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3D direct laser writing is a powerful technology to create
nano- and microscopic optical devices. While the design
freedom of this technology offers the possibility to reduce
different monochromatic aberrations, reducing
chromatic aberrations is often neglected. In this paper we
successfully demonstrate the combination of refractive
and diffractive surfaces to create a refractive/diffractive
achromat and also show the first refractive/diffractive
apochromat by using DOEs and simultaneously combining
two different photoresists, namely IP-S and IP-n162.
These combinations drastically reduce chromatic
aberrations in 3D-printed micro-optics for the visible
wavelength range. The optical properties as well as the
substantial reduction of chromatic aberrations are
characterized and we outline the benefits of three-
dimensional direct laser written achromats and
apochromats for micro-optics. © 2021 Optical Society of
America
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3D direct laser writing is an important technology for the
manufacturing of nano- and micro-optical elements [1,2] offering
the possibility to create complex micro-optics with different
functionality. First promising results towards applications, such as
optical communication [3-5], beam shaping [6-8], microscopy [9],
particle trapping [10,11], quantum coupling [12], sensing [13,14],
imaging [15,16], or endoscopy [17,18] have been reported.

To improve the optical performance of these devices, different
aberrations need to be reduced. Monochromatic aberrations such
as defocus, spherical aberration, coma, astigmatism, field curvature
or image distortion can easily be reduced with 3D direct laser
writing due to the large design freedom, thus enabling the use of
aspheric surfaces or additional optical surfaces to realize multi-lens
objectives [19,20]. Chromatic aberrations (longitudinal chromatic
aberration (LCA) and transverse chromatic aberration (TCA))
cannot be corrected with these methods. In principle, two

approaches can be used to reduce chromatic aberrations, namely
the combination of photoresists with different dispersion, or the use
of diffractive optical surfaces on top of a refractive surfaces [21,22].
A reduction of the chromatic aberrations in 3D direct laser written
micro-optics has already been demonstrated by combining two
photoresists with different dispersion creating a multi-component
Fraunhofer achromat [23].

In the following we demonstrate the achromatic function of a
refractive surface combined with a diffractive surface, as well as the
combination of both approaches, which result in the first 3D direct
laser written refractive/diffractive multi-material apochromat,
reducing the chromatic aberrations even further. While achromats
that eliminate chromatic aberration for two wavelengths still
exhibit a secondary chromatic spectrum, apochromats eliminate
chromatic aberration completely for three different wavelengths.
Achromaticity for two wavelengths is achieved when the
Fraunhofer conditionis fulfilled: F; /v; + F, /v, = 0, with F; asthe
optical power of the lenses and v; as the Abbe numbers. To achieve
apochromaticity the equation is expanded by a third term, reading
F,/vy + F,/v, + F3/vz; = 0. The Abbe number v = (n; — 1)/
(np —n¢) is an approximate measure for the strength of
dispersion. The Abbe number for diffractive optical elements is
independent of the lens shape and only depends on the wavelength
band of the used light v = 4./(4,_4;) with A, the central
wavelength, A; the shorter wavelength and A; the longer
wavelength. It is always negative and comparably strong, e.g.
v = A./(A,_1;) =587.6/(486.1 — 656.3) = —3.45 forthed-,
F-,and C-line [22].

Table 1. Refractive indices of the photoresists IP-S and
IP-n162 in the visible range (500 nm - 900 nm) [24]

n 1500 nm N600 nm N700 nm Ngoo nm N900 nm
IP-S 1.5173 1.5104 1.5069 15047 1.5030
IP-n162 1.6382 1.6221 1.6131 1.6079 1.6042

To obtain the required detailed knowledge of the dispersion
in the visible light range we measured the refractive indices
using an automated Pulfrich refractometer and display them
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in Table 1 [24]. The photoresist IP-n162 has very high
refractive indices above 1.6 and strong dispersion (indicated
by the low Abbe number of 24.57), while IP-S has lower
refractive indices around 1.5 and weaker dispersion (higher
Abbe number of 50.45). We use IP-S as a widely used low
dispersion photoresist in combination with IP-n162 as the
3D direct laser writing photoresist with the strongest
dispersion available from NanoScribe GmbH. The big
difference in the Abbe numbers is crucial for the reduction in
chromatic aberrations. Abbe numbers for different
photoresists are plotted in Fig. 1, indicating that many
photoresists have a rather weak dispersion (Abbe number
about 50) and low refractive index (n, around 1.52). IP-Dip
offers a stronger dispersion and was used in the past to
create 3D printed Fraunhofer achromats [23], but IP-n162
exhibits stronger dispersion and higher refractive indices.
Other possible high refractive index materials have been
demonstrated utilizing nanoparticles to increase the
refractive indices and dispersion [25].
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Fig. 1. Abbe diagram containing IP-S, IP-n162, IP-Dip, IP-Visio, IP-L,
and OrmoComp. The two photoresists IP-S and IP-n162 have
different refractive indices and dispersion. Due to the different Abbe
numbers they can be combined to realize achromatic lenses.

