-spaced doublet lens. All lens surfaces are measured with a
confocal microscope (nanofocus µsurf expert) using a 50x magnification objective with an NA of
0.95.

4. Air-spaced doublet

Focusing optical systems only require few optically active surfaces, e.g., an aspherical singlet
lens as described above. Optical imaging requires more sophisticated designs including more
optically active surfaces. In this section, we describe and explain the design, analyze the shape,
and examine the optical performance of an air-spaced doublet containing two aspherical lenses.

4.1. Design

The design of the optically active surfaces of the air-spaced doublet created with the software
ZEMAX OpticsStudio is shown in Fig. 2(a). Parallel rays coming from an object infinitely far
away from the lens system are transmitted through the 170 µm thick glass substrate and strike an
aperture with a diameter of 100 µm at the end of the substrate before travelling into the bottom
lens. The bottom lens is used to widen the beam paths to allow an optimization of the top lens
based on the different field angles of up to 30°, allowing for a designed field of view of 60°. Both
lenses have a flat bottom and an aspherically curved top surface, owing to the 2.5D limitation
of the 2GL process (no overhanging surfaces). The focal length of the system is 275 µm, with
an f-number of 3.181 and an NA of 0.154. The two lenses have a ring of constant thickness
around the optically active aspherical surface, which is used to anchor the top lens to the substrate
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(Fig. 2(b) and (c)). For the bottom lens, the ring of constant thickness serves as an aid for
measuring the important optically active surface and also to reduce shape deviations which are
usually largest at the edges of the lens, see e.g. [16]. The optically active surfaces of the lenses
have diameters of 114 µm and 243 µm, respectively, and the entire optical system has a total
diameter of 300 µm and a total thickness of 197 µm. As there is an air gap between the bottom
and top lens, we introduce supporting structures which connect the lens to the glass substrate
(Fig. 3(a)). It consists of eight pillars connected by two rings at the ends for optimal adhesion to
the substrate and the lens and increased mechanical stability. Gaps in the design are required
to remove the unpolymerized photoresist during the developing process. A second supporting
structure (bottom of Fig. 3(a)) is used as an aid for the aperture stop and placed directly below
the bottom lens. It is designed as a truncated cone with the base diameter of 100 µm matching
that of the aperture. This serves as a reference while adjusting the iris diaphragm of the optical
microscopy setup used for the characterization of the optical performance, as described below.
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Fig. 2. Optical design of the air-spaced doublet. (a) Optical beam path through the lens
system, differently colored rays indicate the various field angles (0° to 30° in 10° steps). (b)
and (c) Grayscale images of the aspherical bottom and top lens, respectively.

4.2. Shape analysis and correction

To illustrate the shape of the lens surfaces of the air-spaced doublet, we printed a 3/4 version
of the structure, enabling the investigation of the inside, e.g., by using a scanning electron
microscope (Fig. 3(b)). The surfaces of the two lenses are smooth and do not show steps or
other types of misstructuring. The two small images below illustrate zoom-ins of the original
structure at higher resolution. The different writing modes can be distinguished in the bottom
right image (Fig. 3(b)), where the bottom is printed with the typical 2PP process and shows steps
in z-direction, and the top part is printed by the 2GL process without any steps. Especially the
image on the left illustrates the usage of an 90° hatching offset angle in the 2PP process as well
as the slicing distance of 1 µm.

A sample overview of five air-spaced doublets is given in Fig. 3(c). The structures are clear
with smooth surfaces, indicating the high repeatability of the fabrication process.

The shape of both lenses is optimized using the iterative design process described before. We
use the difference between the measured profile and the design to create a new design which is
subsequently printed as the first iteration. This process is then repeated. To create the design of
the second iteration, we add the difference of the original design and the measured profile of the
first iteration to the design of the first iteration.

The results of the iterative optimization process are illustrated in Fig. 3(d) and (e), indicating
the deviations from design for the bottom and top lens. The surface of the bottom lens initially
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Fig. 3. 3D printed air-spaced doublet. (a) Design of the supporting structures for the top
lens as well as side view of the designed base structure below the bottom lens. (b) Scanning
electron microscope image of an air-spaced doublet, which has been printed with one quarter
cut out to better illustrate the internal structure. Zoom-ins for the supporting structure of
the top lens and the bottom lens are illustrated below. (c) Optical image of five air-spaced
doublets. (d) and (e): Deviations with respect to the design of the zeroth, first, and second
iteration, both for the bottom lens (d) and the top lens (e), mind the different scaling of the
x-axis.
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deviated up to 70 nm for the desired shape, which could be reduced to below 20 nm after two
iterations. For the top lens, the original structure exhibits shape deviations of 0.5 µm in the center,
increasing to about 1.2 µm at the edge of the lens (Fig. 3(e)). The first iteration eliminates most
of the deviations in the center but still shows larger deviations at the edge of the lens, which is
improved in the second iteration. The remaining deviations in the main region of the lens are
below 0.1 µm, only increasing to higher values in the outmost part close to the edge. We also
measured the spatial root mean square roughness Sq for both lenses, they typically range from 4
nm to 15 nm.