In the following we discuss the designs of the different lenses as well
as the fabrication results. We demonstrate the achromatic function
of arefractive surface combined with a diffractive surface, as well as
the combination of both approaches, which result in the first 3D
direct laser written refractive/diffractive  multi-material
apochromat, reducing the chromatic aberrations even further. For
reference we plot the LCA that is usually present in 3D printed
micro-optics. We use for this reference purpose a simple aspheric
design without any chromatic correction.

Fig. 2 depicts sketches of the beam paths for all three lenses as well
as microscope images of the fabricated structures. The asphericlens
in fig. 2 (a) exhibits a smooth surface while the steps of the
diffractive surface are clearly visible in the refractive/diffractive
achromat in fig. 2(b). We use the photoresist IP-n162 for the
asphere, the achromat, and for the base of the apochromat, while
the top is made of IP-S. The step height is 1.1749 pum for the
apochromat (IP-S surface) and 0.897 pm for the achromat (IP-n162
surface). We fabricate the microlenses using a Nanoscribe Photonic
Professional GT (NanoScribe GmbH) direct laser writing machine
on indium tin oxide (ITO) coated glass substrates. The lenses all
have a diameter of 400 pm and a height of about 100 um. The

designed back focal length of all lenses is f = 1 mm to enable
comparison of their optical performance. The design wavelengths
for the achromatization are 500 nm, 600 nm, and 700 nm. The
optical designs were optimized using Zemax, with each surface
being aspheric. At the size of our lenses, diffraction at the lens
aperture tends to decrease the actual focal length. Therefore, we
used a custom Matlab script for an additional wave-optical fine
tuning of the focusing power of the last lens surface to compensate
this effect. To prevent a converging beam going through the
substrate glass inducing additional (chromatic) aberrations, we
designed the lenses with the flat surface facing the collimated
illumination beam. This is possible due to aspheric surfaces. The
fabrication parameters are slicing 0.2 um, hatching 0.5 pm, and scan
speed 50 mm/s. We use a 25x Zeiss objective (LCI “Plan-Neofluar”
25x/0.8). The used laser power for IP-n162 is 35 % (average
intensity of 100 % is about 58 mW, with a repetition rate of 80 MHz
the pulse energy is 254 pJ]) while we use a laser power of 20 %
(pulse energy 145 pJ) for the top of the apochromat of IP-S. After
printing the bottom part, the sample is developed in mr-Dev 600
(20 min) to remove residual photoresist and cleaned in Isopropanol
(5 min). For alignment, the structure has a small hole in the middle.
The top part is printed over the created bottom partand the sample
is developed again. Exposure settings are optimized by writing test
arrays with different combinations of laser power and scan speed.
The laser power for IP-n162 needs to be tested carefully, as the
polymerization intensity window is comparably small. Too high
laser intensities can lead to micro-explosions during the writing
process. The same needs to be considered for IP-S, where we
usually use higher laser powers but during the multi-component
writing the top lens is written over already polymerized photoresist
and the laser power needs to be set lower to avoid over- exposure.
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Fig. 2. On the left: Ray sketch for (a) aspheric lens consisting of IP-
n162, (b) refractive/diffractive achromat consisting of IP-n162, and
(c) refractive/diffractive apochromat consisting of IP-n162 (base)
and IP-S (top). The different focal lengths for different wavelengths
due to dispersion are present as LCA in the aspheric ray path.
Combining refractive and diffractive surfaces reduces the LCA, while
the secondary spectrum is still present. The apochromat combines
refractive/diffractive surfaces as well as two different photoresists
with different dispersion to correct this secondary spectrum. On the
right: Microscope images of the fabricated lenses. The aspheric lens
is quite smooth (a) while the steps of the diffractive surface are
clearly visible the refractive/diffractive achromat (b) and on the
edge of the apochomat (c).

LCA

Lower laser power also reduces possible detachment between the
base and top of the lens. To compensate for the lower degree of
polymerization due to the low laser power in the top part, we use



additional UV exposure after the writing process (10 min UV
exposure with a DymaxBlueWave 50 delivering 365 nm with an
intensity of 3000 mW/cm2, at a distance of 3 cm with resulting
intensity of 250 mW/cm2) and post baking at 100 °C for one h. The
piezo settling time that defines the waiting time between written
layers was set to five seconds except for the bottom part of the
apochromat, where it was set to one second. This parameter also
has an impact on the resulting optical surfaces. Too short waiting
times canresult in a proximity effect (depending on the writing time
and geometry of the layers) thus changing the optical surface
inhomogeneously while too long waiting times reduce the effective
writing power.

In the following, we demonstrate the achromatization possibilities
for the different 3D printed micro-optics by measuring their optical
performance. For the measurements we use a collimated white
light laser source (NKT SuperK-Extreme) with a dedicated
monochromator (Select+) illuminating the microlens. The resulting
intensity distribution is imaged with an optical microscope (Nikon
TE2000-U) using a 60x, NA 0.7 objective onto a CCD camera (Allied
Vision GC2450c).
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Fig. 3. Through focus measurement on the left for (a) the aspheric
lens, (b) the refractive/diffractive achromat, and (c) the
refractive/diffractive multi-material apochromat at 500 nm, 600
nm, and 700 nm. The intensity distributions along the propagation
axis are shown for the different wavelength in the corresponding
colors. On the right: comparison of the simulated and measured LCA
of the different microlenses. The strong LCA over 46 pm along the
propagation axis is clearly visible in the aspheric lens. The achromat
exhibits almost the same spot location for 500 nm and 700 nm, while
the secondary spectrum is still visible for 600 nm with about 5 pm
z-mismatch. The refractive/diffractive multi-material apochromat
offers the smallest LCA below 1 um.

the microlenses and image the resulting spot profiles by scanning
the microscope objective through the focus using a PIFOC piezo
nanofocusing system (Physik Instrumente).

To obtain the intensity distribution along the optical axis we
perform the measurement for each wavelength +/- 55 pm around
the designed paraxial focal length. The PIFOC has a step width of
about 0.12 pm with a small nonlinearity which was compensated
by a calibration measurement. Fig. 3 displays the measurement
results of the optical performance. The strong LCA in the aspheric
lens is clearly visible separating the spot location along the
propagation axis, where the focal spot for 500 nm is 28 um before
the spot for 600 nm and the spot for 700 nm is 18 um behind it. The
refractive/diffractive achromat shows almost the same spot
location for 500 nm and 700 nm along the propagation axis, while
the secondary spectrum is visible for 600 nm with a displacement
of about 5 um. The apochromatic lens offers the smallest LCA with
below 1 pm reducing the LCA even further. Our results show good
agreement when compared with wave optical simulations of the
LCA.

Figure 4 depicts a 2D representation of the through focus
measurements for all lenses and wavelengths. The strong
displacement of the focal spot along the propagation axis is nicely
visible for the asphericlens.
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Fig.4. 2D through focus measurements for the different lenses at 500
nm, 600 nm, and 700 nm. The strong displacement of the focal spot
along the propagation axis is clearly visible for the aspheric lens. For
the refractive/diffractive achromat the spots are much closer
together, however the spot for 600 nm shows the expected
secondary spectral displacement compared to the other two spots,
while the spots are aligned best for the apochromat. The focal spots
for each lens and wavelength are depicted on the right.

To obtain the LCA we measure the position of maximum intensity
for 500 nm, 600 nm, and 700 nm. To this end, we propagate the
collimated monochromatic laser beam at each wavelength through

For the refractive/diffractive achromat the spots are much
closer together, however the spot for 600 nm shows the
expected secondary spectrum displacement compared to the
other two spots while the spots are aligned the best for the
apochromat. The focal images are also displayed in figure 4



with a diameter of about 5 pm for 500 nm, 6 pm for 600 nm
and 7 um for 700 nm.

Figure 5 depicts imaging results of an USAF test target for all
lenses. As expected the aspheric singlet displays clearly
visible red/blue color seams. The achromat shows less color
seams, while they do not vanish completely. The best color
accuracy is offered by the apochromat, where the color seams
are not visible anymore. However, monochromatic field-
dependent aberrations are present, reducing the sharpness
of the images. This is due to the fact that the NA 0.22 lens
design was optimized for on-axis performance and did not
offer field aberration corrections. This can be achieved in the
future with an additional field lens whose additional
chromatic aberrations would be compensated by the multi-
material doublet. The blurrier on-axis picture for the
apochromat compared to the achromat is probably due to the
more complex design with several factors possibly
influencing the image negatively (additional photoresist and
interface between the resists, slight delamination between
the two materials).

Asphere Achromat Apochromat

Fig. 5. Imaging of an USAF test target for the three different lenses.
The asphere shows significant transverse chromatic aberration
visible as red/blue color seams in the image. The achromat offers
much smaller transverse chromatic aberration, however small color
seams are still visible. In the imaging of the apochromat color seams
are not visible anymore.

In summary, we demonstrated the correction of chromatic
aberrations in 3D direct laser written micro-optics. Therefore, we
manufactured a 3D direct laser written refractive/diffractive
achromat, reducing chromatic aberration by utilizing the strong
negative dispersion of the diffractive surface. This approach is very
fast and enables a simple integration of achromatic function in 3D
direct laser written optics paving the way for the realization of a
variety of micro-optical systems using the combination of refractive
and diffractive surfaces.

We further combined the refractive/diffractive approach with the
combination of different photoresists (IP-n162 and IP-S) to create
the first 3D direct laser written refractive/diffractive multi-material
apochromat. This design reduces the LCA even further and
overcomes the secondary spectrum of the apochromat, resulting in
a LCA splitting below 1 pm.
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