4.3. Optical performance

We examine the optical performance of the air-spaced doublet. The microscopy setup used for
imaging characterization is sketched in Fig. 4(a) and already described previously [16]. A diffusor
plate is illuminated by a white LED which is collimated by an achromatic lens. This allows
a homogeneous intensity distribution to enter the following setup. The light is subsequently
focused by a microscope objective onto the air-spaced doublet. The transmitted light is collected
by a second objective and is focused by a tube lens onto the CMOS sensor. We place a USAF
1951 resolution test chart between the first objective and the air-spaced doublet. To simulate an
aperture stop, an iris diaphragm with adjustable diameter is inserted into the beam path. The
diameter and position are chosen such that a sharp image of the iris is projected onto the bottom
of the supporting structure of the bottom lens and matches the designed aperture stop diameter of
100 µm.

The imaging quality of the air-spaced doublet can be examined by the different groups of
the resolution test chart illustrated in Fig. 4(b) through (g). To achieve higher magnification
images, the object distance between the target and the air-spaced doublet is reduced. Figure 4(b)
illustrates the lowest magnification and shows high sharpness and contrast. The observed barrel
distortion and small chromatic aberrations are expected, as the air-spaced doublet is only designed
for a wavelength of 550 nm and made from a single material. The barrel distortion is reduced
in the higher magnifications of the target illustrated in Fig. 4(c) through (e), showing groups 2
and 3, 4 and 5 as well as 6 and 7. Here, we observe high contrast and sharpness, though the
test chart is out of focus at the edge of the image. For groups 6 and 7, the image is undistorted,
and no large aberrations are observed. The air-spaced doublet can resolve the highest group
numbers of the target, namely 8 and 9, given in Fig. 4(f). Here, the contrast is not as strong as for
smaller magnifications and a blue hue covers the image, which might be caused by stray light.
A cut-out of group 9 is given in Fig. 4(g) and shows the excellent resolution of the air-spaced
doublet, corresponding to a resolution of 645 lp /mm , where the lines have a width of 0.775 µm.
Commercially available USAF 1951 resolution test charts are only available up to number 3 of
group 9, which can still be resolved, underlining the optical power of the presented doublet. The
measurements illustrate the excellent optical performance and quality of the air-spaced doublet.
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Fig. 4. Imaging performance of the air-spaced doublet. (a) Optical microscope setup to test
imaging performance, as previously used in [16]. (b)-(f) Different magnifications of the
USAF 1951 resolution test chart, starting from the inner lines of group 0 and 1 in (b) and
going to group 8 and 9 in (f). (g) Zoom-in of (f), displaying the smallest elements of group
9 of the chart, corresponding to a resolution of 645 lp /mm . (b)-(f) have the same size on
the camera sensor.

5. Conclusion and outlook

We presented the design, fabrication, and optimization of multiple microoptical elements. The
spherical and aspherical singlet lenses highlight the step-free printing by the means of the
two-photon grayscale lithography process. Here, the focusing ability matches the expectations,
and deviations of the surface shape are corrected by means of an iterative design process.
Moreover, we designed an air-spaced doublet with a field of view of 60°, which showed excellent
shape accuracy and optical performance. The iterative design process to correct shrinking of
the photoresist leaves only minor deviations from the desired shape, namely less than 20 nm for
the bottom lens and 100 nm for the larger top top lens. The spatial root mean square roughness
Sq was as small as 4 nm. The air-spaced doublet boasts excellent optical performance with
high sharpness and resolution up to 645 lp /mm in the center of the image. Combining the
high shape accuracy and small surface roughness with the high resolution shows the power of
the 2GL printing method for microoptical components. In this study we have not taken the
local change of refractive index into account, which comes about if different laser powers are
used during the printing process [55]. Although it should only play a minor role for refractive
microoptical components, as the slicing distances are very small, understanding and studying
this change could further push the optical capabilities and give more degrees of freedom to the
designer. As more complex optical designs implement a higher number of reflective surfaces,
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anti-reflective coatings [56] or structured surfaces [57] can be used to reduce reflective losses. In
the future, multiple materials could be printed with the two-photon grayscale lithography process,
allowing even more flexible parameters and complex designs like an achromat and apochromat
[58]. Especially for applications in quantum technology, such as coupling 3D printed cavities to
single photon emitters, grayscale lithography can improve existing designs [59,60].
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